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RESUMO 

Regulação do processo de absorção de nitrato em espécies gramíneas 
Devido às consequências ambientais e econômicas negativas do uso indiscriminado e 

excessivo de fertilizantes nitrogenados, há uma necessidade crescente de se desenvolver 
culturas mais eficientes para absorção de nitrogênio (N). Sendo o nitrato a principal fonte de 
N inorgânico disponível no solo, há um esforço notável para entender o processo de absorção 
de nitrato pelas plantas, um fator-chave na melhoria da eficiência no uso de N (NUE - Nitrogen 
Use Efficiency), e os fatores moleculares que a modulam. Assim, o conhecimento adquirido 
em plantas-modelo sobre os fatores moleculares e os mecanismos reguladores dos genes 
codificadores de transportadores de nitrato (NRTs) responsáveis pela absorção de nitrato 
poderia ser usado para melhorar a NUE das culturas. Surge, portanto, como um desafio para 
permitir que uma agricultura ambientalmente mais amigável que permita sustentar o 
crescimento da população humana e a consequente demanda por alimentos, uma vez que o 
uso intensivo de fertilizantes nitrogenados ameaça a sustentabilidade das culturas e a 
segurança alimentar. A caracterização fisiológica e molecular do processo de aquisição de 
nitrato em Brachypodium distachyon, uma planta modelo de gramíneas, poderia ajudar a 
melhorar as culturas não modelo, com maiores complexidades biológicas como a cana-de-
açúcar. Análises de influxo de 15N-amônio e 15N-nitrato em condições de suficiência e 
deficiência em N revelaram que o amônio é a fonte inorgânica preferencial de N de B. 
distachyon. Foi observada uma regulação por feedback negativo do processo de absorção 
de nitrato exercido por amônio nas plantas sob tratamento de provisão e ressuplementação 
de N. Análises de expressão dos genes codificantes para os transportadores NRT2.1 e 
NRT2.2 em Brachypodium sugerem ambas proteínas como os principais transportadores 
NRT2 responsáveis pela aquisição de nitrato nesta espécie. Ambos os membros da família 
gênica BdNRT3 foram coexpressos com os genes BdNRT2.1 e BdNRT2.2. Assim, a análise 
do influxo de nitrogênio 15N e o acúmulo de transcritos de membros do complexo de dois 
componentes (NRT2 / NRT3) após os tratamentos de provisão de cloreto de amônio e de 
ressuplementação de nitrato de amônio sugerem a ocorrência de uma regulação 
transcricional do HATS (High Affinity Transport System) em B. distachyon. Por outro lado, 
estudos utilizando sorgo e cana-de-açúcar revelaram uma regulação distinta do processo de 
absorção de nitrato na faixa HATS em ambas as espécies sob reabastecimento de nitrato. O 
influxo de nitrato marcado mostrou alta absorção de nitrato pela cultivar de sorgo 'BTX623' e 
pelo híbrido de cana-de-açúcar 'IAC87-3396'. Análises de expressão de genes que codificam 
NRT2 e NRT3 exibiram regulação transcricional distinta entre os genótipos da cana-de-
açúcar. A falta de correlação entre o acúmulo de proteínas NRT2.1 e NRT3.1 com o influxo 
de 15N-nitrato sugere a presença de mecanismo de controle do transporte de nitrato nas 
raízes de sorgo e cana-de-açúcar em nível pós-traducional. Essa presumível regulação 
alostérica do complexo HATS seria o principal mecanismo regulador da absorção de nitrato 
nas raízes de sorgo e cana-de-açúcar. Melhor compreensão dos mecanismos e moléculas 
envolvidas na regulação pós-traducional do processo de absorção de nitrato e, portanto, na 
via de sinalização desta fonte de N em gramíneas traria o desenvolvimento de culturas com 
maior NUE.  

 
Palavras-chave: Nitrato, HATS, Brachypodium, Cana-de-açúcar, Saccharum, NUE 
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ABSTRACT 

Regulation of the nitrate uptake process in grass species 
Due to the negative environmental and economic consequences of excessive and 

