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ABSTRACT 
 
 

Phenotyping nitrogen responses in maize and finger millet using root 

morphometrics and biosensor analysis 

 

Travis Luc Goron                                             Advisor: Professor Manish N. Raizada 

University of Guelph, 2017                                                           

 

 Cereal crops can acclimate to better utilize low and high soil-available nitrogen 

(N), often the most limiting soil nutrient. Finger millet (Eleusine coracana Gaertn.) is an 

ancient crop grown by subsistence farmers in Africa and South Asia, adapted to low N 

input conditions. The roots have not been studied for acclimation traits such as altered 

root number, length, or root hair characteristics. It was hypothesized that drastic root 

morphometric acclimation would be observed upon extreme N limitation. N limitation 

caused declines in multiple root traits including crown root number, which was 

coordinated with decreased tillering, demonstrating whole plant acclimation to low N. 

Field pot experiments showed finger millet was able to grow to maturity and produce 

grain heads in the absence of deliberately added N. 

In contrast to finger millet, modern maize (Zea mays L.) varieties are adapted to 

high N inputs and require the ability to assimilate high volumes of inorganic N into 

important amino acids, particularly glutamine (Gln), for transport to supply growing 

tissues. Free Gln can be measured inexpensively by the luminescent output of GlnLux, 

a genetically engineered whole-cell microbial biosensor for Gln. It was hypothesized 

that GlnLux would allow for previously unreported spatial/temporal mapping of N 

assimilation. The results represent the most detailed analysis of Gln in any plant, and 



show that Gln accumulation is governed by multi-factorial interactions including position 

along the leaf blade, leaf age, N application rate, and N uptake duration.  

GlnLux was also hypothesized to have potential in the field as a novel diagnostic 

for early-to-mid season soil N availability. When sampled at stage V6 or later, GlnLux 

glutamine output consistently correlated with the N application rate, but also end-season 

yield, and grain N content. Yield prediction ability was minimally equivalent to SPAD 

chlorophyll, and outperformed GreenSeekerTM NDVI. Additionally, depleting soil N via 

overplanting increased GlnLux resolution to an earlier stage (V5), suggesting a novel 

means to improve plant N testing early in the growing season. 

These studies have provided a combination of novel tools and information for 

crop improvement and management in both low and high input cereals. 
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Chapter 1: General overview 

 Nitrogen (N) is a critical plant macronutrient. Cereal crop species can respond to 

N limitation by modifying root system architecture (RSA) for better N uptake. Finger 

millet (Eleusine coracana Gaertn., reviewed with the other small millets species in 

Chapter 3) is a cereal with apparently high N scavenging ability, the morphological 

mechanisms of which are unknown. It was hypothesized that RSA acclimation would be 

observed in finger millet plants upon N limitation. N limited and non-limited finger millet 

plants were grown in outdoor pots filled with inert clay gravel to preserve roots for post-

harvest analysis. Crown and lateral root growth was correlated against above-ground 

metrics including shoot biomass, grain yield, and tiller number (Chapter 4). A new 

technique was also validated for high-resolution quantification of root hairs throughout 

the entire root hair system (Chapter 5), previously difficult to accomplish in mature 

cereal species under field-relevant conditions. Results show whole-plant acclimation 

responses to low-N stress are primarily coordinated by lowering crown root number, and 

provide experimental evidence for anecdotal observations of subsistence farmers – 

finger millet was surprisingly able to flower and produce healthy seed heads without any 

deliberately added N.  

Assimilation of inorganic N fertilizer to organic amino acids in plant tissue for 

eventual conversion to grain is a major determinant of yield in cereals. Upon N 

fertilization, the assimilatory amino acid glutamine (Gln) transiently accumulates before 

incorporation into downstream products such as protein and chlorophyll. Simultaneous 

measurement of Gln in multiple plant organs at multiple timepoints may permit 

characterization of assimilatory dynamics. Studies are limited by the high cost and 
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tissue requirement of current methodologies, including high-performance liquid 

chromatography, and lack of in situ detection technologies. Whole-cell biosensors may 

fill these technical gaps, but are currently underutilized in plant science (reviewed in 

Chapter 6). GlnLux, a biosensor previously engineered in the Raizada Lab for detection 

and visualization of relative free Gln in plants, was hypothesized to allow 

spatial/temporal mapping of N assimilation for the description of new N assimilatory 

dynamics. Greenhouse experiments were conducted in which Gln was examined in all 

three leaves of maize (Zea mays L.) seedlings during recovery from N deprivation 

(Chapter 7, Chapter 8). The results represent the most detailed analysis of Gln in any 

plant, and show that assimilatory Gln accumulation and disappearance is governed by 

complex multi-factorial spatial and temporal interactions. 

Measurement of free Gln may also be important for field-level physiology. In a 

three-year maize field trial, foliar Gln was analyzed with GlnLux throughout vegetative 

growth (Chapter 9). When sampled as early as the V6 growth stage, GlnLux output was 

found to correlate with N application rate and end-season yield traits. Foliar Gln may 

therefore serve to determine in-season soil N availability and resulting plant N status, 

information which may be used in N fertilizer management. The potential for basic field 

research is also described. 

These studies provide a combination of novel tools and information for crop 

improvement and management, of which the implications are discussed (Chapter 10). 
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Chapter 2: Literature review 

2.1. Nitrogen fertilization in cereal crop species 

2.1.1. Nitrogen is an important plant macronutrient 

 Nitrogen (N) is the most abundantly applied nutrient, constituting ~2% of dry 

matter for many plant species (Crawford and Forde, 2002; Williams and Miller, 2001). 

Adequate soil N is critical for the biosynthesis of essential plant macromolecules 

including amino acids, proteins, nucleic acids, chlorophyll and secondary metabolites 

(Masclaux-Daubresse et al., 2010). This is especially important for cereal crops, grass 

species cultivated for an edible caryopsis/grain, including finger millet (Eleusine 

coracana Gaertn.) and maize (Zea mays L.) where N is often the most yield-limiting 

applied nutrient (Emmambux and Taylor, 2013). Unlike leguminous species, cereals do 

not benefit from an N-fixing bacterial symbiosis (Wilsie, 1962) and application of N 

fertilizer, predominantly as nitrate (NO3
-) and ammonium (NH4

+), is common in cereal 

cropping systems to ensure a high soil N supply and promote high yields (Gooding and 

Davies, 1992; Malhi et al., 2001; Ryan et al., 2009). Since 1961, global N fertilizer use 

has increased eight times per unit of cropland to keep grain production at pace with 

human population growth (Lu and Tian, 2017). 

 

2.1.2. Nitrogen application timing can minimize negative impacts of fertilizer loss 

In many cereal cropping systems, especially maize, N fertilizer is often applied to 

fields around the same time as planting in a single application which can be convenient 

for growers (Abbasi et al., 2013). However, plant germination and/or emergence may 

have yet to occur this early in the season, and seedling N uptake is low (Imsande and 
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Touraine, 1994). There is considerable potential for N loss before uptake, particularly of 

the highly soil-mobile nitrate, resulting in lower yield and lower economic return 

(Cameron et al., 1986). 

The environmental damage caused by early season N over-fertilization can be 

considerable. N fertilizer leached into watersheds can cause algae to proliferate, leading 

to eutrophication/anoxia (Carpenter et al., 1998). Additionally, nitrous oxide produced 

during the processes of nitrification/denitrification in agricultural systems is estimated to 

account for almost 5% of global anthropogenic greenhouse emissions (Maraseni and 

Qu, 2016). The proportion is even greater when considering emissions from Haber-

Bosch inorganic N fertilizer production, which consumes an incredible 1-2% of the 

world’s annual energy supply via fossil fuel combustion (Jensen and Hauggaard-

Nielsen, 2003; Vermuelen et al., 2012). Nitrate/nitrite contamination of groundwater 

from agricultural leaching and runoff can also be toxic to livestock and humans, and 

fatal at high concentrations (Bednarek et al., 2014; Fan and Steinberg, 1996; Spalding 

and Exner, 1993). 

Later in the season as a cereal plant matures, increased shoot N demand 

promotes greater nutrient uptake by a more developed root system architecture (RSA) 

(Imsande and Touraine, 1994; Tian et al., 2006; Yan et al., 2011). To better match 

increased uptake capacity, growers can reduce or eliminate the pre-plant N application 

and instead supplement with additional N fertilizer within the growing season (Abbasi et 

al., 2013). However, factors including soil type, temperature, precipitation, microbial 

activity, and planting density can result in considerable heterogeneity in plant N-health 

within a single field at the time of the within-season application (Cameron et al., 1986; 
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Dhital and Raun, 2016; Malzer et al., 1996). Therefore, within-season rate may be 

further optimized in a site-specific manner based on measurable N health indicators 

including plant chlorophyll concentration, normalized difference vegetative index, or soil 

N content (Andraski and Bundy, 2002; Cui et al., 2008; da Silva et al., 2017). 

 

2.2. Finger millet and maize are distantly related cereal crops with differing N 

fertilization requirements 

Finger millet (Figure 2.1) is a cereal species native to the Ethiopian highlands, 

important to subsistence farmers in Africa and South Asia (National Research Council 

1996; Lu and Tian 2017). Socioeconomic factors have caused fertilizer input to remain 

relatively low in these regions despite application increases elsewhere (Lu and Tian, 

2017). Finger millet is valued in part for its exceptionally high nitrogen use efficiency 

(NUE), defined as grain yield per unit of available nitrogen (Gupta et al., 2012a; Moll et 

al., 1982). Both academic and anecdotal evidence indicates a remarkable response by 

finger millet to low amounts of applied N (Gupta et al., 2012a, 2014a; Pradhan et al., 

2011; Roy et al., 2001). The greatest economic rate of application is between 20 and 60 

kg ha-1 N under some conditions (Hegde and Gowda, 2001; Pradhan et al., 2011). A 

combination of stress-tolerance traits including high NUE makes finger millet cultivation 

profitable in challenging environments where major cereal crops such as maize fail 

(Upadhyaya et al., 2006). Finger millet landrace germplasm is diverse, with large seed 

banks maintained by several organizations for research and international agricultural 

development (Dwivedi et al., 2012).  
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Figure 2.1. Finger millet (Eleusine coracana) seed heads nearing maturity at the Arkell 
Research Station, University of Guelph, Canada.
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However, a consequence of finger millet’s high resource efficiency is relatively 

low grain yield, at ~5000 kg ha-1 under optimum conditions (Dida and Devos, 2006). 

Maize, compared to finger millet and other small-grained cereals, is a resource-

intensive cereal crop in which N application rates can be greater than 200 kg ha-1 to 

support yields in excess of 14000 kg ha -1 (Debruin and Butzen, 2014). Therefore, finger 

millet and maize can be categorized as having higher and lower NUE, perhaps a result 

of breeding under low and high N conditions respectively (Castleberry et al., 1984). 

Finger millet is considered an “orphan crop”. Cultivation is mostly in small, 

localized regions with low market access and consequentially limited scientific research 

(Naylor et al., 2004). Although finger millet has begun to receive increased research 

attention, the primary focus has been to characterize its germplasm diversity and the 

nutritional benefits of the grain (Devi et al., 2014; Sood et al., 2016). Therefore, the 

underlying reasons for finger millet’s high NUE remain under-studied.  

 

2.3. Role of root system architecture in N uptake 

In conditions of N limitation, plant physiological and morphological acclimation 

can result in better NUE. Common acclimation strategies include decreasing chlorophyll 

production, altering internal tissue N allocation, altering timing of the reproductive life-

cycle, increasing the root-to-shoot ratio, and altering root system architecture (RSA) for 

increased nutrient savaging ability (Chapin et al., 1987; Ciampitti et al., 2013). 

Although NUE can be defined in many ways (Raun and Johnson, 1999), NUE is 

often broadly divided into two components: (1) N utilization efficiency (ratio of yield to N 

uptake), and (2) N uptake efficiency (ratio of N uptake to N supply) (Janssen, 1998). 
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The root system heavily dictates uptake efficiency. Higher plants, including cereal 

species, have evolved sophisticated mechanisms to optimize root absorptive capacity at 

the molecular, microscopic, and macroscopic levels (Gaudin et al., 2011a; Giehl et al., 

2014; Li et al., 2014; Nestler et al., 2016; Yu et al., 2014). On the molecular level, two 

nitrate transporter systems coexist in Arabidopsis orthologous to maize, with both low 

(NRT1 gene family) and high (NRT2 family) affinities for uptake when soil nitrate 

concentrations are high and low respectively (Masclaux-Daubresse et al., 2010). High 

and low affinity ammonium transporters (AMT) are also present (Gu et al., 2013; 

Masclaux-Daubresse et al., 2010). In addition to regulation imposed by concentrations 

of N in the soil solution, optimum N transporter uptake from soil is regulated by internal 

plant N metabolites which signal adequate or insufficient N status (Tsay et al., 2007). As 

well as the inorganic sources of N, nitrate and ammonium, direct uptake by plant roots 

of dissolved low molecular weight organic N may be important in certain conditions 

(Jones and Darrah, 1994; Jones et al., 2005; Moran-Zuloaga et al., 2015), but generally 

considered less important (Roberts and Jones, 2012). 

The overall RSA of cereals is highly conserved between species (Den Herder et 

al., 2010; Rich and Watt, 2013; Richards, 2008; Yamauchi et al., 1987). Thick crown 

roots initiate vertically downwards into the soil profile from the base of the shoot, and 

branch into horizontal first order lateral roots, which can further branch to give rise to 

second and third order later roots (Figure 2.2). Both crown and lateral roots can further 

initiate root hairs on their surface (Figure 2.2) – epidermal projections which increase 

surface area and are critically important for nutrient absorption (Giehl and Wirén, 2014; 

Salazar-Henao et al., 2016). Under differing soil N availability, plants can acclimate to 
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meet nutrient demand by changing the relative proportions of all three root components 

in terms of length and density. Research in this area was initially conducted to 

understand acquisition strategies for phosphorus, a comparatively soil-immobile nutrient 

(Koevoets et al., 2016; Li et al., 2016c; Rao et al., 2016; Wissuwa et al., 2016). Due to 

its immobility, phosphate accumulates in the topsoil where there is high turnover of 

organic material, and plants with efficient phosphate foraging ability tend to develop 

shallow root systems (Koevoets et al., 2016; Lynch and Brown, 2001). 
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Figure 2.2. Main cereal root system architecture alterations examined in this thesis. 
Multiple crown roots initiate lateral roots. Single cell epidermal cells on the surfaces of 
these various root types can elongate to form root hairs, displayed in the inset image. 
Scale bar represents 0.5 mm.
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In contrast with phosphate, nitrate is highly mobile and prone to leaching down 

into the soil profile. Plants with efficient N foraging ability tend to develop long, steep 

root systems in order to reach deep N supplies in situations when N in the upper layers 

is scarce (Koevoets et al., 2016; Lynch, 2013). Fewer, deeper crown roots, and 

increased lateral root density have been found to enhance N acquisition ability in maize 

(Chun et al., 2005; Eghball and Maranville, 1993; Gaudin et al., 2011a; Li et al., 2016b; 

Liu et al., 2009; Saengwilai et al., 2014; Wang et al., 2004; Yu et al., 2015). Low N has 

also been found to stimulate root hair growth in several species (Gaudin et al., 2011a, 

2011b; Ma et al., 2001; Robinson and Rorison, 1987; Steingrobe and Schenk, 1991; 

Vatter et al., 2015). 

 

2.4. Analysis of finger millet root system architecture may reveal low N 

acclimation strategies 

As discussed above (Section 2.2) finger millet is an extremely N use efficient, low 

input crop in comparison to maize but mechanisms of this trait are poorly characterized. 

Although there are a growing number of molecular studies including analysis of N-

sensitive transcription factors (Gupta et al., 2013, 2011, 2014a; Kanwal et al., 2014), 

RSA changes in response to N availability remain largely undefined. An older study 

described general root characteristics in finger millet in comparison to other cereals, but 

no stress treatments were imposed (Yamauchi et al., 1987). Finger millet was noted to 

have deeper crown root angles, and denser (although shorter) lateral roots compared to 

maize (Yamauchi et al., 1987). Combined with its high NUE, this indicates that a 

description of finger millet RSA acclimatization strategies to low-N would be worthwhile. 
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2.5. Root system architecture phenotyping technologies have limitations 

A variety of phenotyping technologies are available to characterize RSA traits 

(Kuijken et al., 2015; Paez-Garcia et al., 2015; Zhu et al., 2011). Lab-based 

methodologies can achieve impressive resolution and throughput by growing plants in 

mesocosms (e.g. aeroponic systems, liquid culture, clear gel media) which allow easy 

root harvest and do not disrupt the delicate rhizosphere (Kuijken et al., 2015; Paez-

Garcia et al., 2015; Zhu et al., 2011). After removal from the media, root systems are 

spread flat and imaged; 2D traits can then be quantified with various software programs 

including WinRhizo, EZ-Rhizo, RootTracker, and others (Zhu et al., 2011). However, 

size restrictions may limit analysis to the seedling stage, the root traits of which do not 

necessarily correlate with those of mature plants (Zhu et al., 2011). High-resolution 3D 

imaging can be obtained from plants which remain undisrupted in the media, but often 

requires specialized and expensive equipment such as magnetic resonance imaging 

(MRI) or X-ray scanners (Zhu et al., 2011). While they provide undeniable advantages, 

these methods do not accurately replicate field conditions where RSA can differ (Paez-

Garcia et al., 2015). 

Root visualization methodologies for field research remain heavily reliant on 

excavation from soil (e.g. “shovelomics”), which can provide quick, limited information 

about architecture but are extremely damaging to the fragile root system, especially root 

hairs (Trachsel et al., 2011; Zhu et al., 2011). Minirhizotrons are transparent tubes 

which can be installed in field soil to allow direct, real-time visualization of root growth, 

but consequently only a fraction of the total RSA is captured (Ytting et al., 2014; Zhu et 
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al., 2011). Finally, geophysical techniques exist which have been adapted to non-

invasive analysis of field roots, such as ground-penetrating radar and electrical 

resistivity imaging, but the resolution is low and most applicable for total root biomass 

measurements (Zhu et al., 2011). These techniques are more relevant to woody 

species with dense roots, and have less application for cereal crops (Zhu et al., 2011).  

A root architectural analysis technique should be developed which incorporates 

the major advantages of both the laboratory and field methodologies (Paez-Garcia et 

al., 2015). Particularly needed is an intermediate system which allows for non-

destructive root hair harvesting from growth media which is more similar to field soil, for 

replication of agriculturally-relevant RSA. Such a technique would enable 

characterization of the fine-scale RSA acclimation of finger millet and other species. 

 

2.6. The processes of nitrogen assimilation, transport, and remobilization are 

conserved in cereal crop species  

Finger millet and maize are related cereal species with similar N metabolism 

enzymes (Gupta et al., 2012a; Hirel et al., 2007). After root uptake and prior to 

utilization, a portion of inorganic N is converted to organic N-containing amino acids 

(Masclaux-Daubresse et al., 2010). These assimilatory amino acids transport N to 

growing vegetative N sink tissues where they are used in the assembly of 

macromolecules (Plett et al., 2016). Later, during senescence, the N-containing 

macromolecules are catabolised back into amino acids for remobilization to developing 

seeds (Plett et al., 2016). Compared to finger millet, maize is a substantively more 

productive crop (under ideal conditions) with the ability to assimilate large amounts of 
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soil N into amino acids over the course of the growing season for eventual conversion to 

grain; the record maize yield under heavily managed, optimized conditions exceeded 

33000 kg ha-1 in 2014 (Ausubel, 2015a, 2015b). Maize therefore provides an ideal 

model for studying N assimilatory processes - the relevant details are described below. 

 

2.6.1. Assimilation of inorganic to organic N 

Higher plants utilize a sophisticated, dynamic molecular system with multiple 

levels of regulation to assimilate soil-derived inorganic nitrate and ammonium onto 

carbon skeletons (Figure 2.3) (Lam et al., 1996). Nitrate (NO3
-) is first reduced to nitrite 

(NO2
-) in the cytosol by the homodimer nitrate reductase (NR) (Lam et al., 1996). Nitrite 

is highly toxic to plant cells, and rapidly translocated to plastids or chloroplasts where it 

is converted by nitrite reductase (NiR) to ammonium (Masclaux-Daubresse et al., 2010). 

The result is a pool of ammonium originating from nitrate reduction, direct soil uptake, 

and as by-products of photorespiration and amino acid recycling (Figure 2.3). 

Ammonium is further reduced to a pool of free amino acids via glutamine 

synthetase (GS) and glutamine oxoglutarate aminotransferase (GOGAT, syn. glutamate 

synthetase) in the plastid or chloroplast yielding glutamine (Gln) and glutamate (Glu) 

(Figure 2.3). GS in maize is decameric, and encoded by two gene classes: GLN2 and 

GLN1 (Unno et al., 2006). GLN2 encodes chloroplastic GS2, mostly responsible for the 

primary assimilation of ammonium. In all species so far studied, GLN2 is present as a 

single gene. GLN1 codes for multiple cytosolic GS1 isoforms responsible for ammonium 

recycling, particularly important during senescence (Swarbreck et al., 2011). There are 

two forms of GOGAT which use ferredoxin or NADH as electron donors, located in the 



15 
 

photosynthetic chloroplasts and non-photosynthetic plastids respectively (Vanoni et al., 

2005). Various aminotransferases can use the resulting free assimilatory Gln and Glu 

as substrates to form other amino acids, for production of metabolites and 

macromolecules, and to promote tissue growth (Masclaux-Daubresse et al., 2010). 
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Figure 2.3. Simplified representation of inorganic N (nitrate, ammonium) assimilation 
into organic N (amino acids glutamine and glutamate). Shown are the main molecules 
and enzymes involved, as well as compartmentalization between the cytosol and 
chloroplast/plastid (shown is the chloroplastic form of glutamine synthetase, GS2). This 
thesis will examine assimilatory glutamine (boxed in red). 
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2.6.2. The primary assimilatory amino acid glutamine accumulates rapidly in 

response to N fertilization in cereals 

In maize, Gln is one of the most abundant assimilatory amino acids and a major 

N transport molecule, displaying marked, sensitive increases in foliar tissue immediately 

after N application to roots (Chapman and Leech, 1979; Magalhães et al., 1990;  

Sugiharto and Sugiyama, 1992). Additionally, Gln acts as a critical feedback signaling 

molecule of internal N status which can regulate root inorganic N transporters (Coruzzi 

and Zhou, 2001; Touraine et al., 2001). An inverse correlation has been observed 

between concentration of Gln and nitrate transporter proteins in plant roots of many 

species (Nazoa et al., 2003; Pal’ove-Balang and Mistrik, 2002; Vidmar et al., 2000; 

Zhuo et al., 1999). Detailed measurements of a sensitive endogenous signal like Gln at 

multiple locations within multiple tissues, at multiple timepoints could uncover new 

information regarding the temporal and spatial dynamics of N uptake, assimilation and 

utilization. 

Currently, studies of plant tissue assimilatory Gln in the context of N metabolism 

use analytical chemistry methods. These techniques are costly and require large 

amounts of tissue, such as high-performance liquid chromatography (HPLC) (Li et al., 

2010; Majeran et al., 2010; Pick et al., 2011; Seebauer et al., 2004; Wang et al., 2014b). 

Consequentially, high spatial/temporal resolution mapping of Gln fluctuation throughout 

plant tissues is generally not conducted. A low-cost, high-throughput, and in situ method 

of Gln detection with low tissue requirement and high reliability could allow for highly-

detailed analysis of N dynamics in maize and other crops.  
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2.7. GlnLux is a microbial whole-cell biosensor that is sensitive and specific for 

glutamine 

Whole-cell biosensors are analytical devices consisting of intact, living cells 

(Bousse, 1996). The high sensitivity, high throughput, and low cost of biosensors are 

advantageous for certain applications, but they are currently underutilized in plant 

science (Uslu and Grossmann, 2016). Michael Tessaro, a former MSc student in the 

Raizada Lab, engineered a new whole-cell biosensor for the detection of free Gln in 

plant tissue (Tessaro, 2012; Tessaro et al., 2012). A variety of strategies were 

considered for the genetic design, including promoter-reporter fusion cassettes and 

leader-sequence attenuation. Ultimately, by tagging a strain of Escherichia coli that was 

auxotrophic (unable to synthesize an organic compound required for growth), 

(Freifelder, 1994) for Gln with a constitutively expressed lux reporter gene, it was 

possible to infer the relative free Gln concentration present in co-incubated plant 

extracts by luminescence output (Figure 2.4) (Tessaro et al., 2012). GlnLux cells and 

extracts from many plant samples could be co-incubated in 96-well plates, and 

luminescence output measured using a luminometer. 
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Figure 2.4. Simplified depiction of the GlnLux biosensor. A strain of E. coli auxotrophic 
for glutamine was transformed with a lux operon (A). When GlnLux is co-incubated with 
extracts from plant samples in 96-well plates, differing luminescence output is produced 
(B). Red-yellow-green indicates diminishing GlnLux response, and black indicates 
absence of GlnLux output as determined with a photon-capture camera. In this 
example, extracts are from maize plants fertilized with increasing N application rates. 
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A good understanding of Gln metabolism in E. coli (Atkinson et al., 2002; 

Backman et al., 1981; Sukmarini and Shimizu, 2010; Tyler, 1978), and previous reports 

of luminescent whole-cell auxotrophic biosensors for other amino acids (Bertels et al., 

2012) made this strategy possible. Lux was selected as the biosensor reporter 

mechanism because it does not require an exogenous substrate or cofactor, produces 

very low background luminescence, and has robust linearity across several orders of 

magnitude (Meighen, 1991).  

GlnLux was shown to be sensitive for Gln when used to analyze pure Gln 

standards and plant tissue extracts, with a high signal:noise ratio. GlnLux displayed a 

clear linear output even in the presence of other amino acids and inorganic N, indicating 

that the biosensor has high specificity for Gln (Figure 2.5A-C). Validation was performed 

by correlating luminescence output to Gln quantification by HPLC (Figure 2.5D) 

(Tessaro, 2012; Tessaro et al., 2012).  

An additional protocol was developed to image Gln accumulation in situ directly 

from entire organs such as leaves (Tessaro, 2012). Organs were freeze-thawed to 

cause cellular damage and Gln leakage, and placed on agar pre-embedded with GlnLux 

cells. Luminescence produced by the biosensor cells in proximity to the plant tissue 

could then be imaged using a photon capture charge coupled device (CCD) camera 

(Tessaro, 2012). Conventional methods (e.g. HPLC) are unable to perform in situ 

imaging. 
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Figure 2.5. Validation of the GlnLux biosensor, previously performed by Michael 
Tessaro in the Raizada laboratory. GlnLux cells were incubated with Gln standards 
along with dilutions of: nitrite (A, NO2

-, stock concentration of 0.3 mM), nitrate (B, NO3
-, 

stock concentration of 200 mM) or a mixture of 19 additional amino acids (C, AA, stock 
concentration of 30 to 1100 mM). The 1/1000th dilutions of nitrite, nitrate, and the amino 
acids are similar to concentrations expected in planta. Leaf extracts of maize seedlings 
previously treated with +/- N solution were quantified using HPLC, and independently 
tested using the GlnLux luminometer (D). Each data point represents an extract from a 
single seedling leaf. The coefficient of correlation (Spearman r) between GlnLux and 
HPLC assays is indicated. HPLC and GlnLux readings segregated based on prior N 
fertilizer treatment (vertical dotted line) with the exception of two outliers noted (open 
circles). RLU, relative light units. HPLC, high-performance liquid chromatography. All 
figure panels are reproduced from Tessaro, 2012. 
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A specific, high-throughput, low-cost, and in situ imaging technology for 

measurements of relative free Gln may be used for studies of basic plant physiology. 

For example, while previous studies have characterized limited dynamics of Gln 

accumulation in maize leaves, tissue sampling was generally from a single position, a 

single leaf, or at a single timepoint during the assimilatory process (Magalhães et al., 

1990; Pavlík et al., 2010). Therefore the complex analyses necessary to generate high-

resolution spatial/temporal maps of N uptake, assimilation and utilization were not 

permitted.  

Similarly, concentrations of free Gln in plant tissues might provide a sensitive 

indication of maize N status under field conditions, inferring the availability of soil N. 

Previous studies have examined growth stage-specific free amino acid profiles, but in 

the context of grain fill following reproductive maturity (Losak et al., 2010; Martin et al., 

2006; Seebauer et al., 2004). By using GlnLux to indirectly observe assimilation at 

multiple stages of vegetative growth, it may be possible to infer vegetative 

developmental effects on N metabolism. Furthermore, in terms of practical application, 

measurements of free Gln in leaf tissue might be combined with dynamic models that 

integrate cereal crop growth, crop history, climate, soil, and agronomic factors (Bagheri 

et al., 2014; Bender et al., 2013; Devienne-Barret et al., 2000; Gaudin et al., 2014a, 

2015; Lemaire et al., 2008; McMaster et al., 2014; Naud et al., 2007, 2008). This may 

allow for better determination of N requirement and therefore selection of a within-

season N application rate to correct N deficiency in the field such that end-season yields 

are maximized. 
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2.7. Hypotheses and objectives 

 

2.7.1. Hypotheses 

Hypothesis 1: Finger millet will respond to extreme N limitation by modifying root 

system architectural traits. 

 

Hypothesis 2: The GlnLux biosensor will allow for previously unreported 

spatial/temporal mapping of N assimilation/transport in maize, and generate new 

information about cereal N assimilatory dynamics. 

 

Hypothesis 3: GlnLux measurements of free Gln in maize leaves during early-to-mid 

stages of vegetative growth is an accurate diagnostic of the soil N application rate under 

field conditions and can predict end-season yield under N-limiting conditions.  

 

2.7.2. Objectives 

Objective 1.A: Quantify root system architectural acclimation of finger millet plants 

under extreme N limitation. 

Objective 1.B: Develop and utilize a novel phenotyping methodology to quantify root 

hairs along crown roots of the entire root system in mature finger millet plants under 

extreme N limitation. 

 

Objective 2: Generate high-resolution spatial/temporal maps of Gln accumulation in 

whole organs of maize seedlings during recovery from N deprivation with GlnLux. 
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Objective 3: Correlate mid-season measurements of GlnLux output from leaves of 

field-grown maize with the N application rate and end-season yield parameters. 
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Chapter 3: Review - Genetic diversity and genomic resources available for the 

small millet crops to accelerate a New Green Revolution 
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3.1. Abstract 

Small millets are nutrient-rich food sources traditionally grown and consumed by 

subsistence farmers in Asia and Africa. They include finger millet (Eleusine coracana), 

foxtail millet (Setaria italica), kodo millet (Paspalum scrobiculatum), proso millet 

(Panicum miliaceum), barnyard millet (Echinochloa spp.), and little millet (Panicum 

sumatrense). Local farmers value the small millets for their nutritional and health 

benefits, tolerance to extreme stress including drought, and ability to grow under low 

nutrient input conditions - ideal in an era of climate change and steadily depleting 

natural resources. Little scientific attention has been paid to these crops, hence they 

have been termed “orphan cereals”. Despite this challenge, an advantageous quality of 

the small millets is that they continue to be grown in remote regions of the world which 

has preserved their biodiversity, providing breeders with unique alleles for crop 

improvement. The purpose of this review, first, is to highlight the diverse traits of each 

small millet species that are valued by farmers and consumers, which hold potential for 

selection, improvement or mechanistic study. For each species, the germplasm, 

genetic, and genomic resources available will then be described as potential tools to 

exploit this biodiversity. The review will conclude with noting current trends and gaps in 

the literature and make recommendations on how to better preserve and utilize diversity 

within these species to accelerate a New Green Revolution for subsistence farmers in 

Asia and Africa. 
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3.2. Small millets – valuable crops neglected by the Green Revolution 

The “Green Revolution” represents a period of massive agricultural 

advancement, and is often credited with saving over a billion people from starvation in 

the developing world (Borlaug, 2000; Evenson and Gollin, 2003). The initial focus of the 

Revolution was the promotion of semi-dwarf varieties of major cereal grain crops 

especially rice (Oryza sativa), wheat (Triticum aestivum) and maize (Zea mays). Such 

modern varieties were also methodically bred to withstand environmental stresses, and 

in many cases produced yields several times larger than local cultivars. A highly cited 

example is the global success of “miracle rice” in the 1960s (De Datta et al., 1968). 

When faced with potential mass famine, the Punjab region of India collaborated with 

international advisors to introduce IR8, a semi-dwarf rice modern variety. IR8 was found 

to produce up to ten times the yield of traditionally grown varieties (De Datta et al., 

1968) and helped to transform India’s food production from deficit to surplus; national 

rice production tripled accompanied by a dramatic drop in price. IR8 and its progenitors 

as well as other modern varieties of cereals were further exported to other regions of 

the world with similar results especially in Latin America and Asia (Evenson and Gollin, 

2003). 

However, there are regions that did not receive a Green Revolution. Sub-

Saharan Africa experienced a lag in the benefits of modern varieties although efforts 

were made for their introduction and establishment (Ejeta, 2010). Reasons for the 

failure are complex. Many commentators point to institutional and political difficulties 

that may have hindered dissemination of new technology (Ejeta, 2010). However it is 

also important to consider the agroeconomic complexities of the region, where a mixture 
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of species less common elsewhere in the world are traditionally grown (Evenson and 

Gollin, 2003). A wide range of climatic zones and unique farming practices with a 

spectrum of soil types also created a challenge. In the early part of the Green 

Revolution, breeding generally consisted of modifying pre-existing genetic resources of 

wheat, maize, and rice in which research had already been conducted by developed 

nations. These varieties would be further bred to incorporate additional traits to increase 

yields. The strategy was not applicable to many African crops where essentially no 

formal work existed for researchers to build upon. In fact, it has been suggested that 

some African farmers faced increased hardship in response to the Green Revolution as 

a result of a global drop in food prices caused by its massive success elsewhere 

(Evenson and Gollin, 2003). 

More optimistically, in the later years of the Green Revolution, research 

broadened to include less common food crops and began to close the gap in yield 

increases due to modern varieties. Locally administered organizations, such as the 

International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), established 

research programs that included farmers in the dialogue to strategically build a bank of 

genetic resources for traditionally grown species better suited to local climates and 

cropping systems. One group of such species is collectively known as the small millets 

and includes six cereal crops: finger millet (Eleusine coracana), foxtail millet (Setaria 

italica), kodo millet (Paspalum scrobiculatum), proso millet (Panicum miliaceum), 

barnyard millet (Echinochloa spp.), and little millet (Panicum sumatrense). Though all 

six cereals share a similar superficial classification (small grained cereals), they differ 

vastly in their phylogenies and continue to be grown in some of the most remote farms 
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on Earth – isolation has thus maintained a wealth of agricultural and functional diversity. 

Their uses vary from animal fodder to human consumption, in which the small seeds 

can be ground into flour, cooked as porridge, or alternately fermented into enriched 

foods or alcoholic products. Where they are traditionally grown (Figure 3.1), small 

millets are highly valued for their diverse benefits and in many instances are considered 

nutritionally superior to other carbohydrate sources like rice and wheat (Hegde et al., 

2005). Additionally, many of the small millets require very little fertilizer input as 

compared to more intensive grain cropping monocultures. Many reports also exist 

regarding their high degree of pest resistance and long-term storability, both traits which 

make the cultivation of small millets good insurance against famine and crop failure 

(Reddy et al., 2011; Tsehaye et al., 2006).
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Figure 3.1. Depictions of small millet cultivation. A typical subsistence small millet farm 
in India where crops are grown under low input conditions and valued for their high 
stress tolerance (A, source: M. Raizada). Finger millet seed heads nearing maturity at 
the University of Guelph in Canada (B, source: T. Goron). The seed heads resemble 
the fingers of a human hand. Finger millet growing in a terraced field on a smallholder 
farm in Nepal (C, source: M. Raizada). Drudgery associated with transporting grain in 
the rural areas of Nepal (D, source: M. Thilakarathna). 
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Although previously neglected, the value of small millets in modern agricultural 

stability is beginning to be identified. Much work has been accomplished towards the 

development of modern varieties with the goal of better directing existing diversity 

towards agricultural challenges of the new millennium. The purpose of this review is to 

highlight the diverse traits of each crop that are valued by farmers and consumers (e.g. 

nutritional quality) that have potential for selection, improvement, or mechanistic study, 

along with other phenotypes of interest, then to describe the germplasm, genetic and 

genomic resources available as potential tools to exploit this biodiversity. The review will 

conclude with noting current trends and gaps in the literature and make 

recommendations on how to better preserve and utilize diversity within these species to 

accelerate a New Green Revolution. 

 

3.3. Diversity of the small millets 

3.3.1. Finger millet (Eleusine coracana) 

Finger millet was domesticated in western Uganda and the Ethiopian highlands 

(Figure 3.2) at least 5000 years ago before introduction to India approximately 3000 

years ago (Dida et al., 2008). It is called finger millet, because the inflorescence 

resembles the fingers of a human hand (Figure 3.1B). The morphology of the 

inflorescence can be used to differentiate between the two subspecies, africana and 

coracana (Dida and Devos, 2006). Each subspecies can be further divided into several 

races. Finger millet is an allotetraploid. Genomic donors of the “A” genome are most 

likely Eleusine indica and E. trisachya (Liu et al., 2014b). The “B” genome has yet to be 

uncovered, and may have been contributed by an extinct ancestor (Liu et al., 2014b). It 
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is cultivated on 1.8 million ha in India, and also fills a substantial niche in eastern Africa 

(Table 3.1) (Dida and Devos, 2006). Kenyan farmers receive a high price for the grain, 

often twice that of maize and sorghum (Dida and Devos, 2006). The crop is highly 

valued in part due to its nutritional content, being especially calcium rich. Finger millet 

also contains methionine and tryptophan, amino acids which are often absent in starch-

based diets of some subsistence farmers (Bhatt et al., 2011). Health benefits have been 

investigated, including anti-cancer and anti-diabetic activity, arising, respectively, from 

the grain’s polyphenol content (anti-oxidant activity) and high fiber (which promotes slow 

digestion and hence stability of blood sugar) (Chandrasekara and Shahidi, 2011a; Devi 

et al., 2014). The species will produce 5 tons ha-1 under optimum conditions (Dida and 

Devos, 2006) and requires very little nitrogen fertilization, with some reports indicating 

the most economic rate of application may be between 20-60 kg ha-1 (Hegde and 

Gowda, 2001; Pradhan et al., 2011). The plant is highly tolerant to drought and salt 

stress, though a wide diversity of stress resistance has been reported across genotypes 

(Bhatt et al., 2011; Uma et al., 1995). Unlike many crops consumed by subsistence 

farmers, finger millet has maintained high socioeconomic importance in the Indian and 

African semi-arid tropics (Benin et al., 2004; Gull et al., 2014) and has therefore 

received a level of investigation unattained by some of its cousins.  
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Figure 3.2. Predicted geographic centres of domestication of the small millets. Finger 
millet is predicted to have been domesticated in Uganda and the Ethiopian Highlands 
(A) (Dida et al., 2008). Proso millet was likely domesticated on the Loess Plateau, 
China (Hu et al., 2009, 2008; M’Ribu and Hilu, 1994). Japanese barnyard millet was 
likely domesticated in Japan or eastern Asia (Yabuno, 1962). It has been suggested 
that Indian barnyard millet was domesticated at multiple sites across its current 
cultivation range in India (de Wet et al., 1983a). Predicted sites of domestication of 
foxtail millet and little millet, respectively, on the North China Plain (Yang et al., 2012) 
and in India (B) (de Wet et al., 1983a). Kodo millet may have been domesticated at 
multiple sites across its current range of cultivation in India (C) (de Wet et al., 1983c).
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Table 3.1. Areas where small millets are cultivated in significant quantities for human 
consumption. 
 

Common name Species name Regions of cultivation Reference 

    
Finger millet Eleusine 

coracana 
India, Nepal, China, Myanmar, 
Sri Lanka, Kenya, Uganda, 
Eritrea, Sudan, Zimbabwe, 
Zambia, Malawi, Madagascar, 
Rwanda, Burundi 

(Dwivedi et al., 
2012) 

    
Foxtail millet Setaria italica China (dry northern regions), 

India, Nepal, Korea, Japan 
(Dwivedi et al., 
2012) 

    
Kodo millet Paspalum 

scrobiculatum 
India (Dwivedi et al., 

2012) 
    

Proso millet Panicum 
miliaceum 

India, China, Nepal, western 
Myanmar, Sri Lanka, 
Pakistan, and South East 
Asian countries 

(Hu et al., 2008; 
Nirmalakumari 
et al., 2008) 

    
Japanese 

barnyard millet 
Echinochloa 

esculenta 
Japan, Korea, North East 
China 

(Yabuno, 1987) 

    
Indian 

barnyard millet 
Echinochloa 
frumentacea 

Pakistan, India, Nepal, and 
Central Africa 

(Yabuno, 1987) 

    
Little millet Panicum 

sumatrense 
India, Sri Lanka, Pakistan, 
Myanmar, and other South 
East Asian countries 

(Hiremath et al., 
1990) 
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ICRISAT conserves 6804 finger millet germplasm accessions originating from 25 

different countries. Other organizations manage germplasm banks of their own, the 

largest of which are summarized in Table 3.2. From these large collections, ICRISAT 

and other institutions group all genotypes according to region of origin or other 

parameters (Brown, 1989; Diwan et al., 1995; Hu et al., 2000; Wang et al., 2007). A 

subset of each group is selected that is representative of the genetic diversity of the 

crop: this group is termed the “core collection” and typically consists of ~10% of all 

available accessions. Core collections facilitate breeding by providing an efficient 

means to screen for desired traits from a large pool of genotypes. Mini-core collections, 

that represent ~1% of the total accessions, can be used by these institutions to further 

streamline the available genetic diversity.
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Table 3.2. Significant germplasm collections of the small millets as of 2015. 
 