indiscriminate use of N fertilizer, there is an increasing need for developing more efficient 
crops for N uptake. As nitrate is the main inorganic N source available in most soils, there has 
been a notable research effort to understand the nitrate uptake process, a key factor in the 
improvement of Nitrogen Use Efficiency (NUE), and the molecular factors that modulate it. 
Thus, the knowledge acquired in model plants about the molecular factors and regulatory 
mechanisms of genes encoding Nitrate Transporters (NRTs) responsible for nitrate uptake 
could be used to improve NUE in crops. The improvement of NUE is a challenge to allow 
environmentally friendly agriculture to support the growth of the human population and the 
consequent food demand, since the intensive use of N fertilizers threat both crop sustainability 
and food security. The physiological and molecular characterization of the nitrate acquisition 
process in Brachypodium distachyon, a grass model plant, could help to improve non-model 
crops with higher biological complexity such as sugarcane. 15N-ammonium and 15N-nitrate 
influx analyses in B. distachyon upon N-replete and N-deficient conditions revealed that 
ammonium is the preferential inorganic N source. A negative feedback regulation of nitrate 
uptake process by ammonium in Brachypodium plants under N provision and N resupply was 
observed. BdNRT2.1 and BdNRT2.2 expression analyses suggest that both proteins are the 
main B. distachyon NRT2 transporters responsible for nitrate acquisition. Both identified 
BdNRT3 members were co-expressed with BdNRT2.1 and BdNRT2.2. So, the 15N-nitrate 
influx analysis and transcript accumulation of members of the two-component complex (NRT2/ 
NRT3) after ammonium chloride provision and ammonium nitrate resupply treatments suggest 
the transcriptional regulation of HATS in B. distachyon. Conversely, studies with sorghum and 
sugarcane revealed distinct regulation of HATS nitrate uptake process under nitrate resupply. 
15N-nitrate influx assays showed high nitrate uptake by sorghum ‘BTX623’ cultivar and the 
sugarcane ‘IAC87-3396’ genotype. Expression analysis of genes encoding NRT2 and NRT3, 
HATS complex components, exhibit distinct transcriptional regulation among sugarcane 
genotypes. The lack of correlation between the accumulation of NRT2.1 and NRT3.1 proteins 
with the 15N-nitrate influx suggest the presence of a mechanism controlling nitrate transport in 
sorghum and sugarcane roots at post-translational level. This putative allosteric regulation of 
the HATS complex would be the major player on nitrate uptake in roots of sorghum and 
sugarcane. A better understanding of the mechanisms and molecules involved in the post-
translational regulation of the nitrate uptake process and, therefore, in the signaling pathway 
of this N source in grasses would bring about the development of crops with higher NUE. 
 
Keywords: Nitrate, HATS, Brachypodium, Sugarcane, Saccharum, NUE 
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1. INTRODUCTION 

1.1 N fertilizers and environmental impacts  
Nitrogen (N) is an essential macronutrient for plant growth and development (Fageria 

and Baligar 2005). N is the main constituent of nucleotides, amino acids, and molecules such 

as chlorophyll, participating in most of the physiological processes of plant development 

(Reetz 2016). N is also an important signal, affecting a large number of plant processes, 

including lateral root growth, biotic and abiotic stress response, seed germination and 

hormone signaling (Vidal et al. 2010, Alvarez et al. 2012, Wang et al. 2012a, Xu et al. 2012). 

Considering the grown agricultural needs in the end of 19th century, biological nitrogen 

fixation (BNF) and manure recycling were considered insufficient, and fossil nitrogen deposits 

(Chilean saltpeter and Peruvian guano) were becoming depleted (Sutton et al. 2013). The 

development of the ‘Haber-Bosch’ process in the early 20th century enabled a massive boost 

in N fertilizer production, contributing to the increase of agricultural production to support 

population growth, enhanced nutrition and diminished hunger in the world (Smil 2002, Erisman 

et al. 2008, Follett et al. 2010, Erisman et al. 2013). In this process, combination of N2 with H2 

allowed the large-scale production of NH3 that has since doubled total global circulation of N 

compounds (Galloway et al. 2008, Erisman et al. 2008, Fowler et al. 2013). Around 2% of 

world energy use is dedicated specifically to the industrial manufacture of N fertilizer through 

the Haber-Bosch process (Sutton et al. 2013), pointing the large energy requirements of this 

process. Annually, 120 Tg of atmospheric N is applied as nitrogen fertilizer to sustain large 

agricultural production around the world (Galloway et al. 2008). Added to this amount, 50-70 

Tg of N through the FBN is input in agricultural systems (Herridge et al. 2008). 

Natural mechanisms of N fixation in the soil alone would not meet the currently global 

population growth and the global food demand (Crews and Peoples 2004). Crop production 

would be 48% lower without N fertilizer use (Erisman et al. 2008), confirming its important role 

in the Green Revolution (Tilman et al. 2002, Mueller et al. 2012, Sinclair and Rufty 2012). On 

the other hand, the excessive use of N fertilizers generates substantial ecological and 

environmental impacts, since most of the reactive N added into the agricultural system does 

not reach its final goal, i.e., protein in the human diet (Robertson and Vitousek, 2009). For 

every 100 units of N used in agriculture around the world, only 17 units are consumed by 

humans as crop foods, dairy products, and animal protein (UNEP and WHRC 2007). 

N losses from the soil-plant system are estimated to be around 50% and 70% (Peoples 

et al. 1995, Smil 1999, Hodge et al. 2000, Cassman et al. 2002, Tilman et al. 2002, 

Balasubramanian et al. 2004, Dobermann 2007, Ciampitti and Vyn 2014). Losses result in the 

contamination of soils, water bodies and marine ecosystems, mainly due to eutrophication 

caused by nitrate leaching (Tilman 1999, Jaynes et al. 2001, Galloway et al. 2004, Schröder 
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et al. 2004, Burt et al. 2008, Vitousek et al. 2009, Foley et al. 2011). Further, N losses result 

in increased emission of greenhouse gases, such as nitric oxide and ammonia (Tilman et al. 