Common 

name Institution Headquarters 

Number of 

accessions 

Finger 

millet 

 National Bureau of Plant 
Genetic Resources (NBPGR) 

New Delhi, 

India 

9522 

(Dwivedi et 

al., 2012) 

  International Crops Research 
Institute for the Semi-Arid 
Tropics (ICRISAT) 

Patancheru, 

India 

68041 

  All India Coordinated Minor 
Millet Project (AICMMP) 

Bangalore, 

India 

6257 

(Dwivedi et 

al., 2012) 

  Kenya Agricultural Research 
Institute (KARI) 

Muguga, 

Kenya 

2875 

(Dwivedi et 

al., 2012) 

  Institute of Biodiversity 
Conservation (IBC) 

Addis Ababa, 

Ethiopia 

2156 

(Dwivedi et 

al., 2012) 

  USDA Agricultural Research 
Service (USDA-ARS) 

Griffin, USA 14522 

  Serere Agricultural and Animal 
Production Research Institute 
(SAARI) 

Soroti, Uganda 1231 

(Dwivedi et 

al., 2012) 

  SADC Plant Genetic 
Resource Centre 

Lusaka, 

Zambia 

1037 

(Dwivedi et 

al., 2012) 

  Central Plant Breeding and 
Biotechnology Division, Nepal 
Agricultural Research Council 
(CPBBD) 

Kathmandu, 

Nepal 

869 

(Dwivedi et 

al., 2012) 

  National Center for Genetic 
Resources Preservation 

Fort Collins, 

USA 

702 

(Dwivedi et 

al., 2012) 

  National Institute of 
Agrobiological Sciences 
(NIAS) 

Kannondai, 

Japan 

565 

(Dwivedi et 

al., 2012) 

  Mt. Makulu Central Research 
Station 

Chilanga, 

Zambia 

390 

(Dwivedi et 

                                                           
1 http://www.icrisat.org/crop-fingermillet.htm 
2 http://www.ars-grin.gov/npgs/index.html 
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al., 2012) 

  Institute of Crop Germplasm 
Resources, Chinese Academy 
of Agricultural Sciences 
(ICGR-CAAS) 

Beijing, China 300 

(Dwivedi et 

al., 2012) 

      

Foxtail 

millet 

 Chinese National Genebank 
(CNGB) 

Shenzhen, 

China 

26670 

(Wang et 

al., 2012) 

  National Bureau of Plant 
Genetic Resources (NBPGR) 

New Delhi, 

India 

4330 

(Dwivedi et 

al., 2012) 

  ORSTOM-MONTP Montpellier, 

France 

3500 

(Dwivedi et 

al., 2012) 

  All India Coordinated Minor 
Millet Project (AICMMP) 

Bangalore, 

India 

2512 

(Dwivedi et 

al., 2012) 

  International Crops Research 
Institute for the Semi-Arid 
Tropics (ICRISAT) 

Patancheru, 

India 

15353 

  National Institute of 
Agrobiological Sciences 
(NIAS) 

Kannondai, 

Japan 

12994 

  North Central Regional Plant 
Introduction Station, USDA-
ARS 

Ames, USA 1000 

(Dwivedi et 

al., 2012) 

  Biologie Végétale Appliquée, 
Institut Louis Pasteur (IUT) 

l’Argonne-

Strasbourg, 

France 

850 

(Dwivedi et 

al., 2012) 

  Kenya Agricultural Research 
Institute (KARI) 

Muguga, 

Kenya 

772 

(Dwivedi et 

al., 2012) 

  USDA Agricultural Research 
Service (USDA-ARS) 

Griffin, USA 7625 

  Estación de Iguala, Instituto 
Nacional de Investigaciones 
Agrícolas (INIA) 

Iguala, Mexico 350 

(Dwivedi et 

al., 2012) 

                                                           
3 http://www.icrisat.org/crop-foxtailmillet.htm 
4 http://www.gene.affrc.go.jp/index_en.php 
5 http://www.ars-grin.gov/npgs/index.html 
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Kodo 

millet 

 National Bureau of Plant 
Genetic Resources (NBPGR) 

New Delhi, 

India 

2170 

(Dwivedi et 

al., 2012) 

  All India Coordinated Minor 
Millet Project (AICMMP) 

Bangalore, 

India 

1111 

(Dwivedi et 

al., 2012) 

  International Crops Research 
Institute for the Semi-Arid 
Tropics (ICRISAT) 

Patancheru, 

India 

656 

(Upadhyaya 

et al., 2014) 

  USDA Agricultural Research 
Service (USDA-ARS) 

Griffin, USA 3366 

      

Proso 

millet 

 N.I. Vavilov All-Russian 
Scientific Research Institute of 
Plant Industry 

St. Petersburg, 

Russian 

Federation 

8778 

(Dwivedi et 

al., 2012) 

  Institute of Crop Germplasm 
Resources, Chinese Academy 
of Agricultural Sciences 
(ICGR-CAAS) 

Beijing, China 6517 

(Dwivedi et 

al., 2012) 

  Ustymivka Experimental 
Station of Plant Production 

S. Ustymivka, 

Ukraine 

3976 

(Dwivedi et 

al., 2012) 

  Yuryev Plant Production 
Institute UAAS 

Kharkiv, 

Ukraine 

1046 

(Dwivedi et 

al., 2012) 

  International Crops Research 
Institute for the Semi-Arid 
Tropics (ICRISAT) 

Patancheru, 

India 

8427 

  Botanical Garden of the Plant 
Breeding and Acclimatization 
Institute 

Bydgoszcz, 

Poland 

721 

(Dwivedi et 

al., 2012) 

  USDA Agricultural Research 
Service (USDA-ARS) 

Griffin, USA 7198 

  North Central Reg. Plant 
Introd. Station, USDA-ARS 

Ames, USA 713 

(Dwivedi et 

al., 2012) 

                                                           
6 http://www.ars-grin.gov/npgs/index.html 
7 http://www.icrisat.org/crop-prosomillet.htm 
8 http://www.ars-grin.gov/npgs/index.html 
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  Estación de Iguala, Instituto 
Nacional de Investigaciones 
Agrícolas (INIA) 

Iguala, Mexico 400 

(Dwivedi et 

al., 2012) 

  National Institute of 
Agrobiological Sciences 
(NIAS) 

Kannondai, 

Japan 

3029 

      

Barnyard 

millet 

(both 

species) 

 International Crops Research 
Institute for the Semi-Arid 
Tropics (ICRISAT) 

Patancheru, 

India 

74310 

Japanese 

barnyard 

millet 

 National Institute of 
Agrobiological Sciences 
(NIAS) 

Kannondai, 

Japan 

15911 

Indian 

barnyard 

millet 

 USDA Agricultural Research 
Service (USDA-ARS) 

Griffin, USA 23212 

      

Little 

millet 

 All India Coordinated Minor 
Millet Project (AICMMP) 

Bangalore, 

India 

544 

(Dwivedi et 

al., 2012) 

  International Crops Research 
Institute for the Semi-Arid 
Tropics (ICRISAT) 

Patancheru, 

India 

46613 

  USDA Agricultural Research 
Service (USDA-ARS) 

Griffin, USA 21214 

                                                           
9 http://www.gene.affrc.go.jp/index_en.php 
10 http://www.icrisat.org/crop-barnyardmillet.htm 
11 http://www.gene.affrc.go.jp/index_en.php 
12 http://www.ars-grin.gov/npgs/index.html 
13 http://www.icrisat.org/crop-littlemillet.htm 
14 http://www.ars-grin.gov/npgs/index.html 
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The morphological diversity present within finger millet is immense. For example, 

a range of seed colours can be produced, related to protein and calcium content 

(Vadivoo et al., 1998). Landraces with different attributes (e.g. time to maturity, bird 

tolerance, drought tolerance, disease tolerance) are valued by farmers based on local 

agricultural complexities that reflect their productivity across multiple agroeconomic 

zones (Tsehaye et al., 2006). For example, in the Ethiopian highlands, three high-yield 

landraces were identified and further developed into the commercial lines Tadesse, 

Padet, and Boneya (Aduguna, 2007). During a severe drought, Tadesse finger millet 

was the only cereal that remained productive. Farmers received double the price for the 

grain as compared to maize (Aduguna, 2007). This study illustrates what can be 

accomplished if germplasm banks are properly utilized for the selection of desirable 

traits. 

The degree of morphological difference in finger millet requires that even core 

collections be quite large; specialized tools will be needed to simplify characterization of 

functional diversity. Molecular markers represent one class of such tools, including 

restriction fragment length polymorphisms (RFLP), amplified fragment length 

polymorphisms (AFLP), expressed-sequenced tags (EST) and simple sequence repeats 

(SSR). Very few are reported for finger millet but more are beginning to appear in the 

literature. Molecular markers have been utilized in attempts to characterize calcium 

dynamics (Yadav et al.,2014b), disease resistance (Babu et al., 2014a), and in the 

association mapping of various agronomic traits as well as tryptophan accumulation 

(Babu et al., 2014b, 2014c). Marker-assisted research has suggested that there was 

little sequence diversity in finger millet populations (Muza et al., 1995; Salimath et al., 
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1995; Yadav et al., 2014b), but this would be surprising given the geographic diversity in 

which finger millet is grown. Molecular markers have enabled linkage maps of the 

genome to be assembled (Dida et al., 2007). While progress has recently increased, the 

availability of a published genomic sequence would accelerate the development of 

markers to assist with genotype classification and breeding. In March 2014, the Bio-

resources Innovations Network for Eastern Africa Development (Bio-Innovate) 

announced a finger millet sequencing project (Table 3.3). The initial genome assembly 

has been completed15. 

                                                           
15 http://bioinnovate-africa.org/about-us/news/item/162-finger-millet-genomics-project-to-
provide-researchers-with-better-tools-for-variety-production 
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Table 3.3. Small millet genomic resources and features. 
 

Common 
name Ploidy 

Chromosome 
number 

Genome 
size 

estimate 
(pg, 2C) 

ESTs 
available 

from NCBI16 

Genome 
sequence 
availability 

Finger 
millet 

Tetraploid 2n=4x=36 
(Bisht and 

Mukai, 2001) 

3.34-3.87 
(Mysore and 
Baird, 1997) 

1982 Sequencing in 
progress17 

Foxtail 
millet 

Diploid 2n=2x=18 
(Wanous, 

1990) 

1.02-1.04 
(D’Ennequin 
et al., 1998) 

66051 2 reference 
genomes 

(Bennetzen et 
al., 2012; Zhang 

et al., 2012) 
Kodo 
millet 

Tetraploid 2n=4x=40 
(Burton, 1940) 

1.91-1.98 
(Jarret et 
al., 1995) 

29 N/A 

Proso 
millet 

Tetraploid 2n=4x=36 
(Baltensperger, 

1996) 

2.08 
(Kubešová 
et al., 2010) 

211 N/A 

Japanese 
barnyard 

millet 

Hexaploid 2n=6x=36 (de 
Wet et al., 

1983a) 

N/A 0 (74 in 
closely-
related 

Echinochloa 
crus-galli) 

N/A 

Indian 
barnyard 

millet 

Hexaploid 2n=6x=36 
(Wanous, 

1990) 

2.7 
(Abramson 
et al., 1973) 

0 N/A 

Little 
millet 

Tetraploid 2n=4x=36 
(Wanous, 

1990) 

N/A 0 N/A 

                                                           
16 http://www.ncbi.nlm.nih.gov/ 
17 http://bioinnovate-africa.org/about-us/news/item/162-finger-millet-genomics-project-to-
provide-researchers-with-better-tools-for-variety-production 
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Research illuminating the finger millet transcriptome is beginning to appear. As 

the crop is valued for its high calcium content, studies have characterized calcium 

sensing and accumulation mechanisms across genotypes differing in their grain calcium 

content with the use of transcriptome high-throughput sequencing (Kumar et al., 2014a; 

Singh et al., 2014). A similar transcriptome analysis has been conducted on salinity 

responsiveness (Rahman et al., 2014). To investigate mechanisms behind the crop’s 

impressively high nitrogen utilization efficiency (NUE), the behavior of transcription 

factors Dof1 and Dof2 have been analyzed. It was found that in the roots of a high-

protein variety, the EcDof1/EcDof2 ratio was greater than that of a low protein variety, 

indicating a higher activation of N uptake and assimilation genes (Gupta et al., 2014a). 

The authors suggest that this ratio may in the future be utilized to screen other 

genotypes for high NUE. 

Homologs of genes known to be agronomically important in major cereals, such 

as the transcripts described above, may assist with targeted breeding efforts in crops 

that are less characterized. Specifically, sequence variants of these genes may be used 

to develop orthologous molecular markers; those variants that correlate with desired 

traits may be used to screen accessions and subsequently assist in marker-assisted 

breeding efforts. This strategy may represent a way forward in the small millets. For 

example, finger millet researchers have isolated orthologs of genes known to be 

involved in grain amino acid composition (Opaque 2) and calcium content (calcium 

transporters, calmodulin) (Nirgude et al., 2014; Reddy et al., 2011). The researchers 

then associated SSR polymorphisms within these genes to characterize accessions that 

differed in their protein and calcium content, thus creating a targeted, cost-effective crop 



44 
 

improvement strategy. A similar strategy to improve finger millet seed calcium content 

was also reported independently that focused on orthologs of calcium-binding proteins 

(CBPs) with extensive characterization of a seed dominant calmodulin (Kumar et al., 

2014b, 2014c). A parallel strategy has been suggested for disease resistance in finger 

millet based on the initial isolation of disease resistance receptors (Babu et al., 2014d; 

Reddy et al., 2011). 

Progress has also occurred with respect to transgenic protocols for finger millet 

utilizing Agrobacterium and callus cell bombardment (Ceasar and Ignacimuthu, 2009, 

2011; Jagga-Chugh et al., 2012; Kothari et al., 2005; Plaza-Wüthrich and Tadele, 2012; 

Sharma et al., 2011). Such techniques have allowed finger millet plants to be improved 

for drought and salinity tolerance (Anjaneyulu et al., 2014; Hema et al., 2014; 

Ramegowda et al., 2012), zinc accumulation (Cakmak, 2008; Ramegowda et al., 2013), 

and disease resistance (Latha et al., 2005). 

 

3.3.2. Foxtail millet (Setaria italica) 

Named for the bushy, tail-like appearance of its immature panicles, foxtail millet 

has received a promising amount of research attention. Domesticated in China (Figure 

3.2) approximately 8700 years ago, foxtail millet is considered one of the world’s oldest 

crops and ranks second in total world millet production, providing six million tons of 

grain for people throughout areas in southern Europe and Asia (Li and Wu, 1996; Yang 

et al., 2012). It is one of the main food crops in regions of the dry north of China (Wang 

et al., 2012). Foxtail millet is cultivated to a limited extent in North America for silage, 

birdseed, and as a cover crop. It is quick to mature, able to produce seed in 75-90 days, 
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and sometimes grown as a “catch-crop” in between the plantings of other species 

(Baltensperger, 2002). Herbicide-resistant lines of foxtail millet have been identified and 

studied in detail (Zhu et al., 2006). Additionally, the plant is quite drought resistant and 

tolerant to salt stress (Jayaraman et al., 2008). The cultivar “Prasad” has been identified 

as being particularly salt-tolerant, perhaps due to an effective antioxidant mechanism 

mediated by polyamine accumulation (Sudhakar et al., 2015). 

As opposed to finger millet which was the result of a single domestication event 

(Dida et al., 2008), the history of foxtail millet is more complex. Sequence diversity of 

250 Chinese genotypes was found to be quite high, averaging 20.9 alleles per locus 

when examined with 77 SSRs (Wang et al., 2012). Alleles clustered into two main 

geographic diversity centres, indicating the possibility of two domestication events within 

China; more work is needed to confirm this hypothesis (Wang et al., 2012). Additionally, 

it has been suggested that foxtail millet was independently domesticated in Europe 

based on archeological evidence (Hirano et al., 2011; Hunt et al., 2008; Jusuf and 

Pernes, 1985).  

Foxtail millet is closely related to the hardy weed S. viridis, which is assumed to 

be its progenitor. S. viridis, or green foxtail, often exists in close proximity to its 

cultivated cousin and is problematic throughout Eurasia and North America with many 

reports of herbicide resistance (Heap, 1997; Marles et al., 1993; Morrison et al., 1989). 

Some evidence suggests genetic clustering across foxtail species is dictated primarily 

by region and not taxonomy, implying that interspecific hybridization between S. viridis 

and modern S. italica is common (Jusuf and Pernes, 1985; Li et al., 1942). Indeed, 

deliberate crosses between these species have resulted in resistance to a variety of 



46 
 

herbicides (Darmency and Pernes, 1985, 1989; Wang and Darmency, 1997; Wang et 

al., 1996). However, agronomic traits in many of the crosses were closer to the weedy 

variety of Setaria; hybrids displayed seed shedding, spindly shoot tissue, and low yield 

as well as the fertility losses associated with hybridization. These reports highlight the 

possibility of using interspecific hybridization to study different agronomically valuable 

traits from wild millet relatives in a domesticated genetic background for future breeding 

applications. 

After its domestication in China, foxtail millet spread throughout Asia, Europe, 

and eventually to North America (Jusuf and Pernes, 1985). Its large range has resulted 

in three different races, each with multiple subraces. Moharia is common in Europe, 

Russia, and the Middle East. Maxima can be found in eastern China, Georgia, Japan, 

Korea, Nepal, northern India, and the USA where it was introduced for the purposes of 

animal feed. Indica predominates in southern India and Sri Lanka (Table 3.1) (Jusuf and 

Pernes, 1985).  

An interesting feature of modern foxtail millet diversity is the global distribution of 

two phenotypically different varieties - the waxy and non-waxy grain type (Van et al., 

2008). Waxiness in cereal grains is caused by lowered levels of amylose in the grain 

endosperm, which gives the grain a sticky texture when cooked (Van et al., 2008). 

Geographical occurrence of these two groups of foxtail millet varieties coincides with the 

ethnological preferences of local human populations. In East and South East Asia, 

some local communities are known to prefer sticky cereals (e.g. glutinous rice) driven by 

the use of chopsticks by these cultures - it is in these regions that the waxy millet 

phenotype can be found (Van et al., 2008). The non-waxy grain phenotype is more 
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widespread, cultivated throughout Eurasia and parts of Africa (Kawase et al., 2005). 

Control of the phenotype is due to transposable-element (TE) insertion events 

interrupting amylase production, and foxtail millet has been suggested as a model for 

studying TE-mediated evolution (Kawase et al., 2005). 

Like finger millet, there is an abundance of foxtail millet germplasm available to 

the scientific community (Table 3.2). Due to its importance in China, the Chinese 

National Genebank (CNGB) appears to maintain the largest collection by far, totalling 

26670 accessions as of 2012 (Wang et al., 2012). ICRISAT holds germplasm from 26 

countries, and genebanks in Japan (National Institute of Agrobiological Sciences, NIAS) 

and the USA (USDA, Plant Genetic Resources Conservation Unit, PGRCU) ensure 

access to a wide range of foxtail millet diversity. Some core and mini-core collections 

have been assembled (Upadhyaya et al., 2008, 2011). However, considering the wide 

range of foxtail millet cultivation and the diversity of accessions, many more core 

collections should be generated, especially in China (Li et al., 1998) to facilitate 

breeding efforts. Diverse foxtail millet landraces may provide valuable alleles to assist in 

these breeding efforts. For example, landraces from the north of China are typically well 

adapted to cold weather with short growing seasons, and are highly sensitive to light 

and temperature changes while those from southern regions grow better in high 

temperatures and humidity (Wang et al., 2012), demonstrating the types of useful 

alleles that may exist for this crop. 

Foxtail millet has enjoyed more genetic characterization than the other small 

millets. Recently there has been a push to utilize the species as a model system for 

biofuel grasses. It is closely related to the bioenergy crops switchgrass (Panicum 
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virgatum), napier grass (Pennisetum purpureum), and pearl millet (Pennisetum 

glaucum) (Doust et al., 2009). Foxtail millet has several characteristics that are valued 

in a model system - a small genome (~490 Mbp), small plant size, and a quick 

generation time, unusual for C4 grasses. As a result, two full reference sequences have 

been compiled using genotypes Yugu1 and Zhang Gu (Bennetzen et al., 2012; Zhang 

et al., 2012). In these studies, the authors also created high-density linkage maps with 

another foxtail millet line and green foxtail, and examined the evolution and 

mechanisms of C4 photosynthesis in detail (Bennetzen et al., 2012; Zhang et al., 2012). 

Instigated by the newly available sequence data, research in foxtail millet 

molecular genomics continues to rapidly progress. Many genetic markers have been 

reported and utilized in foxtail millet to generate maps, analyse DNA polymorphisms, 

evolutionary origin(s), and relatedness to other cereals for future crop improvement 

efforts (Jia et al., 2009; Schontz and Rether, 1999; Wang et al., 1998b; Yadav et al., 

2014a). A large library of markers consisting of intron-length polymorphisms (ILPs) has 

been generated, in part enabled by an abundance of EST data which can be used to 

generate flanking primers. Initial work towards marker-based, high-throughput genotype 

identification has been accomplished (Gupta et al., 2012b; Pandey et al., 2013). For 

example, an allele-specific single nucleotide polymorphism (SNP) coding for a 

dehydration responsive element binding (DREB) gene was shown to associate with 

stress tolerance (Lata et al., 2011). The SNP has potential in marker-assisted breeding 

selection, and was validated in a foxtail millet core collection in which the allele was 

found to account for 27% of total variation of stress-induced lipid peroxidation (Lata and 

Prasad, 2013). In an association mapping study, eight SSR markers were found to 
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correlate with nine different agronomic traits (Gupta et al., 2014b). ESTs and peptides 

have been identified which are differentially expressed between salt tolerant and non-

tolerant cultivars (Puranik et al., 2011; Veeranagamallaiah et al., 2008). A genome-wide 

transcriptome has been generated after exposure to drought stress, in which regulatory 

roles of small interfering RNAs and non-coding RNAs were described (Qi et al., 2013). 

From this study, 2824 annotated genes were identified with drought-responsive 

expression patterns. Such comprehensive studies should be extended to other stress 

pathways for better characterization of available foxtail millet germplasm. The data 

might also be used to design useful millet microarrays. Using the reference genomes 

described above, research groups have begun to re-sequence genotypes of foxtail 

millet and identify vast libraries of SNPs and other markers (Bai et al., 2013; Jia et al., 

2013). This information has been used to classify landraces according to flowering time, 

yield attributes, waxy character, and other agronomically important traits (Bai et al., 

2013; Jia et al., 2013). The re-sequencing of diverse foxtail millet germplasm should 

continue as a strategy to aid marker-assisted breeding efforts. Much work has also 

been accomplished in the behavior of transcription factors in foxtail millet under a 

variety of stressful conditions, details of which have been conveniently compiled in the 

database “FmTFDb” (Bonthala et al., 2014). The availability of this data is expected to 

greatly accelerate functional genomics in all small millet species. 

Lastly, transgenic protocols have been developed for foxtail millet, with both 

Agrobacterium (Wang et al., 2011b) and callus bombardment methods reported 

(Ceasar and Ignacimuthu, 2009; Kothari et al., 2005; Plaza-Wüthrich and Tadele, 2012), 

enabling some potentially useful molecular analyses. In one study, a pollen-specific 
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gene was altered to impair anther function by a co-suppression mechanism (Qin et al., 

2008) which might be adapted for the development of male-sterile plants, valuable in 

breeding foxtail millet hybrid varieties. 

 

3.3.3. Kodo millet (Paspalum scrobiculatum) 

Kodo millet was domesticated roughly 3000 years ago in India (Figure 3.2), the 

only country today where it is harvested as a grain in significant quantities, mainly on 

the Deccan plateau (Table 3.1) (de Wet et al., 1983c). The grain contains a diverse 

range of high-quality protein (Geervani and Eggum, 1989; Kulkarni and Naik, 2000), and 

has high anti-oxidant activity (indicating cancer-fighting potential) even when compared 

to other millets (Chandrasekara and Shahidi, 2011b; Hegde and Chandra, 2005; Hegde 

et al., 2005). Like finger millet, kodo is rich in fiber and hence may be useful for 

diabetics (Geervani and Eggum, 1989). It is drought tolerant and can be grown in a 

variety of poor soil types from gravelly to clay (M’Ribu and Hilu, 1996; de Wet et al., 

1983c). Most genotypes take four months to mature (de Wet et al., 1983c). Like foxtail 

millet, a weedy counterpart of kodo exists and is problematic throughout old-world 

farming systems especially in damp areas (Becker and Johnson, 2001; de Wet et al., 

1983c). It is believed that kodo was probably first harvested as a weed alongside other 

cereals like rice, perhaps leading to multiple domestication events of the millet across its 

current range (de Wet et al., 1983c). This practice continues in parts of Africa where the 

weed is also sometimes harvested during famine (Neumann et al., 1996; Ogie-Odia et 

al., 2010; de Wet et al., 1983c). In Africa, kodo is referred to as black rice or bird’s grass 
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(M’Ribu and Hilu, 1996). Limited molecular marker analysis has shown that kodo millet 

genotypes cluster by African versus Indian origin (M’Ribu and Hilu, 1996). 

Kodo millet is divided into three races (regularis, irregularis, and variabilis) based 

on panicle morphology (de Wet et al., 1983c). In southern India, there are small (karu 

varagu) and large seeded (peru varagu) varieties recognized, often grown together in 

the same field (de Wet et al., 1983c). General morphological variability is high, with 

large variance reported in many phenotypic parameters such as time before flowering, 

tiller number, and yield (Subramanian et al., 2010; Upadhyaya et al., 2014). 

Kodo millet is a crop that might be described as incompletely domesticated, with 

some authors calling the cereal “pseudo-cultivated” (Blench, 1997; de Wet, 1992). As 

such, systematic breeding of kodo millet remains neglected but limited efforts have 

shown promise. Various metrics of plant productivity including dry fodder yield, plant 

height, and grain yield have revealed good heritability; improvement of these traits has 

been observed through breeding, with four highly productive genotypes thus far 

identified (Upadhyaya et al., 2014). Pathogen resistance has been noted as a good 

breeding target, in particular resistance to smut (Sorosporium paspali and Ustilago spp.) 

and rust (Puccinia substriata Ellis and Barth), which are both major hindrances of kodo 

yield (Upadhyaya et al., 2014). Another potential target for breeding may be resistance 

to the fungi Aspergillus flavus and A. tamari which produce cyclopiazonic acid that can 

cause sleepiness, tremors, and giddiness in those that consume infected grain, known 

as “kodua poisoning” (Rao and Husain, 1985). Grain lodging can occur before harvest, 

therefore an earlier maturity time might also be targeted (de Wet et al., 1983c). It is also 

interesting that some cultivated landraces have maintained the perennial nature of their 
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wild ancestor and continue to initiate culms following the maturity of older shoots (de 

Wet et al., 1983c). If this regeneration trait can be encouraged through breeding and 

hybridization, it may reduce fertilization inputs and labour.  

Unfortunately, no genetic or molecular maps of the kodo millet genome appear to 

be available (Dwivedi et al., 2012), likely because of the problem of persistent cross-

hybridization with its wild relatives. Molecular markers for kodo millet are few, but have 

been utilized in characterizing diversity and phylogeny (Kushwaha et al., 2015; M’Ribu 

and Hilu, 1996). There has been some preliminary work in miRNA target site prediction 

using ESTs from kodo (Babu et al., 2013). In this study, target genes were found be 

involved in carbohydrate metabolism, cellular transport, and as structural proteins, but a 

severe lack of kodo DNA information limited this study; the closely-related rice genomic 

sequence was used for binding-site prediction. With respect to transgene methodology 

for kodo, the media conditions for callus regeneration protocols have been investigated; 

regenerated plantlets were successfully grown to maturity in soil. (Ceasar and 

Ignacimuthu, 2010). 

ICRISAT conserves 656 accessions of kodo millet, and a core collection has 

been established that reflects the phenotypic diversity of the entire collection 

(Upadhyaya et al., 2014). Some universities also maintain large kodo millet seed banks, 

a good example being the University of Agricultural Sciences in Bangalore (Ceasar and 

Ignacimuthu, 2010). As the crop is not significant outside of India, there are few reports 

of other banks with substantial numbers of accessions (Table 3.2). However some 

organizations do keep collections for the purposes of studying the species as a weed as 

noted above; the US Department of Agriculture has 336 accessions in their National 
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Plant Germplasm System (GRIN)18. While seed of African origin does exist in some of 

these sources, it is rare. Better coverage and ecological exploration of the African 

continent would help to reveal and preserve diversity of valuable traits which might 

otherwise be missed by international scientists. 

 

3.3.4. Proso millet (Panicum miliaceum) 

Proso millet, also called broomcorn and common millet, was domesticated in 

Neolithic China as early as 10 000 years ago (Figure 3.2) (Lu et al., 2009). The 

sequence diversity within proso provides evidence for a single site of domestication in 

the Chinese Loess Plateau (Hu et al., 2009, 2008; M’Ribu and Hilu, 1994). Proso millet 

expanded across Eurasia and was introduced to North America in the 1700s where it is 

now primarily used for animal fodder and birdseed (Bagdi et al., 2011). Proso is the true 

millet referenced in classical European and Middle Eastern sources, referred to by 

ancient Romans as “milium” (Smith, 1977). Archeological evidence of proso in eastern 

Europe dating to 8000 years ago raises the possibility of a secondary independent 

domestication event, but additional study is needed to confirm this observation (Hunt et 

al., 2008, 2011). Proso millet was important in the diets of humans across Eurasia prior 

to the introduction of wheat, barley and potatoes (Kalinova and Moudry, 2006). Today it 

is only consumed in significant quantities in India (where it is known as pani varagu in 

Tamil), Nepal, western Myanmar, Sri Lanka, Pakistan and South East Asian countries 

(Nirmalakumari et al., 2008). A weedy variety is widespread, which is likely the result of 

field escape and not due to the spread of the wild ancestor (McCanny and Cavers, 

1988). Recent molecular analysis using chromosomal in situ hybridization has 

                                                           
18 http://www.ars-grin.gov/ 
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implicated Panicum capillare or a close relative as one of the genetic ancestors of proso 

(Hunt et al., 2014). 

The benefits of consuming proso include its high protein content which ranges 

from 11 to 17% of grain dry matter (Kalinova and Moudry, 2006). Genotypic diversity in 

protein content and amino acid profile has been observed (Kalinova and Moudry, 2006). 

Like other small millets, the applicability of the grain in preventing cancer, heart disease, 

and managing liver disease and diabetes has been investigated with promising results 

(Ishizawa et al., 2002; Nishizawa and Fudamoto, 1995; Park et al., 2014; Zhang et al., 

2014). There may be additional untapped phytochemical value as indicated by a wide 

range of genotype-specific grain colours (Zhang et al., 2014). 

Proso millet is well adapted to dry sandy soils, and might be the earliest dryland-

farming crop in East Asia (Baltensperger, 2002; Lu et al., 2009). It may have the lowest 

water requirement of any cereal, able to produce harvestable grain with only 330-350 

mm of annual rainfall (Baltensperger, 2002; Hunt et al., 2011; Seghatoleslami et al., 

2008). Proso millet matures quickly within 60-90 days, a feature that contributes to its 

drought resistance and also makes it a good catch-crop (Baltensperger, 2002; Hunt et 

al., 2014). Genotype has been shown to affect drought tolerance by influencing harvest-

index, yield, and water use efficiency (WUE) (Seghatoleslami et al., 2008). In the latter 

study, a hybrid genotype outperformed local varieties, validating the potential in 

breeding highly WUE proso millet. Preliminary work in characterizing proso miRNAs has 

been accomplished with the goal of understanding mechanisms responsible for the 

cereal’s impressive drought resistance (Wu et al., 2012). Despite its drought tolerance, 

proso is best adapted to temperate latitudes unlike other small millets. It grows further 
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north than any other millet up to a latitude of 54oN, and at elevations as high as 3500 m 

(Baltensperger, 2002). Substantial salinity tolerance has been reported in proso but with 

significant varietal diversity, with some especially tolerant varieties reported (Liu et al., 

2014a; Sabir et al., 2011). A higher sodium concentration in roots compared to shoots 

has been suggested as a biomarker for future breeding efforts (Liu et al., 2014a; Sabir 

et al., 2011). 

Cultivated proso millet is divided into five races (Reddy et al., 2007). Race 

miliaceum resembles wild proso with large, open inflorescences and sub-erect branches 

with few subdivisions. Patentissimum is very similar to miliaceum with narrow, diffuse 

panicle branches. These two races are found across the entire Eurasian range of proso, 

and are considered primitive. Contractum, compactum, and ovatum have more compact 

inflorescences which are drooped, cylindrical, and curved, respectively (Reddy et al., 

2007). ICRISAT holds 842 accessions from all 5 races (Table 3.2) (Reddy et al., 2007). 

The diversity of this collection has been characterized in terms of flowering time, plant 

height, panicle exsertion, and inflorescence length (Reddy et al., 2007). Other 

significant collections of proso are summarized in Table 3.2. Perhaps the largest 

collection of proso is held by the N.I. Vavilov All-Russian Scientific Research Institute of 

Plant Industry in St. Petersburg, with roughly 8778 accessions as of 2012 (Dwivedi et 

al., 2012). Aside from ICRISAT (Upadhyaya et al., 2014), few proso millet core 

collections appear to exist for breeding purposes. Preliminary diversity clustering based 

on agronomic traits was performed on the Chinese collection for the purpose of SSR-

based characterization (Hu et al., 2009). Perhaps the Chinese subset of 118 landraces 

could be repurposed and slightly modified to become a true core collection. Explant 
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regeneration techniques have been published for proso, allowing transgenic work to be 

explored in the future (Plaza-Wüthrich and Tadele, 2012). 

The genetic sequence diversity of proso has been examined to a limited degree. 

The sequence diversity is moderate to high (Cho et al., 2010; Hunt et al., 2011; Karam 

et al., 2006), perhaps due to continuing hybridization with wild varieties (Colosi and 

Schaal, 1997). Molecular markers in proso have often been derived from the available 

sequence data of related species including switchgrass, rice, wheat, barley and oat (Hu 

et al., 2009; Rajput et al., 2014). AFLP markers have shown promise in grouping proso 

based on biotype, but were insufficient in differentiating between wild and cultivated 

varieties (Karam et al., 2004). No genetic or molecular maps of the proso millet genome 

are available (Dwivedi et al., 2012). 

Like kodo millet, waxy varieties of proso grain exist and are preferred in some 

areas of Asia because of their glutinous nature – again to facilitate consumption with 

chopsticks (Graybosch and Baltensperger, 2009). Clustering by geographical sequence 

diversity corresponds with this regional preference (Hu et al., 2008). Like other glutinous 

cereals, waxy types of proso have no detectable amylose in the seed endosperm, due 

to a mutation in the Waxy gene (Hunt et al., 2010). Molecular markers have been 

developed to identify these waxy genotypes and breed glutinous varieties that are highly 

valued by consumers (Araki et al., 2012). Proso has been compared to maize in its 

ethanol production ability, and fermentation efficiency was found to be the highest in 

waxy varieties (Rose and Santra, 2013). The authors suggest that encouraging the 

fermentation of proso millet could help stabilize its price in the USA where it is already 

grown for birdseed and fodder. Finally, proso millet has been utilized as a model 
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organism for C4 carbon metabolism, specifically in the study of aspartate 

aminotransferase and malate translocation which both contribute to the higher efficiency 

of C4 photosynthesis (Sentoku et al., 2000; Taniguchi and Sugiyama, 1996, 1997; 

Taniguchi et al., 1995). 

 

3.3.5. Barnyard millet (Echinochloa spp.) 

Although sometimes referred to as a single taxonomic group, barnyard millet is 

composed of two separate species belonging to the genus Echinochloa. E. esculenta 

(syn. E. utilis, E. crusgalli) is cultivated in Japan, Korea, and the North East of China 

while E. frumentacea (syn. E. colona) is found in Pakistan, India, Nepal, and central 

Africa (Table 3.1) (Wanous, 1990; Yabuno, 1987). Both species have overlapping 

morphological traits that make differentiation problematic. Visual identification is only 

possible based on the presence or absence of an awn and subtle differences in spikelet 

and glume morphology (de Wet et al., 1983a). Consequently, the common names 

Japanese and Indian barnyard millet have been suggested to simplify research and 

investigation of their phylogeny (Yabuno, 1987). Despite having such strong phenotypic 

similarities, cytology and marker work have shown the two millets to be genetically 

distinct; F1 hybrids of the two species are sterile (Hilu, 1994; Yabuno, 1962). Both 

species are known for their fast maturity, high storability, and the ability to grow on poor 

soil (Yabuno, 1987). ICRISAT currently holds 743 accessions of these barnyard millets 

from 9 countries, with a core collection of 89 varieties recently established (Upadhyaya 

et al., 2014). Other significant collections can be found at NIAS and the USDA (Hilu, 

1994). Sequence data and genetic map availability for both millets are generally low 
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(Dwivedi et al., 2012). Initial transgenic work has been reported on the Japanese 

variety, but callus regeneration protocols have been reported for both species (Gupta et 

al., 2001; Kothari et al., 2005). 

In addition to the two cultivated species, research has also been conducted on 

20-30 wild Echinochloa barnyard millet relatives, some of which have agriculturally 

interesting traits including rice-mimicry and perennial growth habit. Hybridization within 

the genus is rampant, and is thought to have contributed to the evolution and current 

diversity of barnyard millets (Hilu, 1994; Yamaguchi et al., 2005). 

 

3.3.5.1. Japanese barnyard millet (Echinochloa esculenta) 

Japanese barnyard millet originated in eastern Asia (Figure 3.2) from its wild 

counterpart E. crus-galli, “barnyard grass” (Hilu, 1994; Yabuno, 1987). It can be 

differentiated from the Indian species by its larger, awned spikelets with glumes that 

appear papery instead of membranous (de Wet et al., 1983a). It is tolerant to cold and 

was historically grown in areas where the climate or land did not suit rice production, 

particularly in the north of Japan (Yabuno, 1987). In Japan, folklore states that barnyard 

millet originated from the dead body of a god. Along with proso millet, it makes up part 

of the “Gokoku”, a general term for five staple grains (Yabuno, 1987). Japanese 

barnyard millet has been found in the coffins of 800-year-old mummies from the Iwate 

prefecture, and documents from the 1700s list different cultivars organized by maturity 

time (Yabuno, 1987). Its historical importance might be attributed to the relief it provided 

in times of rice crop failure. However, Japanese barnyard millet production has sharply 

decreased in the last century due to the introduction of cold-tolerant rice varieties and 
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better irrigation practices (Yabuno, 1987). Nevertheless, today it remains the most 

common millet consumed in Japan, with reported health benefits common to many of 

the small millets such as its ability to lower plasma glucose concentration, insulin, 

adiponectin and tumor necrosis factor-α when fed to diabetic mice (Nishizawa et al., 

2009). The protein content of Japanese barnyard millet is twice as high as that of rice 

(Yabuno, 1987). Across genotypes there is diversity in the levels of proteins and healthy 

lipids, with one genotype suggested as having particularly beneficial antioxidant activity 

(Kim et al., 2011). 

Unlike other small millets consumed in East Asian countries such as foxtail and 

proso, barnyard millet has no glutinous variety. However, some landraces have been 

identified which contain very low levels of amylose due to a deletion in one of three 

waxy genes. One such landrace, “Noge-Hie”, was treated with γ-radiation resulting in 

progeny lacking the Waxy (Wx) protein (Hoshino et al., 2010). The trait was stably 

inherited, and this new glutinous variety (“Chojuromochi” in Japan) might be useful for 

increasing demand for millet products among Japanese consumers.  

The morphological and physiological diversity of Japanese barnyard millet is 

suggested to be high (Nozawa et al., 2006). Flowering time, inflorescence shape, and 

spikelet pigmentation, among other features, vary across landraces. The species can be 

grouped into the races utilis and intermedia (Upadhyaya et al., 2014). Molecular 

diversity studies for Japanese barnyard millet have begun using the non-coding regions 

of chloroplast DNA as well as nuclear molecular markers (RAPDs, SSRs) and 

isozymes, although these studies appear to be limited in their sample number (Hilu, 

1994; Nakayama et al., 1999; Nozawa et al., 2006; Yamaguchi et al., 2005). Though 
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DNA sequence information in Japanese barnyard millet is otherwise lacking, studies 

performed on the closely related barnyard grass (E. crus-galli) have generated 

important sequence information. For example, extensive transcriptomic profiling and 

annotation have been performed on herbicide resistant varieties of barnyard grass 

resulting in 74 ESTs, which might be adapted to the study of the cultivated relative (Li et 

al., 2013; Yang et al., 2013). 

 

3.3.5.2. Indian barnyard millet (E. frumentacea) 

Indian barnyard millet, or sawa, was domesticated in India (Figure 3.2) across its 

current range from its wild counterpart E. colona, “jungle rice” (Hilu, 1994; Yabuno, 

1987). In India, this millet is either harvested as a weed along with a main crop or is 

grown in a mixture with finger millet and foxtail millet (Gupta et al., 2009a). It is generally 

cultivated on hilly slopes in tribal areas where few other agricultural options exist and is 

indispensible in the North West Himalayan region (Gupta et al., 2009a). Quick maturity 

makes the species well adapted to regions with little rainfall (Channappagoudar et al., 

2008). Indian barnyard millet contains antifeedants which are present at concentrations 

higher than in rice, and it displays resistance to the feeding activity of brown 

planthopper (Kim et al., 2008). In central Africa it is fermented to make beer or used for 

food, and has been found in the intestines of pre-dynastic Egyptian mummies (de Wet 

et al., 1983a). When fed to diabetic humans, significant reductions of blood glucose 

levels and LDL cholesterol have been reported (Ugare et al., 2014). 
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Significant phenotypic variation is observed in Indian barnyard millet. Four 

morphological races (laxa, robusta, intermedia, and stolonifera) were recognized by de 

Wet in 1983 based on the lengths of flag leaves, peduncles, inflorescences, racemes, 

as well as plant height and basal tiller number. Race laxa is endemic to the Sikkim 

Himalayas and only available in a few collections (de Wet et al., 1983a). More recently, 

a variety of morphological parameters were examined, and principle component 

analysis (PCA) indicated three morphotypes corresponding to races robusta, 

intermedia, and stolonifera; laxa was absent suggesting that efforts must be made to 

collect more of this race (Gupta et al., 2009a). The authors saw high variability in grain 

yield, straw yield, and number of productive tillers. They report that the number of 

racemes, flag leaf width, and internode length showed high correlation with grain yield 

and should be considered by breeders when performing selections, and promising 

donor genotypes of these and other traits have been reported (Channappagoudar et al., 

2008; Gupta et al., 2009a). Variation across genotypes in photosynthesis and related 

traits such as transpiration and stomatal conductance has also been observed 

(Subrahmanyam and Rathore, 1999). Grain smut (Ustilago panici-frumentacei) is a 

major hindrance of yield, but progress has been made in advanced breeding lines which 

display low susceptibility when compared to other accessions in which high variability 

remains (Gupta et al., 2009b).  

An early study (Hilu, 1994) using RAPD markers suggested that the sequence 

diversity of Indian barnyard millet is significantly higher than the Japanese species, 

perhaps because of multiple domestication events in different locations across India 

(Hilu, 1994). Variation of markers was 44%, which is high when considering the 



62 
 

inbreeding nature of the crop (Hilu, 1994). However, more comprehensive studies are 

needed that utilize a greater number of molecular markers and genotypes. Similarly, 

DNA sequence analyses are lacking in Indian barnyard millet.  

 

3.3.6. Little millet (Panicum sumatrense) 

Also called sama, little millet is cultivated to a limited extent in India, Sri Lanka, 

Pakistan, Myanmar, and other South East Asian countries (Table 3.1) (Hiremath et al., 

1990). In India it is important to tribes of the eastern Ghat mountains and grown in 

combination with other millets (Hiremath et al., 1990). Little millet is a domesticated form 

of the weedy species P. psilopodium (de Wet et al., 1983b). The chromosomes of 

hybrids of P. sumatrense and P. psilopodium pair almost perfectly with only a single 

quadrivalent, indicating that divergence between the two species may have initially 

occurred through a single reciprocal translocation (Hiremath et al., 1990). Hybrid plants 

are fertile and vigorous with non-shattering spikelets, and thus introgression of genes 

between the two species is common (Hiremath et al., 1990). This hybridization ability 

combined with its wide range of cultivation across India suggests that little millet was 

domesticated independently several times, although exact dates remain undetermined 

(de Wet et al., 1983b). Little millet is comparable to other cereals in terms of fiber, fat, 

carbohydrates, and protein, and rich in phytochemicals including phenolic acids, 

flavonoids, tannins, and phytate (Pradeep and Guha, 2011). Like many other small 

millets, it is drought, pest and salt tolerant (Ajithkumar and Panneerselvam, 2014; 

Bhaskaran and Panneerselvam, 2013; Sivakumar et al., 2006a). The time to maturity for 

most cultivars is about 90 days (de Wet et al., 1983b). 
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Little millet is divided into two races based on panicle morphology, nana and 

robusta. Race nana matures faster and produces less biomass than robusta (de Wet et 

al., 1983b). In a tribal area of the Indian Kolli hills, diversity among locally grown 

landraces of little millet was found to be high for all morphological traits measured both 

within and between landraces despite a small sampling area (Arunachalam et al., 

2005). High diversity, heritability and genetic advancement was observed in terms of 

yield and productive tillers in a collection of 109 landraces, meaning that the crop might 

be a good candidate for varietal development (Nirmalakumari et al., 2010). A different 

collection of 460 accessions of little millet held by ICRISAT displayed genetic variation 

for most of the traits examined (Upadhyaya et al., 2014). A core collection of 56 

genotypes was identified which was representative of the entire seed bank. Increased 

heritable lodging resistance has been introduced to a population of little millet with γ-ray 

mutational breeding (Nirmalakumari et al., 2007). 

The molecular biology of little millet has been explored to a limited extent. As part 

of a study to identify seven millet species based on their chloroplast DNA, the trnS-psbC 

gene region was characterized and subjected to RFLP analysis (Parani et al., 2001). 

This study showed that it was possible to distinguish all the millet species when the 

enzymes HaeIII and MspI were used in combination. To investigate mechanisms behind 

little millet’s high prolamine content, a zein-like storage protein was isolated and 

sequenced (Sivakumar et al., 2006b). Furthermore, α-amylase from little millet has been 

isolated and characterized in terms of biomass and optimum pH (Usha et al., 2011). No 

protocols for callus regeneration or transgenic technology have been published. Little 

millet is perhaps the least studied of the small millet species and there is much that 
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requires investigation, including the establishment of a genetic map and sequenced 

genome. 

 

3.4. Trends, gaps, and recommendations on how to foster diversity within 

orphaned small millets for the New Green Revolution 

The World Summit on Food Security has set a target of 70% more food 

production by 2050, requiring annual increases of 44 million tons, 38% above current 

annual increases (Tester and Langridge, 2010). Climate change will cause additional 

difficulties as many regions are becoming drier with increasingly severe weather 

patterns (Dai, 2011), and fossil-fuel based N use is increasingly restricted by legislation 

intended to slow climate change (Tester and Langridge, 2010). The small millets have 

the potential to meet these challenges, given their drought tolerance and ability to grow 

under low input conditions, along with other health-promoting traits valued by humans. 

Unfortunately, the small millets suffer from low yields (only 0.8 tons grain per hectare) 

(Plaza-Wüthrich and Tadele, 2012). For the small millets to succeed, priority traits for 

breeding will need to include improving yield under stress conditions (low input, salt, 

drought, pests, pathogens). Fortunately, an attractive feature of the small millets is that 

they continue to be cultivated in remote areas which has preserved their biodiversity, 

giving breeders potential access to unique genes for crop improvement. Due to limited 

resources, however, current efforts thus far have concentrated primarily on 

characterizing and reporting the extensive diversity present in seed banks, with few 

genetic and genomic tools available to exploit this biodiversity for crop improvement. A 

further challenge in some species (e.g. foxtail millet) is persistent cross-hybridization 
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with wild relatives. Improved varieties of small millets could play a role in the “New 

Green Revolution”- a term coined to reflect novel strategies which will be required to 

deal with complex challenges in developing nations including increasing population and 

ever-diminishing arable land (Den Herder et al., 2010). 

 

3.4.1. Exploiting diversity within seed banks 

Diversity is the basis of crop improvement. As described in this review, the small 

millets possess considerable morphological and genetic sequence variation that can be 

used by breeders to generate improved varieties. Seed banks across the globe 

conserve collections of small millets as shown in Table 3.2, but a challenge is that less 

diverse germplasm is available for species that are cultivated in a limited geographic 

region. For example, little millet, which is mainly grown in the eastern Ghats of India, is 

represented by a collection of only 466 accessions (Upadhyaya et al., 2014). In 

contrast, ICRISAT currently holds 6804 accessions of finger millet, a crop widely grown 

on 1.8 million ha throughout India with extensive cultivation in Eurasia and Africa19. Core 

collections follow the same patterns, with several reported for finger millet but only one 

for little millet (Upadhyaya et al., 2014). It is essential that core collections be 

established for all of the millets, especially at larger seed banks, to facilitate efficient trait 

selection. As modern small millet cultivation for human consumption typically occurs in 

poor nations (with some exceptions), the seed bank infrastructure and associated 

reporting in the scientific literature and in online databases is sparse and difficult for 

breeders from foreign nations to access. Furthermore, trait descriptions for each 

                                                           
19 http://www.icrisat.org/crop-fingermillet.htm 
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accession are often not reported. Improved funding, coordination, communication, and 

sharing of genetic resources are needed to overcome these problems. 