2001, Galloway et al. 2008, Davidson 2009, Burney et al. 2010, Millar et al. 2010, Hoben et 

al. 2011, Reay et al. 2012); loss of biodiversity (Dirzo and Raven 2003); and the constant 

increment in reactive N in terrestrial ecosystems (Galloway et al. 2004, Martinelli and Filoso 

2008, Austin et al. 2013). 

Rockström et al. (2009) proposed the concept of "planetary boundaries" to fix human 

operational limits in several terrestrial processes. If exceeded, these boundaries could mean 

threatening climate change to human life. The N global boundary is calculated at 62 Tg N per 

year from industrial and intentional biological N fixation, fixed to avoid eutrophication of aquatic 

ecosystems (de Vries et al. 2013, Steffen et al. 2015). The global human population is 

expected to reach ~9 billion by 2050, requiring the boost in food production demand and the 

use of N fertilizer (Kearney 2010). Increasing demand for food, the need for more 

environmental friendly agriculture and future hazards resulting from climate change are all 

associated with the urgent need for the modern agriculture to improve Nitrogen Use Efficiency 

(NUE) in plants (Zhang et al. 2015). 

In this review, we will discuss important aspects related to the environmental 

consequences due to low NUE in plants. Added to the updated overview of Nitrate 

Transporters (NRTs), we will discuss molecular components involved in nitrate uptake and its 

regulation. 

1.1.1 Nitrogen as a threat to water resources 

Excessive and indiscriminate N fertilizers use causes serious environmental impacts, 

driving pollutants to accumulation in water bodies, decreasing quality. Research has shown 

that approximately 39-95 Tg of reactive nitrogen species (Nr) is released from agriculture soil 

into freshwater per year (Billen et al. 2013, Bouwman et al. 2013). Part of the leached N 

reaches coastal waters (Seitzinger et al. 2005, Voss et al. 2011), causing eutrophication and 

hypoxia, creating oceans dead-zones. The eutrophication of freshwater and marine 

ecosystems is due mainly to nitrate accumulation, rising as a serious global issue (Rabalais 

et al. 2002, Selman et al. 2008, Sebilo et al. 2013). Excess of reactive nitrogen leads to 

increased growth of algae in water bodies. This algae population is consumed by aerobic 

bacteria, depleting dissolved oxygen and inducing hypoxia, leading to the decline of oxygen-

dependent marine life, such as coral reefs, fish, seagrass and shellfish (Rabalais et al. 2002, 

Canfield et al. 2010, Bouwman et al. 2013). Other phenomena that drive to oxygen depletion 

in water bodies with low water turnover are sedimentation and decomposition of large mass 

of phytoplankton resulted from eutrophication of such aquatic bodies (Rabalais et al. 2002). 

Diaz et al. (2010) identified over 770 eutrophic and hypoxic coastal systems around the globe, 
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with about 220 areas of attention for developing hypoxia and 540 areas with documented 

hypoxia (Figure 1). 

 
Figure 1. Eutrophic and hypoxic hotspot areas in the world (Diaz et al. 2010). Eutrophic areas are those with 
excess nutrients (orange dots), putting them at risk of adverse effects. Hypoxic areas are those where oxygen 
levels in the water are already depleted and adverse effects expected due to nutrient and or organic pollution (red 
dots). Blue dots are systems that were hypoxic at one time but now in recovery from management of nutrients and 
organic matter. 

As the contamination of nitrate in aquatic systems is due to a long period of application 

and N fertilizer retention in agricultural soils (Sebilo et al. 2013), significant steps must be 

taken to diminish the environmental impact and improve water quality. So, such knowledge 

highlights the urgency for an immediate reduction and more efficient use of N fertilizers 

(Grizzetti et al. 2011).  

1.1.2 N fertilization as a threat to air and atmosphere quality 

Combined with Nr released into water bodies, N-gases are lost to the atmosphere, 

contributing to air pollution (Figure 2) (Moldanova et al. 2011). An example of gases 

discharged by the misuse of N fertilizers is N2O, which contributes to the worsening of the 

greenhouse effect (Robertson and Vitousek 2009). Agriculture is responsible for 60% of this 

total (Mosier et al. 1998, Crutzen et al. 2007, Davidson 2009, Syakila and Kroeze 2011, 

Bouwman et al. 2013). Agriculture-related N2O emissions are predicted to rise from about 6.4 

Tg N2O per year in 2010 to 7.6 Tg N2O-N per year in 2030 (US Environmental Protection 

Agency 2011). The notable anthropic participation in N2O emissions, mainly due to the 

agriculture activities, confronts efforts to reduce CO2 emissions. On a molecule-by-molecule 

basis, an N2O molecule can absorb 300-fold more infrared radiation than CO2, representing a 

potent greenhouse gas (Ravishankara et al. 2009). Even contributing only 6% to the 

greenhouse effect (Forster et al. 2007), decreasing N2O emissions per unit of N fertilizer 
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applied is key in alleviating the adverse effects resulting from the indiscriminate use 

(Ravishankara et al. 2009, Reay et al. 2012, Campbell et al. 2017). Acknowledged as one of 

the most important N loss pathway in agricultural systems (Freney et al. 1990, Houlton et al. 

2006), the denitrification process produces other N-gases besides N2O. Nitric oxide (NO) and 

nitrogen dioxide (NO2), identified collectively as NOx, contribute to air pollution and acid rain 

generation (Robertson and Vitousek 2009). Another serious impact caused by NOx emission 

is the formation of O3 in the troposphere (Butterbach-Bahl et al. 2011). The increase in 

tropospheric ozone harms human health, evidenced by the increase in respiratory diseases 

(Von Mutius 2000, WHO 2003, 2008). Also, tropospheric ozone has significant effects on 

ecosystem biodiversity (Wedlich et al. 2012). 

 
Figure 2: Hot spots of modelled atmospheric nitrogen deposition (Galloway et al. 2008), based on Dentener et al. 
(2006) (kg N per hectare per year). In North America, Europe, South and East Asia and parts of Latin America, the 
high values of Nr deposition are associated with fossil fuel combustion and intensive agricultural activity. In areas 
of Central Africa and Latin America with little N input, high levels of deposition are associated with biomass burning. 
Satellite data suggest that the modelled values are under-estimated in parts of central Asia (Clarisse et al. 2009). 

Another relevant form of N loss is the volatilization of ammonia. This N-gas, added to 

transferring large amounts of reactive N to low turnover ecosystems (Robertson and Vitousek, 

2009), causes several environmental impacts, such as acidification and eutrophication of 

terrestrial and aquatic ecosystems, decreased availability of nutrients, disruption of the N 

fixation, and biodiversity damage (Bruinsma 2017). NH3 also causes adverse effects on 

human health, through the formation of fine particulate matter and photochemical smog 

(Sutton et al. 2013). 
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Alongside to the world population growth, and consequently, increased demand for food, 

feedstock and energy production, the agricultural land area and the Nr emission into the 

atmosphere will grow continually (Mosier and Kroeze 2000, Van Vuuren et al. 2006, Galloway 

et al. 2008, Davidson 2009, US Environmental Protection Agency 2011). Thus, improving 

nitrogen use efficiency in agricultural systems worldwide becomes a key procedure to fit the 

food, feed and bioenergy demand without provoking major environmental impacts. 

1.1.3 Nitrogen as a threat to soil property  

Agricultural expansion has had tremendous consequences on habitats, biodiversity, 

carbon storage, and soil conditions (Tilman et al. 2002, Foley et al. 2005, Millennium 

Ecosystem Assessment 2005, Steinfeld et al. 2006). Nr accumulation has a spectrum of 

impacts on soil quality, including soil erosion, acidification, salinization, compaction, 

contamination, and organic matter decline, affecting N losses to water and air (Velthof et al. 

2011). 

Recent investigations have identified critical soil acidification derived from N fertilizer 

application (Guo et al. 2010, Lu et al. 2014). Due to the release of H+ during hydrolysis after 

application of N fertilizers causes a decrease in soil pH (Mahler and Harder 1984). This 

outcome following the application of N fertilizers induces the development of infertile soils non-

responsive to crop yields with further application of N fertilizers (Herrero et al. 2010, Schroder 

et al. 2011), thereby resulting in inefficient use of fertilizers (Liebig et al. 2002). Another 

consequence of soil acidification is the release of heavy metals in soil solution, which may 

lead to nutrient disorders and even toxic effects in plants (Sutton et al. 2013). 

Soil pH is reported to affect the microbial community in soil, another soil health 

parameter affected by the indiscriminate use of N fertilizers. Soil biota is negatively affected 

by N fertilizer over-use by the damage of their habitats and disrupting their functions (Chivenge 

et al. 2011). Accumulation or depletion of Nr in soils has so far been neglected in future 

scenarios (Bouwman et al. 2009, 2013), considering that soil organic matter (SOM) is stable 

and all excessive Nr will volatilize or drain. SOM is a fundamental indicator of soil fitness 

because of its vital functions that affect soil fertility, productivity, and the environment. N 

fertilizer application stimulates the decomposition of organic matter in the soil and adversely 

influence the soil health (Grace et al. 2006, Singh 2018). Changes in the microbial community 

impact soil processes like organic matter mineralization and nutrient cycling (Velthof et al. 

2011), illustrating pathways affected by N fertilizer application. 

Negatively effects on biodiversity of aboveground species by deposition of atmospheric 

N in terrestrial environments is observed to reduce the lichens population and plant diversity 

(van Herk et al. 2003, Wolseley et al. 2006, Bobbink et al. 2010, Dise et al. 2011). Change of 

species composition forces competitive interactions, creating composition change and/or 
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unfavorable conditions for some species. So, added to NUE improvement in crops, soil health 

parameters should be applied to estimate the sustainability of agricultural development (SDSN 

2015). 