 

3.4.2. Harvesting genes from the wild 

Though interspecific hybrids between some cultivated and wild millets can be 

problematic, the wild relatives of the small millets may serve as donors of useful genes 

for crop improvement (e.g. herbicide resistance). To enable breeding, the hybridization 

ability of Indian and Japanese barnyard millet (de Wet et al., 1983a; Yabuno, 1962) may 

thus serve as an advantage. However, full realization of this breeding potential may 

require embryo rescue techniques to bring weak F1 progeny to adulthood (Plaza-

Wüthrich and Tadele, 2012) and better access by breeding programs to wild germplasm 

(Hajjar and Hodgkin, 2007). Today, the wild germplasm is sometimes studied only from 

a weed science perspective (Dilday et al., 2001; Peterson and Nalewaja, 1992). 

 

3.4.3. Combining traditional knowledge of diversity with modern techniques 

Small millets are often grown in remote regions of the world, and hence 

significant traditional knowledge of millet diversity persists that can serve as a valuable 

resource for crop improvement. Isolated farming communities often cultivate dozens of 

locally known millet landraces that are valued for a wide variety of traits (e.g. short 

duration to combat delayed rains as the result of climate change). Farmers use a 

complex system to classify their landraces, and in some instances this classification is 

considered more informative than scientific phylogeny (Rengalakshmi, 2005). On the 

opposite end of the technological spectrum, research using simple DNA barcoding in 
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lieu of larger numbers of molecular markers is being attempted to classify the small 

millets down to the landrace level (Newmaster et al., 2013). A unique opportunity in the 

small millets is combining traditional knowledge with molecular techniques to 

characterize diversity for the purposes of crop improvement.  

 

3.4.4. The need for complete linkage maps, molecular markers and genome 

sequences 

As described above, in some species, markers including RFLPs, AFLPs, ESTs, 

and SSRs have been linked to beneficial traits including stress tolerance (Lata et al., 

2011). Other, less conventional selective biomarkers have been suggested including 

differing ratios of transcription factors under stress (Gupta et al., 2014a). However, 

several small millets lack molecular and genetic markers (e.g. little millet and kodo 

millet) and no robust linkage maps appear to exist (Dwivedi et al., 2012). Genome and 

EST sequencing efforts will assist in the development of molecular markers in these 

species, along with using reference genomes (e.g. from major cereal relatives) to 

identify orthologous markers. Currently, only the foxtail millet genome has been 

sequenced and published (Bennetzen et al., 2012; Zhang et al., 2012). 

 

3.4.5. Advances in transgene research and molecular mechanisms 

As noted in this review, detailed protocols for callus regeneration and transgene 

induction protocols have been published for all species except little millet (Ceasar and 

Ignacimuthu, 2009; Kothari et al., 2005; Plaza-Wüthrich and Tadele, 2012). Since small 

millet women farmers toil in the drudgery of removing weeds manually (Rengalakshmi, 
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2005), an attractive transgene trait may be glyphosate herbicide resistance 

(RoundupReady). 

As the small millets are respected by traditional farmers for their extreme abiotic 

and biotic stress resistance, an understanding of the molecular mechanisms underlying 

these traits may lead to agronomic improvement of related major cereals. Unfortunately 

millet diversity remains largely unexplored at the level of molecular mechanism, with the 

exception of a limited number of studies noted earlier. One especially attractive target 

will be to understand the ability of barnyard millet to grow under extremely low nitrogen 

conditions. 

 

3.4.6. Socioeconomic constraints 

Despite the promise of the small millets, various socioeconomic constraints have 

limited their consumption and hence contributed to a loss of cultivated diversity: 

First, a major reason why the small millets are declining in production is that 

these crops are typically labour-intensive; women are often responsible for manual post-

harvest processing, grain threshing and milling (Rengalakshmi, 2005) (Figure 3.3). To 

overcome this obstacle, inexpensive machinery is needed. 

 

 



69 
 

 
 
 
 
 

Figure 3.3. Indigenous technologies and practices of modern small millet farmers. A 
typical granary in the Eastern Ghats of India used for small millet storage (A). A woman 
farmer in northern India holds a basket used for separating millet grain from chaff. She 
stands beside a manual millstone used for grinding millet grain into flour (B). Source: M. 
Raizada.  
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As noted above, a second challenge to greater adoption of small millets is their 

comparatively low yield (Plaza-Wüthrich and Tadele, 2012) as a result of the lack of 

scientific attention. However, benefits of adding millet to the cropping system may 

outweigh the drawbacks of low yield (e.g. to combat local protein deficiency or crop 

failure in stressful environments) (Plaza-Wüthrich and Tadele, 2012). Furthermore the 

small millets can be grown in very stressful environments, where major cereals may fail.  

Third, family-farm-level diversity is heavily affected by community access to seed 

which may be limited by current rural seed systems (Nagarajan et al., 2007). However, 

the presence of local seed markets has been found to increase millet diversity indicating 

that such markets may serve as good points of introduction for improved varieties. 

Finally, agricultural policies in different nations have negatively impacted the 

cultivation and research of small millets. Production in many areas is becoming 

displaced by mainstream cereals: in Kenya, the focus has been placed on the 

cultivation of maize instead of finger millet (Dida et al., 2008), while in northern Japan, 

cold-tolerant rice has almost completely replaced barnyard millet (Yabuno, 1987). 

Reduced cultivation of these millets in financially-rich countries like Japan is 

problematic, because it may decrease global research funding for these crops. 

However, recent reports revealing medicinal and nutritional benefits of these species 

(absence of gluten, cancer inhibition, control of blood-glucose and cholesterol) might 

catalyze consumer interest and hence funding in the developed world (Hegde et al., 

2005; Kim et al., 2011; Nishizawa et al., 2009; Zhang et al., 2014). Nevertheless, 

landraces from these areas should be preserved in seed banks to ensure their 

conservation.  
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Given these socioeconomic constraints, millets must not be blindly advocated in 

the developing world in biodiversity strategies. Prior to their introduction, multi-

disciplinary surveys must be undertaken with local farmers concerning their nutrition, 

seed availability, economy, climate, and other crops in the cropping system. 

 

3.5. Conclusions 

Modern agriculture is characterized by dominance of a few crop species with a 

trend towards genetic homogenization as a result of the global exchange of alleles via 

breeding. In contrast, traditional farmer landraces of the small millets continue to be 

cultivated under relative genetic isolation, and hence provide living examples of genetic 

and phenotypic biodiversity in contemporary agriculture. The small millets are valued by 

traditional farmers for their nutritional content and health promoting properties, ability to 

grow under low input conditions and tolerance to extreme environmental stress, 

especially drought. In a world facing limiting natural resources and climate change, 

these crops thus hold tremendous potential as valuable instruments in the toolkit of the 

New Green Revolution. It is hoped that germplasm resources combined with modern 

genomic tools can help to accelerate exploitation of this biodiversity. 
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Chapter 4: Whole plant acclimation responses by finger millet to low nitrogen 

stress 
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4.1. Abstract 

The small grain cereal, finger millet (FM, Eleusine coracana), is valued by 

subsistence farmers in India and East Africa as a low-input crop. It is reported by 

farmers to require no added nitrogen (N), or only residual N, to produce grain. Exact 

mechanisms underlying the acclimation responses of FM to low N are largely unknown, 

both above and below ground. In particular, the responses of FM roots and root hairs to 

N or any other nutrient have not been previously reported. Given its low N requirement, 

FM also provides a rare opportunity to study long-term responses to N starvation in a 

cereal. The objective of this study was to survey the shoot and root morphometric 

responses of FM, including root hairs, to low N stress. Plants were grown in pails in a 

semi-hydroponic system on clay containing extremely low background N, supplemented 

with N or no N. Surprisingly, plants grown without deliberately added N grew to maturity, 

looked relatively normal and produced healthy seed heads. Plants responded to the low 

N treatment by decreasing shoot, root, and seed head biomass. These declines under 

low N were associated with decreased shoot tiller number, crown root number, total 

crown root length and total lateral root length, but with no consistent changes in root 

hair traits. Changes in tiller and crown root number appeared to coordinate the above 

and below ground acclimation responses to N. The remarkable ability of FM to grow to 

maturity without deliberately added N is discussed. The results suggest that FM should 

be further explored to understand this trait. Observations reported here are consistent 

with indigenous knowledge from subsistence farmers in Africa and Asia that this crop 

can survive extreme environments. 
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4.2. Introduction 

Finger millet (FM, Eleusine coracana) is one of the small millet cereals (National 

Research Council, 1996), originally native to the Ethiopian highlands (Dida et al., 2008). 

FM is largely consumed by marginalized inhabitants of semi-arid Asia and Africa, and 

sold to provide subsistence farmers with additional income (Dorosh et al., 2009; Gruère 

et al., 2009). FM is also highly valued by local farmers for its ability to grow in adverse 

agro-climatic conditions, where major cereal crops such as maize (Zea mays), wheat 

(Triticum spp.), and rice (Oryza sativa) fail, and has been noted to tolerate a wide 

variety of soils (Upadhyaya et al., 2006).  

Related to the latter point, FM is also valued for its exceptionally high nitrogen 

use efficiency (NUE) (Gupta et al., 2014a), defined as grain yield per unit of available, or 

in some cases applied, nitrogen (N) (Moll et al., 1982). Compared to other grain crops 

such as maize, FM responds very well to low amounts of N (Roy et al., 2001). Many 

subsistence farmers in South Asia have reported to extension researchers of the 

Raizada Lab that FM can grow without any added N or with only residual N. A more 

formal study carried out by the All India Coordinated Small Millet Improvement Project 

(AICSMIP) indicated that while FM responds well to urea N application at 90 kg ha-1, the 

cost benefit ratio was highest between 0-30 kg N ha-120. This is a significantly lower N 

requirement than maize, for which optimum application rates can be greater than 200 kg 

ha-1 (Debruin and Butzen, 2014). Other work has confirmed these observations: A four 

year study published in 2011 showed that FM grain yield stayed consistent between 

fertilizer application rates of 20-40 kg N ha-1 (Pradhan et al., 2011). Limited research 

also suggests that FM genotypes vary in their nutrient use efficiency (Thilakarathna and 
                                                           
20 http://smallmillets.res.in/html/reports.html 
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Raizada, 2015), with some genotypes recognized as having higher responsiveness to 

applied N (Bhoite and Nimbalkar, 1996; Dubley and Shrivas, 1999; Gupta et al., 2013, 

2012a, 2014a). There is paucity of literature concerning development of new FM 

genotypes with high yield potential under low N application regimes (Thilakarathna and 

Raizada, 2015). However, in recent years more work has been accomplished in this 

area (reviewed in Chapter 3). Breeding efforts can be facilitated by selection for traits 

associated with NUE. 

Despite FM being recognized as a high NUE crop (Gupta et al., 2014a), the 

underlying mechanisms are not well understood. Crop plants utilize a wide range of 

acclimation strategies to mitigate the limitations of low N availability, both morphological 

and biochemical, including altering root traits for better nutrient salvaging, decreasing 

chlorophyll production, changing N allocation within the plant, and altering the timing of 

flowering (Chapin et al., 1987; Ciampitti et al., 2013). 

Particularly poorly characterized acclimation responses to low N in plants include 

changes in root growth and architecture. The cereal root system consists of thick crown 

roots which initiate from the base of the stem (the crown region), from which lateral 

roots extend and branch; all of these root types can further initiate root hairs, which are 

epidermal projections that assist with nutrient uptake (Figure 4.1A). Maize exhibits 

diverse root responses to low N, for example by increasing the total length of the root 

system, decreasing the crown root number, and increasing the lateral root to crown root 

ratio (Chun et al., 2005; Eghball and Maranville, 1993; Gaudin et al., 2011b; Liu et al., 

2009; Wang et al., 2004). To a lesser extent, low N is associated with altered root hair 

length and density in crop grasses (Gaudin et al., 2011a, 2011b). Under extreme N 
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deficiency (N starvation), Arabidopsis thaliana ecotypes show a range of root responses 

(Ikram et al., 2012), though such extreme experiments are more difficult to conduct with 

the major cereals because of their high N requirement for viability after the seedling 

stage.
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Figure 4.1. Guide to the finger millet root system and the semi-hydroponic field 
fertigation growth system used in this study. Diagram of a finger millet root network (A). 
Crown roots are the thick roots that initiate from the crown region at the base of the 
shoot. Lateral roots initiate from the crown roots and can subsequently branch. Root 
hairs are present on both crown roots (as shown) and lateral roots. The fertigation 
growth system employed in this study consisted of 22 L plastic pails, 28 cm in diameter, 
filled with an inert baked clay medium (Turface®) (B). Plants were allowed to grow to 
maturity as shown (C). Irrigation hoses delivered the nutrient solution except for 
nitrogen which was added manually as described.  
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There have been no detailed reports concerning root architecture or root hair 

traits in FM. Furthermore, no reports in the literature were found concerning other 

detailed morphological acclimation responses of FM in response to low N. Given its low 

N requirement and small seed size as a source of starter N, FM may also provide a rare 

opportunity to understand long-term acclimation responses of a cereal to extreme N 

stress. 

The objective of this study was to survey shoot and root morphometric 

acclimation responses of FM to very low background N. To ensure minimal levels of N, 

plants were grown in pails containing an inert clay substrate (Turface) in a semi-

hydroponic system without added N (Tollenaar and Migus, 1984) (Figure 4.1B, C). This 

system permitted a more detailed analysis of fine root traits including root hairs, as 

shown previously with maize (Gaudin et al., 2011a, 2011b) compared to excavation 

from soil.  

 

4.3. Materials and methods 

4.3.1. Plant materials and growth conditions 

A field experiment was carried out over two growing seasons (2012 and 2013). A 

commercial variety of Eleusine coracana (finger millet, FM) seeds was obtained from 

India. Seeds were germinated in open trays at room temperature, supplied with only 

double distilled water (ddH2O) in a laboratory for seven days before transplantation into 

pails in a field near Guelph, Canada (43o53’N, 80o18’W, 325 m above sea level). Single 

FM plants were grown in 22 L plastic pails (28 cm in diameter) containing Turface® MVP 

(Profile Products LLC., Buffalo Grove, IL, USA). This is an inert, baked-clay, coarse 
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growth medium which can be used in automated field fertigation systems as previously 

described by Tollenaar and Migus in 1984. Within the field, the distance between the 

centres of pails in each row was 35 cm, and the spacing between rows was 142 cm. 

Pails were arranged in blocks consisting of two N treatments (see below). There were 4 

blocks per row, with blocks distributed in the field across 5 rows, for a total of 20 

replicates per treatment per season. Each block was flanked by buffer plants which 

received varying amounts of N. Plants were sampled randomly. 

Millet plants were irrigated by an automated mechanism (Figure 4.1B), zero to 

three times per day, adjusted throughout the growing season as required. A 

concentrated, modified Hoagland’s solution lacking N was stored in a 340 L reservoir at 

the field site, and was diluted to the appropriate concentration by the irrigation 

mechanism at a ratio of 1:100 during application. The pH of the diluted solution was 

adjusted to 6.5-6.7 by the addition of HCl. Two fertigation tubes calibrated to deliver a 

minimum of 10 ml of nutrient solution per minute were inserted into each pail (Page et 

al., 2011). For the positive nitrogen treatment (+N), 1.1 g of urea was dissolved into 1 L 

H20 (37 mM total N, to compensate for leaching) and was provided to the plants at 

weekly intervals (13 times total) over the course of the experiment, with control plants 

receiving 1 L H2O with no added nitrogen (-N) per dose. Nitrogen (or the water control) 

was supplied directly to each experimental unit by hand at the same time of day 

throughout the experiment. 
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4.3.2. Physiological, seed head, shoot, and root system measurements 

Chlorophyll concentrations of shoot tissue from a minimum of five randomly 

selected plants in each treatment were obtained with a Konica Minolta SPAD-502Plus 

chlorophyll meter (Konica Minolta Inc., Tokyo, Japan). Similar leaf positions were 

sampled between treatments. In 2012, one measurement was made at 106 DAT (days 

after transplanting); in 2013 two measurements were made at 50 and 80 DAT. In both 

years, plant flowering was recorded and tracked over time. A plant was considered to 

have flowered on the day at which the inflorescence was first visible. Tiller number was 

scored at 113 DAT in 2012 and 119 DAT in 2013. 

Seed head tissues were harvested for biomass analysis at 134 DAT in 2012 and 

135 DAT in 2013. For root and shoot biomass analyses, at least 10 plants per treatment 

were collected at 142 DAT in 2012 and 139 DAT in 2013. In 2013, three samples of 

each tissue (10 g each of root, shoot, and seed heads) were dehydrated in a tissue 

dryer at 82oC, ground to a fine powder in liquid nitrogen, and sent to the University of 

Guelph Agriculture and Food Laboratory for total N content quantification with the 

Dumas combustion method (Fiedler et al., 1973) using a LECO FP428 nitrogen and 

protein determinator (LECO Corp., MI, USA). 

At the time of harvest in both years, five complete root systems from each 

treatment were frozen at -20oC in 50% ethanol. Before analysis, roots were thawed in 

water and floated in 30 cm x 42 cm transparent plastic trays. Roots were scanned with 

an Epson Expression 10000XL large area scanner (Seiko Epson Corporation, Suwa, 

Nagano, Japan), and the resulting images were analyzed with WinRhizo software 

(Version PRO2009, Regent Instruments Inc., Quebec City, Canada). The analysis 
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software was set to measure total root length per diameter class allowing separate 

quantification of lateral roots (<0.45 mm) and crown roots (>0.5 mm). Crown root 

number was scored by counting visible roots in the crown region.  

 

4.3.3. Root hair microscopy and measurements 

Finger millet roots were measured using a protocol developed for measuring root 

hairs preserved along entire crown roots in mature cereal plants, fully presented in 

Chapter 5. Briefly, root systems were thawed by floating them in water. Four distinct 

crown roots of different lengths were selected from each root system in order to obtain 

an accurate representation of the range of crown root ages within each root network. 

The four different crown root length classes were kept constant between plants. Five 

segments measuring 1 cm in length were dissected from each of the selected crown 

roots at equally spaced distances along the root, and rinsed in double distilled water. 

Crown root segments were stained with 0.4% Trypan Blue solution (MP Biomedicals 

LLC, Solon, OH, USA) for 10 min, and then rinsed five times with ddH2O. Root 

segments were subsequently immersed in 70% glycerol (Sigma-Aldrich, St. Louis, MO, 

USA), then examined with a Leica MZ8 stereomicroscope (Leica Microsystems GmbH, 

Wetzlar, Germany) under 5x magnification. Northern Eclipse software (version 5.0, 

Empix Imaging Inc., Mississauga, Canada) was used to capture four non-overlapping 

graphic images of each 1 cm root segment with a Sony DXC-950P Power HAD 3CCD 

colour video camera (Tokyo, Japan). ImageJ software (Version 1.47, Wayne Rasband, 

NIH, Bethesda, MD, USA) was used to manually trace root hairs to quantify root hair 

length and density by first calibrating the program to the image of a stage micrometer (1 
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mm in length). For root hair length determination, all 4 images per crown root segment 

were used, with up to 10 root hairs in each image traced. For statistical analyses, the 

mean root hair length from all 4 images was calculated, representing a pool of up to 40 

root hairs. In total, 14,420 root hairs were traced for the experiment. For root hair 

density determination, for each crown root segment, a randomly selected 300 µm sub-

segment was used to count the number of root hairs. For both root hair length and 

density measurements, there were a total of five replicate plants. 

 

4.3.4. Determination of potential plant-available nitrogen in the clay growth 

medium 

A description of the physical-chemical properties of Turface clay is included 

(Appendix Table A4.1). However, as no data was available concerning the amount of N 

present in the clay gravel growth medium, three replicates of 300 g ground Turface® 

MVP were sent to the University of Guelph Agriculture and Food Laboratory for total N 

content quantification, with the Dumas combustion method (Etheridge et al., 1998). The 

dry clay gravel was found to contain minimal levels of N (0.053%) (Appendix Table 

A4.2). Additionally, to determine N bioavailability, 170 g of the growth medium was 

submerged for 24 h in the same N-free nutrient solution provided to plants in the field. 

The resulting slurry was filtered to remove the gravel, and three replicates of the filtrate 

were sent to the same lab listed above for total N quantification by the Kjeldahl method 

(Keeney and Bremner, 1966). The filtrate was also found to contain extremely low levels 

of N (1.42 mg L-1 total N, equivalent to 0.1 mM) (Appendix Table A4.2). 
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4.3.5. Statistical analysis 

Analyses were performed using GraphPad Prism software (version 6.04; 

GraphPad Software, Inc., La Jolla, CA, USA). ROUT was used to identify and remove 

outliers at Q=1%. There was concern for the non-random N treatments of the 

neighboring border plants, though they were in separate pails. Nevertheless, to 

compensate for any position effects of neighboring plants on the variance of each 

treatment, non-parametric Mann-Whitney tests were used to analyze datasets with non-

normal values. Non-normality was identified with Shapiro-Wilk tests where replicate 

numbers were sufficient and with Kolmogrov-Smirnoff tests where the sample size was 

small. Furthermore, unpaired t tests with Welch’s correction for unequal standard 

deviations were used to generate P values. 

Correlation coefficients were calculated by the two-tailed Pearson method with a 

95% confidence interval. Hypotheses were evaluated at P<0.10 or 0.05 as indicated. 

 

4.4. Results 

4.4.1. Finger millet survival under N starvation  

Surprisingly, plants that did not receive nitrogen (-N) deliberately at any point 

during the experiment (over a ~140 day period) reached maturity in both 2012 and 

2013. The plants looked normal, but smaller with less tillering, compared to plants 

treated with N (+N), and even produced healthy seed heads (6.5 g per plant in 2012, 

and 13.7 g per plant in 2013) (Figure 4.2D; Table 4.1).
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Figure 4.2. Finger millet shoot responses to low N at different growth stages. Finger 
millet in 2012 at seven weeks of growth (A) and at harvest (B). Finger millet in 2013 at 
seven weeks of growth (C) and at harvest (D). All pails were 28 cm in diameter.



86 
 

Table 4.1. Measurements of above ground traits of finger millet in response to low 

nitrogen stress. 

 

 Year Treatment Duration 
Shoot biomass 

(g)* 
Seed head 

biomass (g)# Shoot tiller number 

2012 +N 142 
DAT 

92.8 ± 2.23, 
n=10  A 

8.9 ± 0.43, 
n=10  A 

4.0 ± 0.26, n=10 (113 
DAT)  A 

      
 -N 142 

DAT 
72.3 ± 0.80, 
n=10  B 

6.5 ± 0.27, 
n=10  B 

2.8 ± 0.20, n=10 (113 
DAT)  B 

      
      

2013 +N 139 
DAT 

869.9 ± 53.83, 
n=20 a 

54.9 ± 6.14, 
n=20 a 

50.5 ± 1.87, n=13 (119 
DAT)  a 

      
 -N 139 

DAT 
168.0 ± 13.42, 
n=20 b 

13.7 ± 1.45, 
n=20 b 

19.9 ± 1.51, n=13 (119 
DAT)  b 

Letters that are different within a year indicate that the means are significantly different 

(P<0.05). Displayed values are means +/- SEM. 

*Dry biomass was measured in 2012, and fresh biomass in 2013. 
#Dry biomass was measured both years. 
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4.4.2. Root, shoot and seed head biomass 

In both 2012 and 2013, end-season root and shoot biomass values were 

significantly lower when plants were treated with –N compared with +N (Table 4.1; 

Table 4.2; Figure 4.2; Figure 4.3). However, biomass values varied widely between 

years, with 2012 plants being notably smaller than 2013 plants, a reflection of 

differences in growing conditions between these years. Due to these differences, as 

well as differences in methodology (i.e., recording dry shoot biomass in 2012 and fresh 

shoot biomass in 2013), biomass comparisons were restricted to within each growing 

season, and no tests of significance across years were attempted. In 2012 and 2013, 

plants receiving the –N treatment showed 27% and 75% declines in seed head 

biomass, respectively, compared to plants that had received the +N treatment (Table 

4.1).
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Table 4.2. Measurements of root traits of finger millet in response to low nitrogen stress. 

 

Year 

 

Duration 

Root 
Biomass 

(g)* 

Crown 
root 

number 

Total crown 
root length 

(mm) 

Average 
crown root 

length (mm) 

Total lateral 
root length 

(mm) 
Total root 

length (mm) 

Lateral root 
to crown 
root ratio 

2012 +N 142 
DAT 

229.9 ± 
13.48, 
n=10 A 

80.8 ± 
2.65, n=5 

A 

6490.2 ± 
729.71, n=5 

A 

79.7 ± 6.87, 
n=5 A 

20926.6 ± 
1752.15, 

n=5 A 

27415.8 ± 
2363.43, 

n=5 A 

3.3 ± 0.20, 
n=5 A 

 -N 142 
DAT 

56.2 ± 
6.07, n=10 

B 

69.6 ± 
7.00, n=5 

A 

6365.4 ± 
1102.39, 

n=5 A 

91.9 ± 13.96, 
n=5 A 

22486.1 ± 
2676.98, 

n=5 A 

28851.6 ± 
3748.96, 

n=5 A 

3.7 ± 0.25, 
n=5 A 

          

2013 +N 139 
DAT 

249.9 ± 
37.26, 
n=15 a 

216.5 ± 
27.25, 
n=5 a 

11134.1 ± 
1124.29, 

n=4 a 

53.2 ± 1.71, 
n=5 a 

54639.1 ± 
6949.32, 

n=4 a 

65773.2 ± 
7957.09, 

n=4 a 

4.9 ± 0.30, 
n=4 a 

 -N 139 
DAT 

136.2 ± 
26.25, 
n=13 b 

110.8 ± 
9.05, n=5 

b 

6999.8 ± 
653.04, n=5 

b 

64.1 ± 6.53, 
n=5 a 

34576.1 ± 
4500.85, 

n=5 b 

41575.9 ± 
5123.39, 

n=5 b 

4.9 ± 0.26, 
n=5 a 

Letters that are different within a year indicate that the means are significantly different (P<0.05). Displayed values are 

means +/- SEM. 

*Root fresh weight was measured both years. 
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Figure 4.3. Shoot and root responses of finger millet to nitrogen limitation, at harvest. 
Representative mature, intact plants harvested in 2013, provided with +N and –N 
treatments (A). The seed heads were pre-harvested. The white scale bar at the lower 
right represents a length of 25 cm. Representative mature, entire root networks 
harvested in 2012 grown under +N and –N treatments, left and right respectively (B). 
The black scale bar at the lower right represents a length of 10 cm. 
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4.4.3. Whole plant architecture  

Above ground, in both years, the number of tillers per plant decreased 

significantly when plants were treated with –N compared with +N, with a 30% decrease 

in 2012 and a 60% decrease in 2013 (Table 4.1). Below ground, complete FM root 

systems at maturity showed a high degree of fibrousness (Figure 4.3). In 2012, with the 

smaller plants, no measurements of root architecture aside from biomass differed 

between N treatments (Table 4.2). In 2013, with the larger, more N-demanding plants, 

the number of crown roots on –N plants was 49% less than +N plants. Total crown root 

length, total lateral root length, and total root system lengths were all 37% smaller in –N 

plants (Table 4.2). There was no difference in terms of average crown root length or the 

ratio of total lateral to crown root length. 

 

4.4.4. Correlations between above ground biomass and root characteristics  

Pearson correlations were performed between above ground biomass and root 

characteristics using data collected in 2013 (Figure 4.4) (data from individual plants 

were not available in 2012 to permit correlations). In 2013, a significant correlation was 

observed between the numbers of crown roots and tillers (Figure 4.4A). The shoot fresh 

biomass also significantly and positively correlated with the crown root number, total 

crown root length and total lateral root length (Figure 4.4B-D, F), but not with average 

crown root length (Figure 4.4E). 

Additionally, Pearson correlations were performed between seed head dry 

biomass and the aforementioned root characteristics for the 2013 season. There were 

positive correlations between seed head biomass and total root length, crown root 
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number, total crown root length, and total lateral root length (Figure 4.4H-J, L), but not 

with average crown root length (Figure 4.4K), though some correlations were only 

significant at P<0.10 (as indicated). 

Combined, these data indicate that the declines in shoot and seed head biomass 

observed under severe low-N stress might be matched by decreases in shoot tiller 

number as well as the total lengths of the two main root classes.
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Figure 4.4. Correlations between finger millet shoot and seed head biomass and root 

architecture traits at harvest across nitrogen treatments. Number of crown roots vs. 

tillers (A). Shoot fresh weight vs. total root length (B), shoot fresh weight vs. total crown 

root length (C), shoot fresh weight vs. number of crown roots (D), shoot fresh weight vs. 

calculated average crown root length (E), and shoot fresh weight vs. total lateral root 

length (F). Number of crown roots vs. total crown root length (G). Seed head dry weight 

vs. total root length (H), seed head dry weight vs. total crown root length (I), seed head 

dry weight vs. number of crown roots (J), seed head dry weight vs. calculated average 

crown root length (K), and seed head dry weight vs. total lateral root length (L). Pearson 

r values are displayed. A single asterisk denotes significance at P<0.10. A double 

asterisk denotes significance at P<0.05. 
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4.4.5. Finger millet root hair quantification 

Root hairs were observed to be widespread along the entire lengths of FM crown 

roots (Figure 4.5C, D; Appendix Figure A4.1). There were no consistent significant 

differences in root hair length and density in FM in response to N limitation (Figure 4.5C, 

D; Appendix Figure A4.1). However, in some crown root tips, the newly initiating root 

hairs (on crown root segment 5) were either significantly longer and/or more dense 

when N-limited (Figure 4.5C, D; Appendix Figure A4.1). Other trends were observed: 

root hairs were generally longer with more density in the upper (older) portions of the 

crown roots, whereas root hairs became shorter and more sparsely distributed towards 

the tips of the crown roots (Figure 4.5C, D). A similar trend was observed in 2012, 

though the differences were less pronounced (Appendix Figure A4.1).
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Figure 4.5. Root hair morphometric traits from 2013 plants at harvest. In 2013 and 2012 
(data in Appendix Figure A4.1), four different classes of crown roots were sampled 
based on their lengths/ages (A), and then examined for root hairs at five different 
segments spaced evenly along each crown root using light microscopy with 5x 
magnification (B). Root hairs were quantified for length (C) and density (D) at different 
segments of the crown roots (x-axis) ranging from the top/nearest the shoot (crown root 
segment 1) to near the root tip (crown root segment 5). A blue asterisk (*) directly above 
a mean data point denotes a significant difference in the root hair trait (at P<0.05) 
between N treatments within an individual crown root segment. An asterisk above the 
green dashed line denotes a significant difference in the root hair trait (at P<0.05) 
between the top crown root segment (segment 1) and the bottom crown root segment 
(segment 2) within the +N treatment (red asterisk) or the –N treatment (black asterisk). 
All statistical analyses were performed with unpaired t tests (with Welch’s correction 
where unequal variances required). 
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4.4.6. Physiological measurements 

In 2013, all plants were examined daily for evidence of flowering, defined as the 

point at which the emerging flower was first observed. Plants given +N began to flower 

at 85 days after transplanting (DAT), while –N plants did not begin flowering until 89 

DAT. In 2012, the FM plants began flowering on the same day in both treatments. 

In both 2012 and 2013, leaf chlorophyll was measured. In 2012, the smaller FM 

plants showed no significant differences in chlorophyll between treatments (Table 4.3). 

In 2013, with the larger, more N-demanding plants, leaf chlorophyll (at 50 DAT) of –N 

plants was 56% lower than +N plants. At 80 DAT, the –N treatment had a leaf 

chlorophyll concentration that was 23% lower than +N plants (Table 4.3). No significant 

differences were detected in total N concentration of root, shoot or seed head tissue 

(Table 4.3). 
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Table 4.3. Finger millet tissue chlorophyll and nitrogen concentration in response to low 

nitrogen stress. 

 

Year Measurement Treatment  

2012 Chlorophyll (SPAD) +N 11.3 ± 1.27, n=5 (106 DAT) 

A 

-N 8.2 ± 1.43, n=5 (106 DAT) 

A 

2013 Chlorophyll (SPAD) +N 51.9 ± 4.06, n=20  (80 

DAT) a 

-N 39.8 ± 3.07, n=18  (80 

DAT) b 

2013 Shoot nitrogen (% dry 

weight) 

+N 1.9 ± 0.06, n=3 (142 DAT) 

a 

-N 2.1 ± 0.19, n=3 (142 DAT) 

a 

Root nitrogen (% dry weight) +N 1.3 ± 0.31, n=3 (142 DAT) 

a 

-N 0.9 ± 0.14, n=3 (142 DAT) 

a 

Seed head nitrogen (% dry 

weight) 

+N 2.5 ± 0.17, n=3 (142 DAT) 

a 

-N 2.1 ± 0.17, n=3 (142 DAT) 

a 

Letters that are different within a year indicate that the means are significantly different 

(P<0.05). Displayed are means +/- SEM.
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4.5. Discussion  

Consistent with observations of subsistence farmers, results show that finger 

millet (FM) is a remarkable crop able to flower and produce healthy seed heads in an 

extremely N-poor media without any deliberately added nitrogen (N). In this study, 

plants were grown in an artificial baked clay system with very poor N availability. N-poor 

environments are typical of the conditions under which this crop is grown in Sub-

Saharan Africa and South Asia where no applied N, or only residual N is used (National 

Research Council 1996). In South Asia, FM is often transplanted from nurseries 

(National Research Council 1996), a practice mimicked in this study.  

The growth and acclimation of finger millet (FM) roots and root hairs in response 

to nutrient stress have not previously been reported. In this study, a survey of the range 

of responses employed by FM for growth in N-poor environments was conducted. 

Consistent with other cereal crop plants (Hay and Porter, 2006), FM shoot, root and 

seed head biomass decreased in the –N treatment, associated with declines in shoot 

tiller number, crown root number, total crown root length and total lateral root length, but 

with no consistent changes in root hair traits. These results are summarized in a model 

(Figure 4.6).
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Figure 4.6. Summary of the effects of low N stress on finger millet architecture. Low N 
resulted in a reduction in end-season shoot biomass and seed head biomass 
associated with fewer tillers compared to plants receiving higher N (A). Fewer crown 
roots were initiated in 2013 in response to the –N treatment (B), likely responsible for 
the reduction in total lateral root system length (C). The calculated average crown root 
length was unchanged between nitrogen treatments. No consistent changes in root hair 
length or density occurred for root hairs along the crown roots in response to the –N 
treatment (D). However, in both N treatments, root hairs were generally longer with 
more density at the top of the crown roots than at the bottom of the crown roots (D).
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4.5.1. Finger millet may have efficient nitrogen uptake ability 

The baked-clay gravel (Turface) in which plants were grown contains very low N 

(Appendix Table A4.2). The clay gravel used contained 0.053% total N, which is 

substantially low compared to the surface layer of most cultivated soils in which N 

content can range between 0.06 and 0.5% (Bremner, 1996; Johnston-Monje et al., 

2014). Also, it is important to note that the media utilized in these experiments was not 

soil, but hard, inert gravel, from which the majority of N would be unavailable for uptake 

during the life cycle of the FM plants. Total N was measured by soaking the Turface in 

the N-free nutrient solution used in the experiments, and after removing the clay gravel 

from the solution was found to contain 1.42 mg L-1, or 0.1 mM total N. Similar conditions 

have been observed to cause N starvation in rice when grown in hydroponic solution 

supplemented with 0.15 mM total N as ammonium nitrate, and in maize grown in 

nutrient-poor peat soil supplemented with 0.15 mM nitrate (Schluter et al., 2012; Yang 

et al., 2015). To provide perspective, the United States Environmental Protection 

Agency defines clean drinking water for humans as containing no more than 10 mg L-1 

of N as nitrate21 – a level more than seven times that which was available to FM plants 

over the course of this study. Furthermore, these N values are likely overestimates, as 

they do not take into account leaching of N, given that the coarse clay had a low surface 

area and hence poor N binding capacity, with large air pockets to facilitate rapid 

downward nutrient flow away from the rhizosphere through holes in the sides of the 

pails. A previous publication has demonstrated that when used in the same growth 

system used in this study, rapid leaching occurs in Turface gravel (Echarte et al., 2008). 

                                                           
21 http://water.epa.gov/drink/contaminants/basicinformation/nitrate.cfm#four 
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The question then arises as to how FM was able to reach maturity with no 

deliberately added N, and with such low levels of N endogenous to the growth system. 

Furthermore, plants surprisingly showed inconsistent differences in chlorophyll between 

the –N and +N treatments (Table 4.3). In 2013 the plants receiving the –N treatment 

contained significantly less chlorophyll than the +N plants. This significant difference 

was not observed in 2012, although the trend remained similar. Additionally, there were 

no significant differences in tissue N concentration (Table 4.3). In other cereal crops, N 

starvation has been shown to cause consistent declines in chlorophyll (Muñoz-Huerta et 

al., 2013; Széles et al., 2012; Wang et al., 2014a) and substantial declines in tissue N 

concentration (Chen et al., 2015; Havlin et al., 1999). Here, the plants were grown on an 

outdoor field in open pails (Figure 4.1B, C), closed at the bottom but perforated with four 

drainage holes on the side, very close to the bottom edge (Appendix Figure A4.2). 

Roots growing from these drainage holes were sometimes observed, but only in older 

plants. It is possible that N was taken up by these late stage roots to assist with grain 

fill. Nevertheless, the plants would have needed to grow for months without these 

potentially nutrient-scavenging roots, using starter N from an extremely small seed. 

Furthermore, no weeds were observed in the pails (e.g. that might host N-fixing 

microbes) nor an obvious mycorrhizal network at root harvesting and during root 

imaging. Some N may have entered from unintended sources such as from animal 

activity (bird feathers were observed), N-fixation by lightning, algae (growth was 

observed in pots), or groundwater leaching into the fertigation system. These external N 

inputs were likely small and suggest that FM roots themselves may have excellent N 

uptake ability.  
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In the future, it may be worth investigating whether FM hosts N-fixing microbes, 

as is observed in its grass relative, sugarcane (Cavalcante and Dobereiner, 1988; 

James et al., 1994). A preliminary experiment was conducted to test whether culturable 

microbes from FM root and shoot extracts can grow on agar without N, but no colonies 

appeared (data not shown).  

These results also provide further impetus to examine FM as a source of novel 

agronomic traits for genetic dissection at the molecular level, especially with regards to 

N uptake and utilization efficiency mechanisms. For example, the behavior of Dof1 and 

Dof2, transcription factors implicated in controlling many responses to N, have already 

been characterized in FM under conditions of varying N applications (Gupta et al., 

2014a, 2015; Kumar et al., 2014a). However, other molecular genetic studies 

concerning N in FM are scarce. 

 

4.5.2. In the –N treatment, shoot and total seed head biomass decreases were 

associated with declines in tiller number 

Consistent with other cereal crop plants (Hay and Porter, 2006), FM shoot and 

total seed head biomass decreased in the –N treatment (Table 4.1), which were 

associated with declines in tiller number in both 2012 and 2013. Inadequate N supply 

has long been known to lower biomass and yield in plants that display tiller plasticity 

including wheat, barley, rice, several bioenergy grasses, and teosinte, the progenitor to 

modern maize (Alzueta et al., 2012; Gaudin et al., 2011a; Mae, 1997; Waramit et al., 

2014). 

 



103 
 

4.5.3. In the –N treatment in 2013, root biomass declines were associated with 

diminished root traits 

In other cereals including maize, low N availability was shown to increase the 

length of the root system, decrease the crown root number, and increase the lateral root 

to crown root ratio (Chun et al., 2005; Eghball and Maranville, 1993; Gaudin et al., 

2011b; Liu et al., 2009; Wang et al., 2004). However, in FM plants harvested in 2013, a 

decrease in the total length of both the lateral root system and crown root system in the 

absence of N fertilizer was observed, as well as a decrease in crown root number 

(Table 4.2). Lateral root to crown root ratios remained statistically equivalent between 

treatments. In 2012 root architecture did not differ significantly between treatments. 

Differences between these observations and the literature might be explained by 

the fact that the earlier studies using other cereals were conducted under conditions of 

N limitation, while FM plants in this study may have experienced extreme N stress (i.e. 

0.1 mM N from the clay growth medium). The majority of experiments thus far 

investigating plant root responses to true N starvation have been conducted in 

Arabidopsis. A group of Arabidopsis ecotypes has been identified which respond to N 

starvation with decreases in various root traits including root fresh biomass (Ikram et al., 

2012). However, it should be noted that the majority of ecotypes respond by increasing 

root biomass, indicating there is a substantial degree of genetic diversity in plant root 

acclimation responses. Given these prior results, it will be helpful to phenotype the roots 

of multiple genotypes of FM in response to extreme N stress. 

Research into the responses of crop plants to N starvation, including in maize 

and barley, is primarily restricted to molecular analysis, with a focus on the regulation of 
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N assimilation genes (Lee et al., 1992; Møller et al., 2011; Nacry et al., 2013). 

Additionally, because of the difficulties of imposing true N starvation on nutrient-

intensive crops, the stressful condition is often applied only for a short time, unlike the 

current study in which it was the entire duration of the FM life cycle. 

 

4.5.4. Finger millet displays whole plant coordination of architectural traits in 

response to low N 

Tiller number and crown root number were found to be correlated across the N 

treatments (Figure 4.4A), indicating that FM’s above ground and below ground 

morphologies may be tightly linked. To ensure that this relationship is robust, similar 

correlations should be generated in the future with additional N treatments (see below). 

In modern maize, the transcription factor Teosinte Branched 1 (TB1) is in part 

responsible for the repression of tiller outgrowth, and results in the plant’s single-stem 

growth habit (Doebley et al., 1995; Lukens and Doebley, 2001). It has been shown that 

selection pressure during the domestication of maize from teosinte led to changes in 

expression of the Tb1 gene and coordinated declines in tiller and crown root number 

(Gaudin et al., 2011a, 2014b; Hubbard et al., 2002). As FM is genetically related to 

maize, a similar mechanism may be directing the tight correlation between the number 

of tillers and crown roots and it may be of interest to investigate the presence of Tb1 

orthologs in the FM genome. 
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4.5.5. Crown root initiation may be the primary determinant of changes in root 

architecture to support altered shoot growth  

Although the relationship between FM yield and above ground traits including 

plant height and shoot biomass has been previously investigated (Wolie and Dessalegn, 

2011), this study is the first time that such correlations have been performed on below 

ground plant architecture in FM. The highest correlations observed between FM shoot 

and seed head biomass and root traits were with the crown root number, not the 

average crown root length (Figure 4.4). Furthermore, of the various root traits that 

changed in response to the -N treatment, the crown root number showed the greatest 

decline (-49%). Total crown root length was found to correlate tightly with crown root 

number (Figure 4.4G). Since lateral roots originate from crown roots, then combined 

these results indicate that declines in crown root initiation in response to N limitation 

primarily determine the other root correlations observed (Figure 4.4). A logical 

conclusion is that when plants have increased access to N, the initiation of additional 

crown root systems (with their lateral roots and root hairs) can support increased shoot 

biomass and seed head production. 

The correlations generated here may aid future breeding efforts and trait 

association studies, in which below ground contributors to yield and biomass could be 

explored. However, a relatively small amount of data was used to generate these 

correlations, and a degree of prudence must be used in the interpretation of the results. 

In particular, the consistency of responses within the +N and -N treatments resulted in 

clustered data (Figure 4.4). In future experiments, it may be useful to add additional N 

treatments to make the correlation analyses more robust. 
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As more of the FM genome sequence becomes available it may be helpful to 

investigate orthologs of genes implicated in crown root initiation in other cereals 

including Tb1 (noted above) and RTCS identified in maize (Hubbard et al., 2002; 

Taramino et al., 2007), as well as Crown rootless 1, 4, 5 and WOX11 identified in rice 

(Coudert et al., 2010; Inukai et al., 2005; Kitomi et al., 2011; Zhao et al., 2009b). 

Additional candidate genetic elements include those responsive to auxin or cytokinin 

signaling, pathways recognized as contributing to the control of crown root growth and 

development (Coudert et al., 2010; Inukai et al., 2005; Kitomi et al., 2011). 

 

4.5.6. Low N did not induce consistent changes in root hair length or density  

Based on tracing of 14 420 root hairs in this study, no consistent differences in 

root hair length and density were observed in FM in response to the –N treatment 

(Figure 4.5; Appendix Figure A4.1). In the literature, the analysis of root hairs in 

response to N limitation/starvation in crop plants is understudied, with contradictory 

results. Root hairs in Arabidopsis and several grass species (Holcus lanatus L., 

Deschampsia flexuosa L., Poa annua L. and Lolium perenne L.) showed increased 

length and density in response to N limitation (Bloch et al., 2011; Robinson and Rorison, 

1987). Root hairs were hypothesized to contain a mechanism for sensing low N stress 

(Shin et al., 2005). In maize and teosinte, however, root hairs showed declines in length 

and density as a result of low N conditions using an aeroponics misting system (Gaudin 

et al., 2011a, 2011b). One potentially interesting observation from the present study is 

that FM root hairs may have been longer and with more density in response to low N at 
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the tips of some root age classes (Figure 4.5C, D; Appendix Figure A4.1A). In the 

future, precise examination of root hair initiation may help to confirm these observations. 