1.2 Nitrogen Use Efficiency  
Increasing the nitrogen use efficiency (NUE) by crop plants represents an urgent 

strategy in agriculture to reduce the cost of production and negative impacts on the 

environment derived from the overuse of N fertilizers. Several reviews have attempted to 

compile aspects and processes involved in the NUE of crops (Glass et al. 1992, Good et al. 

2004, Fageria and Baligar 2005, Lea and Azevedo 2006, Fan et al. 2007, Hirel et al. 2007, 

Garnett et al. 2009, Robertson and Vitousek 2009, Masclaux-Daubresse et al. 2010, Pathak 

et al. 2011, Xu et al. 2012, Han et al. 2015, Bhattacharya 2019). Overall, two plant 

physiological components contribute to plant NUE: N utilization efficiency (NUtE), describing 

the assimilation and remobilization efficiency of plant N; and N uptake efficiency (NUpE), 

which is the N absorption/uptake efficiency focusing on the recovery of N fertilizer from the 

soil (Moll et al. 1982, Good et al. 2004). 

NUtE is affected by N uptake, metabolism, allocation, and remobilization (Habash et al. 

2001, Tsay et al. 2011, Girondé et al. 2015). Many approaches to improving plant NUtE have 

focused mainly on the genetic manipulation of N metabolic processes (Ameziane et al. 2000, 

Chichkova et al. 2001, Habash et al. 2001, Yamaya et al. 2002, Seiffert et al. 2004, Good et 

al. 2007, Shrawat et al. 2008, Peña et al. 2017, Perchlik and Tegeder 2017). As a multigenic 

trait, NUtE involves the coordinated expression of several genes including, but not limited to 

N assimilation. Transgenics overexpressing genes involved in primary N assimilation did not 

lead to improvement in NUE (Pathak et al. 2008, Pathak et al. 2011, Krapp et al. 2014, Sinha 

et al. 2018). 

NUpE is also controlled by many aspects including the N soil availability and by plant N 

status, plant N assimilation, and N metabolite levels (Ruffel et al. 2011, Nacry et al. 2013, 

Stahl et al. 2016). NUpE is also dependent on nitrate and ammonium transport at the root 

level (von Wirén et al. 2000, Miller and Cramer 2005, Miller et al. 2007, Xu et al. 2012, Krapp 

et al. 2014). Low N uptake rates are responsible for the increase in the economic cost of crop 

production and environmental pollution (Fageria and Baligar 2005). Among NUE-related traits, 

NUpE appears to be critical for many plants (Dhugga and Waines 1989, Imsande and 

Touraine 1994, Singh et al. 1998, Le Gouis et al. 2000). 

Plants uptake organic and inorganic N sources present in the soil, with ammonium 

(NH4
+) and nitrate (NO3

−) being the major inorganic forms acquired by the roots (Wolt 1994, 

Miller et al. 2007, Marschner 2012). On average, soil NO3
− concentration is 10-fold higher than 

NH4
+ concentration, making NO3

− the predominant form of N available to crops (Miller et al. 
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2007). Because nitrate is negatively charged and water soluble, NO3
− concentrations in soil 

fluctuate considerably, from micromolar to millimolar (Glass 2003). Advances of NUE in crops 

through manipulation of NO3
– transporters involved in nitrate uptake has recently been 

successful (Hu et al. 2015, Fan et al. 2016a) suggesting that nitrate uptake processes may be 

limiting NUE improvement (Griffiths and York 2020). 

1.3 Nitrate Acquisition 
The N acquisition in plant roots occurs by membrane transporters, classified according 

to the affinity for their substrate. HATS (High-Affinity Transporter System) and LATS 

transporters (Low-Affinity Transporter System) are activated in low and high N concentrations, 

respectively (Glass et al. 2002). Additionally, N transporters are classified for their response 

to the N presence. Transporters can be constitutive (cHATS), when the respective genes are 

not regulated by the presence of nutrient, or inducible (iHATS) when the transporters gene is 

regulated by the N presence (Tsay et al. 1993, Ninnemann et al. 1994, Huang et al. 1999, Li 

et al. 2007). 

To deal with the fluctuation of nitrate concentrations in the soil, plants manage LATS 

and HATS nitrate uptake systems. HATS is active when NO3
− availability in the soil is low 

(concentration lower than 250 μM); whereas LATS predominates at high soil nitrate 

concentration (>250 μM) (Siddiqi et al. 1990, Kronzucker et al. 1995, Garnett et al. 2003). 

However, investigations have revealed that the HATS contributes to nitrate uptake in 

concentrations higher than 2.5 mM, attending the plant N demand (Malagoli et al. 2004, 

Garnett et al. 2013). Several membrane proteins have been characterized and identified 

controlling nitrate absorption, translocation, and storage in plants more than 20 years ago. 

The nitrate transporters are categorized into four families: Nitrate Transporter 1/Peptide 

Transporter (NRT1/NPF), Nitrate Transporter 2 (NRT2), the Chloride Channel (CLC), and the 

Slow Anion Associated Channel Homolog (SLC/SLAH) family (Orsel et al. 2002, Tsay 2007, 

Negi 2008, Barbier-Brygoo et al. 2011, Dechorgnat et al. 2011, Wang et al. 2012, Krapp et al. 

2014, Léran et al. 2014, Noguero and Lacombe 2016, O’Brien et al. 2016, Fan et al. 2017, Li 

et al. 2017). 

The tonoplast localized CLC proteins (CLCa and CLCb) present critical role in NO3
− 

accumulation in the vacuole by proton-NO3
− exchange mechanism (De Angeli et al. 2006, Von 

Der Fecht-Bartenbach et al. 2010). AtCLCa and AtCLCb showed interconnection, but not 

redundancy, among each nitrate assimilation pathways, exhibiting a crosstalk between both 

transporters (Monachello et al. 2009). The SLAC/SLAH family in Arabidopsis contains five 

transporters, SLAC1 and SLAH1–SLAH4 (Krapp et al. 2014). AtSLAC1 and AtSLAH3 are 

likely nitrate transporters in guard cells involved in stomatal closure (Geiger et al. 2011).  
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The activity of both LATS and HATS involved in nitrate uptake depends on the cell 

energy supply (Miller et al. 2007, Siddiqi et al. 1990). Additionally, NRT1/NPF and NRT2 

transporter families are known to transport nitrate in a symport proton-coupled mechanism 

that is driven by the pH gradients across membranes (Espen et al. 2004, Xu et al. 2012, Xia 

et al. 2015, Fan et al. 2016b). The NPF family (NRT1/PTR family) contains 53 genes in 

Arabidopsis and 93 in rice (Wang et al. 2018a), and up to 139 genes in higher plants genomes, 

classified into eight subfamilies (Lerán et al. 2014, von Wittgenstein et al. 2014, O’Brien et al. 

2016, Noguero and Lacombe 2016). Members of this family share common protein topology, 

displaying 12 transmembrane domains connected by loops (Tsay et al. 2007). NRT2 

transporters have similar transmembrane protein arrangement to the NPF family, but there is 

no homology between the two families (von Wittgenstein et al. 2014). NRT2 family members, 

from the major facilitator superfamily (MFS) of transporters, were first identified in Aspergillus 

nidulans and Chlamydomonas reinhardtii (Truemann et al. 1996). Seven NRT2 members are 

present in the Arabidopsis genome (Miller et al. 2007). Five NRT2 transporters were identified 

in the rice genome (Feng et al. 2011). Using Arabidopsis orthologous, Plett et al. (2010) 

identified NRT2 members in maize, rice, sorghum, and Brachypodium distachyon. They are 

described as influx HATS transporters for nitrate uptake in roots (Filleur and Daniel-Vedele 

1999), generally unable to transport NO3
- on their own, requiring forming a heteroligomer with 

AtNAR2.1 (AtNRT3.1), which belong to the NAR2 (NRT3) family, for a functional HATS in 

nitrate uptake in root plants (Tong et al. 2005, Kawachi et al. 2006, Okamoto et al. 2006, Orsel 

et al. 2006, Chopin et al. 2007, Li et al. 2007, Yong et al. 2010, Yan et al. 2011, Kiba et al. 

2012, Kotur et al. 2012, Laugier et al. 2012, Lezhneva et al. 2014, Kotur and Glass 2015, 

Lupini et al. 2016). The first NAR2/NRT3 gene was identified in Chlamydomonas reinhardtii 

(Quesada et al.1994). Orthologs in plants have been identified in Arabidopsis, rice, barley, 

maize, sorghum and Brachypodium distachyon (Tong et al. 2005, Miller et al. 2007, Plett et 

al. 2010, Feng et al. 2011, Wang et al. 2012b). 

Since the focus of this review is the environmental impacts caused by the low NUpE, 

the major nitrate transporters families involved in the nitrate uptake process (NRT1/NPF, 

NRT2, and NRT3 families) will be described in detail in the next topics. 

1.3.1 Nitrate Transporter 1/Peptide Transporter (NRT1/NPF) members 

Although the NPF members are described as acting as the main components of the 

LATS, some proteins are dual-affinity transporters, involved in both HATS and LATS. 

AtNPF6.3 (AtNRT1.1) was the first nitrate transporter identified involved in the NO3
- uptake 

process (Tsay et al. 1993), performing dual-affinity nitrate transport activity (Figure 3) (Liu et 

al. 1999). The switch between the HATS and LATS form is determined by the Thr101 

phosphorylation of NPF6.3 by the CIPK23 kinase (CBL-INTERACTING PROTEIN KINASE 
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23; Liu and Tsay 2003, Ho et al. 2009). This post-translational modification occurs under low 

nitrate concentration in the soil, promoting high-affinity nitrate transport activity. Crystallization 

of the AtNPF6.3 structure infers that Thr101 phosphorylation switches its affinity for nitrate 

decoupling the AtNPF6.3 dimer configuration (Parker and Newstead 2014, Sun et al. 2014). 