 

4.5.7. Study limitations  

This study is the first attempt to grow FM in the northern latitudes of Canada. A 

growing season which is cooler and shorter than that of FM’s native East Africa and 

India created a set of challenges and limitations. For example, it was necessary to delay 

germination and transplantation in the spring until local temperatures could sustain 

growth. This resulted in important differences between the 2012 and 2013 growing 

seasons. Although the total time between transplantation and harvest was similar each 

year (142 DAT in 2012 vs. 139 DAT in 2013), in 2012, transplantation was performed 18 

days later and growth extended into November which borders the cold, winter season. 

In this region, frosts are highly likely in early October. Therefore in 2012, the late-

season conditions became especially sub-optimal for FM which requires average daily 

minimum temperatures to be above 18˚C for optimum growth22; the average 

temperature on the day of harvest was -3.3˚C23. Plants were stunted with a greatly 

reduced tiller number in 2012 compared to the 2013 plants (Table 4.1), and as a result 

the plants were from a different growth stage at the time of harvest (Figure 4.2B, D). 

Indeed, many biomass measurements (Table 4.1; Table 4.2) were significantly lower in 

2012 than 2013, although the trends remained similar in terms of the response to N 

treatments. Lower biomass in 2012 may also have been the result of pathogenesis as 

disease-like spots were observed at the seedling stage (although they were 

                                                           
22 http://www.cabi.org/cpc/datasheet/20674#tab1-nav 
23 http://climate.weather.gc.ca/ 
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unobservable within a few weeks); these symptoms were absent in 2013. As finger 

millet is an indeterminate plant, the early onset of cold in 2012 (compared to 2013) 

combined with the slow growth of seedlings (perhaps due to the disease) might have 

prevented the initiation of new tillers and roots in 2012. The cold likely also affected 

seed heads (Table 4.1), as both grain fill and vegetative growth occur in parallel in 

finger millet. Finally, these differences in growing conditions, combined with differences 

when measurements were taken relative to the growth stage between years, may have 

also contributed to the inconsistent chlorophyll readings discussed above.  

In 2012, the decrease in root biomass from 230 g to 56 g in the –N treatment was 

not matched by large differences in the architectural traits (Table 4.2). In 2012, caution 

was exercised while washing the root systems after harvest to preserve root hairs and 

lateral roots. It is likely that fine Turface  clay stuck to the roots as a result, especially on 

the larger +N root systems which were more dense and difficult to wash, resulting in a 

non-linear increase in the biomass. In 2013, the roots were washed more thoroughly. 

Another study constraint was that, although the pails used to grow plants were 

very large, they may have limited the growth of the FM root systems, especially in the 

+N treatment, thus reducing the significance of the differences between N treatments. A 

future experiment involving growing plants directly in field soil could be informative, but 

it would not be possible to impose extreme N stress conditions and would be especially 

challenging to phenotype fine root traits. 

A final study limitation was that in 2012, shoot dry weight was measured while in 

2013 shoot fresh weight was measured, creating a challenge to directly compare 

biomass results between years (Table 4.1). As leaf tissue in grass species is primarily 
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composed of water (Garnier, 1992; Garnier and Laurent, 1994), the differences between 

the shoot biomass data in 2012 versus 2013 are not unreasonable. In any case, all 

comparisons were made within years to circumvent this issue. For seed heads and 

roots, however, consistent measurements were used across both years. 

 

4.6. Conclusions and future experiments 

This study has provided the first detailed description of FM responses to extreme 

N stress, including the first description of root acclimation responses. The results 

suggest that FM roots may have extreme N uptake ability. Mapping of the underlying 

genes may aid marker assisted selection (MAS) based efforts to improve nitrogen use 

efficiency in other cereal crops.  

Only a single genotype was examined in this study; however there are many 

landraces available for FM from Africa and South Asia that show diverse adaptations to 

local climates (Jarvis et al., 2008; Wolie and Dessalegn, 2011). It will be useful to 

compare the results from this study to a diversity panel of FM to identify those with 

particularly high NUE and uptake ability. Through such guided breeding approaches, it 

may be possible to help subsistence farmers in Africa and South Asia who have poor 

access to N fertilizer. 
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Chapter 5: Growth in Turface clay permits root hair phenotyping along the entire 

crown root in cereal crops and demonstrates that root hair growth can extend 

well beyond the root hair zone 
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5.1. Abstract 

In cereal crops, root hairs are reported to function within the root hair zone to 

carry out important roles in nutrient and water absorption. Nevertheless, these single 

cells remain understudied due to the practical challenges of phenotyping the delicate 

structures in large cereal crops growing on soil or other growth systems. Here is 

presented an alternative growth system for examining the root hairs of cereal crops: the 

use of coarse Turface clay alongside fertigation. This system allowed for root hairs to be 

easily visualized along the entire lengths of crown roots in three different cereal crops 

(maize, wheat, and finger millet). Surprisingly, the root hairs in these crops continued to 

grow beyond the canonical root hair zone, with the most root hair growth occurring on 

older crown root segments. It is suggested that the Turface fertigation system may 

permit a better understanding of the changing dynamics of root hairs as they age in 

large plants, and may facilitate new avenues for crop improvement below ground. 

However, the relevance of this system to field conditions must be further evaluated in 

other crops.
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5.2. Materials and methods 

 

5.2.1. Field growth system methodology 

Experiments were conducted over two growing seasons in 2012 and 2013 at the 

Arkell Research Station (43o53’N, 80o18’W, 325 m above sea level) near Guelph, 

Canada. Finger millet (Eleusine coracana) seeds were germinated in a laboratory at 

room temperature prior to transplantation at the field site. Experimental units consisted 

of single finger millet plants grown in 22 L plastic pails (28 cm in diameter) filled with an 

inert, coarse Turface® MVP clay (Profile Products LLC., Buffalo Grove, Ill), as per a field 

fertigation system described previously (Tollenaar and Migus, 1984). Millet plants were 

irrigated zero to three times per day, as required. A modified Hoagland’s solution 

(Tollenaar and Migus, 1984) (minus nitrogen) was stored in a 340 L lidded plastic pail 

and diluted with water at a ratio of 1:100 at the time of application. The pH of the diluted 

nutrient solution was adjusted to a range of 6.5-6.7 with the addition of HCl. Each pail 

was fitted with two fertigation tubes, known to deliver a minimum of 100 ml of nutrient 

solution over a 10 min interval (Page et al., 2011). As the original objective of the 

experiment was to examine the effects of nitrogen (N) limitation, N was provided 

separately by hand as 13 weekly doses of 37 mM total N as urea granules dissolved in 

1 L H20.  

At plant maturity in both years, five root systems were stored at -20oC in 50% 

ethanol until analysis, at which point they were thawed and subjected to microscopy. 

The longest representative crown roots were selected from each plant. Five segments 

measuring 1 cm in length were cut from each crown root at equal distances along the 
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root and rinsed in ddH20. Segments were stained with 0.4% Trypan Blue solution (MP 

Biomedicals LLC, Solon, OH, USA) as reported in other studies (Bayuelo-Jiménez et 

al., 2011) for 10 minutes, rinsed and examined with a Leica MZ8 stereomicroscope 

(Leica Microsystems GmbH, Wetzlar, Germany) under 5x magnification. Northern 

Eclipse software (version 5.0, Empix Imaging Inc., Mississauga, Canada) was used to 

capture four images of each root segment with a Sony DXC-950P Power HAD 3CCD 

colour video camera (Tokyo, Japan). Using ImageJ (Version 1.47, Wayne Rasband, 

NIH, Bethesda, MD, USA), root hairs (RHs) were quantified for length and density by 

first calibrating the program to a scale image 1 mm long. Ten RHs from each image 

were traced to obtain representative RH length data for that segment, while the number 

of RHs within a 300 µm segment were counted to obtain representative RH density 

data. Hence, the RH length data was derived from attempts to measure 10 RHs from 

each of four images per crown root segment, with 5 biological replicates (therefore 

maximum n=200 root hairs per root segment). Column statistics were generated using 

GraphPad Prism software (version 6.04; GraphPad Software, Inc., La Jolla, CA, USA).  

 

5.2.2. Greenhouse growth system methodology 

To verify that the Turface system could be applied to phenotype root hairs in 

diverse cereals, spring wheat (Triticum aestivum L., cv. Quantum, C&M Seeds, 

Palmerston, Canada) and a maize (Zea mays L.) hybrid (CG60 x CG102) were grown in 

Turface in a greenhouse using a randomized complete block design, with a commercial 

variety of finger millet (Eleusine coracana) as a positive control. All other fertigation 

conditions were identical to those noted above. Crown roots of all three species were 
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examined with microscopy exactly as described above with the exception that four 

segments were examined per plant instead of five.  

 

5.3. Results and discussion 

5.3.1. Do cereal crops have a canonical root hair zone? 

In higher plants, the absorptive surface area of roots is increased with root hairs 

(RHs) which are subcellular outgrowths of epidermal cells (Schiefelbein and Somerville, 

1990). When grown in soil, primary and adventitious roots, sometimes called crown 

roots (Figure 5.1A), have been reported to display a “root hair zone” proximal to the root 

tip (apex) where RHs initiate, elongate and mature (Figure 5.1B); RHs are reported to 

become fewer and/or less pronounced in older root segments closer to the soil surface 

(Brady et al., 1993; Scott, 1963). Though the longevity of RHs has been poorly 

documented, in 1969, RHs of barley seedlings were shown to have a longevity of less 

than 5 days when grown in artificial germination pouches (McElgunn and Harrison, 

1969), which reinforced the concept of a canonical root hair zone even in cereals. As a 

result, today the RH zone concept is frequently presented in textbook diagrams and 

dogmatically taught to botany students (Ehlers and Goss, 2003; Sinha, 2004). However, 

as early as 1963, researchers have argued that such descriptions are over-simplified 

and that considerable variation in the RH pattern exists below ground (Scott, 1963). 

Indeed, when the model plant Arabidopsis thaliana is grown in sterile agar media in 

Petri dishes as it produces small seedlings, RHs can be observed along the entire 

length of the primary root (Schiefelbein and Somerville, 1990). Observed RH zones in 

field-grown plants may thus be due to mechanical forces in soil (e.g. shearing) along 
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with catabolic biological processes (e.g. soil microbial activity) causing older, longer 

RHs to break, rather than an endogenous developmental program. New strategies are 

needed, however, to comprehensively phenotype RHs in large cereal crops. 
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Figure 5.1. Root hairs as they appear on the primary roots of seedling plants. Diagram 
illustrating the root systems of cereal crops (A). Multiple crown roots (CR) initiate first 
and second order lateral roots (LR); single cell epidermal cells on the surfaces of these 
various root types can elongate to form root hairs (RH). Scale bar represents 0.5 mm. In 
textbooks and other literature, root hairs are frequently depicted as being present 
primarily in the “root hair zone”, a region proximal the root tip (B).  
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5.3.2. The challenge of phenotyping root hairs along the entire root system in 

large cereal crops 

There is significant interest by crop researchers to measure and optimize RH 

traits in major cereal crops in order to promote yield stability in low nutrient soils 

(Bayuelo-Jiménez et al., 2011; Brown et al., 2013; Meister et al., 2014; Rewald et al., 

2014). To overcome the technical challenge of studying RHs along expansive roots 

growing in soil, researchers have grown cereal crop roots in sand and gel substrates 

(Meister et al., 2014) or else sub-sampled a portion of the root system using labourious 

field excavation (Bayuelo-Jiménez et al., 2011; Moreno-Espíndola et al., 2007). 

Aeroponic systems in which roots are misted with a nutrient solution, have also been 

designed to prevent RH degradation during growth, but the resulting RHs are 

significantly smaller than those grown in field soil (Gaudin et al., 2011b).  

 

5.3.3.Turface clay is an effective growth substrate to phenotype root hairs along 

entire crown roots in cereal crops  

Here an alternative growth method is presented, the use of coarse Turface clay, 

which reliably preserves RHs along the entire length of crown roots (Figure 5.1A) in 

diverse cereal crops including wheat (Triticum aestivum L.), maize (Zea mays L.) and 

finger millet (Eleusine coracana), the latter being a low-input crop grown by subsistence 

African/Asian farmers. Though Turface is a well known plant growth substrate, used for 

decades to understand nodulation in legumes (Berry and Torrey, 1983), its use as a 

substrate to understand persistent RH growth in cereals has not previously been 

reported formally. 
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By using the Turface fertigation growth system it was possible to directly quantify 

RH length and density along entire crown roots of finger millet (Table 5.1). It was further 

verified that the technique could be applied to wheat and maize (Figure 5.2). In all three 

cereals, RHs were visible along the entirety of all crown roots analyzed with the 

exception of the youngest, apical segment in some cases (Table 5.1; Figure 5.2B).
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Table 5.1. Length and density of root hairs along crown roots of finger millet. 

      Crown Root Segment 

      1 2 3 4 5 

2
0

1
2
 

Length (x100 µm) 

Mean 9.24 15.05 11.09 7.11 2.10 

SEM 0.47 0.28 0.37 0.24 0.10 

N* 200 199 200 160 143 

Density (RHs/300 µm 
segment) 

Mean 14.55 15.65 16.15 11.25 6.20 

SEM 0.87 0.44 0.61 1.56 1.22 

N* 20 20 20 20 20 

2
0

1
3
 

Length (x100 µm) 

Mean 9.91 11.42 9.17 4.18 2.84 

SEM 0.28 0.30 0.37 0.15 0.16 

N* 200 200 198 139 91 

Density (RHs/300 µm 
segment) 

Mean 14.15 14.55 13.45 7.20 2.65 

SEM 0.61 0.54 0.76 1.26 0.60 

N* 20 20 20 20 20 

*N represents the number of microscope images from 5 plants used for analysis. 
In 2012 and 2013, measurements were made of field-grown root hairs from the top of 
the crown roots (oldest, Segment 1) to the tips of the crown roots (youngest, Segment 
5).
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Figure 5.2. 
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Figure 5.2. The Turface fertigation growth system permits root hair growth along the 
entire crown root axis in cereal crops. Picture of the greenhouse randomized complete 
block experimental design (A). Root hair images from crown root segments of finger 
millet, maize, and wheat under 5x magnification (B). Microscopy scale bars represent 
0.5 mm. All other scale bars represent 15 cm.  
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5.3.4. On Turface, root hairs continue to grow outside the root hair zone 

Contrary to the RH zone concept, using Turface, RHs were observed along the 

entire root network at several growth stages including full maturity – with the longest 

RHs being along the oldest crown root segments (Table 5.1; Figure 5.2B). RH density 

was also highest in this area (Table 5.1), though this may be due to selection bias 

imposed during visual ImageJ analysis. Findings indicate that RHs in cereal crops can 

continue to grow well beyond what is typically thought of as the RH zone. Coarse 

Turface clay thus stimulates and/or permits persistent RH growth. 

 

5.3.5. Possible reasons why Turface clay permits or stimulates persistent root 

hair growth 

 Various authors have reported that the proliferation of RHs is influenced by the 

properties of the surrounding soil substrate. A RH infiltrates a macropore of soil (Watt et 

al., 2006), extending until the boundary of a soil cavity is reached at which point it 

adheres to the soil and performs roles in absorption and anchorage (Esau, 1977). In 

coarse Turface, particles range in size from ~0.5-3.3 mm providing an abundance of 

macropores. Soil moisture levels also heavily affect RH growth: dryness can desiccate 

RH cells while waterlogged soils are known to decrease RH length and density (Huang 

and Fry, 1998; MacKay and Barber, 1987). In the fertigation approach presented here, 

the nutrient solution was administered with an automated irrigation system along with 

adequate drainage provided by Turface itself; this system appears to have created an 

ideal micro-environment to encourage persistent RH growth. Lastly, Turface is 
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comparatively easy to remove from roots, meaning that fewer RHs are torn from the 

crown roots at harvest. 

 

5.4. Conclusions and future perspectives 

The research potential of the Turface fertigation system has been demonstrated 

by undertaking a highly robust characterization of finger millet’s RH profile along the 

crown root (1730 individual measurements for RH length, Table 5.1). However, equally 

robust quantitative measurements should be undertaken to ensure that the growth 

system is similarly applicable to other crops, including wheat and maize. The root 

systems of all three crops qualitatively showed similar results, in terms of extensive RHs 

along all crown root segments, including outside of the canonical RH zone (Figure 5.2). 

The protocol outlined here represents an intermediate between easily-studied agar-

based growth systems, and agriculturally applicable field conditions. The Turface -

based methodology has the ability to preserve RHs even when cereal crops are grown 

to maturity which cannot be achieved in agar for such crops. While there are other 

systems such as aero- and hydroponics in which cereals can be grown to a late stage, 

published data shows conditions may be suboptimal for RH elongation in maize (Gaudin 

et al., 2011a, 2011b). 

Despite the apparent promise of this methodology, it is an artificial system and 

there may be valid concerns about artifacts compared to growing cereal roots on soil. 

There may be two concerns in particular, the intrinsic characteristics of the RHs 

observed (e.g. length) and their presence outside of the canonical RH zone. With 

respect to the first concern, the observed range of average finger millet RH lengths (210 
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µm to 1505 µm, Table 5.1) when the plants were grown on Turface is similar to those 

reported for barley cultivated on soil (~400 µm to 800 µm) and maize on sand (~500 µm 

to 1500 µm) (Haling et al., 2014; Zhu et al., 2010). These congruencies provide 

confidence that this system stimulates RH growth similar to more natural substrates.  

With respect to the observed RHs outside the expected RH zone, it is suggested 

that the RH zone concept should be re-examined critically under field conditions. While 

the growth system used here was artificial, there may be natural conditions such as 

gravelly, well-drained soils in regions with high precipitation in which plants might 

similarly display the ubiquitous root hair phenotype observed in this study or in patches 

along crown roots. It will be especially interesting to understand the physiology of older 

RHs compared to those in the canonical RH zone, for example by analyzing markers for 

normal RH function. However, at present this cannot be accomplished in finger millet 

due to the lack of available sequence data and functional experiments. 

The literature describing RH processes in crop plants is scarce, with the majority 

of RH physiology and genetics research having been conducted in Arabidopsis, 

including the role of calcium gradients and cytoskeleton dynamics (Bibikova et al., 1997; 

Grierson et al., 2014), the existence of a basipetal auxin gradient associated with RH 

initiation (Jones et al., 2009), and the role of AUX1 and PIN family influx and efflux 

auxin pumps (Jones et al., 2009, 2002; Lee and Cho, 2006; Yi et al., 2010). The ability 

to study the impact of diverse alleles of orthologous genes on RHs in mature cereal 

crops has the potential to open novel avenues for crop improvement.  
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Chapter 6: Review - Current and future transgenic whole-cell biosensors for plant 

macro- and micro-nutrients 
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6.1. Abstract 

From the soil, plants take up macronutrients (calcium, magnesium, nitrogen, 

phosphorus, potassium, sulfur) and micronutrients (boron, chloride, cobalt, copper, iron, 

manganese, molybdenum, nickel, selenium, and zinc). In acidic soils, aluminum can 

interfere with nutrient uptake. There is a need for improved diagnostic tests for these 

soil-derived nutrients that are inexpensive and sensitive, provide spatial and temporal 

information in plants and soil, and report bioavailable nutrient pools. A transgenic whole-

cell biosensor detects a stimulus inside or outside a cell and causes a change in 

expression of a visible reporter such as green fluorescent protein, and thus can convert 

an invisible plant nutrient into a visible signal. Common transgenic whole-cell 

biosensors consist of promoter-reporter fusions, auxotrophs for target analytes that are 

transformed with constitutively expressed reporters, riboswitches and reporters based 

on Forster Resonance Energy Transfer (FRET). Here, transgenic plant biosensors that 

have been used to detect macronutrients and micronutrients are reviewed. As plant-

based biosensors are limited by the requirement to introduce and optimize a transgene 

in every genotype of interest, also reviewed are microbial biosensor cells that have 

been used to measure plant or soil nutrients by co-inoculation with their respective 

extracts. Additionally, published transgenic whole-cell biosensors from other disciplines 

are reviewed that have the potential to measure plant nutrients, with the goal of 

stimulating the development of these diagnostic technologies. Current limitations and 

future improvements needed are discussed, and the long-term potential of transgenic 

whole-cell biosensors to study plant physiology, improve soil nutrient management, and 

assist in breeding crops with improved nutrient use efficiency.
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6.2. Introduction 

From the soil, plants take up both macronutrient fertilizers (primary: K, P, N; 

secondary: Ca, Mg, S) and micronutrient fertilizers (B, Co, Cu, Cl, Fe, Mn, Mo, Ni, Se, 

Zn), while aluminum (Al) interferes with fertilizer uptake in acidic soils by inhibiting root 

growth (Mengel and Ernest, 2001). Diagnostic tests for these nutrients are used by 

growers to assist with fertilizer management and by researchers to improve crop 

nutrient use efficiencies, measure environmental pollution as a result of over-fertilization 

and help analyze nutrient dynamics in plants. An ideal diagnostic test should reflect the 

actual fraction of a nutrient that is available to a plant (“bioavailable”), be inexpensive, 

technically accessible, simple, rapid, portable, and provide both temporal and spatial 

resolution in both plant tissues and soil. Many current diagnostic tests for crop nutrients 

do not fulfill these requirements (Preverill et al., 2001). 

Standard nutrient diagnostic tests involve older methods of chemical extraction 

(e.g. hot acid), multi-step chemical conversions, separation, and finally detection (e.g. 

spectrophotometry) (Preverill et al., 2001). These tests can suffer from limitations 

including: (1) high costs that limit sampling, which is especially problematic for highly 

mobile nutrients that change over space and time (e.g. nitrate); (2) they report the total 

but not bioavailable nutrient pool (e.g. immobile nutrients such as phosphate); (3) they 

are inadequately sensitive (e.g. molybdenum); (4) they require large sample amounts; 

(5) the results can be difficult to calibrate and may not correlate with crop yield; and (6) 

they do not report the in vivo spatial localization of nutrients in plant tissues (Preverill et 

al., 2001). 
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Anthocyanins, the blue-red pigments of plants (Figure 6.1A), may serve as an 

example to help solve some of the limitations of current plant nutrient diagnostics. In the 

early 20th century, maize geneticists used subtle visible changes in the colour, intensity, 

spatial and temporal patterns of anthocyanins to understand how the environment (e.g. 

phosphate limitation) affects these metabolites and to screen for genetic mutants that 

affect pigmentation (Lindstrom, 1923). By converting invisible signals into visible ones 

which can be measured, large numbers of plants were screened cost-effectively and 

with excellent spatial and temporal resolution.
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Figure 6.1. 
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Figure 6.1. Summary of principles underlying transgenic whole-cell biosensors. 
Example of anthocyanin pigmentation on maize anthers (A). General design of a 
promoter-reporter biosensor (B). Example of a lux-output microbial biosensor exposed 
to increasing concentrations of its target analyte in a 96-well plate, imaged with a 
photon detection CCD camera (C). General design of a FRET biosensor (D). A potential 
auxotroph biosensor (E). General design of a riboswitch biosensor (F). TF, transcription 
factor. GFP, green fluorescent protein. CFP, cyan fluorescent protein. YFP, yellow 
fluorescent protein.
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A technology which is capable of turning invisible crop nutrients into visible 

outputs is the whole-cell biosensor: in simplest terms, a whole-cell biosensor detects a 

stimulus inside or outside a cell and causes a visible reporter to change in expression 

(D’Souza, 2001). There are many types of biosensors (D’Souza, 2001), but plant 

biologists are most likely able to work with whole-cell biosensors based on their 

knowledge of biology and available equipment. In this review, the biosensors discussed 

are primarily limited to transgenic whole-cell biosensors.  

The most common whole-cell, plant-based biosensor consists of a transgenic 

plant that expresses a truncated native promoter that responds to a stimulus, fused to a 

reporter gene (Sadanandom and Napier, 2010) (Figure 6.1B). The main design variable 

in a promoter biosensor is the choice of the reporter gene, typically uidA (gus encoding 

glucuronidase) (Jefferson et al., 1987), firefly luciferase (luc, analogous to lux from the 

bioluminescent bacterium, Vibrio harveyi), green fluorescent protein (gfp) or fluorescent 

derivatives (D’Souza, 2001; Sadanandom and Napier, 2010) (Table 6.1). Depending on 

the reporter used, biosensor activity can be measured either visually using the naked 

eye (i.e. for GUS), with a photon-capture camera (i.e. for firefly luciferase or lux) 

(Chinnusamy et al., 2002), or with a micro/macroscope equipped with appropriate 

excitation and emission filters (i.e. for GFP and its derivatives). For semi-quantitative 

analysis, tissue extracts must be made, and the samples read using single chamber 

detectors (a spectrophotometer for GUS and GFP, a luminometer for luciferase) or 

related 96-well plate readers (example shown in Figure 6.1C).
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 Table 6.1. Features of potential transgenic whole-cell biosensor reporters. 

 

Reporter Application Advantages Disadvantages 

GUS/LacZ •Tissue-level 
resolution for 
microscopy 
 
•Reporter to 
quantify extracts 

•Can use 
inexpensive light 
microscope or 
direct viewing 
 
•Excellent contrast 
for plant 
microscopy 

•Moderate tissue 
resolution due to 
substrate diffusion 
 
•Requires reagent 
 
•Moderate 
sensitivity and 
linearity 
 
•Stable/poor 
temporal 
resolution 
 
•Involves 
labourious 
enzymatic rate 
assay to quantify 
extracts 

GFP and variants •Microscopy at 
cellular and 
subcellular 
resolution 
 

•No diffusion 
 
•No reagents 
required 
 
•Multiple 
fluorophores 
 
•Compatible for 
translational 
fusions 
 
•Inexpensive UV 
detection for on/off 
applications 

•Moderate 
sensitivity and 
linearity 
 
•Stable/poor 
temporal 
resolution 
 
•Requires 
fluorescence 
microscope for 
good resolution 

Luciferase/LUX •Quantitative 
reporter for 
environmental 
responses at 
multiple stimulus 
ranges 
 
•Soil or tissue 

•High sensitivity, 
low background 
 
•Linear across 
several orders of 
magnitude 
 
•Unstable/excellent 

•Luc requires 
reagents 
 
•Requires 
luminometer or 
CCD detector 
 
•Poor fine scale 
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extract 
measurements 
 

temporal resolution 
 
•Lux requires no 
exogenous 
reagents 

resolution due to 
photon scatter 
 
•Instability of 
luciferase in tissue 
extracts 

Anthocyanins, 
Carotenoids, 
Chlorophyll 

•Microscopy at 
cellular resolution 
 

•Can use 
inexpensive light 
microscope or 
direct viewing 
 
 

•No reagents 
 
•Requires specific 
genetic 
background 
 
•Requires 
sophisticated 
genetic 
engineering 
 
•Not useful for 
quantifying 
extracts 
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In addition to promoter-based biosensors, nuclear-encoded FRET (Forster 

Resonance Energy Transfer)-based biosensors, first developed by the lab of Roger 

Tsien (Miyawaki et al., 1997), have recently been engineered in plants (Okumoto et al., 

2008). In a FRET biosensor, two different fluorophores (e.g. GFP variants) are linked by 

a polypeptide which has specific ligand-binding ability. Upon ligand binding, there is a 

dramatic conformation change of the whole structure, mediated by flanking hinge 

adaptor peptides, bringing the two fluorophores together in a more optimal configuration 

to permit energy transfer from the excited fluorophore to an acceptor fluorophore 

(Figure 6.1D). The excited acceptor fluorophore subsequently re-emits the fluorescence 

energy at a longer wavelength, whereas florescence emission of the donor fluorophore 

is quenched -- either or both signals can be measured. The central ligand-binding 

peptide is often derived from the bacterial maltose binding protein (MBP) family -- a 

wide-range of ligand sensors normally found in the periplasmic space of bacteria 

(periplasmic binding proteins, PBPs). PBPs can be readily mutagenized to alter target 

ligand specificity (Okumoto et al., 2008). If the entire FRET biosensor (fluorescent 

indicator protein, FLIP) is expressed constitutively, the rapidity of the ligand-induced 

conformational change permits real-time reporting of the ligand. FRET-based screening 

requires fluorescence and confocal microscopy. 

A significant disadvantage of plant-based biosensors is that a transgene must be 

introduced and optimized in every genotype of interest which can be time consuming 

and may limit field studies. Complementary to plant-encoded biosensors are microbial 

biosensor cells which can be used to measure analytes by co-inoculation with either 

plant or soil extracts, for example in a 96-well fluorescence/luminescence plate reader 
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(D’Souza, 2001) (Figure 6.1C). Microbial biosensors can also be applied onto the 

surface of intact or freeze-thawed plant tissues; such surface tissue cracks and/or 

freeze-drying cause leakage of endogenous metabolites that can then be sensed by the 

microbial cells and visualized using the appropriate imaging device. 

 Transgenic bacterial and yeast biosensors are attractive tools for plant biology 

for a number of reasons. First, microbial cells are easy to transform and screen in large 

numbers, permitting complex engineering and fine-tuning. Second, because this 

technology does not involve the construction of transgenic plant lines, these biosensors 

can be used to assay large numbers of diverse plant genotypes. Finally, the diversity of 

Earth’s micro-environments has resulted in microbes which have adapted to sense and 

catabolize large numbers of substrates, which has created an expansive library of 

potential biosensors (Falkowski et al., 2008). 

In addition to promoter and FRET-based biosensors, there are two additional 

types of biosensors available in microbes: first, there is a large collection of auxotrophs - 

mutants that cannot grow unless a particular nutrient is added exogenously (Lengeler et 

al., 1999). By transforming an auxotroph with a constitutive reporter, reporter output 

(e.g. lux) becomes a proxy for induced growth, creating a highly sensitive biosensor 

(Figure 6.1E). For example, a bacterial auxotroph for glutamine has been used to 

engineer a lux-based biosensor to quantify glutamine in maize extracts (Tessaro et al., 

2012). A disadvantage of such biosensors is that any stimulus that alters general growth 

can potentially confound the output results, so proper testing and controls must be 

applied (Tessaro et al., 2012). 
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A second class of biosensors, primarily available in bacteria, is the riboswitch: in 

a riboswitch, a small chemical ligand binds typically to a target nucleic acid polymer 

(aptamer), such as in the 5’-Untranslated Region (UTR) of mRNA, resulting in a change 

in its conformation; this may result in premature transcriptional termination or masking 

of the Shine-Dalgarno (SD) sequence required for ribosome binding (Figure 6.1F) 

(Henkin, 2008). Though riboswitches have begun to be identified in plants (e.g. in which 

the conformation of the 3’-UTR RNA is altered, leading to altered splicing) (Bocobza 

and Aharoni, 2008), for now most discovered riboswitches exist in bacteria. 

Whether plant or microbial, a user may wish for a nutrient biosensor to possess 

several features (summarized in Table 6.2). In particular, a biosensor must be specific 

to the target nutrient amongst a diverse pool of plant and soil compounds. Furthermore, 

it is ideal if the biosensor output is linear (or mathematically transformable into a linear 

output) across a wide concentration range. An ideal biosensor is sensitive (high 

signal:noise ratio) and perhaps tunable to different concentration ranges. A specific 

challenge when using any biosensor for plant and soil extract measurements is that the 

signal output may not be robust (consistent against background noise) in the presence 

of varying inorganic and organic compounds or even competing microflora that are 

present in different soil types, plant species and tissues. Other criteria for the design of 

optimal biosensors, that may or may not be necessary, include tunability (ability to 

adjust the sensitivity of the biosensor to measure different concentration ranges of the 

target analyte), scalability (e.g. ability to assay thousands of samples in parallel if 

needed), low cost (including labour) and appropriate biological resolution (e.g. tissue or 

subcellular) depending on the application (Table 6.2). However, there are tradeoffs 
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between these design principles. For example, enhancement of one design feature may 

result in increased cost. Furthermore, improving one design feature may have a 

negative effect on another criterion (e.g. improving linearity across multiple orders of 

magnitude can reduce sensitivity). 

Here, transgenic plant and microbial whole-cell biosensors that have been used 

specifically to detect macronutrients and micronutrients in plant tissues and soils are 

reviewed. As such examples are limited, candidate biosensors that have the potential to 

detect plant nutrients are also extensively reviewed with the objective of catalyzing the 

research and development of these technologies. Finally, a discussion is provided of 

current limitations and future improvements needed, as well as the long-term outlook of 

nutrient biosensors for plant and soil research. 
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Table 6.2. Biosensor engineering design principles. 
 

Criteria Explanation 

Specificity Selectivity for the primary target analyte over 
potentially interfering compounds 

Sensitivity High signal output, low background  

Linearity Linear reporter expression across multiple orders 
of magnitude or ability to mathematically transform 
into a linear output 

Tunable Sensitivity can be adjusted to different 
concentration ranges of the target chemical 

Robust Performs well under different stress conditions (e.g. 
resistant to changes in pH, salts, temperature, etc.) 

Biological resolution Organism, tissue, cell or subcellular level signal, 
depending on application 

Scalable Practical to assay thousands of samples, 
depending on application 

Cost/Labour Minimum reagent cost, preparation time, minimal 
number of steps and personnel expertise 
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6.3. Biosensors for primary plant macronutrients 

6.3.1. Inorganic nitrogen (N) 

6.3.1.1. Nitrate (NO3
-) 

Potential plant-based biosensors are available for nitrate in both monocots and 

dicots. In dicots, including Arabidopsis thaliana, a 43 bp pseudo-palindromic nitrogen 

response element (NRE) was identified in the promoter of a gene encoding nitrite 

reductase (NiR) as well as in the 3’ region of the nitrate reductase (NIA1) gene; both 

elements were shown to be necessary and sufficient for nitrate-responsive gene 

transcription (Konishi and Yanagisawa, 2010, 2011). NRE-like elements were also 

identified in monocots including rice, maize and sorghum; in particular an 8 bp element 

was conserved in both monocot and dicot nitrate-responsive genes (Konishi and 

Yanagisawa, 2010; Liseron-Monfils et al., 2013). Nitrate-inducible biosensors have been 

engineered that consist of 4 copies of the NRE fused to either gus or luc (Konishi and 

Yanagisawa, 2011, 2013). In the promoter region of the Arabidopsis NIA1 gene, three 

non-NRE motifs (myb, ALFIN1, E-box) have also been discovered which were observed 

to be necessary and sufficient for nitrate-responsive transcription of fused GUS reporter 

constructs (Wang et al., 2010).  

With respect to bacterial biosensors, biosensors for nitrate based on the narG 

promoter (e.g. narG:GFP) have been constructed in Enterobacter cloacae and 

Escerichia coli based on the two-component NarX/L and NarQ/P systems (De Angelis 

et al., 2005). Using the biosensor, the authors showed that nitrate levels on soil-grown 

roots were higher when nitrate had been added to the soil. The biosensor holds 

potential for quantifying nitrate in plant extracts. 
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6.3.1.2. Ammonium (NH4
+) 

Potential microbial biosensors for ammonium have been designed using 

promoters that are activated by the NtrC transcription factor which is induced during 

ammonia limitation (Atkinson et al., 2002). The responses of NtrC-binding promoters 

glnA, glnK and nac were all examined by fusing each to lacZ. It was found that the glnA 

promoter was immediately activated following the same limitation while glnK and nac 

were only significantly activated. A strain of E. coli containing multiple recombinant 

promoter constructs each fused to different fluorescent proteins might detect a wide 

concentration range of ammonia in plant extracts, though specificity may be a problem 

as these promoters respond to amino acids and potentially other nitrogenous 

compounds (Atkinson et al., 2002). 

 Another potential strategy for a whole-cell bacterial biosensor of ammonium is 

the use of auxotrophic strains that have a requirement for exogenous nitrogen. 

Ammoniphilus oxalaticus and A. oxalivorans have been identified as being ammonium-

dependent, requiring ≥0.07 M ammonium (Zaitsev et al., 1998). Growth of these species 

was shown to be ammonium specific and not induced by sodium (Na+) or potassium 

(K+). These bacterial species were isolated from the rhizosphere of sorrel, signifying 

their potential as a bioindicator of ammonium in plant root zones. These bacteria could 

be turned into a visual assay by introducing a constitutive plasmid expressing GFP or 

LUX, though the strains have only a limited response to ammonium (Zaitsev et al., 

1998). 
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 The bacterium, Nitrosomonas europaea, has also been explored in terms of its 

capabilities as an ammonium biosensor (Nguyen et al., 2011). This lithotrophic 

ammonium-oxidizing bacterium was transformed with a plasmid containing constitutively 

expressed luxAB. Bioluminescence was correlated with ammonium oxidation activity. 

Using this methodology the authors were able to quantify bioavailable ammonium from 

rice paddy soil, and demonstrated that ammonium availability increased within days 

after the addition of urea to soil. This biosensor was shown to be specific for 

ammonium, and it did not respond to urea or any of the 20 amino acids at 100 µM 

(Nguyen et al., 2011). A biosensor that measures oxygen consumption by N. europaea 

has also been used to quantify ammonium in the range of 0-200 µM (Bollmann and 

Revsbech, 2005). 

 

6.3.1.3. Urea [CO(NH2)2] 

With respect to potential plant-based biosensors for urea, a gene encoding an 

H+/urea co-transporter (AtDur3) has been identified in Arabidopsis which is heavily 

induced after application of urea to the roots of nitrogen-starved plants (Kojima et al., 

2007). A transgenic line expressing an AtDUR3-promoter:GFP construct has been 

engineered which allows for visualization of the root-transporter protein with single cell 

resolution including root hairs. Though the fusion construct was not quantified, 

expression analysis of the native gene showed that transcript accumulation was 

reduced by nitrate or ammonium but increased following addition of urea (Kojima et al., 

2007).   
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6.3.1.4. Total inorganic nitrogen (ammonium + nitrate + nitrite) 

To determine the effects of dissolved nitrogen on phytoplankton, a promoter 

biosensor (glnA:luxAB) for total inorganic nitrogen (ammonium, nitrate, nitrite) was 

integrated into the cyanobacteria Synechococcus strain GSL, and used to quantify 

bioavailable nitrogen along a lake depth profile (Gillor et al., 2003). 

 

6.3.2. Phosphorus (P) 

 Bioavailable phosphate (PO4 
- ) is often the limiting nutrient for legumes, and in 

tropical soils in general (Mengel and Ernest, 2001). Plant-based phosphate responsive 

promoters have been shown to hold promise as phosphate biosensors. A GUS fusion to 

the Arabidopsis AtIPS1 promoter (construct AtIPS1:GUS), a member of the phosphate-

responsive TPSI 1/Mt4 gene family, was activated under phosphate starvation 

conditions in seedling leaves, roots and phloem (Martín et al., 2000). Expression of 

AtIPS1 was also shown to be reversible. The expression of AtIPS1 was claimed to be 

specific to phosphate starvation, as the gene was not induced by limiting potassium or 

nitrogen, though auxin and cytokinin were shown to modulate expression of AtIPS1 

under phosphate limiting conditions (Martín et al., 2000). The AtIPS1:GUS fusion was 

used to localize the specific cell types affected by phosphate starvation in pho1 mutants 

defective in xylem loading of phosphorus (Martín et al., 2000). The AtPS1:GUS 

biosensor facilitated a successful screen of 25,000 Arabidopsis plants to identify 

mutants which were affected in their capacity to adapt to phosphate-limiting conditions 

(Rubio et al., 2001). The authors were able to use this method to discover that a MYB 

domain is common to several phosphate-starvation response proteins (Rubio et al., 
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2001). The mutant screen also resulted in the identification of a phosphate transporter 

traffic facilitator, PHF1 (Gonzalez et al., 2005). An invaluable tool for plant breeders 

would be to use such nutrient biosensors as a screen for improved nutrient uptake or 

utilization (e.g. plants that switch on IPS1:GUS at lower concentrations of phosphorus). 

In addition to plant-based biosensors for phosphate, good examples exist of 

bacterial phosphate biosensors. Random insertions of a transposon (Tn) carrying a 

reporter gene were used to capture phosphate-responsive promoters in the 

rhizosphere-colonizing bacteria, Pseudomonas putida (Strain WC358, TnlacZ) (de 

Weger et al., 1994) and P. fluorescens (Strain DF57-P2, Tn5luxAB) (Kragelund et al., 

1997). In the former example, biosensor bacteria were inoculated and recovered from 

soil, and were used to report bioavailable levels of phosphate in bulk sand or soil from 

the rhizospheres of potato, tomato and radish (de Weger et al., 1994). In the latter 

example, a photon-capture camera was used to image activation of the phosphate-lux 

biosensors at zones of phosphate starvation on barley roots directly (Kragelund et al., 

1997). Reporter fusions of downstream promoter targets of the two-component 

PhoB/PhoR extracellular phosphate sensing system were used to measure phosphate 

reduction in E.coli and rhizosphere colonizer P. fluorescens DF57 (phoA:lux) (Dollard 

and Billard, 2003). The phoA biosensor was also used to measure extracellular 

freshwater phosphate bioavailability in the blue-green alga Synechococcus sp. strain 

PCC7942 (Gillor et al., 2002). 

In Bacillus subtilis, the PhoP/PhoR two-component system is responsible for 

sensing extracellular phosphate. The regulon is transcribed from the P1 and P2 

promoters which hold promise as phosphate biosensors, as these promoters switch on 
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when extracellular phosphate is below 0.1 mM (Prágai and Harwood, 2002). The 

PhoP/PhoR system results in the activation of downstream promoters. In a promoter 

trapping strategy for these downstream promoters, the pMUTIN system (spoVG:lacZ) 

was used to randomly integrate β-galactosidase next to promoters that were activated 

during phosphate starvation (Prágai and Harwood, 2002). Nine genes were identified 

that were activated by phosphate starvation (yhaX, yhbH, ykoL, yttP, yheK, ykzA, ysnF, 

yvgO and csbD); these could serve as phosphate biosensors. A similar enhancer 

trapping strategy could be used in plants to create biosensors for plant nutrients. 

Finally, a major assimilate, transport and catalytic form of phosphate is 

orthophosphate (Pi, PO4
3-) (Maathuis, 2009). Multiple affinity FRET biosensors for 

intracellular orthophosphate (H2PO4
-, HPO4

2-) have become available (FLIP-Pi) based 

on the Synechococcus phosphate-binding protein (PiBP) (Gu et al., 2006).  

 

6.3.2. Potassium (K+) 

The transcription of HKT1, a K+ transporter gene, has been found to increase in 

the roots of both wheat and barley under potassium limitation (Wang et al., 1998a). The 

promoter of this gene could be fused to a reporter such as GFP or GUS in order to 

make a plant-based potassium biosensor. This gene has the potential to become a 

valuable biosensor because of the high speed at which transcription is induced: up-

regulation occurred after just 4 hours of K+ limitation in roots (Wang et al., 1998a). 

 Microarray profiling of RNA isolated from potassium-limited Arabidopsis roots 

showed that AtHAK5, a gene involved in K+ uptake, was the only gene that was 

significantly over-expressed after 48 h of potassium starvation (Gierth et al., 2005). Up-
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regulation of AtHAK5 upon starvation was verified by fusing the promoter region of this 

gene to both GUS and GFP (AtHAK5:GUS-GFP), a strategy which could be adapted 

into a simple biosensor assay for low K+ in plant roots. Transcription of a high-affinity 

potassium transporter in Arabidopsis, AtKUP3, has also been shown to be up-regulated 

by K+ starvation (Kim et al., 2013). Fusing the promoter sequence of AtKUP3 to a 

reporter might form the basis of a potassium biosensor in plant roots.  

With respect to microbial biosensors, an E. coli gene, kup, was found to be 

homologous to AtKUP3 from Arabidopsis plants, based on sequence homology analysis 

and complementation, and could therefore serve as the basis of a whole-cell bacterial 

K+ biosensor. Like the plant AtKUP3, kup is also highly involved in the transport of K+ 

(Schleyer and Bakker, 1993). 

 Bacterial promoter biosensors (e.g. kdpD:lacZ) (Rothenbücher et al., 2006) that 

respond to the two-component KdpDE system, responsible for regulation of K+ transport 

(Walderhaug et al., 1992), have been used to detect changes in extracellular K+, but do 

not appear to have been applied to plant biology research. However, the Kdp 

transporter system has been studied in Rhizobium leguminosarum (Prell et al., 2012), 

indicating its potential as the basis of a test for the quantification of K+ status in the plant 

rhizosphere. 

 

6.4. Biosensors for secondary plant macronutrients 

6.4.1. Calcium (Ca2+) 

The use of FRET biosensors for Ca2+ has been reported in plant research. The 

FRET Ca2+ biosensor is a fusion of four peptides: calmodulin (CaM), M13 (domain of a 
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myosin light chain kinase), enhanced cyan fluorescent protein (ECFP) and modified 

yellow fluorescent protein (YFP, known as Venus) (Miyawaki et al., 1997) (Figure 6.1D). 

Binding of Ca2+ to CaM induces its interaction with the target peptide M13. The tips of 

CaM and M13 are fused to ECFP and YFP (Venus), respectively; Ca2+ binding causes 

these two fluorescent domains to interact resulting in an altered ratio of CFP to YFP 

fluorescence (FRET response). Since the construct changes in colour upon Ca2+ 

binding, the biosensor has been called Cameleon (Miyawaki et al., 1997). Readers are 

encouraged to refer to a detailed methodology paper that describes the use of 

Cameleon in plant research, including detection of Ca2+ in roots (Swanson and Gilroy, 

2012). 

In one application, the Cameleon biosensor was expressed constitutively or 

using the guard cell specific pGC1 promoter in Arabidopsis, in order to measure calcium 

dynamics in guard cells (Allen et al., 1999; Yang et al., 2008). Though Ca2+ spikes in 

guard cells are typically associated with stomata closing following induction by abscisic 

acid (ABA), the authors discovered ABA-independent spontaneous spikes in Ca2+; the 

spikes in paired guard cells of the same stomate were typically not synchronized (Yang 

et al., 2008). 