The ability to change the nitrate affinity according to NO3
- availability reveals that AtNPF6.3 

behaves as a nitrate sensor rather than a nitrate transporter (Ho and Tsay 2010). Gojon et al. 

(2011) proposed NPF6.3 as a ‘transceptor’, i.e., a protein with dual transport/sensing function. 

In addition to the ability to adapt function in response to external nitrate concentration, studies 

have indicated that NPF6.3 plays a role in cell signaling. NPF6.3 is responsible to trigger the 

primary nitrate response in plants, as stimulating the emergence of lateral roots, and 

modulating NRT2.1 gene expression upon nitrate starvation (Munõs et al. 2004, Little et al. 

2005, Ho et al. 2009, Krouk et al. 2010, Gojon et al. 2011, Xu et al. 2012, Krapp et al. 2014). 

Orthologous of AtNPF6.3 in other species have been identified involved in the nitrate 

uptake process, although monocots and dicots differ in the number of NRT1.1 genes (Plett et 

al. 2010). The ortholog of AtNPF6.3 in Medicago truncatula, MtNRT1.3, was classified also as 

dual-affinity transporter involved in nitrate uptake (Morère-LePaven et al. 2011). Genes 

expression analysis and subcellular localization patterns in rice proposed OsNRT1.1B 

(OsNPF6.5), the closest orthologs of AtNPF6.3 in rice, as with the same nitrate uptake, 

transport and signaling functions (Lin et al. 2000, Hu et al. 2015, Xia et al. 2015, Wang et al. 

2018a). NRT1.2 (AtNPF4.6) antisense lines exhibited lower nitrate uptake than wild-type 

plants, indicating its functional role in Arabidopsis (Huang et al. 1999).  

NPF2.7, identified as low-affinity nitrate excretion transporter1 (NAXT1), is mainly 

involved in nitrate efflux in Arabidopsis root (Segonzac et al. 2007). OsNPF2.4 (OsNRT1.6) 

participates not only in nitrate acquisition in rice roots but also in root-to-shoot nitrate transport 

and source-to-sink nitrogen remobilization (Xia et al. 2015). In maize, from the 86 NPF genes 

identified, ZmNPF6.4 and ZmNPF6.6 genes are regulated to nitrate exposure, similar to 

AtNPF6.3 (Sekhon et al. 2011, Léran et al. 2014, Wen et al. 2017). In Saccharum spontaneum, 

178 NPF genes were identified spread across all monoploid chromosomes. Several SsNPF 

genes are products of gene fusions of several tandem duplications, providing valuable 

structural resources for functional characterization of nitrate transporters in sugarcane (Wang 

et al. 2019a). All other NPFs characterized to date are mainly associated with internal transport 

processes, such as xylem and phloem nitrate loading, and nitrate translocation to leaves or 

seed (Dechorgnat et al. 2011, Xu et al. 2012, O’Brien et al. 2016, Wang et al. 2018a). 

1.3.2 Nitrate Transporter 2 (NRT2) family 

The first NRT2 gene family member in higher plants were identified based on the 

knowledge obtained in Aspergillus nidulans and Chlamydomonas reinhardtii. In the algae C. 
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reinardtii, CrNRT2.1 was identified to participate in nitrate transport by complementation of a 

deletion mutant (Quesada et al. 1994, Truemann et al. 1996). Seven NRT2 transporters have 

been characterized in Arabidopsis (Krapp et al. 2014). After the identification of AtNRT2.1 and 

AtNRT2.2 (Filleur and Daniel-Vedele 1999, Zhuo et al. 1999), studies confirmed their role in 

the nitrate uptake process in Arabidopsis roots (Figure 3) (Cerezo et al. 2001, Filleur et al. 

2001, Li et al. 2007). In the deletion mutant atnrt2.1, iHATS showed a 72% decrease in nitrate 

influx, whereas atnrt2.showed a 19% reduction. Double mutants (atnrt2.1/atnrt2.2) revealed 

an 80% reduction of iHATS, demonstrating the major role of NRT2.1 and NRT2.2 in the nitrate 

uptake process in Arabidopsis (Li et al. 2007). Two additional AtNRT2 family members are 

involved in nitrate influx into roots. NRT2.4 has been shown to participate in nitrate acquisition 

during long-term N starvation. Compared to atnrt2.1/atnrt2.2 double mutant, a triple mutant 

(atnrt2.1/atnrt2.2/atnrt2.4) with a loss of function of NRT2.4, showed lower biomass production 

under low nitrate supply. NRT2.4 is a nitrate transporter that has a role in both roots and 

shoots under N starvation (Kiba et al. 2012). Similar to AtNRT2.4, AtNRT2.5 also plays a role, 

contributing to nitrate uptake and nitrate loading in the phloem in N-deficient plant (Lezhneva 

et al. 2014). AtNRT2.3, AtNRT2.6 and AtNRT2.7 are insensitive to nitrate supply, and 

constitutively transcribed. AtNRT2.3 did not show nitrate uptake activity in oocytes (Orsel et 

al. 2006). Correlation between AtNRT2.6 expression and ROS accumulation in response to 

infection by Erwinia amylovora shows this gene is related to plant-microbe interaction 

(Dechorgnat et al. 2012). AtNRT2.7 is the only exception among other NRT2 transporters in 

Arabidopsis since its expression is more accentuated in shoots than roots (Okamoto et al. 