More recently, the Cameleon system (construct YC3.6) has been used to 

understand the role of Ca2+ signaling during pollen tube-ovule interactions in 

Arabidopsis (Iwano et al., 2012). The authors fused YC3.6 to a constitutive actin 

promoter (resulting in construct pAct:YC3.60) to monitor Ca2+ in pollen tubes, though a 

chromosome insertion also caused expression in synergid cells of ovules allowing a 

second tissue to be monitored. The researchers also fused YC3.6 to a synergid-
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expressed promoter (DD2) resulting in construct pDD2:YC3:60. Using this dual tissue 

biosensor system, the researchers were able to detect reproducible Ca2+ oscillation 

patterns in synergid cells as the pollen tube approached the ovule; the oscillation 

peaked as the pollen tube ruptured to release sperm cells. Precisely timed Ca2+ spikes 

were also observed at the tips of pollen tubes as they approached the ovules (Iwano et 

al., 2012).  

There is potential to engineer FRET reporters for Ca2+ based on calmodulin in 

other plant species. Calmodulin includes four EF-hand motifs which give the protein its 

Ca2+-binding capabilities (Chin and Means, 2000). Other proteins containing this domain 

have been identified in various species of plants, and in some cases, Ca2+ may induce a 

physical conformational change, which is a requirement for FRET. An example of such 

a protein is MtCaMP1 from Medicago truncatula which contains two EF-hand motifs; 

this protein was expressed in Arabidopsis (Wang et al., 2013). Other proteins which 

contain the EF-hand motif and therefore show potential as FRET-based biosensors 

include calcium-dependent protein kinases (CDPK) and calcineurin B-like proteins 

(CBL) (Grabarek, 2006). Protein kinase Cα (PKCα), a member of the CDPK family, was 

successfully tagged with a high-fluorescence variant of GFP and expressed in baby 

hamster kidney cells (Almholt et al., 1999). It was discovered that this protein would 

migrate to the cytoplasmic membrane in quantities which roughly corresponded to 

levels of intercellular Ca2+. A different but sensitive FRET Ca2+ biosensor (TN-XXL) 

based on the troponin C-binding protein has also been reported (Mank et al., 2008).   

Recently, it has been demonstrated that multiple FRET-based biosensors could 

quantify levels of different stimuli at the same subcellular location without spectral 
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overlap (Su et al., 2013). Previously, it was necessary to perform extensive image 

calibration in order to ensure that FRET signals did not interfere with one another. The 

researchers used this new technology to observe the activity of Src kinase and Ca2+ 

simultaneously in HeLa cells, a human carcinoma cell line. It should be possible to 

apply the same principle to plant cell research in which simultaneous visualization of 

multiple nutrients would prove invaluable. 

 With respect to candidate promoter-based biosensors for Ca2+, recently 

bioinformatics was used to identify four Ca2+-regulated promoter motifs in Arabidopsis 

(Whalley et al., 2011). The authors fused each identified motif sequence to a minimal 

constitutive CaMV promoter along with luciferase, then expressed these constructs in 

Arabidopsis. As already noted, luciferase is an ideal reporter because of its low 

background and wide linear range compared to fluorescent-based assays such as 

FRET (Table 6.1). 

A few possibilities might exist to create whole-cell microbial biosensors to detect 

Ca2+ in plant extracts. For example, the presence of extracellular Ca2+ has been shown 

to promote biofilm growth in the microbe Pseudomonas putida (Martínez-Gil et al., 

2012). The authors found that increasing extracellular Ca2+ caused adhesion protein 

LapF to multimerize leading to increased biofilm formation. This result suggests the 

possibility of a visual assay for Ca2+ present in plant extracts, though no data in terms of 

sensitivity was shown. Microbial biofilm formation can be quantified using an OD600 

assay involving crystal violet staining (Mulcahy and Lewenza, 2011). The Ca2+ 

repressible ciaH:luc reporter belonging to the human dental pathogen, Streptococcus 

mutans (He et al., 2008), may be another good candidate for a bacterial Ca2+ biosensor 
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for use with plant extracts. Another potential microbial whole-cell biosensor for Ca2+ 

exists in various Yersinia strains. Detection of Ca2+ by extracellular YopN proteins 

inhibits transcription of the yop genes including yopE (Forsberg et al., 1991). A yopE:gfp 

fusion reporter (pYopE138:GFP) was shown to be repressed by Ca2+ (Freund et al., 

2008). 

 

6.4.2. Magnesium (Mg2+) 

 No plant-based biosensors for Mg2+ were found in the literature, thus this section 

will focus on bacterial biosensors for possible use with plant or soil extracts. Bacteria 

such as E. coli might serve as effective whole-cell biosensors for Mg2+, because of their 

ability to equilibrate the intracellular concentration of this ion with extracellular 

concentrations (i.e. in E.coli, from 4×10-6 M to 2×10-2 M) (Hurwitz and Rosano, 1967). 

Bacterial promoter biosensors that respond to the two-component PhoP/PhoQ system 

(e.g. pcgF:lacZ; pmrC:lacZ, mgrB:yfp, mgtB:DsRed, retS:lux in E.coli, Salmonella 

enterica or Pseudomonas aeruginosa) were shown to inversely respond to 

extracytoplasmic levels of Mg2+ (Chamnongpol et al., 2003; Miyashiro and Goulian, 

2008; Mulcahy and Lewenza, 2011; Vescovi et al., 1996; Zhang et al., 2009). This 

sensory system has the potential to be used to measure Mg2+ in the rhizosphere, as it 

has been discovered in soil-inhabiting Klebsiella pneumonia (Perez et al., 2009). An 

innovative potential reporter for Mg2+, using the PhoP/PhoQ system, was recently 

engineered in E. coli (Zhang et al., 2009): by fusing a PhoP/PhoQ responsive promoter 

(Pmgt) to a lysis gene from bacteriophage lambda, cells were programmed to lyse when 

extracellular Mg2+ was limiting. Lysis was quantified by measuring an engineered GFP 
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that was released upon lysis (Zhang et al., 2009). Additional research must first be 

undertaken to quantify the sensitivity and specificity of this system before it may be 

adapted as a biosensor for plant extracts.  

A modified version of the lac promoter (lar) from E. coli may also have potential 

use as a biosensor, as this promoter is activated by Mg2+ at low concentrations but 

repressed at higher concentrations; limited data suggests that the promoter is less 

reactive to other divalent ions namely Fe2+ and Ca2+ (Kandhavelu et al., 2012).  

Another potential bacterial biosensor for Mg2+ is based on the Mg2+ riboswitch 

(Figure 6.1F) (mgtA:lacZ) from Salmonella enterica (Cromie et al., 2006). In this system, 

cytoplasmic Mg2+ acts as a repressor of the 5’UTR M-box riboswitch (Cromie et al., 

2006; Dann et al., 2007). 

 

6.4.3. Sulfur (S) 

Sulfate (SO4
-) is often limiting in tropical soils (Mengel and Ernest, 2001). With 

respect to candidate plant-based biosensors for sulfur, the promoter of the Arabidopsis 

sulfate transporter (SULTR1;1) has been used to detect sulfur deficiency in Arabidopsis 

roots, but it is repressed by the products of sulfate assimilation, cysteine and glutathione 

(Maruyama-Nakashita et al., 2005). Luciferase fusions demonstrated that a 16 bp sulfur 

response element (SURE) within this promoter is necessary and sufficient for activation 

under sulfur deficiency, though the element contains a putative auxin response factor 

(ARF) binding site (Maruyama-Nakashita et al., 2005). SURE-like sequences were also 

observed in the promoter of the Arabidopsis Nitrilase 3 (NIT3) gene involved in auxin 

biosynthesis; a GUS fusion to this promoter (3kb-NIT3:GUS) was shown to be strongly 
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inducible under sulfur starvation in both roots and leaves (Kutz et al., 2002). Similarly, a 

transgenic Arabidopsis line named Naoko Ohkama Beta (NOB) has been developed 

which expresses GFP under the control of a promoter (βSR) that is activated in response 

to sulfur deficiency (Hirai et al., 1994; Kasajima et al., 2006). Finally, a luciferase fusion 

to the promoter of the Arabidopsis PRH43 (APR2) gene, a marker for sulfur 

assimilation, is also up-regulated by sulfur starvation (Hugouvieux et al., 2009). All of 

these reporter fusions have potential as plant-based biosensors for sulfate. 

There are several bacterial promoters which could be useful in the design of a 

whole-cell biosensor for the detection of sulfate from plant extracts. In particular, 

promoters of the ssu pathway (sulfonate sulfur utilization), responsible for sulfur 

scavenging, have been shown to be up-regulated under sulfur starvation in E.coli 

(ssuE’-lacZ) (van der Ploeg et al., 1999). However, the ssu promoter was shown to be 

responsive to both inorganic and organic sulfur containing compounds (van der Ploeg et 

al., 1999). Promising sulfur-responsive promoters in this pathway include atsA (Murooka 

et al., 1990) and tau (van der Ploeg et al., 1999). In a parallel pathway responsible for 

scavenging of sulfur from organosulfonates, a ytmI:lacZ fusion in Bacillus subtilis, was 

strongly activated by SO4
2- but also sensitive to the sulfur-containing amino acids 

cysteine and methionine (Choi et al., 2006; Erwin et al., 2005). In the root-colonizing 

bacteria, Pseudomonas putida, an sfnE:lacZ reporter was shown to be activated by low 

sulfate (Kouzuma et al., 2008) and thus this system has potential to report rhizosphere 

sulfate. The sfn genes are involved in scavenging sulfur from volatile organosulfur 

compounds (Kouzuma et al., 2008). Finally, in B. subtilis, the cysH:lacZ fusion (cysteine 
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biosynthetic pathway) was activated by sulfur limitation but repressed by cysteine and 

methionine (Mansilla et al., 2000). 

 

6.4. Biosensors for plant micronutrients 

6.4.1. Boron (B) 

Boron plays a structural role in plant cell walls; boron soil deficiencies have been 

reported in 80 countries (Shorrocks, 1997). The promoter of a boron channel 

NIP6;1:GUS is up-regulated in Arabidopsis shoot vascular tissues following root boron 

uptake (Tanaka et al., 2008), and hence has potential as a plant-based biosensor. A 

root-acting gene similar to NIP6;1, NIP5;1, has also been examined in its response to 

boron (Tanaka et al., 2011). A NIP5;1 promoter-5’UTR:GUS construct was down-

regulated in roots as concentrations of boron were increased. The authors were able to 

determine that a specific region of the NIP5;1 5’ UTR was responsible for this boron-

dependent regulation, and that this sequence was conserved in rice, maize and grape, 

indicating the potential to engineer this biosensor in diverse plants. The specificity of the 

fusion construct was not tested, however.  

In rice, a promoter fusion of the boron transporter OsBOR1 (OsBOR1:GUS) was 

up-regulated in roots under low boron (Nakagawa et al., 2007). Interestingly, in 

Arabidopsis, an AtBOR1:GFP translational fusion was localized to the root plasma 

membrane under low boron, but re-localized to the vacuole under high boron where it 

was degraded (Takano et al., 2005), demonstrating a novel type of biosensor based on 

post-translational protein stability.  
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 In barley (Hordeum vulgare L.), several miRNAs were identified as being up- or 

down-regulated in leaf and root tissue in response to boron (Ozhuner et al., 2013). The 

mRNA targets of several of these miRNAs were also identified, including the transcripts 

of proteins such as Squamosa promoter-binding-like protein (SLP) and serine/threonine 

protein kinase. Fusion of these miRNA target sites to reporters such as GFP or 

luciferase represents an additional biosensor strategy for plants, if the constructs are 

shown to respond specifically to boron. 

 On a cautionary note, the specificity of any plant-based biosensor for boron 

should be analyzed for responsiveness to aluminum which is chemically similar to boron 

and has been shown to interfere with boron-dependent processes in plants (Jiang et al., 

2009). 

In terms of microbe-based boron biosensors, in the yeast Saccaromyces 

cerevisiae, a boron efflux pump promoter (ATR1:GFP) was up-regulated in response to 

boron (Kaya et al., 2009) and hence is a candidate biosensor. A bacterium which has 

been identified as auxotrophic for boron may also serve as a whole-cell biosensor: 

Bacillus boroniphilus requires exogenous boron for growth (Ahmed et al., 2007). To 

construct a whole-cell biosensor, this strain of Bacillus could therefore be transformed 

with a reporter gene such as lux under the control of a constitutive promoter.  

 

6.4.2. Chloride (Cl-) 

FRET-based Cl- biosensors have been developed and tested in mammalian 

cells. Fluorescence from a YFP mutant, YFP-H148Q, which permits solvent access to 

the chromophore, was shown to be inhibited by Cl- ions; the biosensor has been used 
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as a Cl- bioindicator in mammalian cells though it is pH sensitive (Jayaraman et al., 

2000). Improved FRET-based Cl- biosensors have also been engineered that 

incorporate various YFP mutations, resulting in the CFP-YFP Clomeleon (Kuner and 

Augustine, 2000) and the Improved Cl- Sensor (Markova et al., 2008). Clomeleon has 

also been applied to plant research to examine changes in chloride influx in Arabidopsis 

roots in the presence of different cations and under salt stress (NaCl) conditions 

(Lorenzen et al., 2004). In mammalian cells, a YFP variant has also been anchored to 

the cytoplasmic-facing plasma membrane (Watts et al., 2012). If this design could be 

replicated in plant tissues, it could provide a method to measure localized chloride 

concentrations on plant membranes such as root-hair cells. 

With respect to candidate bacterial Cl- biosensors, a regulatory gene (gadR) 

responsible for chloride-induced gene expression, has been isolated from the genome 

of Lactococcus lactis, a species that is widely used in dairy production (Sanders et al., 

1997). Upon exposure to Cl-, the GadR regulatory protein activates the gadCB operon 

from the Pgad promoter. In a cassette containing gadR, Pgad and the start codon region 

of gadC were fused to lacZ; the expression level of lacZ was correlated with NaCl 

concentrations ranging from 50 to 750 mM. In a related, innovative biosensor, Pgad was 

also fused to two lysis genes, lytPR and acmA; upon Cl- exposure, cells lysed and 

released PepX (X-prolyl dipeptidyl aminopeptidase), a cytoplasmic enzyme which was 

then quantified (Sanders et al., 1997). Another candidate bacterial Cl- biosensor was 

derived from the halophyte, Halobacillus halophilus, isolated from a German coastal salt 

marsh, which is dependent on Cl- for growth; in H. halophilus, the genes LuxS and FliC 
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are both transcriptionally induced by Cl- (Roebler and Müller, 2002; Sewald et al., 2007), 

and thus represent good candidates for bacterial Cl- biosensors.  

 

6.4.3. Cobalt (Co2+) 

The physiological relevance of Co2+ is poorly understood (Pilon-Smits et al., 

2009), and no good candidates for a plant-based biosensor for this element were found. 

However, the rhizobial bacterium Sinorhizobium meliloti, which colonizes alfalfa 

nodules, shows potential as a whole-cell biosensor of cobalt for use in the plant 

rhizosphere (Cheng et al., 2011). Specifically, auxotrophic mutants of the cbtJKL operon 

(strains RmP833, RmFL3108, RmP889), responsible for cobalt transport in S. meliloti, 

require cobalt for microbial growth (Cheng et al., 2011), and could be transformed with a 

constitutive reporter plasmid in order to engineer a biosensor. The auxotrophs do not 

respond to Zn2+, Ni2+ or Fe3+. LacZ and GFP transcriptional fusions to cbt promoters, as 

well as the promoter of the cobalt transporter cobT, were shown to be repressed by 

CoCl2 and to a lesser extent by vitamin B12, which has a cobalt centre. Additionally, in 

this study, a riboswitch was described that was highly sensitive to cobalt, which caused 

attenuation of the cbtJ transcript. It may be possible to incorporate this riboswitch 

sequence into reporter genes to create sensitive biosensors. 

With respect to other microbial biosensors for Co2+, the promoter of the metal 

binding protein NmtR from Mycobacterium tuberculosis (nmtR:lacZ) was shown to be 

induced by Co2+ and Zn2+ in Mycobacterium but only by Co2+ in a strain of the 

cyanobacterium, Synechococcus PCC 7942 (Cavet et al., 2002), demonstrating the 

utility of introducing biosensors into different hosts to alter either the ligand specificity or 
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signal:noise ratio. The coa:lux promoter of Synechocystis sp. PCC 6803 was shown to 

be highly inducible and specific to Co2+ (compared to Cd, Ni, As, Cu and Cr) except for 

activation by Zn (Peca et al., 2008). In Ralstonia eutropha bacteria, the 

cnrYXH:luxCDABE biosensor was strongly induced by Co2+ but also by Ni2+ (Tibazarwa 

et al., 2001) and has potential as a biosensor. A study in E. coli revealed several genes 

which were both up and down-regulated by cobalt limitation (Fantino et al., 2010). 

Among up-regulated genes are those that are responsible for the efflux of cobalt such 

as rcnA, thus reporter fusions to rcnA might serve as cobalt biosensors. Similarly, in 

Rhodococcus rhodochrous, a known plant colonizing microbe (Finnerty, 1992), the level 

of the nitrile hydratase gene transcript is cobalt-dependent but may be affected by 

nitrogenous compounds (Pogorelova et al., 1996). This strain is worth investigating as 

the basis of a cobalt biosensor. 

 There are several candidate genes in yeast which are regulated by cobalt 

availability. One such gene is Cot1 which confers cobalt tolerance to yeast and has 

been shown to be up-regulated after addition of cobalt ions but only up to two-fold 

(Conklin et al., 1992). The gene is also sensitive to rhodium ions, but not to any other 

divalent ions. Transcriptional or translational reporter fusions to Cot1 could form the 

basis of whole-cell cobalt biosensors. 

 

6.4.4. Copper (Cu2+) 

 Cu2+ is an essential cofactor for ethylene hormone perception in plants 

(Bleecker, 2000). A plant-based biosensor for Cu2+ has been developed by transforming 

Arabidopsis with a yeast Cu2+-inducible system (Granger and Cyr, 2001). This system is 
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composed of two components: AceI, which encodes a metalloresponsive transcription 

factor, and a metalloregulatory element (MRE) enhancer fused to a minimal 35S 

promoter (35S-90) that is activated by ACE1 in the presence of Cu2+. The authors fused 

the MRE-35S-90 promoter to gfp, which allowed them to visualize a range of CuSO4 

concentrations from 0-50 µM in root tissue. The fluorescent effects could also be 

observed in above-ground tissues to a lesser degree. The specificity of this biosensor 

was not reported. In terms of future plant Cu2+ biosensors, 77 plant promoters have 

been identified that are up-regulated by Cu2+ in Arabidopsis, but not by other metals 

(Zhao et al., 2009a). In rice, 882 genes were identified as responsive to Cu2+ treatment 

(Lin et al., 2013) which might serve as the basis of future cereal biosensors.  

The algae Chlamydomonas reinhardtii increases production of cytochrome c6 

(Cyc6) in response to Cu2+ deficiency (Bohner and Böger, 1978). Two Cu2+-responsive 

elements (CuREs) were identified in the promoter of the Cyc6 gene (Quinn and 

Merchant, 1995), which could be used as the basis for whole-cell biosensors. The 

CuREs were shown to be selective for Cu2+ compared to silver or mercury. Upon Cu2+ 

deprivation, the CuREs were sufficient to confer Cu2+-dependent expression to an 

arylsulfatase-encoding reporter gene (Ars2). 

Cu2+ has been found to quench far-red light emission from the fluorescent 

protein, HcRed, isolated from the reef coral Heteractis crispa, making it a possible 

candidate for transformation and in planta detection of Cu2+ (Rahimi et al., 2007).  

In terms of microbe-based Cu2+ biosensors, candidate designs may be based on 

one of the two-component Cu2+ regulators present in different bacterial species (e.g. 

CusS/CusR, PcoS/PcoR, CopS/CopR). For example, a whole-cell bacterial biosensor 
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for Cu2+ has been constructed in E. coli by fusing the promoter of CusC to red 

fluorescent protein (pCusC:rfp) (Ravikumar et al., 2012). In response to Cu2+, the two 

component CopR/CopS system (Mills et al., 1993) was shown to induce a promoter 

from a Cu2+ resistance operon (pCOP38:lacZ) by 100-fold in Pseudomonas syringae pv. 

Tomato; the induction was highly specific to Cu2+ (Mellano and Cooksey, 1988). In 

Achromobacter sp. AO22, a heavy metal tolerant soil bacteria, a plasmid encoding 

CopR, which activates a cop box promoter fused to lacZ, was shown to be induced by 

Cu2+ but not Zn, Pb, Cd, Ag or Hg (Ng et al., 2012). The construct was also successfully 

expressed in E. coli. Another research group demonstrated that promoters that mediate 

Cu2+ transport, copRZA:lux and copB from Lactococcus lactis, were highly induced and 

specific to Cu2+ (Magnani et al., 2008). In parallel studies (Ivask et al., 2009; Riether et 

al., 2001), strains of both E. coli and Pseudomonas fluorescens were transformed with 

both copA:lux and its Cu2+ activated regulator cueR. The copA:lux fusion was shown to 

be specific to Cu2+ and not Hg, Cd, Zn or Pb, with only moderate induction by Ag. A 

dual luciferase version of the copA biosensor has also been engineered in both yeast 

and E. coli with a high degree of robustness and a wide dynamic range (Roda et al., 

2011). Specifically, green luciferase (PpyWT) was placed under the control of the Cu2+ 

inducible copA promoter, while red luciferase (PpyRE8) was placed under the control of 

a promoter induced by anhydrotetracyclin (ATc). The latter reporter was used as an 

internal control to buffer against other chemicals in the media that might affect cell 

viability. Additionally, these biosensor cells were embedded in a solid polymeric media 

matrix which allowed storage for up to one month. The biosensor was shown to be 

sensitive to a wide concentration range of Cu2+ from 10-8 to 10-3 M (Roda et al., 2011). 
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The ComR/ComC system in E. coli is another two-component regulatory pathway 

that has been adapted to form a copper biosensor; in this system, lux was fused to the 

ComC promoter (pComC:lux), shown to be repressed by ComR in the presence of Cu2+ 

(Mermod et al., 2012). ComR was shown to be specific to Cu2+ but not to Co2+, Cd2+ and 

Ni2+ (Mermod et al., 2012).  

There are additional candidate Cu2+ biosensors of interest. By random Tn5luxAB 

insertions in Pseudomonas fluorescens, another Cu2+-reporter strain (DF57-Cu15 

luxAB) was discovered and successfully tested on soils as well as on barley straw 

(Tom-Petersen et al., 2001). Finally, in yeast, another candidate copper-inducible 

biosensor is the cup1:lacZ system (Lehmann et al., 2000).  

 

6.4.5. Iron (Fe) 

In terms of a plant-based iron biosensor, a good candidate may be a 

transcriptional reporter fusion of the iron-regulated transporter IRT1 in Arabidopsis since 

the transcript is up-regulated in iron-deficient roots (Connolly et al., 2002; Kerkeb et al., 

2008). However, IRT1 promoter fragments have not apparently been characterized, and 

may be regulated by zinc and possibly cadmium (Connolly et al., 2002; Kerkeb et al., 

2008). The Arabidopsis paralog IRT2 is also up-regulated in root tissue by iron 

starvation (Vert et al., 2001). The promoter-GUS fusion of this gene was induced under 

iron deficiency in roots, especially in the root epidermis and root hairs, though the 

specificity of this promoter to iron was not reported (Vert et al., 2001). The transcript of 

LeIRT1, the tomato ortholog of IRT1, was also up-regulated in roots upon iron 
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deficiency (Eckhardt et al., 2001), suggesting IRT1-based biosensors could be built in 

different plant species. 

AtNRAMP3 is an additional Arabidopsis gene responsible for metal transport 

which could form the basis of an iron biosensor (Thomine et al., 2003). An AtNRAMP3 

promoter:GUS fusion was up-regulated in the vascular bundles of roots, stems and 

leaves upon iron deficiency, though the sensitivity or specificity of this response was not 

analyzed (Thomine et al., 2003). 

In terms of microbial biosensors for iron, genes from three species of 

Pseudomonas (P. aeruginosa, P. fluorescens and P. syringae) may be of interest. 

Siderophores are molecules that chelate iron. In P. aeruginosa (strain 7NSK2) and P. 

fluorescens, the siderophore, pyoverdin, was shown to be quantifiable by absorbance at 

400 nm (Gupta et al., 2008; Leclère et al., 2009). Addition of Fe3+ was shown to alter 

the absorbance of pyoverdin from 400 nm to 450 nm, and this response was highly 

specific to Fe3+ even compared to Fe2+. The studies showed that Fe3+ decreased 

pyoverdin production, which could be measured using this simple assay, making the 

test accessible to labs equipped with a simple spectrophotometer. However, certain 

salts, especially CaCl2, were shown to interfere with the linearity of the assay based on 

their tendency to limit iron bioavailability (Leclère et al., 2009). In P. syringae, a 

promoter fusion was constructed to the gene encoding the pyoverdin siderophore 

(Ppvd:GFP) (Joyner and Lindow, 2000; Loper and Lindow, 1994). The biosensor was 

used to test iron bioavailability in both the rhizosphere and leaf surface of bean plants 

without freeze-thawing; the results showed that there was significant variation in iron 

availability to P. aeruginosa on plant tissue surfaces (Joyner and Lindow, 2000). The P. 
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syringae transcriptome has since been studied in detail in terms of differential gene 

regulation in response to iron availability (Bronstein et al., 2008). In total, 386 such 

genes were identified in P. syringae with microarray analysis, and many were found to 

associate with the regulators Fur, PvdS, HrpL or RpoD, indicating the potential for 

additional biosensors to be designed in this bacterium. Subsequently, because the 

bacterial epiphyte P. fluorescens (strain A506) produces an antibiotic against a blight 

pathogen in response to iron, a derivative biosensor (Ppvd:inaZ) was introduced onto 

the surface of pear and apple flowers to monitor iron bioavailability and hence the 

potential distribution of antibiotic accumulation (Temple et al., 2004). The results 

showed that the flowers of these plants were iron limited for this microbe.  

Another major class of bacterial iron biosensors are promoter constructs bound 

by iron-activated repressors (Fur/DtxR/IRR/RirA/IdeR), including irp1:lacZ and irp6:lacZ 

(Corynebacterium diptheriae) (Qian et al., 2002), cir:lacZ (E.coli) (Griggs and Konisky, 

1989) and mrgC:lacZ (B.subtilis) (Chen et al., 1993). As iron causes degradation of iron 

response regulator (IRR) proteins rapidly such as in Rhizobia (Qi et al., 1999), a GFP-

translation fusion to these repressors might be ideal candidates for a real-time 

biosensor, including in legumes.  

Finally, a positive feedback microbial biosensor for iron has been engineered 

using an innovative synthetic biology approach (Cuero et al., 2012). In E. coli, the 

authors fused an iron-responsive, aptamer-containing riboswitch (ribosomal rpoS) to a 

gene (tonB) which encodes a voltage-gated ion channel that transports iron and other 

metals. The TonB protein was translationally fused to a YFP reporter. The purpose of 
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this design was to improve the strain sensitivity and signal to iron by coordinating iron 

uptake with increased gene expression.  

 

6.4.6. Manganese (Mn) 

Mn is an important catalytic centre of the photosynthetic machinery and an 

important enzymatic co-factor in plants (Yamaguchi et al., 2002). Good candidates were 

not found for a plant-based biosensor for Mn. GFP fusions to Mn transporters have 

been described in Stylosanthes hamate (ShMTP1), a tropical legume, and in 

Arabidopsis (AtMTP11) (Delhaize et al., 2003, 2007), though these constructs did not 

appear to be Mn-responsive.  

Several Mn biosensors exist in bacteria. In B.subtilis, the mntH:lacZ (NRAMP 

metal ion transporter promoter) and mntA:lacZ (Mn ABC transporter) fusions were 

shown to respond to Mn but not to other metals; these promoters are controlled by the 

Mn homeostasis regulator MntR (Que and Helmann, 2000). Similarly, in the legume 

nodulator, Sinorhizobium meililoti (Strain 1021, mutant pMan), mntA:gfp was shown to 

be repressed by Mn (Platero et al., 2004) while sitA:gusA (Mn ABC transporter) was 

strongly inhibited by Mn in the presence or absence of iron and was used to visualize 

GUS expression in nodules (Chao et al., 2004). In Rhizobium leguminosarum, the 

sitABCD operon (Mn ABC transporter) was shown to be Mn-responsive, repressed by 

Mur, a regulator of Mn uptake (Díaz-Mireles et al., 2005). In cyanobacteria, 

Synechocystis sp PCC6803, a mntCAB:luxAB biosensor (ABC transporter) was used in 

a mutagenesis experiment to discover the two-component regulators ManS/ManR 
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(Ogawa et al., 2002); the mntC promoter is specific to Mn but not to other metals 

(Yamaguchi et al., 2002). 

 A fungal biosensor for Mn was constructed by fusing the Mnp (manganese 

peroxidase) promoter from Phanerochaete chrysosporium (a white-rot fungus capable 

of degrading lignin) to the reporter ura1 (orotidylate decarboxylase [ODase]) (Godfrey et 

al., 1994). The reporter was induced by extracellular Mn, though extracellular nitrogen 

has also been known to affect the Mnp promoter (Godfrey et al., 1994). A more practical 

reporter might be helpful. 

 

6.4.7. Nickel (Ni2+) 

In an approach that could be used for other nutrients, Arabidopsis microarrays 

were used to bioprospect for promoters that were activated by Ni2+, but not other metals 

(Cu, Cd, Zn), resulting in transgenic Arabidopsis plants containing a Ni2+-responsive 

promoter-based biosensor (AHB1:GUS) (Krizek et al., 2003). As a periplasmic Ni2+ 

binding protein has been identified (NikA) (De Pina et al., 1995), it should also be 

possible to engineer a FRET-based Ni2+ biosensor in plants.  

Numerous bacterial biosensors also exist for Ni2+. For example, a cnrYXH: 

luxCDABE reporter in Ralstonia eutropha strain AE2515 has been used as a highly 

sensitive biosensor of Ni2+ in soils, though it is also activated by cobalt, but not other 

metals (Tibazarwa et al., 2001). Measurements of soil Ni2+ using the Ralstonia 

biosensor correctly predicted Ni2+ accumulation in maize grain, leaves and potato tubers 

(Tibazarwa et al., 2001). The Ralstonia biosensor also demonstrated that Ni2+ 

bioavailability to Alyssium plants is maximal at pH 5.1 to 6.0 under different soil texture 
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types (Everhart et al., 2006). In Mycobacterium smegmatis, nmtA:lacZ has been shown 

to be activated by Ni2+ as well as cobalt, but not by other metals; promoter activation 

was shown to be dependent on the regulator NmtA (Cavet et al., 2002). In E.coli, NikR 

was shown to negatively regulate the nikABCDE:lacZ operon (Ni2+ ABC transporter) 

under high intracellular Ni2+ (Chivers and Sauer, 2000; De Pina et al., 1995). Finally, a 

very promising Ni2+ biosensor was constructed in the blue-green alga, Synechocystis 

sp. PCC6803, in which a nrsBACD:luxAB fusion was shown to be both specific and 

sensitive for Ni2+ (Peca et al., 2008).  

As an additional note, Ni2+ availability increases beneficial recycling of hydrogen 

released by Rhizobium nitrogenase in nodules (Ureta et al., 2005). As bacterial 

biosensors can only detect Ni2+ bioavailability in free-living bacteria, it has been 

suggested that a biosensor that measures Ni2+ bioavailability within nodules is still 

needed; accordingly, an assay based on bacteroid hydrogenase protein processing, as 

detected by an immunoblot, has been suggested as an alternative Ni2+ bioassay (Ureta 

et al., 2005). 

In E. coli, it has been noted that Ni2+ addition will promote biofilm formation, 

encoded by the csg operons (Perrin et al., 2009). Different csg promoter fusions 

(csgB:gfp, csgA:gus, csgD:gus) were induced by Ni2+, though the specificity of these 

constructs was not examined.  

 

6.4.8. Molybdenum (Mo) 

Mo is an important co-factor (MoCo) in plant nitrate assimilation (nitrate 

reductase), ABA biosynthesis (aldehyde oxidase), detoxification of excessive sulfite 
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(peroxisomal sulfite oxidase), purine metabolism (xanthine dehydrogenase), and 

essential for most nitrogenases required for bacterial nitrogen fixation in nodules (Kisker 

et al., 1997; Schwarz and Mendel, 2006). Mo is limiting in acidic soils and is taken up by 

plants as molybdate (MoO4
2-) (Baxter et al., 2008). In Arabidopsis, if improved, the 

promoter of the Mo transporter MOT1 could potentially be used as a plant-based 

biosensor, because MOT1 mRNA levels were shown to increase in shoot tissues when 

Mo was added to roots (Tomatsu et al., 2007). Fusions of the Mot1 promoter to gus and 

gfp have both been reported (Baxter et al., 2008; Tomatsu et al., 2007). Similarly, by 

using random mutagenesis, a Chlamydomonas reinhardtii strain (strain DB6) was 

generated which was deficient in MOT1 activity and unable to grow on nitrate media 

without supplementation of molybdate (Li et al., 2009). This auxotroph could be 

transformed with a constitutive reporter gene and used as a sensor for bioavailable Mo. 

Externally applied Mo is known to increase the level of frost tolerance in various 

plants as it is a cofactor required by some abscisic acid (ABA) biosynthetic enzymes 

(Sun et al., 2009). CBF14 is a transcription factor in wheat which has been shown to be 

significantly up-regulated by Mo in spring wheat even in the absence of low-temperature 

stress, although the induction was much more pronounced in cold temperatures (Al-

Issawi et al., 2013). The promoter of the Cbf14 gene, if fused to a reporter, could form 

the basis of a biosensor to assay Mo status in spring wheat, an extremely valuable crop 

plant. In general, promoters of genes encoding MoCo biosynthesis enzymes or 

enzymes requiring MoCo, have potential as Mo biosensors in various plants, but more 

research is required in this area. 
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A key class of candidate bacterial biosensors for Mo are promoters regulated by 

ModE, a central sensor of intracellular Mo (Grunden et al., 1996); this includes 

modA:lacZ in E.coli which is activated by Mo limitation (Rech et al., 1995). The Mod 

sensor has also been identified in other organisms including known plant colonizers 

such as Xanthomonas axonopodis pv. citri (Balan et al., 2006), as well as the nodule-

former Bradyrhizobium japonicum in which a PmodA-lacZ transcriptional fusion was used 

to observe reporter activation upon Mo limitation (Delgado et al., 2006). 

Regulatory proteins within Rhodobacter capsulatus, a phototrophic purple 

bacterium, have been reported to be down-regulated in the presence of Mo. One such 

protein is MopA, a homologue of ModE and a regulator of high affinity molybdate 

transport and nitrogenase activity (Solomon et al., 2000; Wang et al., 1993). MopA 

binds to the Mo-box element such as in the promoter of the anfA gene; when fused to 

lacZ, variants of Mo-box elements within mop promoters have been shown to be 

activated or repressed by Mo (Müller et al., 2010). Mo-box promoters could serve as 

effective biosensors, though promoter expression may be affected by nitrogenous 

compounds.  

 Finally, a periplasmic Mo-sensing regulatory protein (MorP), has been observed 

in Desulfovibrio alaskensis; the transcript was reported to be up-regulated 168-fold in 

response to Mo, but the data was not shown (Rivas et al., 2009). The promoter of this 

gene has potential as a Mo biosensor. The MorP protein was not up-regulated by Fe, W 

(tungsten) or Zn; however a small induction of expression was observed upon addition 

of Cu2+ to the growth medium. 
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6.4.9. Selenium (Se) 

Se has now been implicated as a plant micronutrient and has also been shown to 

be required for optimal human health (Zhu et al., 2009). In terms of a plant-based Se 

biosensor, the promoter of the gene encoding Selenium Binding Protein 1 was fused to 

luciferase (SBP1:Luc) and shown to be up-regulated in both Arabidopsis roots and 

shoots in response to Se (+VI) (selenate, SeO4
2-), but not Se (+IV) (selenite, SeO3

2-), 

which are two soluble forms of Se (Hugouvieux et al., 2009). The promoter construct, 

however, was also affected by sulfur, cadmium and copper (Hugouvieux et al., 2009). 

Using this biosensor, Se was also visualized in intact seedlings using a CCD (charge-

coupled device) camera. 

 Most plants in nature do not tolerate high amounts of Se, however there are a 

few species in the genus Astragalus, such as A. racemosus, with the ability to 

hyperaccumulate Se (Davis, 1972). A. racemosus was studied for its transcriptional 

response to selenate and selenite with fluorescent differential display analysis (Hung et 

al., 2012). Nine Se-responsive genes were identified as being differentially expressed 

under Se treatment, and tissue localization of the transcripts was also performed. One 

transcript (CEJ367) was highly induced by both selenate and selenite (1920.25 and 

579-fold respectively), and might be fluorescently tagged to form the basis of a sensitive 

Se biosensor. 

 With respect to other candidate plant based biosensors, in broccoli (Brassica 

oleracea), quantitative PCR identified several genes that were up-regulated upon Se 

addition, especially APS1 (ATP sulfurylase 1) and SMT (selenocysteine Se-

methyltransferase) which both participate in the Se uptake pathway (Ramos et al., 
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2011). It has been demonstrated that SMT can be quantified with immunoblot analysis 

(Sors et al., 2009). 

Selenocysteine (Sec) is the 21st amino acid in some species, including bacteria, 

and its translational insertion requires reprogramming of the stop codon UGA, in part 

due to an mRNA secondary structure called the Sec insertion sequence (SECIS); UGA 

readthrough is enhanced by Se (Sandman, 2003). In E.coli, read-through of a UGA-

SECIS:lacZ fusion was strongly up-regulated by selenite (Sandman, 2003), 

demonstrating a novel type of biosensor. SECIS elements have been found in the 

model alga Chlamydomonas reinhardtii (Novoselov et al., 2002), but no reports of 

SECIS elements in higher plants were found. 

Due to its need to synthesize selenocysteine, the archeon Methanococcus 

jannaschii can only grow in the presence of Se (Rother et al., 2001), making it a 

candidate for a bacterial auxotrophic biosensor by incorporation of a constitutively 

expressing reporter. In Methanococcus voltae (strain VI), NiFe- and NiFeSe-

hydrogenase promoters were shown to be strongly repressed or activated by Se 

respectively. The NiFe- hydrogenase promoter reporter constructs, vhc:lacZ/vhc:gus, 

and frc:lacZ/frc:gus, were strongly repressed by Se (Noll et al., 1999; Sun and Klein, 

2004), making them good Se biosensors. Similarly, a promoterless Tn5 transposon 

carrying luxAB was used to capture the gutS promoter in E.coli based on its up-

regulation by selenite (Guzzo and Dubow, 2000).  
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6.4.10. Zinc (Zn) 

Zinc is an important co-factor in a large number of genes in plants, including zinc 

finger transcription factors (Ciftci-Yilmaz and Mittler, 2008). A plant-based Zn biosensor 

has been engineered which utilizes FRET for quantification of environmental levels of 

this ion (Adams et al., 2012). To engineer a FRET response, PtZNT coding for a Zn-

binding protein, was modified such that a fluorescent reporter was fused to each end of 

the sequence and placed under the control of the PtZNT promoter, resulting in the 

construct ProPtZNT:DsRed:PtZNT:ECFP (Adams et al., 2012). This sequence was 

expressed in Arabidopsis and poplar trees (selected for their fast growth rate), both of 

which were able to differentiate between control (1 µM) and high (10 mM) levels of Zn in 

leaf tissue, though the robustness of the biosensor was variable (Adams et al., 2012).  

In microbes, biosensors based on ZntRA, a Zn efflux system responsible for Zn 

detoxification, have potential. In this system, ZntR activates transcription of the efflux 

protein ZntA in the presence of zinc (Pruteanu et al., 2007). Reporter fusions to the zntA 

promoter (zntA:lacZ and zntA:lux) were shown to be activated by zinc, but also by other 

metals (Ivask et al., 2009; Pruteanu et al., 2007; Riether et al., 2001), possibly limiting 

their use as biosensors.  

Two biosensors for Zn have been engineered using the ZraSR system in E.coli. 

At higher concentrations of Zn, ZraSR is a two-component membrane associated 

sensor kinase system that responds to exogenous Zn and causes metal efflux 

(Ravikumar et al., 2012). First, the promoter of zra was fused to GFP, and the resulting 

construct (pzraP:gfp, construct pCRGZ1) was shown to display a very linear relationship 

between ion concentration and fluorescence (Ravikumar et al., 2012). Second, the 
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promoter of zra was used to drive a zinc binding protein (ZBP) which was translationally 

fused to the outer membrane protein OmpC to facilitate extracellular sensing of Zn 

(construct CZ1056); though as the fusion protein was found to adsorb Zn, it was not 

stable (Ravikumar et al., 2012). 

In addition to biosensors for Zn based on efflux systems, in E. coli and B. subtilis, 

the import systems for Zn are regulated by Zur, which represses transcription of import 

machinery operons in the presence of Zn. In B. subtilis, import machinery gene 

promoters yciC:lacZ and ycdH:lacZ are strongly repressed by Zn, but not most other 

metals (Gaballa and Helmann, 1998), making them good biosensors for Zn.  

Czc’s are metal tolerance systems in diverse microbes that have potential as 

biosensors for Zn. In Pseudomonas putida X4, both lacZ and an enhanced version of 

gfp (egfp) were fused to the Zn-responsive czcR3 promoter (czcR3:lacZ; czcR3:egfp) 

(Liu et al., 2012). When expressed in P. putida, it was shown that the fluorescent output 

of this sensor strongly correlated to Zn measurements taken using an atomic absorption 

spectrophotometer (AAS) (Liu et al., 2012). The biosensor was not activated by other 

divalent cations (Cu2+, Cd2+ or Co2+), and was successfully applied to measure Zn in 

diverse soil types (Liu et al., 2012). This biosensor could be easily applied to detect Zn 

levels in plant extracts. 

In Synechococcus PCC7942, the SmtB repressor-dependent smtA:lacZ reporter, 

was shown to be de-repressed by Zn but not by other metals (Cavet et al., 2002), also 

making it a good candidate biosensor for Zn. Also in Synechocystis (sp. PCC 6803), the 

coaT:lux promoter was shown to be activated by Zn, but it was more strongly induced 

by Co2+ (Peca et al., 2008) as already noted earlier. Finally, as an additional note of 
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interest, Zinpyr-1 is a fluorescent dye that has also been used for the quantification of 

free Zn levels in plant and microbial cells (Sinclair et al., 2007). 

 

6.5. Biosensors for the toxin aluminum (Al3+) 

Aluminum is not a plant nutrient, but rather a toxin that is particularly problematic 

in tropical soils (Mengel and Ernest, 2001). With respect to candidate plant-based 

biosensors for aluminum, glutathione-S-transfer promoter fusions (pAtGST1:GUS and 

pAtGST11:GUS) in Arabidopsis induce GUS expression in leaves in response to Al3+ 

exposure in the roots, though they are also induced by other heavy metals (Ezaki et al., 

2004). These promoters represent a very useful type of biosensor technology for plant 

research, because the biosensor signal is transduced from the hidden root to the visible 

shoot. A more specific Al3+ biosensor is the Arabidopsis malate transporter promoter 

(AtALMT1:GUS) or other promoters regulated by the zinc finger protein STOP1 (Sawaki 

et al., 2009) which are not activated by other metals or oxidative stress but are primarily 

induced by Al3+ in roots (Kobayashi et al., 2007; Zhao et al., 2009a). A transcriptome 

analysis of Arabidopsis roots in response to Al3+ (in addition to other metals) suggests 

that there are 103 highly up-regulated promoters that are specific to Al3+ (Zhao et al., 

2009a), all of which hold promise as plant-based biosensors. The promoters of plant 

genes encoding organic acids (e.g. malate) or their corresponding root transporters 

(MATE-a and MATE-b), which were up-regulated following Al3+ exposure, also hold 

potential as aluminum biosensors (Eticha et al., 2010; Rangel et al., 2010).  
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Bacterial promoter-based biosensors for Al3+ also exist that are not activated by 

other heavy metals, including fliC:luxAB and xyl:luxAB in E.coli (Guzzo and Dubow, 

1994; Guzzo et al., 1992).  

 

6.6. Summary, limitations, and future improvements needed 

In this paper, possibilities for transgenic plant and microbial biosensors have been 

reviewed and suggested that detect macro- and micro-nutrients critical for plant growth. 

Several trends were apparent. With respect to the types of whole-cell biosensors that 

are available, the most common biosensors are based on promoter-reporter fusions 

(Figure 6.1B), including promoters of genes that encode nutrient transporters, followed 

by sensors based on two-component and other regulatory systems; more rare are 

biosensors based on auxotrophs (Figure 6.1E), FRET-based sensors (Figure 6.1D) and 

riboswitches (Figure 6.1F). Very few examples were found of nutrient biosensors that 

were extensively engineered using principles of synthetic biology or directed evolution, 

suggesting that opportunities exist for improved biosensor designs, for example to 

improve sensitivity, linear response and activity across a wide concentration range. 

Improved biosensor designs are much needed, as many potential biosensors reviewed 

here were limited or under-studied for these attributes (e.g. some biosensors only 

showed a two-fold increase in response to a nutrient). Also needed are critical analyses 

of the costs of assaying analytes with these biosensors compared to traditional tests, as 

this information was generally lacking in published studies. 

The literature review demonstrates that availability of transgenic whole-cell 

biosensors varies for plants (e.g. several biosensors exist for Ca2+, K+, Fe) and 
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microbes (e.g. several biosensors exist for P, Cu2+, Fe, Zn), but in general, there were 

many more microbial biosensors than plant-based biosensors. For example, there were 

no transgenic plant-based biosensors for Mg, NH4
+, Co or Mn, pointing to avenues for 

future research. Furthermore, some plant-based biosensors were reported to act only in 

roots, potentially limiting the technology to plants grown on agar. As a subset of the 

biosensors originated from species that can hyper-accumulate one or more of these 

nutrients, or can thrive in environments where the nutrient exists in high concentrations 

(i.e. microbes in heavy-metal soils), it may be useful to bioprospect such extreme 

environments to fill gaps. Plant microarray responses to nutrients might help to predict 

promoter motifs for use as biosensors. Often, examples were found in plants where 

gene expression in response to soil nutrients was characterized, but promoter-reporter 

constructs were not built. In general, more research is needed to define specific 

promoter motifs to be able to engineer promoter-based biosensors rationally. Though 

many transgenic microbial biosensors exist, few examples were found where they were 

used for plant or soil biology applications, suggesting that opportunities exist for plant 

and microbial biologists to collaborate.  

The literature suggests that current transgenic whole-cell biosensors often lack 

specificity and cross-react to related compounds (e.g. different nitrogen fertilizers, 

divalent cations), those with different valencies (e.g. Fe2+, Fe3+) or partner ions (e.g. Na+ 

vs. Cl-). A significant problem is that in many studies, the specificity of a potential 

biosensor was not fully characterized. There was limited research on how biosensors 

respond at different pH levels which is important for robust testing of soils/rhizospheres, 

since pH is known to affect nutrient bioavailability (Mengel and Ernest, 2001).  
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Finally, the majority of the nutrient biosensors reviewed here used common 

reporters (GFP, lux/luciferase, lacZ/GUS), though a few examples were found where 

unusual reporters were employed (biofilms, lysis initiation). There were no examples of 

nutrient biosensors that used reporters based on natural plant pigments (carotenoids, 

anthocyanins, chlorophyll) (Antunes et al., 2006) (Table 6.1). As these plant pigments 

are visible to humans without detection equipment, they may have applications as 

biosensor reporters in a field or greenhouse setting. 

 

6.7. The potential of biosensors for plant and soil research 

Transgenic plant and microbial biosensors hold long-term promise for plant and 

soil research (summarized in Table 6.3). Plant-encoded biosensors may be most useful 

when only one or a few plant genotypes (i.e. a model species) will be required, due to 

the significant time needed to make transgenic plants, whereas microbial biosensors will 

be more beneficial when large numbers of plant genotypes require sampling. With these 

constraints in mind, both plant and microbial nutrient biosensors have significant long-

term potential for plant biology research. 
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Table 6.3. Comparison of current and possible future applications of the major classes 
of transgenic whole-cell biosensors for plant and soil research. 
 

Application Plant biosensor Microbial biosensor 

 Promoter FRET Promoter Auxotroph Riboswitch FRET 

High-
throughput 
plant 
mutagenesis 
screens 
 

Yes No Yes Yes Yes Yes 

Plant natural 
variation 
genetic 
screens 
 

No No Yes Yes Yes Yes 

Plant 
germplasm 
selection 
 

No No Yes Yes Yes Yes 

Plant 
breeding 
(progeny 
phenotyping) 
 

No No Yes Yes Yes Yes 

Plant flux 
analysis 

Yes 
NDA 
DR 

Yes 
NDA 
RT 

Yes 
DA 

Yes 
DA 

Yes 
DA 

No 

Plant cellular 
or subcellular 
microscopy 
 

No Yes No No No No 

In situ soil 
microscopy 
 

No No Yes Yes Yes Yes 

High 
throughput 
soil extract 
sampling 

No No Yes Yes Yes Yes 

FRET, Forster resonance energy transfer. 
NDA, non-destructive assay. 
DA, destructive assay. 
DR, delayed reporting. 
RT, real-time.
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Transgenic microbial biosensors could be used to accelerate the exploration of 

plant genetic diversity in order to facilitate crop improvement. For example, nutrient 

biosensors might aid in screening large plant germplasm collections to identify parents 

for breeding programs (e.g. selection for genotypes with higher nitrogen uptake). The 

germplasm collections of rice and wheat alone consist of 120,000 and 150,000 

accessions, respectively24 25. Microbial nutrient biosensors could be used to discover 

genotypes that are more efficient at taking up or assimilating soil nutrients to improve 

fertilizer usage. For example, the leaves of various local plant species in Sub-Saharan 

Africa (e.g. Tithonia diversifolia) are known to hyper-accumulate significant 

concentrations of organic nitrogen; these plants can be used as mulches to reduce the 

synthetic fertilizer requirements of subsistence farmers (Kimetu et al., 2004). This 

observation leads us to wonder if there are other rich sources of invisible macro- and 

micro-nutrients that exist in the tissues of the >300,000 other land plants that could be 

discovered inexpensively using microbial biosensors. Additional microbial biosensors 

could be used to screen for decreased uptake of aluminum in the soil, a problem in 

irrigated and tropical soils (Mengel and Ernest, 2001), rather than having to wait for 

signs of visible damage or reduced growth. Using 96-well plates, extracts from these 

crop accessions could also be explored for micronutrient content to aid crop 

biofortification efforts (e.g. Ca2+, Fe, Se, Zn) (Uncu et al., 2013). Microbial biosensors 

might help breeders to quantify nutrients in 104-106 progeny, for example to facilitate 

selection for improved nutrient uptake or scavenging across multiple geographic 

locations and growing seasons. Nutrient biosensors could also be used as tools in 

                                                           
24 http://irri.org/our-work/research/genetic-diversity/international-rice-genebank 
25 http://www.cimmyt.org/germplasm-bank/ 
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mutagenesis screens to help discover the overlying network of regulatory genes 

involved in plant nutrient uptake and transport. Finally, microbial biosensors for use with 

soil extracts may help researchers to characterize plant genotype-soil interactions at the 

field level, providing unprecedented spatial and temporal (seasonal) resolution of 

nutrient fluxes. In turn, this could help researchers better understand crop yield 

variability at the field level. Such an application would capitalize on a key advantage of 

microbial biosensors compared to analytical chemistry: microbes measure only the 

bioavailable and not bulk fraction of soil nutrients.  

 In terms of transgenic plant-based nutrient biosensors, they have significant 

potential to help researchers who use model systems such as Arabidopsis to undertake 

basic research. For example, plant-based biosensors could be used to help researchers 

understand the spatial-temporal dynamics of plant nutrient uptake and transport 

including at the cellular and subcellular levels, including in source and sink organs. 

Looking into the future, plant-based biosensors that communicate nutrient availability 

below ground to a visible output above-ground, may help researchers understand the 

effects of soil ecological variation (e.g. rhizosphere microbes) and biophysical variation 

(e.g. soil pH, moisture texture and nutrients) on plant metabolism. For such applications, 

the nutrient sensor would be in the root, but the transducer would be a mobile signal 

transmitted to a linearly responsive reporter expressed in the shoot. Perhaps to allow 

biosensors to have a competitive advantage over conventional analytical chemistry 

techniques, older reporters that require destructive sampling, such as lacZ or gus, could 

be swapped with lux/luc or gfp, to permit non-invasive detection. 
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However, none of these technologies will substitute for full ionomic profiles of 

plants (Wiechert et al., 2007); rather their primary use will be in situations where only 

one or a few minerals require quantification and/or localization.  

 

6.8. Conclusions 

Plant scientists are being called upon to optimize crop yields for biofuels and 

industrial materials as well as to feed the expected three billion more people by the end 

of the century, while more efficiently utilizing fertilizers and adapting to degrading soils 

(Karp and Shield, 2008; Rothstein, 2007). By turning invisible nutrients into visible 

signals, akin to anthocyanins, transgenic whole-cell biosensors have tremendous 

potential to improve the tissue/cellular resolution of nutrient detection in plants and soils, 

and may also reduce the cost and labour required. In the past, the focal point of plant 

biosensor research has been the detection of environmental pollutants, but as this 

review has demonstrated, biosensors designed for soil-derived nutrients may have a 

greater long-term impact on plant biology research. Transgenic plant and microbial-

encoded biosensors promise to permit the exploration of much larger numbers of plant 

samples (e.g. different developmental stages, diverse species, germplasm accessions 

or breeding populations) than has ever been realistically envisioned to help improve our 

understanding of plant-soil nutrient interactions, and may facilitate crop improvement.  
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Chapter 7: Biosensor-based spatial and developmental mapping of maize leaf 

glutamine at vein-level resolution in response to different nitrogen rates and 

uptake/assimilation durations  
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7.1. Abstract 

The amino acid glutamine (Gln) is a primary transport form of nitrogen in 

vasculature following root uptake, critical for the location/timing of growth in maize and 

other cereals. Analytical chemistry methods do not permit in situ analysis of Gln, 

including visualization within the vascular network. Their cost and tissue requirement 

are barriers to exploring the complexity of Gln dynamics. The Raizada Lab previously 

developed a biosensor, GlnLux, which can measure relative Gln levels inexpensively 

with tiny amounts of tissue. Here, maize seedlings were given different N rates for 

multiple uptake/assimilation durations, after which >1500 leaf disk extracts were 

analyzed. A second technique permitted in situ imaging of Gln for all leaves sampled 

simultaneously. It was demonstrated that multifactorial interactions govern Gln 

accumulation involving position within each leaf (mediolateral/proximodistal), location of 

leaves along the shoot axis, N rate, and uptake duration. In situ imaging localized Gln in 

leaf veins for the first time. A novel hypothesis is that leaf Gln may flow along 

preferential vascular routes, for example in response to mechanical damage or 

metabolic needs. The GlnLux technology enabled the most detailed map of relative Gln 

accumulation in any plant, and the first report of in situ Gln at vein-level resolution. The 

technology might be used with any plant species in a similar manner. 



184 
 

7.2. Introduction 

Nitrogen (N) contributes approximately 2% of dry plant matter and is the most 

important nutrient for plants by quantity (Crawford and Forde, 2002; Williams and Miller, 

2001). N is crucial for the biosynthesis of amino acids, proteins, nucleic acids, 

chlorophyll and secondary metabolites, all of which are essential macromolecules 

(Masclaux-Daubresse et al., 2010). Plant roots absorb N primarily as ammonium (NH4
+) 

or nitrate (NO3
-). The NO3

- portion is reduced to NH4
+ by a combination of nitrate 

reductase and nitrite reductase (NR, NiR). Free NH4
+ is then assimilated into a pool of 

amino acids by the glutamine synthetase (GS)/GOGAT cycle, and used for a wide 

variety of biological processes including protein synthesis in young, expanding tissue 

(Williams and Miller, 2001). In maize (Zea mays L.), nitrogen assimilation occurs in both 

roots and shoots similar to other species (Amancio and Santos, 1992; Harel et al., 1977; 

Li et al., 1993; Sakakibara et al., 1992), and depending on the environmental conditions 

(Masclaux-Daubresse et al., 2010; Smirnoff and Stewart, 1985). One of the primary 

assimilatory amino acids, glutamine (Gln), displays immediate and rapid increase in 

leaves following N application to roots as nitrate and/or ammonium, and drastic 

differences in concentration depending on the developmental stage (Chapman and 

Leech, 1979; Magalhães et al., 1990). As such, the concentration and localization of Gln 

may serve as a convenient proxy to study developmental-dependent dynamics of N 

assimilation (Miflin and Habash, 2002; Tessaro et al., 2012). 

Although many studies of N uptake and assimilation have been conducted on a 

whole-field scale (Abbasi et al., 2013; Burzaco et al., 2014; Ma and Dwyer, 1998; 

Subedi and Ma, 2007) or plant scale (Cañas et al., 2009; Jin et al., 2015; Simons et al., 



185 
 

2014; Walter et al., 2003), investigations of N spatial, developmental and temporal 

dynamics within individual tissues are limited. In particular, high-resolution metabolic 

maps of N dynamics in young maize shoot tissue are extremely scarce. The maize 

shoot encompasses an entire developmental gradient of sequentially initiating leaves 

(Schluter et al., 2012; Smith and Hake, 1992), and at any timepoint a single plant 

possesses leaves of different ages corresponding to order of emergence, with the 

lowest leaf being the oldest (Smith and Hake, 1992). Additionally, leaf growth occurs in 

two dimensions, along the proximodistal and mediolateral axes. In maize, growth along 

the proximodistal leaf axis occurs basipetally: young sink tissue initiates near the base 

of the leaf blade (ligule), and differentiates towards the leaf tip (Pick et al., 2011; Wang 

et al., 2014b). The mediolateral axis in maize is bilaterally symmetrical around the 

midvein. Additional longitudinal veins run parallel to the midvein and are interconnected 

by narrower transverse veins (Langdale et al., 1989). Following uptake by roots, N and 

assimilates are transported over time through these developmental and spatial 

gradients, in part employing the vein network.  

In recent years, several authors have thoroughly characterized metabolic, 

proteomic, and transcriptomic changes along a one-dimensional basipetal gradient in a 

single maize leaf (Li et al., 2010; Majeran et al., 2010; Pick et al., 2011; Wang et al., 

2014b). These studies utilized analytical chemistry techniques to examine N assimilates 

(Li et al., 2010; Majeran et al., 2010; Pick et al., 2011; Wang et al., 2014b). A limitation 

of these analytic methods is that they do not permit in situ spatial analyses of 

metabolites and hence offer limited two-dimensional spatial resolution and overlook the 

critical vein network. Furthermore, when N is taken up by roots, N assimilates 
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accumulate based not only on two-dimensional spatial gradients within a tissue, but also 

on tissue position and age (growing versus mature), relationships to other source/sink 

tissues, available N concentration, and time for uptake, assimilation and migration 

(Masclaux-Daubresse et al., 2010). Diagnostic technologies that are simple, low-cost 

and require minimal tissue in order to permit measurements of Gln and other N 

assimilates with thousands of data points would be desirable for elucidating these 

multifactorial interactions. 

 Whole-cell biosensors are engineered microbes that detect analytes, amplify the 

signal and emit a measurable output such as fluorescence or luminescence (reviewed 

in Chapter 6). Previously, the Raizada Lab reported a biosensor for Gln, named GlnLux, 

based on an Escherichia coli Gln auxotroph which luminesces when exogenous, free 

Gln is supplied (Tessaro et al., 2012). It was demonstrated that when GlnLux cells are 

exposed to Gln from maize tissue extracts, they multiply and release photons due to the 

presence of a constitutively expressing lux operon. The photons can be measured using 

a luminometer. GlnLux output from maize leaf disk extracts highly correlates to high 

performance liquid chromatography (HPLC) measurements of Gln (Tessaro et al., 

2012). The technology was shown to be sensitive to <1 nM Gln, suggesting it could be 

used for accurate, high-throughput Gln mapping using 96-well plates. To image Gln in 

situ directly from entire organs, they may be freeze-thawed to cause Gln leakage due to 

cellular damage, and placed on agar pre-embedded with GlnLux cells (GlnLux agar). 

This strategy ensures equal access of the tissue surface to biosensor cells, as opposed 

to direct incorporation which is impractical. Photons are released from the biosensor 
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cells in proximity to the plant cells which can then be imaged using a photon capture 

charge coupled device (CCD) camera (Tessaro et al., 2012). 

 The primary objective of this study was to use the GlnLux biosensor technologies 

to conduct detailed spatial and developmental gradient mapping of maize leaf Gln in 

response to different N rates and uptake/assimilation durations. The second objective 

was to determine if GlnLux in situ imaging could achieve resolution to the leaf vein level. 

 

7.3. Materials and methods 

7.3.1. Plant growth conditions 

 Zea mays L. hybrid CG60 X CG102 (Khanal et al., 2011) seed was used for all 

experiments. Seeds were surface-sterilized by soaking 4 min in 70% ethanol solution, 2 

min in 4% NaClO, followed by washing five times in sterile double distilled (dd) H2O. 

Seeds were germinated in 18-cell (two per cell, 8.5x8.5x9 cm) growth trays of Turface 

(Profile Products, Buffalo Grove, IL, USA), a baked-clay gravel with extremely low 

background levels of nitrogen (N). In a previous experiment (Chapter 4) the gravel was 

found to contain 0.053% N, of which only a fraction is available for plant uptake; N-free 

nutrient solution soaked with the Turface gravel for 24 h was found to contain only 1.42 

mg L-1 total N, equivalent to 0.1 mM (Table A4.2). Growth flats were placed into plastic 

sub-irrigation trays (51x25.5x6 cm) containing 2 L ddH2O with no additional nutrients. 

For germination, the trays were initially placed in darkness in a laboratory cabinet at 

room temperature until plant emergence, thinned to one plant per cell, and arranged 

(completely randomized design, CRD) in a greenhouse with the following growing 

conditions: 28oC/20oC day/night (16 h/8 h), with 1000 W high pressure sodium and 1000 
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W metal halide lamps supplemented with GroLux bulbs, resulting in a light intensity 

range of 803-1026 μmol m-2 s-1 (canopy level at noon). Plants were randomized daily 

and watered with ddH2O as needed. 

 

7.3.2. Relative measurements of glutamine from leaf disk extracts 

Twelve days after sowing (DAS), sub-irrigation trays were emptied of remaining 

ddH2O. Plants were supplied with one of six different modified Hoagland’s nutrient 

solutions consisting of 0.1 mM K2SO4, 1.0 mM KCl, 2 mM KH2PO4, 1 mM MgSO4∙7H2O, 

0.03 g L-1 chelated micronutrients (10046, Plant Products, Leamington, Canada) and 

either 0, 2, 5, 10, 15, or 20 mM total N provided as NH4NO3. Each nutrient solution (1.5 

L) was poured into the sub-irrigation trays, with an additional 30 ml applied near the 

base of each plant. 

At various timepoints after nutrient application (1, 6, 18, 12, and 24 h; starting at 

9:30 AM, 2:30 PM, 8:30 PM, 2:30 AM, and 8:30 AM respectively), sampling was 

performed on leaves 1, 2, and 3, as defined by their order of emergence. Leaf tissue 

disks (6.35 mm in diameter) were harvested with a hole punch tool (235270975, 

Fiskar’s Brands Inc., Middleton, WI, USA) at equally spaced intervals along the midvein, 

extending from the ligule region to the leaf tip in leaves 1 and 2. Because leaf 3 was still 

expanding, harvest of leaf disks extended from where the leaf exited the whorl to the tip. 

All tissue was frozen immediately in liquid N2, and stored at -80oC. Three, five, and four 

different positions were harvested from leaves 1, 2 and 3 respectively. Four plants 

(replicates) were sampled for each time/N combination, and the most informative 

treatments were repeated in an independent trial. 
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Leaf tissue disks were analyzed for glutamine (Gln) content with the GlnLux 

biosensor as previously described (Tessaro et al., 2012) with some modifications 

(Figure 7.1A). Leaf disks were homogenized with a pellet pestle in a mixture of sterile 

sand and 20 µl 0.1% chilled protease inhibition cocktail (PIC) (P9599-1ml, Sigma-

Aldrich, St. Louis, MO, USA), and centrifuged (model 5415R, Eppendorf, Hauppauge, 

NY, USA; 4oC, 20 min, 13 000 rpm). The resulting plant tissue extract supernatant was 

diluted 100-fold in 0.1% PIC and stored overnight at -20oC until analysis. 
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Figure 7.1. Schematic images of the GlnLux protocols. Overview of the Glnlux liquid 
assay using extracts of leaf punches incubated with GlnLux biosensor cells in 96-well 
plates and measured using a luminometer (A). Overview of the GlnLux in situ imaging 
assay (B). Leaves are frozen at -80°C and thawed at room temperature for 30 sec to 
cause Gln leakage. Leaves are pressed down on agar pre-embedded with GlnLux cells, 
referred to as GlnLux agar. Plates are inverted and incubated for 2.5 h and then imaged 
for 1000 sec using a luminescence imaging system. PIC, protease inhibition cocktail. 
Images are courtesy of Lisa Smith (University of Guelph), and can be re-used under the 
Creative Commons BY license. 
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Concurrently, GlnLux biosensor cells were cultured for 16 h in Luria Broth (LB) 

(37oC) with shaking (245 rpm). Biosensor cells were then pelleted (2500 rpm, 10 min) 

and washed with M9 minimal growth media (DF0485170, BD, San Jose, CA, USA) 

three times. Cells were re-suspended in M9 media (OD595=0.025) and incubated for 16 

h (37oC, 245 rpm) to deplete endogenous Gln. All media were supplemented with 50 µg 

ml-1 kanamycin and 100 µg ml-1 carbenicillin, as GlnLux contains Kanr and Ampr 

resistance genes (Tessaro et al., 2012). 

Each leaf disk extract (10 µl) was combined with 10 µl prepared GlnLux cells and 

80 µl M9 in white, flat bottom 96-well plates (07-200-589, Corning Inc., Corning, NY, 

USA). A negative control of 10 µl 0.1% PIC in place of extract was also included on 

each 96-well plate for subtractive normalization of the luminescence data. Plates were 

incubated for 2 h to allow biosensor activation, then luminescence output was quantified 

using a 96-well luminometer (MicroLumatPlus, Berthold Technologies, Bad Wildbad, 

Germany) (37oC, 1 sec photon capture per well).  

Normalized luminometer data (raw outputs – negative control) was plotted 

against the duration of N uptake/assimilation, and against the N application rate. 

Outliers were identified and removed with ROUT, Q=1% (Motulsky and Brown, 2006). 

Means were compared with the Holm-Šídák method (Aickin and Gensler, 1996; Holm, 

1979; Sidak, 1967), or Dunnett’s multiple means comparison (Dunnett, 1955) at P<0.05 

as indicated in the figure legends. Kruskal-Wallis tests with Dunn’s multiple means 

comparisons were used where data displayed non-normality, as identified with Bartlett’s 

test (Bartlett, 1937; Dunn, 1964; Kruskal and Wallis, 1952). All statistical analyses were 

performed in GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA, USA). 
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7.3.4. Generating whole-leaf in situ images of free glutamine  

As above, at 12 DAS, sub-irrigation trays were emptied of remaining ddH2O. 

Plants were then supplied with 0 or 20 mM total N (NH4NO3) provided as modified 

Hoagland’s nutrient solution (as described above). Again, 1.5 L of nutrient solution was 

poured into each sub-irrigation tray, and 30 ml near the base of each plant. 

 Leaves were harvested after 1 h (starting at 9:30 AM), 12 h (8:30 PM) and 24 h 

(8:30 AM) of N uptake/assimilation. Harvesting of leaf 1 consisted of removing the entire 

leaf at the ligule. For the younger leaves, as the ligules had not yet developed, leaves 2 

and 3 were cut from the plant where the leaf blade curled in upon itself to meet the 

stem. Three replicates were harvested per treatment combination, frozen immediately in 

liquid N2, and stored at -80oC until imaging.  

Images of free Gln within maize leaf tissue were generated with GlnLux solid 

agar media as previously described (Tessaro et al., 2012) with modifications (Figure 

7.1B). Briefly, GlnLux biosensor cells were cultured for 16 h (37oC, 245 rpm) in LB broth 

supplemented with 0.2 mM Gln, 4.0 mM glucose, 50 µg ml-1 kanamycin and 100 µg ml-1 

carbenicillin. Cells were then centrifuged (2500 rpm, 10 min), re-suspended in 0.01 M 

potassium phosphate buffer (pH 7.0) and washed two more times. Cells were 

suspended in M9 medium (OD595 of 1.0). GlnLux solid agar media was prepared by 

combining the GlnLux culture (10% v/v) with concentrated M9 medium containing 10 g 

L-1 bacto agar pre-cooled (to 42°C), and pouring this mixture into sterile 150x15 mm 

Petri dishes. GlnLux solid agar media plates were stored at 4°C overnight prior to use. 

Frozen leaves were thawed at room temperature for 30 s and pressed into the GlnLux 
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agar (pre-incubated at room temperature). Plates were inverted, incubated (37oC, 2.5 

h), and imaged with a charge-coupled-device (CCD) chip camera (7383-0007, Princeton 

Instruments, Trenton, NJ, USA) pre-cooled to -100oC for a 1000 s exposure. Incubation 

and imaging of plates were staggered to ensure that conditions across replicates were 

constant. However, to negate the potential effects of slight incubation length differences 

(on the scale of seconds) in situ image standardization was performed across plates in 

WinView (version 2.5.16.5, Princeton Instruments, Trenton, NJ, USA) by adjusting 

image intensity according to the signal produced by a disk of agar (2.4% agar in water, 

radius= 3 mm) containing 1 x 10-2 M Gln pressed into each plate at the time of leaf 

placement. This effect was examined for its potential to confound results by comparison 

of the standard disk image intensity to that of leaves pooled across N treatments, with F 

tests at P<0.05 (GraphPad Prism 6, GraphPad Software Inc.). 

 

7.3.5. Investigating the effect of Gln diffusion on whole-leaf in situ images  

 To examine Gln diffusion through GlnLux agar, luminescence output from leaves 

was visualized over multiple, consecutive incubation intervals. Plants were initially 

germinated and grown with only ddH2O in Turface gravel until they were at the same 

growth stage as the main experiments. Hoagland’s solution containing 20 mM N was 

then provided for 2 h, after which plants were moved back to N-free solution for a further 

10 h. Leaves 1, 2, and 3 were harvested and placed on GlnLux agar alongside disk 

standards of Gln (0, 3.125 x 10-4, 6.250 x 10-4, 1.250 x 10-3, 2.500 x 10-3, 5.000 x 10-3, 1 

x 10-2 M, left to right; volume= 51 µl, radius= 3 mm). Plates were imaged once before 

incubation, and then incubated at 37oC for intervals of 1000 sec with imaging following 
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each interval. Plates were incubated a further 6.5 h and imaged. All images were 

captured with a 1000 sec exposure and standardized to a range of 1000-6000 light 

intensity units in WinView (version 2.5.16.5, Princeton Instruments, Trenton, NJ, USA).  

To determine the effect that Gln diffusion through the GlnLux agar imposes on 

vein-level resolution, the diameters of midveins, longitudinal, and transverse leaf vein 

tissues were quantified with NIS-Elements (version 4.51, Nikon Instruments, Tokyo, 

Japan) following 4x brightfield microscopy (Nikon Eclipse 50i, Nikon Instruments). 

Diameters of longitudinal and transverse leaf vein tissues from whole-leaf in situ images 

were quantified with ImageJ (version 1.50i, NIH, Bethesda, MD, USA) for comparison 

against microscopy with the Holm-Šídák test at P<0.05 (GraphPad Prism 6, GraphPad 

Software Inc.). The veins of three biological replicates were quantified using both 

microscopy and in situ images.  

It was postulated that differing tissue thicknesses may impact the luminescence 

output of in situ images. Two experiments were conducted to investigate this possibility: 

i) Three sets of agar Gln disks with different heights/volumes were prepared, 

scaling linearly (h= 1.8, 3.6, 5.4 mm; V= 51, 102, 153 µl. Radius was held constant at 3 

mm). The molarity of Gln within the standards was held constant across the three 

different height/volume levels (0, 3.125 x 10-4, 6.250 x 10-4, 1.250 x 10-3, 2.500 x 10-3, 

5.000 x 10-3, 1 x 10-2 M Gln). Image standardization was applied using WinView 

software (version 2.5.16.5, Princeton Instruments) (1000 sec exposure, 1000-6000 light 

intensity units) after 2.5 and 6 h. 

ii) Three sets of agar Gln disks with different heights/volumes were prepared, 

scaling linearly as above. However, total moles of Gln within the standards was held 
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constant across the three different height/volume levels (0, 15.94, 31.87, 63.75, 127.5, 

255.0, 510.0 nmol). Image standardization was applied using WinView software 

(version 2.5.16.5, Princeton Instruments) (1000 sec exposure, 1000-6000 light intensity 

units) after 2.5 and 6 h. 

 

7.4. Results 

7.4.1. Gradients of leaf glutamine occur in response to the rate and duration of 

nitrogen uptake/assimilation 

After a 12-day N starvation period, plants were provided with varying N 

concentrations ranging from 0 - 20 mM for N uptake/assimilation periods spanning 1 – 

24 h before sample collection (Figure 7.2). Leaves were then analyzed for relative free 

glutamine (Gln) levels using the leaf punch GlnLux assay (Figure 7.1A; Figure 7.2; 

Appendix Figure A7.1). Generally, for a given spatial position, increased N rate and 

duration of N uptake/assimilation induced greater GlnLux output (Figure 7.2; Appendix 

Figure A7.1), but interestingly this varied by leaf position (see below). A smaller 

independent second trial confirmed these trends (Appendix Figure A7.2). Additionally, in 

situ images of Gln accumulation in whole leaves were generated by placing them on 

GlnLux agar (Figure 7.1B; Figure 7.3). When plants were provided with either 0 (-N) or 

20 (+N) mM total N, leaves showed similar trends as were observed using the leaf 

punch assay (Figure 7.3). This was especially evident in leaves 2 and 3 (Figure 7.3).
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Figure 7.2. 
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Figure 7.2. Gradients of GlnLux output of leaves of maize seedlings using the GlnLux 
leaf disk assay. Leaves 1, 2 and 3 were sampled (A). Leaf 3 was assayed at positions 1 
(B), 2 (C), 3 (D), and 4 (E), extending from the leaf base to leaf tip. Leaf 2 was assayed 
at positions 1 (F), 2 (G), 3 (H), 4 (I), and 5 (J). Leaf 1 was assayed at positions 1 (K), 2 
(L), and 3 (M). Plants had not been provided with N from germination for a period of 12 
days, at which time modified Hoagland’s solution containing 0, 2, 5, 10, 15 or 20 mM N 
(N) was applied. Plants were allowed different durations (1, 6, 12, 18 or 24 h) of N 
uptake/assimilation, after which tissue disks were harvested. Means of 3-4 replicates +/- 
SEM are shown. RLU, relative light units intercepted by the luminometer in a one 
second interval per well. Asterisks indicate significant differences between the 0 mM 
(black lines) and 20 mM (red lines) N treatments, based on the Holm-Šídák test at 
P<0.05. The data is displayed to highlight the N-uptake/assimilation gradient. The N rate 
response gradient is highlighted in Appendix Figure A7.1. The two datasets are the 
same. Shown is Trial 1. For Trial 2, see Appendix Figure A7.2 and Appendix Figure 
A7.3.
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Figure 7.3.
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Figure 7.3. Gradients of GlnLux output of leaves of maize seedlings using in situ 
imaging. Plants were initially treated with only water, and then at day 12, they were 
provided with Hoagland’s nutrients solution containing either 0 mM N (-N) or 20 mM N 
(+N) for 1, 12, or 24 h, after which the leaves were harvested and placed on GlnLux 
agar. GlnLux images are shown directly beside light images of each leaf. Red-yellow-
green indicates diminishing GlnLux response, and black indicates absence of GlnLux 
output. Three replicates of each treatment combination are displayed vertically.
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7.4.2. Glutamine levels display developmental gradients along the shoot axis and 

leaf proximodistal axis, and symmetry along the mediolateral axis  

Using the leaf punch assay, GlnLux output showed dependency on leaf age 

(order of emergence) along the shoot axis (Figure 7.2; Appendix Figure A7.1). At 

equivalent relative sampling positions, the oldest leaf (leaf 1) generally displayed the 

lowest output levels, while leaves 2 and 3 displayed progressively higher output based 

on the GlnLux leaf punch assay (Figure 7.2; Appendix Figure A7.1). Trial 2 was 

consistent with these results (Appendix Figure A7.3). The trend was also clearly 

observed in the in situ images which showed dramatically increased luminescence 

output in leaf 3 compared to leaf 1 for +N treated plants, with leaf 2 showing an 

intermediate response (Figure 7.3). 

The leaf punch assay showed that GlnLux output was dependent upon the 

sampling position along the proximodistal axis within a leaf (Figure 7.2; Appendix Figure 

A7.1). Specifically, positions nearing the base of a leaf showed increasing responses to 

N rate and duration compared to the tip (a basipetal gradient) which was especially 

clear in leaves 1 and 2, but less pronounced in leaf 3 (Figure 7.2; Appendix Figure 

A7.1). Trial 2 was consistent with these results (Appendix Figure A7.3). The in situ 

images of Gln accumulation similarly showed greatest GlnLux output towards the base 

of leaves 2 and 3 in +N treated plants. Leaf 1 of N treated plants showed low and 

variable GlnLux output. 

 In general, there was symmetry in GlnLux output along the mediolateral axis 

from the midvein to the leaf edges (Figure 7.3; Figure 7.4). However, asymmetric 

patches of high and low intensity were observed (Figure 7.4).
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Figure 7.4. In situ images of maize leaves following N fertilization reveal vein-level 
resolution of GlnLux output. Shown are magnified images from Figure 7.3. The images 
highlight transverse veins in leaf 2 (A, B, red boxes). Potential vascular networks of Gln 
movement through longitudinal and transverse veins are shown in leaf 3 (C, coloured 
tracings). In each panel, duplicate images of a single leaf are shown, with highlights of 
vein-level details to the right. Arrows indicate directions of the proximodistal and 
mediolateral axes. 
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7.4.3. In situ GlnLux leaf images localize Gln to vein-level resolution  

The in situ images attained vein-level resolution, revealing fine-scale details of 

Gln localization (Figure 7.4). Luminescence could be observed in both the large and 

small parallel longitudinal veins along the proximodistal axis (Figure 7.4A, B). In the 

transverse veins (along the mediolateral axis) that connect the longitudinal veins, 

luminescence could also be observed (Figure 7.4A). Intense luminescence was 

sometimes observed along apparently connected networks of longitudinal veins and 

transverse veins (coloured tracing, Figure 7.4C). Although there was clear separation 

between leaf veins, it was determined that the level of resolution attained with GlnLux 

imaging is less than standard light microscopy (Appendix Figure A7.4) likely due to a 

combination of photon scatter and limited Gln diffusion in the agar (Appendix Figure 

A7.5).  

 

7.5. Discussion 

7.5.1. High-resolution GlnLux methodologies permit measurements and 

visualization of single-factor gradients  

In this study, the high sensitivity of the GlnLux biosensor (<1 nM) (Tessaro et al., 

2012) permitted small leaf disks to be used for relative Gln measurements which 

facilitated detailed spatial leaf analysis. The low cost (~$1 USD per sample) and high-

throughput nature of the protocol enabled >1500 samples to be processed to provide a 

detailed spatial/temporal map of relative Gln in a young maize shoot. Leaf disks 

sampled along the midvein displayed increasing gradients of GlnLux output based on 

increased N application rate and duration of N uptake/assimilation, and position along 
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the leaf proximodistal axis and shoot axis (Figure 7.2; Appendix Figure A7.1). The more 

intensive technique, Glnlux imaging, permitted these gradients to be visualized in situ in 

two-dimensions along both the leaf proximodistal and mediolateral axes (Figure 7.3; 

Figure 7.4) and for the first time at vein-level resolution (Figure 7.4). 

Previous studies have observed a rapid appearance of Gln in maize leaf tissue 

following N application (Magalhães et al., 1990; Prinsi and Espen, 2015). In leaf 2 

harvested from young maize plants, Gln was shown to accumulate in a basipetal 

gradient peaking at the base (Chapman and Leech, 1979). More recently, highly-

detailed analyses revealed that Gln and transcripts related to protein metabolism 

displayed a similar gradient in leaf 3 (Li et al., 2010; Majeran et al., 2010; Wang et al., 

2014b). 

The progressively higher GlnLux output along the shoot axis (Figure 7.2; Figure 

7.3) likely indicates preferential shuttling of assimilatory metabolites into young, 

photosynthetic, growing tissue (Rana et al., 2008; Sakakibara et al., 1992; Sakurai et 

al., 1996). Alternatively, there may be fundamental differences in anatomy (with 

implications on underlying physiology) between leaves 1-3, though they are classified 

within the same, embryonic phase of development (Avery, 1930; Poethig, 2003; Vasil et 

al., 1985). 

 

7.5.2. GlnLux methodologies permit analysis of complex interactions  

The studies detailed above concerning the basipetal gradient (Chapman and 

Leech, 1979; Li et al., 2010; Majeran et al., 2010; Wang et al., 2014b) were performed 

on a single maize leaf (leaves 2 or 3). The present report is the first time such analysis 
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has been performed on different leaves sampled simultaneously on the same plant 

following application of multiple N rates and durations of uptake/assimilation. When the 

high-throughput nature of the GlnLux leaf punch assay was combined with the detailed 

in situ imaging, several complex interaction effects could be identified. Specifically, at 

least five types of interactions were observed: (1) an N rate X N duration interaction 

(additive, Figure 7.2; Figure 7.3); (2) an N rate/duration X shoot axis interaction (N 

preferentially observed in younger leaves, Figure 7.2A-J; Figure 7.3); (3) a shoot axis X 

leaf proximodistal interaction (leaves 1 and 2 showed greater leaf-basipetal gradients 

than leaf 3, Figure 7.2; Figure 7.3); (4) an N rate/duration X leaf proximodistal 

interaction (only the highest N rates showed a leaf basipetal gradient in leaf 1 in 

contrast to leaf 2, Figure 7.2F, K; Figure 7.3); (5) and interactions with the leaf 

mediolateral axis (Figure 7.3; Figure 7.4) (generally proximodistal and mediolateral axes 

expression were coincident). These interactions, uncovered using the GlnLux 

technologies, reveal the complexity of N assimilatory dynamics even at the seedling 

stage.  

 

7.5.3. In situ imaging may uncover preferential routes of Gln movement through 

the leaf vein network 

Current methods utilizing tracer dyes in conjunction with microscopy, x-ray 

imaging, or magnetic resonance imaging (MRI) are able to observe veins with a fine 

level of detail (Canny, 2001; Holbrook et al., 2001; Kim and Lee, 2010; Lee and Kim, 

2008; Shane et al., 2000). However, such analysis is generally restricted to noting the 

presence/absence of fluid without visualization of specific metabolites. Additionally, 
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most studies are performed on cross sections of stem tissue without providing images 

of entire leaves. Radioisotope labelling (13C or 15N) might be used to track movement of 

metabolites (Kiyomiya et al., 2001; Warren, 2012), but labelled nitrogen applied to plant 

roots would be incorporated into other assimilatory metabolites besides free Gln (e.g. 

other amino acids, protein, chlorophyll).  

Here GlnLux in situ imaging permitted visualization of free Gln at vein-level 

resolution. Intense GlnLux signal was observed in some leaf locations as branch 

patterns of apparently interconnected longitudinal and transverse leaf veins (coloured 

tracing, Figure 7.4C). Combined, these branches formed a visible network, interspersed 

with patches of low intensity. The simplest interpretation is that Gln does not diffuse 

randomly through the vein network but rather can have preferential vascular routes, 

either to supply local needs or perhaps to bypass spots of vascular damage. The leaves 

may have been damaged during the procedure, forcing Gln along detours to reach its 

destination. Specifically, there may have been physical damage to the veins during 

tissue handling, or cavitation-induced embolisms (air bubbles) might have formed 

associated with leaf dissection or freezing. All have implications for how plants respond 

to similar events in the real world (Canny, 2001; Cochard, 2002; Holbrook et al., 2001; 

Shane et al., 2000), for example, associated with pest damage, vein callose formation 

and the formation of ice crystals. GlnLux in situ imaging should allow future investigation 

of such hypotheses and may enable a new field of N assimilate research. 

Caution must be exercised when analyzing leaf veins with GlnLux, as visualized 

leaf vein tissue (luminescence) has a larger diameter than that quantified with light 

microscopy, suggesting a degree of diffusion and/or light scatter (Appendix Figure 
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A7.4). Further examination of luminescence produced by leaves on GlnLux agar over 

multiple consecutive incubation intervals (1000 sec) showed insignificant rates of 

diffusion from leaves as compared to the diffusion-prone Gln agar standards (Appendix 

Figure A7.5).  

 

7.5.4. Limitations of the GlnLux technologies 

The literature suggests that the concentration range of Gln in maize leaves 

ranges from 0.06-1.1 μmol g-1 fresh weight (Magalhães et al., 1990). A disadvantage of 

the GlnLux techniques is that only relative and not absolute concentrations of Gln are 

reported. Inclusion of a standard curve of pure Gln, although highly replicable (Appendix 

Figure A7.6; Appendix Figure A7.7), is difficult to interpret, in part due to differences in 

diffusion rates compared to leaf tissue (see above). Furthermore, maize leaves contain 

many metabolites, at least some of which are likely to impact the growth of the GlnLux 

E. coli cell, perhaps negatively (Appendix Figure A7.8). However, this negative effect is 

presumably imposed equally across all tissues and N treatments (visible in Appendix 

Figure A7.5).  

With respect to the leaf disk assay, the thickness of the leaf vein does vary, 

potentially adding to the experimental error. Different thicknesses may impose a 

confounding effect with respect to GlnLux in situ imaging, similar to that observed with 

Gln standard disks of different heights/volumes (Appendix Figure A7.6; Appendix Figure 

A7.7). Tissues of different thickness may have differential rates of diffusion into GlnLux 

media. Image analysis is relative, and hence it is critical to have the treatment and 

control on the same plate. However, biosensors conceptually similar to GlnLux which 
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rely on diffusion of metabolites into agar media have been utilized previously with good 

correlation of image intensity and independent metabolite quantification (Soudry et al., 

2005). 

An additional limitation is imposed by the slight curvature of leaf blades, causing 

incomplete adherence to the GlnLux agar, resulting in dark zones (Figure 7.3). 

Furthermore, tissue cracking can result in localized fluid leakage, resulting in artifacts 

(e.g. Figure 7.3, compare light image to GlnLux image for top replicate of leaf 1, -N, 12 

h). Finally, the finite amount of tissue that can be processed simultaneously in the 

imaging protocol might be considered a limitation. However, if GlnLux plates are 

properly staggered, plate-to-plate variability does not confound the results (Appendix 

Table A7.1). 

 

7.6. Conclusions and future applications 

Gln is central to primary N metabolism and therefore potential applications of the 

GlnLux technologies are wide-ranging. The GlnLux assays may facilitate detailed 

metabolic studies, in which high replicate numbers have been suggested as ideal 

(Kusano et al., 2011; Lisec et al., 2006; Roessner et al., 2001). Specifically the assay 

may be used to probe more complex N dynamics, diurnal rhythms, time-courses of N 

uptake/assimilation, and to create high-resolution maps of Gln movement. These 

methods may be applied to other species, as well as to different organs including roots 

(Tessaro et al., 2012). Additionally, mature plants at later growth stages may be 

examined. As mature leaves enter senescence it might be of interest to track the 

remobilization of Gln from shoot tissue to grain, which has been shown to improve 
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nitrogen use efficiency (NUE), defined as the N fertilization requirement per unit of 

production (Hirel et al., 2007; Kant et al., 2010). The high processing power of the 

GlnLux leaf disk assay may enable screening of genotypes, and breeding for improved 

NUE by providing links between genetic and phenotypic traits on a fine scale (Hirel et 

al., 2001; Kusano et al., 2011). 
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Chapter 8: Biosensor-mediated in situ imaging defines the availability period of 

assimilatory glutamine in maize seedling leaves following nitrogen fertilization  
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8.1. Abstract 

The amino acid glutamine (Gln) is an important assimilatory intermediate 

between root-derived inorganic nitrogen (N) (i.e. ammonium) and downstream 

macromolecules, and is a central regulator in plant N physiology. The timing of Gln 

accumulation after N uptake by roots has been well characterized. However, the 

duration of availability of accumulated Gln at a sink tissue has not been well defined. 

Measuring Gln availability would require temporal measurements of both Gln 

accumulation and its reciprocal depletion. Furthermore, as Gln varies spatially within a 

tissue, whole-organ in situ visualization would be valuable. Here, the accumulation and 

subsequent disappearance of Gln in maize (Zea mays L.) seedling leaves was imaged 

in situ throughout the 48 h after N application to roots of N-deprived plants. Free Gln 

was imaged by placing leaves onto agar embedded with bacterial biosensor cells 

(GlnLux) that emit luminescence in the presence of leaf-derived Gln. Seedling leaves 1, 

2, and 3 were imaged simultaneously to measure Gln availability across tissues that 

potentially vary in N sink strength. The results show that following root N fertilization, 

free Gln accumulates and then disappears with an availability period of up to 24 h 

following peak accumulation. The availability period of Gln was similar in all seedling 

leaves, but the amount of accumulation was leaf specific. As Gln is not only a metabolic 

intermediate, but also a signaling molecule, the potential importance of regulating its 

temporal availability within plant tissues is discussed.
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8.2. Introduction 

Nitrogen (N) is often a limiting plant macronutrient, especially in non-leguminous 

crops such as maize (Zea mays L.). N is required for the synthesis of macromolecules 

including nucleic acids, amino acids and chlorophyll (Masclaux-Daubresse et al., 2010). 

Plant roots uptake soil N, primarily nitrate (NO3
-) and ammonium (NH4

+), and then 

assimilate this inorganic N into the amino acid glutamine (Gln) beginning with 

conversion of nitrate to ammonium. Glutamate (Glu) is then used as a substrate by the 

glutamine synthetase/glutamine oxoglutarate aminotransferase (GS/GOGAT) cycle to 

assimilate ammonium, which can become the amide group of Gln (Lam et al., 1996). 

This is considered a major route by which inorganic N is incorporated into organic N 

(Cren and Hirel, 1999; Joy, 1988; Miflin and Lea, 1976). Although the synthesis of other 

amino acids primarily uses Glu or aspartate (Asp) as the direct substrate for 

aminotransferases, Gln is also used as an N donor for amino acid synthesis by 

enzymes such as asparagine synthetase, releasing Glu (Lam et al., 1996). As a primary 

assimilatory product, Gln displays extremely sensitive and rapid responses to N 

application in maize tissues. However, because it is a donor of N for downstream 

metabolism and hence has a transitory role, free Gln forms only a fraction of the steady-

state amino acid pool, reported to comprise 4-6% of the total amino acid content in 

leaves (Lam et al., 1996; Cañas et al., 2017). Therefore, the appearance and 

subsequent disappearance of Gln from plant tissue may serve as a useful biomarker for 

tracking the progression and rate of N uptake, assimilation, and utilization. Although the 

rate and timing of appearance of assimilatory Gln following N fertilization have been well 

characterized in many plants grown in laboratory conditions, the rate of consumption, 
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and hence availability, of free Gln in sink tissues is less defined despite its implications 

for N metabolism and regulation. 

Previously (Tessaro et al., 2012), an Escherichia coli biosensor auxotrophic for 

Gln (named GlnLux) was engineered with a constitutive lux operon to emit 

luminescence upon exposure to external Gln. Advantages of GlnLux include a low cost 

and tissue requirement, and simplified tissue preparation steps compared to most 

biochemical approaches including high-performance liquid chromatography (HPLC).  

The biosensor cells could be embedded into agar (GlnLux agar), upon which leaves 

were placed, freeze-thawed to cause Gln leakage, and then incubated at 37oC to 

activate the biosensor cells. Following root N fertilization, spatial luminescence output 

from maize seedling leaves could be imaged using a photon-capture camera, 

corresponding to free Gln tissue localization (Tessaro et al., 2012; Chapter 7 of this 

thesis). In Chapter 7 of this thesis, few timepoints were sampled, resulting in low 

temporal resolution. Furthermore, N was applied continuously for 24 h following N 

deprivation, corresponding to the entire duration of the experiment. As a result, while 

rapid assimilation to free Gln was observable following N fertilization, the rate of 

subsequent conversion of free Gln to downstream products could not be discerned.  

Here, an in situ leaf imaging experiment using GlnLux agar was designed to 

characterize the timing of Gln availability in maize leaves in the 48 hours following a 

pulse of root N fertilizer. All seedling leaves were imaged simultaneously to measure 

Gln availability across organs that potentially vary in N sink strength. Nine distinct 

timepoints were imaged allowing for high temporal resolution.  

 



213 
 

8.3. Materials and methods 

8.3.1. Maize growth conditions 

Zea mays L. hybrid CG60 X CG102 seed (Khanal et al., 2011) was used. Two 

independent trials were conducted in a greenhouse set to 28°C/20°C day/night (16 h/8 

h), with 1000 W high pressure sodium and 1000 W metal halide lamps supplemented 

with GroLux bulbs (Osram Sylvania Inc., Wilmington, MA, USA). Light intensity was 

768–923 μmol m−2 s−1 (Trial 1) and 749-896 μmol m−2 s−1 (Trial 2) (canopy level at 

noon). For comparison, full sunlight in summer provides about 2000 μmol m−2 s−1. 

Seeds were surface sterilized by soaking for 4 min in 70% ethanol, 2 min in 4% NaClO, 

and then washed five times in sterile double distilled (dd)H2O. Seeds were transferred 

to 18-cell (1 seed per cell, 8.5x8.5x9 cm) growth flats of Turface® (Profile Products, 

Buffalo Grove, IL, USA), a clay gravel containing only trace plant-available nitrogen (N) 

as determined in Chapter 4 of this thesis. The flats were placed into sub-irrigation trays 

containing ddH2O with no nutrients. Stiff plastic webbing (L1020 injection molded web 

tray, Landmark Plastic, Akron, OH, USA) was placed in between the flats and sub-

irrigation trays for easy transfer of the flats. Flats were watered as needed, with daily 

randomization. 

Seedlings were grown for seven days, after which the remaining ddH2O was 

emptied. Flats were moved to different sub-irrigation trays containing modified N-free 

Hoagland’s nutrient solution (No. 2 Basal Salt Mixture HOP03-1LT, Caisson Labs, 

Smithfield, UT, USA) in which all other macro and micronutrients were provided as 2.86 

mg L-1 H3BO3, 554.90 mg L-1 CaCl2, 0.045 mg L-1 CuCl2, 33.00 mg L-1 

C10H12N2NaFeO8∙3H2O, 240.33 mg L-1 MgSO4, 1.81 mg L-1 MnCl2∙4H2O, 0.025 mg L-1 



214 
 

Na2MoO4∙2H2O, 372.70 mg L-1 KCl, 136.025 mg L-1 KH2PO4, and 0.1 mg L-1 ZnCl2. 

Seedlings remained in the solution for 24 h before sampling to prevent nutrient 

imbalance during N application. 

 

8.3.2. Two hour nitrogen pulse and leaf tissue sampling 

Growth flats served as the experimental units for repeated measurements, 

arranged as a randomized complete block design. The first leaf sampling was 

conducted just before applying +/- N treatments to the seedlings (time 0; the starting 

point). Leaves were harvested and placed in liquid N2. Leaf 1 (the first leaf to emerge) 

was entirely removed at the ligule. Leaves 2 and 3 had not fully developed, and only the 

completely unfurled segment was harvested. Four replicates of each leaf, from each N 

treatment, from individual plants grown in separate growth flats were stored at -80°C 

until imaging. After the initial timepoint, +/- N treatment was performed by moving all 

flats to new sub-irrigation trays containing either the same N-free Hoagland’s solution 

described above (-N) or supplemented with 20 mM N (+N) provided as ammonium 

nitrate (NH4NO3). 

Plant N uptake was permitted for 2 h. Maize leaves were sampled again, as 

described above, after 1 and 2 h of N uptake. Flats were then removed from the sub-

irrigation trays, and a water hose was applied directly over the top of each flat for 5 min, 

followed by the bottom of each flat for 1 min to flush N present in the growth media. 

Previous experimental steps were staggered to account for the flushing period. Flats 

were placed into new sub-irrigation trays of N-free Hoagland’s solution for the remainder 

of the experiment. Leaf sampling was performed again at 4, 6, 12, 24, 36 and 48 h after 
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the initial transfer to the N-uptake treatments, again by sampling the three different 

leaves of four replicate plants from each N treatment harvested from separate growth 

flats. Two additional harvest timepoints were included in Trial 2 at 18 and 30 h to 

increase the temporal resolution. 

 

8.3.3. Generating leaf in situ images of free glutamine 

Direct in situ imaging was performed with GlnLux biosensor cells as previously 

described in Chapter 7 of this thesis (Figure 8.1). Briefly, biosensor cells were 

incorporated into solid GlnLux agar plates (150 x 15 mm Petri dishes). Images of free 

glutamine (Gln) were generated by placing freeze-thawed leaves on the surface of the 

GlnLux agar. Plates were incubated at 37oC for 2.5 h, and imaged with a photon 

capture camera (7383–0007, Princeton Instruments, Trenton, NJ, USA) pre-cooled to -

100oC with an exposure time of 1000 s. The methodology was validated in a previous 

publication to ensure that image variability between plates was not significant (Chapter 

7 of this thesis). Raw image output was converted to false-colour heat maps with 

WinView software (version 2.5.16.5, Princeton Instruments). 
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Figure 8.1. Schematic image of the GlnLux in situ imaging assay. The dots shown in 
the Petri dish represent GlnLux biosensor cells embedded in the agar. The figure is 
courtesy of Lisa Smith (University of Guelph), and may be re-used under the Creative 
Commons BY license. CCD, charge-coupled device.
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8.4. Results and discussion 

8.4.1. GlnLux imaging demonstrates the availability period of assimilatory Gln 

Roots of seedlings grown without N for 8 days were provided with a transitory 2 h 

pulse of N fertilizer (Figure 8.2A; Figure 8.3A). Immediately before the N fertilizer 

application no differences in leaf GlnLux luminescence output were observed between 

the +/-N treated plants (0 h: Figure 8.2B; Figure 8.3B). In Trial 1, GlnLux output from 

plants treated with the +N solution increased until 12-24 h after the onset of the N pulse 

(Figure 8.2B). In Trial 2, additional 18 and 30 h timepoints were examined (Figure 8.3B), 

but peak accumulation occurred in the same 12-24 h period. Pronounced differences 

between the N treatments persisted until 30 h (Figure 8.3B). Following accumulation, 

Gln depletion was of a similar rate, evident by 36 h and complete by 48 h in both Trials 

1 and 2 (Figure 8.2B; Figure 8.3B). At the latter timepoint, no differences between +/-N 

treatments were visible. The results suggest that the availability period of free Gln in 

maize seedling leaves is 24 h following peak accumulation. 

The results infer the timing by which free Gln is consumed by downstream 

reactions (e.g. conversion to other amino acids). Future experiments might be 

conducted in which the molecular regulation of enzymes such as asparagine synthetase 

and their products are described in a similar timecourse. For example, glutamate, 

asparagine, and aspartate are important downstream products of assimilatory Gln (Lam 

et al., 1996), and their quantification may provide a layer of data with which to annotate 

GlnLux images. Additionally, genetic mutants or chemical inhibitors (Monselise and 

Kost, 1998; Oaks et al., 1998) that block Gln conversion, or N15 labeling experiments 

(Cañas et al., 2017) would provide confirmation that reduction of GlnLux output over 
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time is the result of Gln conversion to downstream molecules. The exact timing of Gln 

disappearance may also be characterized with analytical chemistry methods (Cañas et 

al., 2017), or an alternative GlnLux methodology which analyzes plant extracts for more 

quantitative results (Chapter 7 of this thesis).
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Figure 8.2. 



220 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2. Luminescence imaging of free Gln from maize seedling leaves: Trial 1 (July, 
2016). Maize plants were grown in N-free media from germination for 8 d. Plants were 
then transferred for 2 h to a nutrient solution containing either 0 mM (-N) or 20 mM (+N) 
total nitrogen provided as ammonium nitrate (A). Three different seedling leaves were 
harvested and imaged using GlnLux agar (B). Harvesting was performed just prior to 
application of the -/+ N treatments, and twice during the treatments after 1 h and 2 h of 
N uptake. Following the 2 h N-uptake period, all plants were transferred to N-free 
nutrient solution. Leaves were again harvested after 4, 6, 12, 24, 36, and 48 h. 
Displayed are GlnLux false-colour images of four replicates of each leaf from both the –
N (above dashed lines) and +N (below dashed lines) treatments at equivalent harvest 
timepoints, roughly corresponding to panel A. For display purposes, the three leaves 
from each plant are arranged along a single column, and the four biological replicates 
are shown in the same order within each box. The intensity of GlnLux output, from 
greatest to least, is white, red, yellow, green, and blue, with black indicating absence of 
GlnLux output.
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Figure 8.3. 
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Figure 8.3. Luminescence imaging of free Gln from maize seedling leaves: Trial 2 
(December, 2016). Maize plants were grown in N-free media from germination for 8 d. 
Plants were then transferred for 2 h to a nutrient solution containing either 0 mM (-N) or 
20 mM (+N) total nitrogen provided as ammonium nitrate (A). Three different seedling 
leaves were harvested and imaged using GlnLux agar (B). Harvesting was performed 
just prior to application of the -/+ N treatments, and twice during the treatments after 1 h 
and 2 h of N uptake. Following the 2 h N-uptake period, all plants were transferred to N-
free nutrient solution. Leaves were again harvested after 4, 6, 12, 18, 24, 30, 36, and 48 
h. Displayed are GlnLux false-colour images of four replicates of each leaf from both the 
–N (above dashed lines) and +N (below dashed lines) treatments at equivalent harvest 
timepoints, roughly corresponding to panel A. For display purposes, the three leaves 
from each plant are arranged along a single column, and the four biological replicates 
are shown in the same order within each box. The intensity of GlnLux output, from 
greatest to least, is white, red, yellow, green, and blue, with black indicating absence of 
GlnLux output.
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8.4.2. The timing of Gln accumulation and depletion occurs symmetrically along 

the leaf-age sink gradient 

GlnLux imaging was performed simultaneously in all leaves to detect differences 

in Gln accumulation and depletion among leaves with potential high N sink strength 

(youngest growing leaf 3) and low sink strength (leaf 1) (Meiri et al., 1992; Poethig, 

2003). There was not a leaf-specific effect in terms of the timing of GlnLux accumulation 

(all peaked at 12-24 h) and depletion (common disappearance by 48 h) but intensity 

differences were observed (Figure 8.2B; Figure 8.3B). Specifically, Gln accumulation 

was greatest in leaf 3 (youngest leaf), followed by leaf 2, then leaf 1 (oldest leaf) (Figure 

8.2B; Figure 8.3B), likely to fulfill the extra nutrient demand required to support growth 

of the younger leaves (Hu et al., 2007; Meiri et al., 1992; Neves-Piestun and Bernstein, 

2005; Poethig, 2003). GlnLux output persisted slightly longer in leaf 3 in Trial 1 than 

Trial 2 (Figure 8.2B) for an unknown reason, either biological or technical.  

One interpretation of these results is that Gln shuttling to N sinks is regulated to 

maintain a metabolic balance between supporting the N requirement for growth in 

young tissue with maintaining the ongoing metabolic needs of older leaves (e.g. 

photosynthesis) which were non-senescent at the assayed stage. These results are 

consistent with those of Chapter 7 in terms of the onset of timing of peak Gln 

accumulation across maize seedling leaves, but also demonstrate that the timing of Gln 

depletion and hence Gln availability is similar across the leaf-age sink gradient. 
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8.4.3. The timing of Gln availability may be specific to the conditions used 

In general, these timing results should be interpreted cautiously. The exact timing 

of Gln accumulation/disappearance and hence availability may be specific to the 

conditions of this study. The results might be different with other developmental stages, 

genotypes, or environmental conditions. Previous experiments have also demonstrated 

that the tissue location of N assimilation (i.e. root vs. shoot) is specific to the inorganic 

soil N concentration (Andrews, 1986; Redinbaugh and Campbell, 1993; Sakakibara et 

al., 1992) and source (i.e. ammonium vs. nitrate) (Prinsi and Espen, 2015; Sugiharto 

and Sugiyama, 1992; Sukanya et al., 1994). In this study, GlnLux output across N 

treatments and timepoints was generally greater in Trial 1 (Figure 8.2B) compared to 

Trial 2 (Figure 8.3B), which were conducted in July and December 2016, respectively. 

Despite the controlled greenhouse environment, plants in July (summer) received 

higher light intensities, day lengths, and temperatures, compared to December (winter). 

N uptake is in part regulated by the rate of carbon fixation and photosynthesis which 

ensures the adequate supply of carbon skeletons for assimilatory products (Lillo, 2008; 

Wang et al., 2011a). These physiological responses to environmental variation may 

have contributed to observed differences between the trials.  

Despite the variable nature of N metabolism, various studies have consistently 

shown that GS and/or Gln rapidly accumulate within minutes to hours after application 

of N following a period of N starvation (Magalhães et al., 1990; Redinbaugh and 

Campbell, 1993; Sakakibara et al., 1992; Sukanya et al., 1994; Vidmar et al., 2000), 

consistent with the in situ visualization presented here. It is worth noting that free Gln in 

maize leaves does not represent all of N absorbed by roots – for example, nitrate can 
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also be transported to foliage for storage (Brien et al., 2016; Ivanko and Ingversen, 

1971; Millard, 1988; Miller et al., 2007). 

 

8.5. Conclusions and implications of a limited Gln-availability period in maize leaf 

tissue 

GlnLux imaging suggests that after inorganic N from soil is assimilated and 

transported in the shoot, a portion accumulates as free Gln in leaves. Following peak 

accumulation, free Gln remains up to 24 h before downstream utilization. Assimilatory 

processes can be influenced by different growing conditions, tissue ages, and genetic 

characteristics, as recently demonstrated and reviewed in Chapter 7 of this thesis.  

However, the literature has indicated 24 h as an important timepoint for a variety of 

plant species grown under different conditions. In an older study (Sugiharto and 

Sugiyama, 1992), leaf levels of nitrate and especially ammonia similarly began to 

plateau after 24 h following N fertilization in maize grown from seed for two weeks under 

N deprivation. The same study also showed that nitrate reductase activity peaked at the 

24 h timepoint and then decreased (Sugiharto and Sugiyama, 1992). The 24 h time-

frame of Gln (and nitrate, ammonia) availability at an N sink may have implications for 

scientific understanding of N metabolism. It is well known that N uptake and assimilation 

genes, enzymes and metabolites such as Gln are under circadian control (Li et al., 

2016a; Lillo, 2008; Wang et al., 2011a). However, it may be that plants regulate the 

availability period of free Gln not because it is an intermediate to build other N-

containing molecules - in this role, it may be advantageous for free Gln to persist locally. 

Rather, plants may regulate the persistence of Gln because it acts as a critical signaling 
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molecule of the internal N status which can, for example, negatively regulate root N 

transporters (Coruzzi and Zhou, 2001; Touraine et al., 2001). An inverse correlation has 

been observed between the Gln concentration and nitrate transporter proteins in the 

roots of multiple species (Nazoa et al., 2003; Pal’ove-Balang and Mistrik, 2002; Vidmar 

et al., 2000; Zhuo et al., 1999). When Gln was administered to maize seedlings via tip-

cut leaves, root N uptake was shown to decrease (Pal’ove-Balang and Mistrik, 2002). In 

addition to transporter regulation, increased Gln was shown to control at least 35 

general stress response genes in rice (Kan et al., 2015a, 2015b). Increased Gln has 

also been implicated in coordinating sulphate and N nutrition in barley (Karmoker et al., 

1991), and to exert control over the C4 photosynthetic pathway in maize (Sugiharto et 

al., 1992). Therefore, the ~24 h period of Gln availability may be an important interval 

during which free Gln (or lack thereof) can affect a range of plant metabolic processes. 

In the future, GlnLux may be used to help probe the relationship between free Gln and 

these other metabolic processes, allowing metabolic/transcriptomic heatmaps to be 

overlaid with both temporal and spatial resolution. 
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Chapter 9: Mid-season leaf glutamine predicts end-season maize grain yield and 

nitrogen content in response to nitrogen fertilization under field conditions 
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9.1. Abstract 

After uptake in cereal crops, nitrogen (N) is rapidly assimilated into glutamine 

(Gln) and other amino acids for transport to sinks. Therefore Gln has potential as an 

improved indicator of soil N availability compared to plant N demand. Gln has primarily 

been assayed to understand basic plant physiology, rather than to measure plant/soil-N 

under field conditions. It was hypothesized that leaf Gln at early-to-mid season could 

report the N application rate and predict end-season grain yield in field-grown maize. A 

three-year maize field experiment was conducted with N application rates ranging from 

30 to 218 kg ha-1. Relative leaf Gln was assayed from leaf disk tissue using a whole-cell 

biosensor for Gln (GlnLux) at the V3-V14 growth stages. SPAD (Soil Plant Analysis 

Development) and NDVI (Normalized Difference Vegetation Index) measurements were 

also performed. When sampled at V6 or later, GlnLux glutamine output consistently 

correlated with the N application rate, end-season yield, and grain N content. Yield 

correlation ability outperformed GreenSeekerTM NDVI, and was equivalent to SPAD 

chlorophyll, indicating the potential for yield prediction. Additionally, depleting soil N via 

overplanting increased GlnLux resolution to the earlier V5 stage. The results of the 

study are discussed in the context of luxury N consumption, leaf N remobilization, 

senescence, and grain fill. The potential and challenges of leaf Gln and GlnLux for the 

study of crop N physiology, and future N management are also discussed.
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9.2. Introduction 

Maize (Zea mays L.) is an important cultivated crop and a staple food for billions 

of people worldwide (Cairns et al., 2012). There has been a dramatic increase in the 

production of maize and other cereals such as rice, wheat, barley, sorghum and millet 

over the last five decades, all of which contribute to global food security (Cassman and 

Grassini, 2013). Rising yields can be attributed to advances introduced during the 

Green Revolution including improved genetics of crop varieties, improved irrigation, and 

increased pesticide/fertilizer application (Cassman, 1999). Of the fertilizer nutrients, 

nitrogen (N) is the most abundant in plant biomass and often the most limiting to yield 

(Crawford and Forde, 2002; Williams and Miller, 2001). Maize, while an extremely 

productive crop, has a high N requirement (Stanford, 1973) and many farmers fertilize 

with substantial quantities of synthetic N (e.g. various forms of nitrate and ammonium) 

to ensure high yields.  

In many cropping systems, N fertilizer is typically applied to the field as a single 

application around the same time as planting (Abbasi et al., 2013). Although N 

fertilization at the very beginning of the season is in many scenarios the most 

convenient, fertilizer nitrogen use efficiency (NUE), defined as the portion of applied N 

recovered in the aboveground crop biomass, is reduced. N fertilizer (particularly nitrate, 

NO3
−), depending on soil type, is susceptible to loss resulting from leaching and 

denitrification and hence sub-optimal yield and economic loss (Cameron et al., 1986). 

Substantial N uptake by maize does not occur until plants have fully transitioned from 

seed to soil N reserves (Karlen et al., 1987). Exponential biomass accumulation is 

initiated 4-6 weeks after planting at approximately the V6 stage (a growth stage defined 
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as when six leaves have fully emerged from the plant) and continues through the 

reproductive growth stages (beginning at R1) (Karlen et al., 1987).  

Considerable variability in N supply, loss, and demand can exist within a single 

field (Malzer et al., 1996) and across years, dictated by factors including soil type, 

temperature, precipitation, microbial activity, and planting density (Cameron et al., 

1986). The combined effect can result in substantial fertilizer N rate heterogeneity 

(Dhital and Raun, 2016; Malzer et al., 1996). To better account for this variability and to 

match N fertilizer application with maize N requirement, growers are advised to provide 

N within the growing season (sidedressing, topdressing) in addition to, or as a 

replacement for, the fertilizer which is applied earlier at the beginning of the season 

(Abbasi et al., 2013). When fertilizer applications are synchronized with the needs of the 

plant they can result in higher fertilizer NUE (Shanahan et al., 2008). Within-season 

application rates are sometimes determined in a site-specific manner based on 

measurable indicators of plant N health (e.g. chlorophyll concentration) or soil N content 

(Andraski and Bundy, 2002; Cui et al., 2008; da Silva et al., 2017). Commonly used 

diagnostic tests to measure within-season plant N health and guide the N application 

rate include the Soil Plant Analysis Development (SPAD) meter (Konika Minolta, Tokyo, 

Japan) which provides a measurement of foliar chlorophyll concentration, and the 

Normalized Difference Vegetation Index (NDVI) which estimates plant vigour via 

detection of the near-infrared spectral region reflected by plant leaves. NDVI can be 

measured by several devices including the GreenSeekerTM (Trimble, Westminster, CO, 

USA) handheld crop sensor (Olfs et al., 2005; Zebarth et al., 2009). These diagnostic 

tools measure N-dependent metrics such as chlorophyll and vegetative area. Aside 
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from its requirement for photosynthesis, chlorophyll is also used by plants as a form of 

long-term N storage (Millard, 1988). This factor may contribute to SPAD and NDVI 

exhibiting limited response to different N application rates, soil N test values, and leaf N 

concentrations, with plateaus observed at high N values (Berenguer et al., 2009; 

Rostami et al., 2008; Schmidt et al., 2011; Shaver et al., 2011; Wood et al., 1993; 

Zhang et al., 2007, 2008). Furthermore, measurements dependent upon chlorophyll 

(SPAD) and vegetative area (NDVI) can have problems especially early in the season – 

the correlation between measures of leaf N health and different pre-plant N fertilization 

rates often does not occur until V6 or later (Ma et al., 2005; Teal et al., 2006). Initial 

studies indicated that early-season SPAD measurements correlate very weakly with 

end-season yield, with coefficients as low as 0.22 even at V7 (Bullock and Anderson, 

1998; Piekielek and Fox, 1992; Schepers et al., 1992). Later research identified the 

correct leaf and position for SPAD measurement, which increased its yield-predictive 

value. However, low correlation coefficients are still frequently reported, for example 

0.48 at V6 (Lindsey et al., 2016; Poudel et al., 2015). The correlation between NDVI and 

yield is also often low and variable, especially early in the season (V6) (Ma et al., 1996, 

2005; Teal et al., 2006). Therefore it would be of value to develop diagnostic tools that 

can detect plant N limitation earlier and that better correlate with end-season grain yield 

and N content, for diagnosis of crop N status in the field. If such a measure were 

combined with dynamic models that integrate cereal crop growth, crop history, climate, 

soil and agronomic factors (Bagheri et al., 2014; Bender et al., 2013; Devienne-Barret et 

al., 2000; Gaudin et al., 2014a, 2015; Lemaire et al., 2008; McMaster et al., 2014; Naud 
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et al., 2007, 2008), it may allow for better determination of N requirement and therefore 

selection of a within-season N application rate.  

After soil N is absorbed by cereal crop roots, it is assimilated into a pool of free 

amino acids for the production of proteins and other macromolecules (Masclaux-

Daubresse et al., 2010). In maize, glutamine (Gln) is one of the most abundant 

assimilatory amino acids and a major N transport molecule, displaying marked 

increases in foliar tissue immediately after N application to roots (Chapman and Leech, 

1979; Magalhães et al., 1990). The N assimilatory and Gln translocation abilities of a 

plant contribute to NUE. Therefore free Gln in maize tissue has potential to serve as an 

exquisite and responsive indicator of the ratio between N supply and demand. Gln has 

primarily been measured to understand basic plant physiology (Li et al., 2010; 

Magalhães et al., 1990; Prinsi and Espen, 2015; Wang et al., 2014b), rather than as a 

measurement of plant N status under field conditions. 

It can be assumed that there are three broad scenarios concerning plant N health 

in the field, with different implications for Gln. Where there is insufficient soil N supply to 

meet plant N demand, the amount of Gln transported will consequentially be low. 

Alternatively, if the demand is met by sufficient soil N, then the amount of Gln 

transported will be comparatively high. A final situation is one in which the N available to 

the plant from the soil exceeds demand, and the consequent concentration of 

translocated Gln may accumulate (Angell et al., 2014; Cheshire et al., 1982; Millard et 

al., 1985). Free Gln may act as an endogenous signal of whether the plant is N-limited, 

sufficient, or in a luxury situation - Gln in plant tissue can impose negative regulation on 

N transporters in plant roots (Coruzzi and Zhou, 2001).  
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A whole-cell biosensor for Gln was previously reported called GlnLux, consisting 

of a strain of Escherichia coli bacteria, auxotrophic for Gln, that was genetically 

engineered to emit photons of light as it grew and multiplied proportional to the 

concentration of Gln supplied, including from leaf extracts (Tessaro et al., 2012). Under 

controlled greenhouse conditions, GlnLux was able to detect rapid increases of Gln 

(GlnLux glutamine) in maize leaf tissue after ammonium nitrate was applied to 

seedlings, and its low cost and low tissue requirement (a small leaf disk from the midrib) 

provided detailed temporal and spatial mapping of Gln dynamics (Chapter 7). 

Here, it was tested whether Gln in maize leaves, as measured with GlnLux, can 

be used as a diagnostic of soil N availability as inferred from the correlation with the N 

application rate. Also tested was whether the early-to-mid season leaf Gln status 

correlated with end-season yield traits under N-limiting field conditions. The yield 

correlations were compared to early-to-mid season SPAD chlorophyll, and 

GreenSeekerTM NDVI. A field experiment was conducted over three years in which N 

was applied shortly after planting at rates ranging from 30 to 218 kg ha-1. GlnLux 

glutamine was examined in maize foliar tissue at four different stages (V3, V6, V12, and 

V14). 

 

9.3. Materials and methods 

9.3.1. Main experiment: site description and planting  

In 2014, 2015, and 2016, treatments were imposed onto and data collected from 

a long-term nitrogen (N) field experiment that was initiated in 2008 at the University of 

Guelph Elora Research Station (lat. 43°39’N, long. 80°25’W, 376 m elevation), Ontario, 
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Canada. The field is described as a Guelph loam (fine loamy, mixed, mesic Glossoboric 

Hapludalf, or orthic grey brown luvisol) (Hoffman et al., 1968), pH 7.7, silt 48%, clay 

20%, soil organic matter 4.5% (analyzed by Agri-Food Laboratories Inc., Guelph, 

Canada). The 30-year mean annual precipitation is 871 mm, and average annual air 

temperature is 6.7°C26. Additional daily climatic data recorded during the experimental 

period is displayed in Figure 9.1. Moldboard plowing was performed in the fall of each 

year, and spring cultivation before planting. Maize (Zea mays L., variety Dekalb DKC39-

97RIB, glyphosate tolerant, 2700 Ontario Corn Heat Units; Monsanto Canada Inc., 

Winnipeg, Canada) was machine planted (79 000 seeds ha-1) in a randomized complete 

block design (RCBD) with four replications. The trial was divided into experimental units 

consisting of six-row plots with 0.76 m row spacing and 17 m row lengths. Only the four 

centre rows of each plot were used for sampling and measurements. Planting was 

performed on May 9 (2014), May 6 (2015), and May 6 (2016).  

 

                                                           
26 http://climate.weather.gc.ca/ 
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Figure 9.1. Daily precipitation (mm), high, and low temperatures (°C) during the growing 
season at the experimental site in 2014 (A), 2015 (B) and 2016 (C). Notable weather 
events are labeled. In 2014 there was data missing from August 22 to September 9. 
Source: Environment Canada27. 

                                                           
27 http://climate.weather.gc.ca/ 

-50

-40

-30

-20

-10

0

10

20

30

40

0

10

20

30

40

50

60

70

T
e

m
p

 (
o
C

)

P
re

c
ip

 (m
m

)

Daily low

Daily precipitation

Daily high

M
ay

Ju
n

Ju
l

Aug
S
ep

t

O
ct

-50

-40

-30

-20

-10

0

10

20

30

40

0

10

20

30

40

50

60

70

T
e

m
p

 (
o
C

)

P
re

c
ip

 (m
m

)

Daily high

Daily low

Daily precipitation

Frost

M
ay Ju

n
Ju

l
Aug

Sep
t

O
ct

-50

-40

-30

-20

-10

0

10

20

30

40

0

10

20

30

40

50

60

70

T
e

m
p

 (
o
C

)

P
re

c
ip

 (m
m

)

Daily high

Daily low

Daily precipitation

Early-season
drought

M
ay Ju

n
Ju

l
Aug

Sep
t

O
ct

A

B

C

2014

2015

2016



237 
 

9.3.2. Crowding experiment: planting 

In 2015 and 2016, 1 m long sections were overplanted within each main plot. An 

additional maize row 1 m in length of the same variety was positioned 5 cm along each 

side of the main row, consisting of 10 plants per extra row (crowding level 1, CL1) in 

2015. In 2016, crowding level 1 was imposed in addition to crowding level 2 (CL2), 

consisting of 20 plants per extra row. In each plot and year, two sections of each 

crowding level were overplanted. These extra plants were removed from the field at 

stage V5 (five leaves fully emerged). 

 

9.3.3. Fertilizer and herbicide treatments 

N fertilizer was provided to all plots as urea (30 kg N ha-1) through the planter, 5 

cm beside and below seeding depth. Additionally, five different fertilizer N treatments of 

0, 28, 57, 115, and 188 kg ha-1 were injected via an applicator fitted with 1.27-cm wavy 

coulters (Demco, 558 L, Kent Farm Supply, Blenheim, Canada) mid-row to a 5-10 cm 

depth as urea-ammonium-nitrate (UAN) solution shortly after planting. Total N 

application rates were therefore 30, 58, 87, 145, and 218 kg ha-1. In each replication 

year sampled, the previous year was maize grown under an N rate which was constant 

across all treatment plots. Five soil cores were sampled from the top 30 cm of each plot 

before N application and sent for analysis (Agri-Food Laboratories Inc.) of KCl 

extractable NH4/NO3-N. Potassium and phosphorus were applied at non-limiting rates 

as needed with band application at seeding or before tillage with broadcast application 

(0-46-0 and 0-0-60). Pre-emergence weed control was performed by spraying 

mesotrione (0.3 L ha-1; Callisto, Syngenta, Guelph, Canada), and S-
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metolachlor/atrazine (3.5 L ha-1; Primextra-II-Magnum, Syngenta) on May 19 (2014) and 

May 14 (2015). No pre-emergent herbicide was applied in 2016. Glyphosate was 

applied as needed (Roundup WeatherMAX or Transorb, Monsanto, Creve Coeur, MO, 

USA). 

 

9.3.4. End-season measurements 

Plot harvest occurred on October 30 (2014), November 3 (2015), and October 25 

(2016). Mechanical harvesting was performed with a four-row GleanerR42 rotary 

combine (AGCO Corporation, Duluth, GA, USA) and monitored with a GrainGage 

(HarvestMaster, Juniper Systems, Inc., Logan, UT, USA) for assessing grain weight. 

Moisture was adjusted to 15.5% for analysis of grain yield. Five representative plants 

per plot (manually harvested, and dried in an oven at 80°C until constant weight) were 

used to obtain biomass and total N percentage with Dumas combustion (Fiedler et al., 

1973) of above-ground plant tissue. Ear dry weight consisted of the grain, cob, and 

husk. Stover consisted of the cob and husk along with the shoot tissue.  Harvest index 

(HI) was determined by dividing grain dry weight by the grain plus stover dry weight. 

Nitrogen harvest index (NHI) was determined by dividing total grain N content by the 

total grain plus stover N content. 

 

9.3.5. Relative measurements of glutamine from leaf disk extracts 

 Leaf tissue disks (6.35 mm in diameter) were sampled with a hole-punch tool 

(Fiskars Brands Inc., Middleton, WI, USA) along the midrib at several growth stages 

(Appendix Figure A9.1A-D): V3 (three leaves including the leaf collar have fully 
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emerged from the plant); V6 (six leaves fully emerged); V12 (twelve leaves fully 

emerged); and V14 (fourteen leaves fully emerged). At each stage, six subsample leaf 

disks from separate plants in each plot were harvested, immediately frozen in liquid N2, 

and stored at -80°C until processing. Sampling of the overplanted plot sections was 

performed at V3 and V5 (five leaves fully emerged) for comparison to non-crowded 

plants. Sampling of all growth stages was performed at the same time of day to control 

for any effects of circadian rhythm.  

Leaf disks were analyzed for glutamine (Gln) content with the GlnLux biosensor 

(Appendix Figure A9.1E) (Tessaro et al., 2012). The six leaf disk subsamples from each 

plot were pooled into 200 µl of 0.1% chilled protease inhibition cocktail (PIC) (P9599-

1ml, Sigma-Aldrich, St. Louis, MO, USA) and homogenized with an automated tissue 

disruptor (Bead Ruptor 12, Omni International, Kennesaw, GA, USA). The homogenate 

was then diluted six-fold in 0.1% chilled PIC and centrifuged (model 5415R, Eppendorf, 

Hauppauge, NY, USA; 4°C, 20 min, 13 000 rpm). The resulting plant tissue extract 

supernatant was further diluted ten-fold in 0.1% chilled PIC and stored at -20°C until 

analysis. Low temperatures and PIC were utilized throughout the protocol to ensure 

accurate detection of the free portion of plant Gln (i.e. not liberated from protein/peptide 

breakdown which may otherwise occur during the protocol). Analysis of the extract was 

conducted with the GlnLux whole-cell biosensor as previously described (Tessaro et al., 

2012). Briefly, GlnLux E. coli cells were co-incubated with the plant tissue extracts, and 

then luminescence outputs from 96-well plates were measured using a luminometer 

(MicroLumatPlus, Berthold Technologies, Bad Wildbad, Germany) resulting in relative 

measurements of plant tissue Gln (“GlnLux glutamine”). 



240 
 

To optimize the protocol for use in the field, different maize leaves (old leaves 

versus younger, more recently emerged leaves), and different positions along the midrib 

of the younger leaf were tested for correlation between GlnLux glutamine and N 

application rate (Appendix Figure A9.2; Appendix Figure A9.3). GlnLux glutamine from 

young, recently emerged leaves sampled at a position near the base strongly correlated 

with the N application rate. In greenhouse experiments, it was previously determined 

that GlnLux glutamine from young leaf tissue best correlates with the N fertilization 

status of maize seedlings (Chapter 7; Chapter 8). Therefore, young tissue was used for 

all subsequent analysis. Specifically, at all growth stages in this study, the leaf sampled 

for GlnLux glutamine was second from the top of the plant, at a consistent position near 

the base of the leaf. Additional optimization included ensuring that GlnLux output was 

not significantly affected by sampling different young leaves (Appendix Figure A9.4), as 

plants receiving the extremes of the N application range initiated leaves at slightly 

different rates. 

 

9.3.6. SPAD and GreenSeekerTM measurements 

 Measurements were recorded at the V6 and V12 growth stage. Maize foliar 

chlorophyll concentration was estimated with a Soil Plant Analysis Development (SPAD) 

meter (SPAD-502, Konika Minolta, Tokyo, Japan). SPAD measurements were recorded 

at five positions from the uppermost maize leaf of five (2014) or three (2015 and 2016) 

representative plants per plot, and then averaged for each replicate. Normalized 

Difference Vegetation Index (NDVI) was recorded with a GreenSeekerTM handheld crop 

sensor (Trimble, Westminster, CO, USA) within 2 h of noon by scanning and averaging 
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over the canopy of two (2014) or three (2015 and 2016) separate 4 m long row 

segments per plot.  

 

9.3.7. Statistical analysis 

Data outliers were identified and removed with ROUT, Q=1% (Motulsky and 

Brown, 2006). Pearson correlation was used to compare normalized vegetative growth 

stage GlnLux glutamine levels (raw luminometer output – the luminometer output of a 

negative control consisting of 0.1% PIC in the place of tissue extract) to N application 

rate and end-season field measurements. Pearson correlation of SPAD chlorophyll and 

GreenSeekerTM NDVI with yield was also performed. GlnLux glutamine data from 

crowded and non-crowded sections was regressed linearly against the N application 

rate. F tests were used to examine if slopes deviated from zero, and if the intercepts of 

the equations differed significantly (Zar, 1984). Significant differences between GlnLux 

glutamine levels from the crowded and non-crowded treatments within individual N 

application rates were tested with Šidák’s multiple comparisons (Sidak, 1967). All 

statistical analyses were performed using GraphPad Prism 7 (GraphPad Software Inc., 

San Diego, CA, USA), and significance was determined at P<0.05, 0.01, 0.001, or 

0.0001 as indicated.
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9.4. Results 

9.4.1. Correlation of leaf GlnLux glutamine and nitrogen application rate 

 Maize was grown in a field across three years (see Figure 9.1 for weather 

conditions) with different levels of nitrogen (N) fertilizer applied shortly after planting. 

Before N was applied, it was determined by multiple means comparison that none of the 

N treatment plots differed in either ammonium or nitrate content in any of the three 

years (data not shown). Midrib disks from young leaves were analyzed with the GlnLux 

biosensor for relative glutamine (Gln) content, the output of which is referred to as 

GlnLux glutamine (Appendix Figure A9.1). In all three years, GlnLux glutamine 

correlated with N application rate when leaves were sampled later in vegetative growth 

(V12, V14), and as early as the V6 growth stage in 2015 and 2016 (Table 9.1; Figure 

9.2A-D). Significant correlation was not observed in any of the three years at V3, the 

earliest growth stage sampled. 
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Table 9.1. Pearson correlation between maize GlnLux glutamine and end-season measurementsz.  
 
Growth stage V3 V6 V12 V14 

Year 2014 2015 2016 2014 2015 2016 2014 2015 2016 2014 2015 2016 

N rate 0.08 -0.19 -0.06 -0.02 0.70*** 0.74*** 0.59** 0.47* 0.72*** 0.87**** 0.90**** 0.87**** 

Grain yield
y
 -0.04 -0.27 -0.16 0.02 0.78**** 0.68*** 0.74*** 0.56** 0.77**** 0.83**** 0.82**** 0.90**** 

Ear dry wt 0.12 -0.17 -0.17 -0.3 0.60** 0.76*** 0.65** 0.47* 0.62** 0.66** 0.62** 0.84**** 

Grain dry wt 0.11 -0.18 -0.17 -0.23 0.59** 0.76*** 0.65** 0.46* 0.61** 0.66** 0.62** 0.84**** 

Stover dry wt 0.25 -0.18 -0.14 -0.39 0.54* 0.62** 0.56* 0.43 0.42 0.48* 0.54* 0.62** 

Grain N% 0.06 0.19 0.07 -0.22 0.27 0.69*** 0.58** 0.36 0.64** 0.67** 0.21 0.68*** 

Grain NC -0.01 -0.2 -0.1 -0.07 0.76**** 0.74**** 0.71*** 0.59** 0.77**** 0.82**** 0.77**** 0.88**** 

Stover N% -0.45 0.4 0.25 0.23 0.06 0.33 0.42 0.03 0.60** 0.4 0.24 0.58** 

Stover NC -0.17 0.26 0.05 -0.1 0.54* 0.47* 0.64** 0.39 0.71** 0.61** 0.66** 0.73*** 

HI -0.01 -0.28 -0.15 -0.21 0.50* 0.64** 0.68** 0.33 0.62** 0.71*** 0.58** 0.84**** 

NHI -0.04 -0.4 -0.22 0.13 0.25 0.75*** 0.65** 0.21 0.55* 0.67** 0.12 0.76*** 

zAll measurements were performed across three years and four replications. Variety was Dekalb DKC39-97RIB. 
yGrain yield at 15.5% moisture content. 
One, two, three, and four asterisks represent significant Pearson correlation at P<0.05, 0.01, 0.001, and 0.0001 
respectively. 
HI, harvest index; N, nitrogen; NHI, nitrogen harvest index; wt, weight; NC, nitrogen content.
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Figure 9.2. GlnLux glutamine values from maize leaf tissue display increasing 
correlation with end-season measurements as vegetative growth stage (V3 to V14) 
progresses. Pearson correlation of GlnLux glutamine levels was performed against N 
application rate (A-D), grain yield (E-H), grain N content (I-L) and end-season stover N 
content (M-P). One, two, three, and four asterisks beside correlation coefficients of each 
year represent significance at P<0.05, 0.01, 0.001, and 0.0001 respectively. RLU, 
relative light units intercepted by the luminometer in a one second interval. 
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9.4.2. GlnLux glutamine correlation with end-season field measurements  

Relationships were tested between various end-season traits and leaf GlnLux 

glutamine sampled at different vegetative growth stages (V3, V6, V12, and V14) (Table 

9.1). For grain yield, ear dry weight, grain dry weight, and total grain N content, 

moderate to strong Pearson correlations were consistently observed between leaf 

GlnLux glutamine throughout vegetative growth after V12 in all growing years, and after 

V6 in 2015 and 2016 (Table 9.1; Figure 9.2E-L). Significant correlations were also 

observed, although more variably, between GlnLux glutamine and grain and stover total 

N percentage, stover dry weight, total stover N content, harvest index, and nitrogen 

harvest index (NHI, ratio between N content in the grain and of the total above-ground 

tissues of the plant) (Table 9.1; Figure 9.2M-P). Overall, stronger correlations were most 

likely to occur later in the season (after V6) (Table 9.1; Figure 9.2E-P). 

 
9.4.3. Comparison of the yield-predictive potential of vegetative GlnLux 

glutamine, SPAD chlorophyll, and GreenSeekerTM NDVI  

 The yield-predictive potential of GlnLux glutamine (Figure 9.3A-C) was compared 

to commercial indicators of in-season N health, specifically SPAD chlorophyll (Figure 

9.3D-F) and GreenSeekerTM NDVI (Figure 9.3G-I). Leaf measurements at V6 and V12 

were plotted against end-season grain yield adjusted to 15.5% moisture. GlnLux 

glutamine showed similar yield correlation values as SPAD chlorophyll in 2015 and 

2016, but showed a stronger correlation in 2014 (Figure 9.3A-F). Of the three 

measurements tested, GreenSeekerTM NDVI displayed the least correlation with end-

season yield – no relationship at V6 was observed. Only V12 measurements correlated 
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with yield in 2015 and 2016, with no correlations observed in 2014 at either growth 

stage (Figure 9.3G-I). 
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Figure 9.3. Correlation of end-season maize grain yield (kg ha-1) and GlnLux glutamine 
(A-C), SPAD (D-F), and NDVI (G-I) output. Maize was provided with N application rates 
of 30, 58, 87, 145, or 218 kg ha-1. All measurements were recorded at the V6 and V12 
growth stages in 2014, 2015, and 2016. Asterisks represent significant Pearson 
correlations at P<0.05, <0.01, <0.001, and <0.0001. RLU, relative light units intercepted 
by the luminometer in a one second interval.
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9.4.4. Comparison of GlnLux glutamine accumulation between crowded and non-

crowded maize plants  

 At early growth stages, none of the indicators of in-season N health including 

GlnLux glutamine correlated with the N application rate (Table 9.1; Figure 9.2A). Young 

plants appeared to be N saturated even at the lowest N application rates. It was 

hypothesized that overplanting would deplete the applied N from soil to below a tissue-

assimilate threshold that could be detected by GlnLux. Plot sections were overplanted in 

both 2015 and 2016 (Figure 9.4A). Crowding depleted GlnLux glutamine, significantly 

decreased y-intercept (Figure 9.4B, C), and allowed differences in the N application rate 

to be resolved earlier, at V5 (Figure 9.4B, C), but not at V3 (data not shown). In general, 

crowding improved the correlation (in 2016, R2 raised from 0 to 0.87), linearity, and 

slope (away from zero) between GlnLux glutamine and N application rate at the earlier 

growth stage (Figure 9.4B, C). 
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Figure 9.4.
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Figure 9.4. Increased maize planting density improves the correlation between early-
season GlnLux glutamine output and N application rate. Small sections (1 m in length) 
were overplanted within the main experimental plots (A). An extra maize row was 
positioned along each side of the main row at planting, consisting of 20 extra plants in 
total (crowding level 1) in 2015 (B). In 2016 (C), crowding level 1 was imposed in 
addition to crowding level 2, consisting of 40 extra plants in total. Plants from the main 
row were sampled for GlnLux glutamine content at the V5 growth stage, the results of 
which were plotted against N application rate. Each data point represents the mean of 
four replications (n= six pooled plants) +/- SEM. Asterisks above the means represent 
significant differences between the non-crowded and crowded treatments with Šidák’s 
multiple comparisons (P<0.05). Asterisks beside R2 values represent regressions with 
slopes that are significantly different (P<0.05) from zero as determined with F tests. 
RLU, relative light units intercepted by the luminometer in a one second interval. 
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9.5. Discussion 

 Leaf Gln as a tool to assess available soil N and predict grain yield in a field 

environment has not previously been reported. Based on previous lab and greenhouse 

studies presented in Chapters 7 and 8 of this thesis, it was hypothesized that leaf Gln at 

early-to-mid season, measured using the GlnLux biosensor, could report the N 

application rate and predict end-season grain yield in maize under field conditions.  

 

9.5.1. GlnLux glutamine becomes a reliable indicator of N application rate as 

vegetative growth progresses 

 The correlation between maize leaf GlnLux glutamine and the N application rate 

(Figure 9.2A-D) generally increased as vegetative growth progressed from V3 to V14, 

becoming most significant at or after V6. As maize and other cereal crop species 

mature, N demand increases along with the metabolic needs of the growing plant 

influenced by environmental factors (Abbasi et al., 2013; Devienne-Barret et al., 2000; 

Karlen et al., 1987; Peng et al., 2010). The results presented here indicate that the 

modern maize hybrid tested has a developmental threshold for applied N, such that 

during early development (V3), N supply at the field site exceeded the demand for N-

requiring macromolecules (e.g. protein) resulting in saturation of assimilatory free Gln, 

even at low N application (Table 9.1; Figure 9.2A). Another possibility is that at V3, the 

young plant roots may have not yet reached the mid-row where fertilizer was applied. 

However at or after V6, plants were able to uptake and assimilate N into Gln when 

higher soil N was available. Previous studies have shown that on average, ~40% of total 

seasonal N uptake occurs between the V6 and V14 growth stages (Bender et al., 2013; 
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Ciampitti and Vyn, 2014). The results of this study extend known temporal dynamics of 

N demand to include assimilatory Gln. 

 In the above description, Gln is simply a transitory molecule to deliver N which 

has been the focus of much previous research (Buchanan-Wollaston, 1997; Masclaux-

Daubresse et al., 2010). An alternative hypothesis is that maize plants maintain a pool 

of free N assimilate when local soil N supply exceeds the immediate demand of the 

plant. Such storage/accumulation of N has been termed “luxury consumption” (Cheshire 

et al., 1982; Millard et al., 1985). In vegetative tissues, nitrate and protein are the N 

storage forms most reported, and of the latter, leaf ribulose 1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) is the most abundant (Millard, 1988). However, in 

oat and ryegrass, accumulation of free Gln and asparagine (another primary N 

assimilate) was observed in a situation where sulfur/copper deficiency slowed 

vegetative growth, causing N supply to exceed plant demand (Cheshire et al., 1982; 

Millard et al., 1985). Accumulation of Gln was also observed in algae, and a 

rhizomatous alpine herb during excess N supply (Angell et al., 2014; Lipson et al., 

1996). Moving forward, maize tissue concentrations of Gln, protein and nitrate need to 

be measured side by side in concert with growth rate metrics (Britto and Kronzucker, 

2013; Millard, 1988) in order to provide direct evidence of luxury Gln. For example, 

larger N rates should be applied to achieve a grain yield plateau, as did not occur in this 

report. A plateau with N left in the stover, or a yield decrease with more grain N 

concentration would show luxury N uptake during maximal yield. For now, the 

importance of luxury Gln remains unknown. 
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9.5.2. Measurements of GlnLux glutamine at different growth stages correlate 

with end-season grain yield  

A key finding of this study is that free Gln in leaves, especially later in the 

growing season, is a good indicator of end-season grain yield traits in maize under N 

limiting conditions (Table 9.1; Figure 9.2E-H). Correlation of GlnLux glutamine and yield 

was also observed (Appendix Figure A9.5) in a distant relative of maize, notably finger 

millet (Eleusine coracana), a crop important in agroecosystems of the semi-arid tropics 

(Pallavi et al., 2016; Thilakarathna and Raizada, 2015). GlnLux glutamine content in 

finger millet leaves sampled 39 days after germination displayed tight correlation with 

grain yield across a range of N application rates (Appendix Figure A9.5C-E), conducted 

as part of a larger study in which N limitation effects on plant morphology were 

examined (Chapter 4) 

Grain yield traits may correlate to earlier stage free Gln in leaves primarily 

because that pool contributes to N-containing macromolecules (e.g. protein, chlorophyll, 

etc.), which can be remobilized during grain fill. During leaf senescence, chloroplasts 

are dismantled and channeled in a series of proteolytic reactions into several 

intermediates, eventually yielding Gln and other amino acids for remobilization to grain 

(Masclaux-Daubresse et al., 2010). Maintaining a hypothetical pool of luxury Gln in 

leaves for future remobilization into grain may bypass energetically-costly intermediates. 

Most vegetative N is stored in the stalk, followed by the leaves (Bender et al., 2013), 

and the proportional contribution of stalk N and leaf N to total vegetative N remobilized 

to the grain is roughly equal, at 45% each (Ta and Weiland, 1992) 
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Leaf Gln is highest in youngest leaves (i.e. those at the top of the canopy; 

Appendix Figure A9.2; Chapter 7; Chapter 8) to enable growth, but in addition to its 

direct role in grain fill, it is interesting to speculate whether a leaf Gln pool may buffer 

against the senescence-associated scavenging of RuBisCO and other photosynthetic 

machinery leading to late-season declines in crop radiation use efficiency (RUE). N 

stress has been shown to decrease yield later in vegetative growth in part due to 

decreased RUE (Huber et al., 1989; Muchow and Sinclair, 1994; Uhart and Andrade, 

1995). From a physiological perspective, maintaining a photosynthetically-active canopy 

late into the growing season is critical for maintaining high grain yields in maize (Lee 

and Tollenaar, 2007). Crops which maintain high levels of specific leaf nitrogen (SLN) 

over the growing season tend to have longer lasting canopies and higher RUE (Borrell 

and Hammer, 2000). It has been hypothesized that higher SLN values in maize, while 

not increasing RUE directly, improve grain yield by acting as a buffer against post-

silking N stress (Debruin et al., 2013; Dhugga, 2007). Furthermore, higher SLN values 

in maize improved NHI by reducing the flux of post-silking N uptake that goes to the 

leaves and increasing N flux to the grain (Ning et al., 2017). It may be of interest to 

examine the free Gln pool in “stay-green” crop varieties, where the photosynthetic 

machinery is kept intact throughout much of grain-fill and senescence (Borrell et al., 

2001; Subedi and Ma, 2005). 

Whereas early-to-mid season leaf Gln correlated with yield, the correlation with 

end season stover N percentage and content was variable (Table 9.1; Figure 9.2M-P). It 

may be that variable degrees of N remobilization during leaf senescence is responsible 

for this observation. An interplay of factors has been shown to contribute to variable 
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remobilization of N from the stover during grain fill (Coque and Gallais, 2007; Kosgey et 

al., 2013; Ning et al., 2017; Rajcan and Tollenaar, 1999; Ta and Weiland, 1992). 

 

9.5.3. Comparison to commercially available in-season N health indicators 

Maize foliar chlorophyll concentration, as determined with a SPAD meter, 

displayed a similar trend as GlnLux glutamine with respect to predicting grain yield 

(Figure 9.3A-F), although in 2014 the SPAD correlations were not significant at either 

the V6 or V12 growth stage (Figure 9.3D). This result suggests that foliar Gln content 

(determined with the GlnLux biosensor or otherwise) may be a more reliable predictor of 

yield, or at least equivalent, to SPAD chlorophyll. NDVI measurements (recorded with a 

GreenSeekerTM handheld instrument) only correlated with end-season grain yield in 

2015 and 2016, and only at the V12 stage (Figure 9.3G-I). It has been suggested that 

reflectance-based technologies including GreenSeekerTM may be of limited use for 

early-season measurements of maize, because the instrument’s field of view is large 

and includes soil and vegetation which is older and less predictive of N status (Rambo 

et al., 2010) as also shown here with Gln-yield correlation data (Appendix Figure A9.2). 

Maximum correlation using GreenSeekerTM is only achieved after adjustments are made 

according to the height of the plant canopy (Sharma and Franzen, 2014). Additionally, 

the field-of-view is heavily dependent on the detector angle which can affect the 

correlation (Martin et al., 2012). In 2014, here, an additional experiment was performed 

to test the correlation between grain yield and FieldScout GreenIndex+TM (Spectrum 

Technologies Inc., Aurora, IL, USA) measurements, a smartphone application that uses 

leaf greenness to infer N health. The correlations were not significant at either V6 or 
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V12 with respect to predicting grain yield (Appendix Figure A9.6). Therefore, GlnLux 

glutamine outperformed multiple commercially available leaf N-status tests in terms of 

predicting grain yield.  

 

9.5.4. Can the yield-predictive value of leaf N-health indicators be improved by 

creating early-crowding subplots?  

 In a pilot experiment, early crowding significantly improved the early-stage 

correlation between GlnLux glutamine and the N application rate (Figure 9.4). A simple 

interpretation of this result is that a higher density of plants earlier in the season 

depleted the N applied to soil, preventing saturation of leaf N and hence free Gln. In 

future experiments, it would be interesting to explore whether such crowding can 

improve the efficacy of not only GlnLux glutamine, but also other N health indicators 

(e.g. SPAD chlorophyll) with respect to predicting grain yield. Additional plant crowding 

stresses (e.g. lowered root growth per plant and quicker soil drying) may have also 

caused this response, indicating that foliar Gln may allow investigation of crop spacing 

effects, as well as other spatial interactions including weed stress. 

 

9.5.5. Potential of leaf Gln and GlnLux as tools for field research 

The data in this study show that free Gln in leaves is useful as a mid-season 

indicator of maize N status and for predicting grain yield with respect to soil N 

availability. Mid-season GlnLux measurements successfully predicted grain yield in a 

distantly related cereal (finger millet) as noted above, and in a preliminary experiment, 

in a different maize variety (Pioneer P9329, DuPont Pioneer, Johnston, IA, USA) grown 
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in a different field (Appendix Table A9.1). However, it is important to note that this study 

examined Gln when N was the limiting factor; GlnLux glutamine may not be a good 

predictor of grain yield under other stress conditions. For example, glutamine 

synthetase has been shown in many plants to be affected by salt, drought, and 

pathogen stress (Bernard and Habash, 2009). However, in all three experimental years 

of this study, similar results were obtained despite significant weather stress including 

frost in 2015 (Figure 9.1B) and early-season drought in 2016 (Figure 9.1C). 

Nevertheless, future studies must be conducted at additional locations and experimental 

years to calibrate Gln results to different soil types, cropping histories, climates, and 

plant genotypes. Genotypic differences have been shown to exist in terms of N 

assimilatory dynamics, and there is presumably also variation in Gln accumulation 

(Clark, 1983; Moll et al., 1982; Xu et al., 2012). Furthermore, care must be taken to 

sample plants for Gln at a similar time of day, to overcome diurnal regulation of 

glutamine synthetase and other enzymes of N metabolism (Lillo, 1984; Valadier et al., 

2008; Wang et al., 2011a). 

Although GlnLux glutamine was demonstrated in this study to reflect N status at 

various points in the growing season, integration with other measures/models (Bagheri 

et al., 2014; Bender et al., 2013; Devienne-Barret et al., 2000; Gaudin et al., 2014a, 

2015; Lemaire et al., 2008; McMaster et al., 2014; Naud et al., 2007, 2008) is required 

to generate an estimation of N requirement, and prescribe a within-season application 

rate. Results of this study displayed consistent correlation of GlnLux glutamine with end-

season yield, but in the future higher correlation may be accomplished by sampling the 

leaf lamina instead of the midrib. As the midrib can be variable in size, this may result in 
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variable tissue mass sampled. Tissue mass could also be standardized by weight. In 

this report, care was taken to sample a consistent position of the leaf to reduce 

variability. Additionally, the GlnLux test is currently lab-based and requires shipping of 

frozen leaf punches. A simpler method of Gln detection (improved protocol or alternative 

technology), ideally on-farm, would facilitate its utilization by growers and researchers. 

Though GlnLux glutamine better predicted grain yield compared to SPAD chlorophyll or 

GreenSeekerTM NDVI, the latter technologies are simpler to use.  

Apart from its yield predictive value, GlnLux glutamine may also be a useful tool 

for understanding basic plant physiology at the field level. The pool of free assimilatory 

Gln might be more responsive than chlorophyll (e.g. SPAD) to sudden changes in soil N 

availability and might reveal conditions that spike or suppress Gln rapidly. The effect of 

precipitation and temperature on nitrate leaching or denitrification, and resulting free Gln 

levels could be examined with daily sampling throughout the season. GlnLux could 

allow examination of the N physiology of individual plants under field conditions at 

extremely fine temporal resolution, as well as spatial resolution. 

 

9.6. Conclusions 

The results of this study show that at early-to-mid season, free Gln in leaves as 

measured using the GlnLux biosensor could report the prior N application rate and 

predict end-season grain yield in maize under field conditions. Free Gln in leaves may 

serve to explore basic questions of plant physiology at the field level, including whether 

free leaf Gln may improve yields by acting as an N reservoir during leaf N 

remobilization, and buffer against declines in radiation use efficiency during grain fill. If 
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integrated with other measures and models, leaf Gln may hold potential as a tool for 

site-specific N management by reporting soil N availability and predicting grain yield. 
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Chapter 10: General discussion 

 

10.1. Summary 

Hypothesis 1: Finger millet will respond to extreme nitrogen (N) limitation by modifying 

root system architectural traits. 

Objective 1.A: Quantify root system architectural acclimation of finger millet plants 

under extreme N limitation. 

 

Under differing soil N availability, cereal crop plants can acclimate to meet their 

nutrient demand by changing the length and/or density of crown roots, lateral roots, and 

root hairs (Lynch 2013; Koevoets et al. 2016; Eghball and Maranville 1993; Wang et al. 

2004; Chun et al. 2005; Liu et al. 2009; Gaudin et al. 2011b; Saengwilai et al. 2014; Yu 

et al. 2015; Li et al. 2016a). Root responses of finger millet (Eleusine coracana) have 

not been characterized. In this thesis, finger millet plants were grown in an artificial 

baked-clay system with very poor nitrogen (N) availability, but were surprisingly able to 

grow to maturity and produce seed, suggesting the roots may have excellent N uptake 

and/or scavenging ability (Figure 4.2). Shoot, root, and seed head biomass decreased 

upon N limitation, associated with decreased shoot tiller number, crown root number, 

total crown root length and total lateral root length (Table 4.1; Table 4.2; Figure 4.4). 

The different N treatments did not alter lateral root to crown root ratio, or root hair traits 

(Table 4.2; Figure 4.5; Appendix Figure 4.1). 
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Objective 1.B: Develop and utilize a novel phenotyping methodology to quantify root 

hairs along crown roots of the entire root system in mature finger millet plants under 

extreme N limitation. 

 

 Analysis of root hairs in response to N limitation in other crop plants is 

understudied with results that are sometimes inconsistent (Bloch et al., 2011; Gaudin et 

al., 2011a, 2011b; Robinson and Rorison, 1987). Finger millet did not display consistent 

changes in root hair length or density upon N limitation (Figure 4.5; Appendix Figure 

A4.1). However, root hair lengths and densities were quantified throughout the entire 

crown root network. The longest and most dense root hairs protruded from older crown 

root segments, indicating initiation and growth continued past the zone of maturation, 

even as crown roots extended downwards into the gravel media (Figure 4.5; Appendix 

Figure A4.1).  

 Together, the results of objectives 1A and 1B support the hypothesis that finger 

millet responds to extreme N limitation by modifying root system architectural traits. 

Specifically, lowered crown root number, total crown root length and total lateral root 

length are the major finger millet root system architecture (RSA) responses to N 

limitation.  

 

Hypothesis 2: The GlnLux biosensor will allow for previously unreported 

spatial/temporal mapping of N assimilation/transport in maize, and generate new 

information about cereal N assimilatory dynamics. 
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Objective 2: Generate high-resolution spatial/temporal maps of Gln accumulation in 

whole organs of maize seedlings during recovery from N deprivation with GlnLux. 

 

 In several greenhouse experiments, the GlnLux biosensor was used to examine 

free assimilatory Gln content in maize (Zea mays L.) seedling leaves during recovery 

from N starvation. 

 Seedlings were grown from germination with zero N until the collar of the second 

leaf was visible. A range of different N concentrations (0-20 mM) were then applied for 

different durations of uptake/assimilation (1-24 h), and all three seedling leaves were 

analyzed with both the GlnLux leaf disk extract and in situ imaging protocols. Gln 

accumulated according to replicable gradients involving the position from which extracts 

were harvested within each leaf, location of leaves along the shoot axis, N 

concentration, and duration of uptake/assimilation (Figure 7.2; Figure 7.3; Appendix 

Figure A7.1; Appendix Figure A7.2; Appendix Figure A7.3). The youngest seedling leaf 

displayed the strongest response to applied N. For the first time, in situ imaging of 

tissue Gln allowed visual localization to the leaf-vein level (Figure 7.4; Appendix Figure 

7.4). However, root N application was for the entire recovery period. Therefore, the 

timing of assimilatory Gln disappearance into downstream products (as root inorganic N 

supply depleted) following accumulation could not be visualized in the first set of 

experiments. 

For this characterization a second set of experiments was conducted, in which N 

uptake was restricted to a 2 h “pulse” when maize seedlings were at the same growth 

stage. Peak Gln accumulation occurred at 24 h after N application, and was available in 



264 
 

the leaf tissue for up to a further 24 h prior to disappearance (Figure 8.2; Figure 8.3). 

The availability period was similar in all seedling leaves, but the greatest response was 

again observed in the youngest leaf. 

 Therefore, objective 2 provides support for the hypothesis. GlnLux was able to 

map spatial/temporal dynamics of N assimilation, via the appearance and 

disappearance of Gln, the exact timing of which was previously unreported in the 

literature. 

 

Hypothesis 3: GlnLux measurements of free Gln in maize leaves during early-to-mid 

stages of vegetative growth is an accurate diagnostic of the soil N application rate under 

field conditions and can predict end-season yield under N-limiting conditions.  

Objective 3: Correlate mid-season measurements of GlnLux output from leaves of 

field-grown maize with the N application rate and end-season yield parameters. 

 

In Objective 2, maize foliar Gln correlated with the concentration of N applied 

and therefore indicated plant N availability. While these experiments took place in a 

controlled greenhouse setting, it was postulated that a similar effect would be observed 

in the field. A three-year maize trial was conducted in which the N application rate 

ranged from 30 to 218 kg ha-1, and leaf Gln was assayed at the V3-V14 growth stages. 

Later, yield and other end-season measurements were recorded.  

Results of objective 3 supported the hypothesis. When sampled at V6 or later, 

GlnLux output correlated with the N application rate, end-season grain yield, and also 
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end-season grain N content (Figure 9.2; Figure 9.3; Appendix Table A9.1; Appendix 

Figure A9.6). 

 

10.2. Morphological architecture of finger millet is highly responsive to N 

limitation 

Decreased crown root number was determined to be the major RSA change in 

finger millet upon N limitation (Figure 4.4). The number of tillers and crown roots were 

tightly correlated across N treatments (Figure 4.4), indicating endogenous genetic 

coordination over the general architectural response to different N availabilities. It may 

be of interest to investigate orthologs of the domestication gene Tb1, which coordinates 

declines in tiller and crown root number in maize (Gaudin et al., 2014b; Hubbard et al., 

2002). Orthologs have already been investigated in the related cereal species foxtail 

millet (Setaria italica) and pearl millet (Pennisetum glaucum) (Doust et al., 2004; 

Remigereau et al., 2011). 

There was tight correlation between total crown root length and crown root 

number (Figure 4.4). Lateral roots originate from crown roots – therefore decreased 

crown root initiation in response to N limitation primarily determined the other root 

correlations observed, specifically lateral root length. Importantly, high correlation was 

observed between above-ground biomass and crown root number (Figure 4.4). It has 

been suggested that easy to measure shoot traits which have high correlation with the 

hidden and difficult to study root traits, can serve as a proxy trait for field research 

programs involving both breeding and physiology (Bektas et al., 2016; Wasson et al., 

2012; Westoby and Wright, 2006). 
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Following the publication of these results, another study was reported which 

examined the RSA response by finger millet to N limitation, with the objective of 

identifying ideal hydroponic growth conditions (Jena et al., 2016). Although plants were 

not grown in solid media, or to maturity, the results were similar to those reported here. 

Average crown root length remained similar upon N limitation, and total lateral root 

length decreased. The characterization of RSA low-N acclimation strategies under more 

field-relevant conditions presented in this thesis may result in the identification of genes 

to improve NUE in other cereal crops.  

 

10.3. Maize seedling leaves exhibit gradients of spatial/temporal assimilatory 

glutamine accumulation 

 Gln is known to accumulate rapidly in maize leaf tissue following N application 

(Magalhães et al., 1990; Prinsi and Espen, 2015). Additionally, there is limited evidence 

that this accumulation occurs basipetally along the leaf midvein axis (Chapman and 

Leech, 1979), perhaps related to a base-to-tip developmental gradient (Li et al., 2010; 

Majeran et al., 2010; Wang et al., 2014b). These studies examined only limited amounts 

of leaves, sampling positions, or timepoints, and interpretations of the results were 

limited. The low cost and high throughput GlnLux assay enabled all three seedling 

leaves to be examined at multiple points along the midvein simultaneously after 

solutions of different N concentrations had been applied to roots for different durations 

of uptake/assimilation. Therefore, several interaction effects could be identified: 

(1) Additive N rate X N duration interaction (Figure 7.2; Figure 7.3); 
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(2) N rate/duration X shoot axis interaction - N was preferentially observed in 

younger leaves (Figure 7.2A-J; Figure 3); 

(3) Shoot axis X leaf proximodistal interaction - leaves 1 and 2 showed greater 

leaf-basipetal gradients than leaf 3 (Figure 7.2; Figure 7.3); 

 (4) N rate/duration X leaf proximodistal interaction - only the highest N rates 

showed a leaf basipetal gradient in leaf 1 in contrast to leaf 2 (Figure 7.2F, K; Figure 

7.3); 

(5) Interactions with the leaf mediolateral axis - generally proximodistal and 

mediolateral axes expression were coincident (Figure 7.3; Figure 7.4); 

These interactions, uncovered using the GlnLux technologies, reveal that N 

assimilation and localization is complex even at the seedling stage. 

 

10.4. The limited availability period for assimilatory glutamine in maize leaf tissue 

may have implications for plant N metabolism 

 The availability period for free Gln in maize seedling leaves was determined to be 

~24 h (Figure 8.2; Figure 8.3). The importance of the 24 h interval has been identified in 

other molecular aspects of N metabolism, especially during recovery from N deprivation 

(Coruzzi and Zhou, 2001; Nazoa et al., 2003; Pal’ove-Balang and Mistrik, 2002; 

Sugiharto and Sugiyama, 1992; Touraine et al., 2001; Vidmar et al., 2000; Zhuo et al., 

1999). Gln is a central regulator, functioning as an internal signal of adequate N health. 

The 24 h interval may therefore also be important to N metabolism, carbon metabolism, 

and stress response (Kan et al., 2015a; Karmoker et al., 1991; Sugiharto et al., 1992). 
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10.5. GlnLux agar permits highly-specific in situ metabolite imaging 

 Gln in situ visualization enabled many results and conclusions described 

throughout this thesis. Visualization of Gln to leaf veins attained in these studies has not 

been reported in the literature previously. In addition to analysis of assimilatory Gln, it 

would be useful to overlay these images with quantitative metabolomic or transcriptomic 

data. Such annotations could serve to probe relationships between free Gln and other 

metabolic processes, and provide links between genetic and phenotypic traits on a fine 

scale to uncover mechanisms behind improved NUE. 

 

10.6. Foliar glutamine has both applied and basic research potential in the field  

Overall, the results of this thesis indicate that assimilatory Gln, as an 

intermediate between the uptake of inorganic N and conversion to commonly-measured 

end-products like chlorophyll, may offer advantages for both applied and basic 

research. 

In the field GlnLux was able to diagnose soil N availability, and predict end-

season grain yield and N content (Table 9.1; Figure 9.2). Foliar Gln as measured by 

GlnLux was at least equivalent to SPAD (Soil Plant Analysis Development) chlorophyll, 

and outperformed GreenSeekerTM NDVI (Normalized Difference Vegetation Index) 

(Figure 9.3), both of which are commercially available predictors of end-season yield. 

Therefore Gln measurement, accomplished by GlnLux or otherwise, may be combined 

with dynamic models that integrate cereal crop growth, crop history, climate, soil and 

agronomic factors (Bagheri et al., 2014; Bender et al., 2013; Devienne-Barret et al., 

2000; Gaudin et al., 2014a, 2015; Lemaire et al., 2008; McMaster et al., 2014; Naud et 
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al., 2007, 2008). The end result may be a new method of prescribing a within-season 

(e.g. sidedress) N application rate to correct site-specific crop deficiencies. Measuring 

Gln may also have advantages over SPAD chlorophyll or NDVI for certain research 

applications, for example, rapid field-level processes including nitrate loss after heavy 

precipitation. In these conditions, differences in tissue Gln may appear faster than other 

metrics as it is a primary assimilatory molecule. Additionally, depleting soil N via 

overplanting increased GlnLux resolution to the earlier V5 stage, indicating a method of 

studying plant population density, weed stress, and other spatial interactions in the field 

(Figure 9.4). 

 

10.7. Future experiments 

The results indicate finger millet roots may have extreme N uptake ability. It 

would be useful to apply the RSA characterization methodology in this thesis to a finger 

millet diversity panel, or cultivars of related orphan crops to identify genotypes with 

exceptionally high NUE and uptake ability. 

Various authors have suggested more research concerning root hair longevity is 

needed for optimizing nutrient uptake (Brown et al., 2013; Nestler and Wissuwa, 2016). 

As they are preserved for easy analysis in the baked clay-gravel (Turface®) growth 

system, it would be possible to analyze molecular markers associated with normal 

function in older root hairs to understand how they age in planta. At present this cannot 

be accomplished in finger millet due to the lack of genomic sequence data. However, in 

this thesis the clay-gravel root hair analysis system was also applied to maize and 
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wheat (Triticum aestivum L.) with similar results, indicating utility in multiple cereal 

species (Figure 5.2). 

Gln is a central biological metabolite (Masclaux-Daubresse et al., 2010). 

Therefore, GlnLux could be applied to other organs (e.g. roots) and species. 

Additionally, mature plants at later growth stages (e.g. grain fill) may be examined. The 

high processing power of the GlnLux leaf disk assay will enable screening of genotypes 

and/or transgenic varieties for high NUE via assimilatory capacity. 

Foliar Gln has potential as a component of an improved sidedress 

recommendation system, but currently the protocol is nascent and lab-based. 

Experiments with more species, locations, and years should be conducted before a 

recommendation system for growers can be developed. Additionally, a simpler method 

of Gln detection (either an improved protocol or alternative technology), ideally on-farm, 

would facilitate its use by growers and researchers. 

 

10.8. Conclusions 

The contributions of this thesis are two-fold. Analysis was performed on the level 

of root morphology in finger millet, and on the molecular level in maize. Concurrently, 

new phenotyping tools were developed and validated for both root morphology 

characterization, and assimilatory Gln analysis. Therefore, these studies provide a 

combination of novel tools and information for crop improvement and management in 

both low and high nitrogen input cereals. 
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Chapter 12: Appendices 

 

Appendix Table A4.1. Chemical description of Turface® MVP clay gravel28. 
 

Chemical property Description 

SiO2 content 74% 

Al2O3 content 11% 

Fe2O3 content 5% 

Content of CaO, MgO, K2O, Na2O, TiO2, and 

other chemicals 

<5% 

Cationic exchange capacity (CEC) 33.6 mEq 100 g-1 

pH range 5.5 + 1.0 

Porosity Total 74%: 39% capillary, 35% non-

capillary 

 

                                                           
28 Adapted from Turface® MVP product information sheet (www.turface.com) 
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Appendix Table A4.2. Potential N availability of Turface® MVP clay gravel.  

 

 Mean total N content ± SEM 

N-free nutrient solution, after soaking with Turface® 1.42 mg L-1 ± 0.028 

Turface® MVP clay gravel 0.053% ± 0.0033 

Turface® MVP clay gravel was submerged for 24 hours with modified N-free Hoagland’s 
nutrient solution, and the total N content of the resulting solution (after removal of the 
gravel) was determined with the Kjeldahl method. Turface® MVP clay gravel was ground 
to a fine dry powder and total N content was determined by Dumas combustion. N=3. 
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Appendix Figure A4.1. Root hair morphometric traits from 2012 plants at harvest. 
Similar to the 2013 data (Figure 4.5), four different classes of crown roots were 
sampled based on their lengths/ages, and then examined for root hairs at five different 
segments spaced evenly along each crown root using light microscopy. Root hairs were 
quantified for length (A) and density (B) at different segments of the crown roots (x-axis) 
ranging from the top/nearest the shoot (crown root segment 1) to near the root tip 
(crown root segment 5). A blue asterisk (*) directly above a mean data point denotes a 
significant difference in the root hair trait (at P<0.05) between N treatments within an 
individual crown root segment. An asterisk above the green dashed line denotes a 
significant difference in the root hair trait (at P<0.05) between the top crown root 
segment (segment 1) and the bottom crown root segment (segment 2) within the +N 
treatment (red asterisk) or the –N treatment (black asterisk). All statistical analyses were 
performed with unpaired t tests (with Welch’s correction where unequal variances 
required). 
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Appendix Figure A4.2. Picture of the type of pail used in this experiment, showing the 
location of one of four perforations on the side. The inset shows an enlarged view. 
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Appendix Table A7.1. Replicate versus treatment variability of the GlnLux in situ 
imaging protocol.  
 

  
 

Leaf luminescence following N uptake/assimilation 

 Leaf Standardization ratio 1 h 12 h 24 h 

1 0.1709 45.54* 46.07* 46.87* 

2 0.1528 30.85* 49.58* 117.6* 

3 0.0852 27.42* 74.24* 135.1* 

 
Three replicates of raw GlnLux agar plate images (Figure 7.3) were analyzed for each N 
treatment (+/ -) and leaf (1-3) combination (6 plates total per leaf). A 1 x 10-2 M Gln agar 
disk was also included on each plate for standardization. The ratios of luminescence 
produced by each standard disk against the GlnLux agar background were pooled to 
generate SEM and an estimate of plate-to-plate variability. The luminescence output of 
all three replicates for each N treatment was pooled to generate SEM, and an estimate 
of the comparative variability due to N uptake/assimilation. Values represent the SEM of 
6 plates each. Significant difference at P<0.05 between the variance of the 
standardization ratio and leaf luminescence is indicated with an asterisk, as determined 
with F tests. Quantification of luminescence was performed using WinView software 
(version 2.5.16.5, Princeton Instruments, Trenton, NJ, USA). 
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Appendix Figure A7.1.
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Appendix Figure A7.1. Gradients of GlnLux output of leaves of maize seedlings using 
the GlnLux leaf disk assay. Leaves 1, 2 and 3 were sampled (A). Leaf 3 was assayed at 
positions 1 (B), 2 (C), 3 (D), and 4 (E), extending from the leaf base to leaf tip. Leaf 2 
was assayed at positions 1 (F), 2 (G), 3 (H), 4 (I), and 5 (J). Leaf 1 was assayed at 
positions 1 (K), 2 (L), and 3 (M). Plants had not been provided with N from germination 
for a period of 12 days, at which time modified Hoagland’s solution containing 0, 2, 5, 
10, 15 or 20 mM N was applied. Plants were allowed different durations (1, 6, 12, 18 or 
24 h) of N uptake/assimilation (N), after which tissue disks were harvested. Means of 3-
4 replicates +/- SEM are shown. RLU, relative light units intercepted by the luminometer 
in a one second interval per well. Asterisks indicate significant differences between the 
1 h (black lines) and 24 h (red lines) treatments, at different N application rates, based 
on the Holm-Šídák test at P<0.05. The data is displayed to highlight the N rate response 
gradient. The N uptake/assimilation gradient is highlighted in Figure 7.2. The two 
datasets are the same. Shown is Trial 1. For Trial 2, see Appendix Figure A7.2 and 
Appendix Figure A7.3. 
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Appendix Figure A7.2. 
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Appendix Figure A7.2. Independent trials of GlnLux output of maize seedling leaves 
using the leaf disk assay. Shown is the data from Trial 1 (B, E, H, K) and Trial 2 (C, F, I, 
L). Two time points of N uptake and assimilation (1, 24 h) are shown in panels (A-F) to 
highlight the temporal response gradient, while in panels (G-L) a single time point (24 h) 
is shown to highlight the N rate response gradient. Leaf 3 was sampled at position 4 (A) 
in 2013 (B) and 2014 (C), after 1 and 24 h of uptake/assimilation of 0, 2, 5, 10, 15, or 20 
mM N. Leaf 1 was sampled at position 1 (D) in 2013 (E) and 2014 (F) after 1 and 24 h 
of uptake/assimilation. Leaf 3 was sampled at position 1 (G) in 2013 (H) and 2014 (I) 
after 24 h of uptake/assimilation. Leaf 1 was sampled at position 3 (J) in 2013 (K) and 
2014 (L) after 24 h of uptake/assimilation. The means of 3-4 replicates +/- SEM are 
shown. Asterisks indicate significant differences (P<0.05) against the 0 N application 
rate, based on the Dunnett’s multiple means comparison. Dunn’s multiple means 
comparison was used where data was non-normal. RLU, relative light units intercepted 
by the luminometer in a one second interval per well. The leaf position gradient is 
highlighted in Appendix Figure A7.3. 
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Appendix Figure A7.3. 
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Appendix Figure A7.3. Independent trials of GlnLux output of maize seedling leaves 
using the leaf disk assay to highlight the spatial leaf position gradient. Shown is the data 
from 2013 (B, C, G, H) and 2014 (D, E, I, J). Leaf 3 (A-E) was sampled at position 1 
and 4, and leaf 1 (F-J) was sampled at position 1 and 3 after 24 h of N 
uptake/assimilation with 0, 2, 5, 10, 15, or 20 mM N. The means of 3-4 replicates +/- 
SEM are shown. Asterisks indicate significant differences (P<0.05) against the 0 N 
application rate, based on the Dunnett’s multiple means comparison, or Dunn’s multiple 
means comparison where data was non-normal. RLU, relative light units intercepted by 
the luminometer in a one second interval per well. The N-uptake/assimilation and 
temporal response gradients are highlighted in Appendix Figure A7.2.
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Appendix Figure A7.4. 
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Appendix Figure A7.4. Comparison of leaf vein resolution between GlnLux in situ 
imaging and light microscopy. GlnLux in situ images (see Figure 7.3) of leaves 1, 2 and 
3 from plants provided with the +N treatment for 24 h of uptake/assimilation were 
divided into a base, middle, and tip section (1200 mm in width) equally spaced along the 
leaf blade (A). Leaves 1, 2, and 3 from plants (grown with only ddH2O in Turface gravel 
until they were at the same growth stage as the main experiments) were divided 
identically for 4x brightfield microscopy (B). Diameters of the midvein tissues (C) were 
quantified with microscopy in NIS-Elements (version 4.51, Nikon Instruments, Tokyo, 
Japan). Asterisks indicate significant differences as determined with Šídák’s multiple 
comparison tests (P<0.05) between any one base, middle or tip position and the other 
two positions within individual leaves. The midrib was not visible in any of the GlnLux 
images. Diameters of longitudinal (D) and transverse (E) vein tissues were quantified 
with GlnLux in situ image analysis in ImageJ (version 1.50i, NIH, Bethesda, MD, USA), 
and with microscopy. Diameters from both quantification methods were compared at the 
base, middle and tip positions in all leaves with the Holm-Šídák test, and found to differ 
significantly (P<0.05) in every GlnLux vs. microscopy comparison (D, E). Means of three 
biological replicates per leaf position composed of three subsamples +/- SEM are 
displayed. 
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Appendix Figure A7.5.
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Appendix Figure A7.5. Visualization of luminescence produced over time by maize 
leaves 1, 2, and 3 (shown from left to right) when placed on GlnLux agar. Plants were 
initially germinated and grown with only ddH2O in Turface gravel until they were at the 
same growth stage as the main experiments (eight days). Hoagland’s solution 
containing 20 mM N was then provided for 2 h, after which plants were moved back to 
N-free solution for a further 10 h. Leaves 1, 2, and 3 were harvested, freeze-thawed, 
and placed on GlnLux agar alongside disk standards of Gln (0, 3.125 x 10-4, 6.250 x 10-

4, 1.250 x 10-3, 2.500 x 10-3, 5.000 x 10-3, 1 x 10-2 M Gln, left to right; V= 51 µl, r= 3 mm) 
(A). Plates were imaged once before incubation (B), then incubated at 37oC for intervals 
of 1000 sec with imaging following each interval (C-M). Plates were incubated a further 
6.5 h and imaged (N). All images were captured with a 1000 sec exposure and 
standardized to a range of 1000-6000 light intensity units. Red-yellow-green indicates 
diminishing GlnLux response, and black indicates absence of GlnLux output. 
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Appendix Figure A7.6. GlnLux agar response to agar disks (radius= 3 mm) containing 
Gln standards (0, 3.125 x 10-4, 6.250 x 10-4, 1.250 x 10-3, 2.500 x 10-3, 5.000 x 10-3, 1 x 
10-2 M Gln; C0-C6 respectively) of three different heights/volumes scaled linearly (h= 
1.8, 3.6, 5.4 mm; V= 51, 102, 153 µl). Disks were placed on GlnLux solid agar media 
(A, B). Plates were then incubated at 37oC for 2.5 h and imaged (C, D). Raw image 
output is shown (C) alongside the same image standardized to display a range of 1000-
6000 light intensity units (D). Plates were incubated another 3.5 h and imaged (E) with 
standardization applied (F). White-red-yellow-green indicates diminishing GlnLux 
response, and black indicates absence of GlnLux output. All images were captured with 
a 1000 sec exposure.  
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Appendix Figure A7.7. GlnLux agar response to Gln agar disks (radius= 3 mm) with 
total moles of Gln per disk held constant (0, 15.94, 31.87, 63.75, 127.5, 255.0, 510.0 
nmol; M0-M6 respectively) across different levels of disk height/volume (h= 1.8, 3.6, 5.4 
mm; V= 51, 102, 153 µl). Disks were placed on GlnLux solid agar media (A, B). Plates 
were then incubated at 37oC for 2.5 h and imaged (C, D). Raw image output is shown 
(C) alongside the same image standardized to display a range of 1000-6000 light 
intensity units (D). Plates were incubated another 3.5 h and imaged (E) with 
standardization applied (F). Red-yellow-green indicates diminishing GlnLux response, 
and black indicates absence of GlnLux output. All images were captured with a 1000 
sec exposure. 
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Appendix Figure A7.8. 
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Appendix Figure A7.8. Visualization of an apparent inhibitory effect of maize seedling 
leaves on GlnLux luminescence output. Plants were initially germinated and grown with 
only ddH2O in Turface gravel until they were at the same growth stage as the main 
experiments (eight days). Hoagland’s solution containing 20 mM N was then provided 
for 1 h. Leaf 1 was harvested, freeze-thawed, and placed on GlnLux agar beside sterile 
green paper and two disk standards (1 x 10-2 M Gln, volume= 51 µl) (A). Plates were 
imaged once prior to incubation (B), then incubated at 37oC for intervals of 1000 sec 
with imaging following each interval (C-M). Plates were incubated a further 6.5 h and 
imaged (N). All images were captured with a 1000 sec exposure time and standardized 
to a range of 1000-6000 light intensity units. Red-yellow-green indicates diminishing 
GlnLux response, and black indicates absence of GlnLux output.
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Appendix Table A9.1. Pearson correlation between maize GlnLux glutamine (alternate 
variety Pioneer P9329) and end-season measurements at an alternate field location in 
2014z.  

Growth Stage V3 V6 V12 V14 

N application rate 0.24 0.28 0.55* 0.74** 

Grain yieldy 0.15 0.15 0.64** 0.66** 

PSNTx 0.41 0.60* 0.79** 0.80** 

 
zMeasurements were performed across four replications. 
yGrain yield at 15.5% moisture content. 
xPSNT, pre-sidedress soil nitrate test (sampled on June 20, 2014). 
One and two asterisks represent significant Pearson correlation at P<0.05 and 0.01 
respectively.  
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Appendix Figure A9.1. Methodology of field sampling and the GlnLux glutamine assay. 
Maize leaves were sampled at the V3 (A), V6 (B), V12 (C), and V14 (D) vegetative 
growth stages. Extracts of leaf punches were incubated with GlnLux biosensor cells in 
96-well plates, and luminescence was quantified with a luminometer to measure relative 
levels of Gln accumulation (E). PIC, protease inhibition cocktail.
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Appendix Figure A9.2. Maize leaf tissues sampled from young leaves within the same 
vegetative growth stage display increased GlnLux glutamine correlation with grain yield 
as compared to older leaves. The young leaf was the leaf located second from the top 
of the plant (not fully emerged). The old leaf was the lowest healthy leaf. Sampling was 
performed at the V3 (A), V6 (B), V12 (C), and V14 (D) growth stages in 2015. Pearson 
correlation was used to compare each sampled leaf to end-season grain yield. Asterisks 
represent significant correlations at P<0.05, <0.01, <0.001, and <0.0001. RLU, relative 
light units intercepted by the luminometer in a one second interval. 
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Appendix Figure A9.3. Maize leaf tissue sampled from different positions along the 
midrib of a young leaf (located second from the top of the plant, not fully emerged) 
displays increased GlnLux correlation with grain yield towards the base of the leaf 
compared to more distal locations. Plants were sampled at the V6 (A-B) and V12 (C-D) 
growth stages in 2014 in the main experimental field (site A; A, C) and an additional 
field site (site B; B, D). Pearson correlation was used to compare each sampling 
position to end-season grain yield. Asterisks represent significant correlations at 
P<0.05, <0.01, and <0.001. RLU, relative light units intercepted by the luminometer in a 
one second interval.
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Appendix Figure A9.4. GlnLux glutamine correlation with grain yield shows a slight, but 
insignificant, increase when standardized by leaf number at silking (R1) since individual 
plants grew at slightly different rates. The leaf directly opposite and below the 
developing ear was sampled at the same position along the midrib as the main 
experiment (A, red circle). Pearson correlation of R1 GlnLux glutamine and end-season 
grain yield was compared to the correlation of V14 GlnLux glutamine and end-season 
grain yield (B). Although R1 displayed higher correlation, the increase was insignificant 
as determined by a z test approximation following Fisher transformation. RLU, relative 
light units intercepted by the luminometer in a one second interval.
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Appendix Figure A9.5. Correlation of early-season GlnLux glutamine and end-season 
grain yield in finger millet (Eleusine coracana). Plants were grown in 2013 in an outdoor 
pot experiment, and provided with weekly N application rates of 0, 37, 74, 111, or 148 
mmol total N, dissolved into 1 L ddH2O. Young leaf tissue was sampled 39 days after 
germination (A), and GlnLux glutamine was measured from leaf disks (C). Plants were 
harvested at maturity 142 days after germination (B), and grain dry yield was measured 
(D). Pearson correlation of grain dry yield was performed against the early-season 
GlnLux biosensor output (E). Data points represent the mean of five replicate plants in 
each N treatment. RLU, relative light units intercepted by the luminometer in a one 
second interval.

0 3 7 7 4 1 1 1 1 4 8

0

2 0

4 0

6 0

N  a p p lic a tio n  ra te  (m m o l w k
- 1

)

G
ra

in
 d

ry
 y

ie
ld

 (
g

/p
la

n
t)

0 3 7 7 4 1 1 1 1 4 8

1 0 0

1 2 0

1 4 0

1 6 0

1 8 0

2 0 0

N  a p p lic a tio n  ra te  (m m o l w k
- 1

)

G
ln

L
u

x
 g

lu
ta

m
in

e
 (

R
L

U
)

0 2 0 4 0 6 0

1 0 0

1 2 0

1 4 0

1 6 0

1 8 0

2 0 0

G ra in  d ry  y ie ld  (g /p la n t)

G
ln

L
u

x
 g

lu
ta

m
in

e
 (

R
L

U
)

A B

r= 0 .9 8

C D

E



350 
 

 
 
 
 
 
 
 
 

Appendix Figure A9.6. Pearson correlation of end-season maize grain yield (kg ha-1) 
and FieldScout GreenIndex+TM (Smartphone application) output. Maize was provided 
with N application rates of 30, 58, 87, 145, and 218 kg ha-1. Measurements were 
recorded at the V6 and V12 growth stages in 2014. End-season grain yield was 
adjusted to a moisture content of 15.5% prior to analysis. 
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