2003). Overexpression of AtNRT2.7 or a simple mutation affect seed nitrate content, showing 

that this gene plays a specific role in nitrate accumulation in the seed (Chopin et al. 2007). 

Recently, another study has suggested that AtNRT2.7 is also involved in seeds 

proanthocyanidins accumulation and oxidation (David et al. 2014). 
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Figure 3: Summary of key transporters and regulators mediating nitrate uptake in plant roots. The dual-affinity 
transporter, NPF6.3 and the high-affinity transporters, NRT2.1 and NRT2.2 are involved in acquiring nitrate from 
the rhizosphere, while NRT2.5 mediates the loading of nitrate into the transpirational stream in the stele. The root 
tissue types represented are epidermis (EP), cortex (CO), and stele (ST). Depicted are the transporters (circles), 
transcription factors (squares), kinases (trapezoids), peptides (triangles) and chromatin regulators (pentagons). 
Regulation of the transporters which has been established as direct interaction (red arrows) or indirect interaction 
(or not determined to date) (blue arrows). Transporters are localized to the tissue in which they are most highly 
expressed, and the area of the transporter circle represents the relative expression level of the genes encoding 
the respective transporter in either low (left) or high (right) nitrate provision. Top half of the diagram represents 
mature root tissue, while the bottom represents the root tip region. Source: Plett et al. 2018. 

Phylogenetic analysis of NRT2 genes across the plant kingdom are well discussed (Plett 

et al. 2010, von Wittgenstein et al. 2014). NRT2 grass genes show a significant similarity 

distance from AtNRT2, implying that proper functional analysis in grasses should be done to 

examine functions of NRT2 in monocots (Plett et al. 2010). In rice, five high-affinity NRT2 

transporters have been identified (Cai et al. 2008, Feng et al. 2011). OsNRT2.1 and OsNRT2.2 

are highly similar to their corresponding homologs in other monocots, associated with nitrate 

acquisition. OsNRT2.3 is transcribed into two spliced isoforms (OsNRT2.3a and OsNRT2.3b). 

OsNRT2.3b overexpression in rice significantly enhances grain yield and NUE (Fan et al. 

2017). OsNRT2.3a exhibits a role in long-distance nitrate transport from root to shoot in rice 

since its downregulation leads to the impairment of xylem loading and decreases plant growth 

at low nitrate levels (Yan et al. 2011). Thus, both alternative splicing forms play distinct 

functions in rice development. OsNRT2.4 was recognized as a dual-affinity nitrate transporter, 

required for nitrate-regulated root and shoot growth (Wei et al. 2018). 

Comprehensive phylogenies reconstruction supplemented with other data 

(transmembrane domain topology predictions; subcellular localization predictions; and in silico 

expression profiling) recognized seven orthologues of AtNRT2 genes in Brachypodium 
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distachyon genome (von Wittgenstein et al. 2014). Those BdNRT2 gene encoding putative 

high-affinity nitrate transporters were evaluated in this monocot model plant (David et al. 2019, 

Wang et al. 2019b). The bdnrt2.1 mutant exhibited a decrease of 30% of nitrate influx, 

revealing that BdNRT2.1 acts as the main BdNRT2 member for the nitrate uptake process in 

this grass model plant. In the wild type, BdNRT2.1 and BdNRT2.2 expressions were strongly 

induced by nitrate resupply, while the BdNRT2.5 was suppressed. In bdnrt2.1 mutant, 

BdNRT2.2 and BdNRT2.6 genes were significantly upregulated. Other BdNRT2 genes 

presented constitutive expression in roots, demonstrating that BdNRT2 gene members have 

diverse roles in response to various nitrogen conditions (Wang et al. 2019b). 

In barley, four cDNAs of HvNRT2 genes were isolated from roots (Trueman et al. 1996, 

Vidmar et al. 2000). However, only after 20 years, HvNRT2 genes were described based on 

genomic information. Guo et al. (2020) identified ten putative NRT2 genes in the barley 

genome. Tandem duplication events could explain the difference in the number of NRT2 

genes among barley, Arabidopsis, rice, and maize (Guo et al. 2020). HvNRT2.10, a putative 

homologous of AtNRT2.7, displayed higher expression in the shoots than the roots, and a 

relatively high expression in seeds, which is consistent with its homologs in Arabidopsis 

(Chopin et al. 2007). Overexpression of HvNRT2.1, a homologous of OsNRT2.3, improved 

yield-related traits in Arabidopsis, indicating that HvNRT2.1 plays a specific role in nitrate 

accumulation in barley (Guo et al. 2020).  

Previous investigations recognized only 3 NRT2 orthologous in sorghum (Plett et al. 

2010). Following research comparing N-stress tolerant and sensitive sorghum genotypes 

correlated a higher abundance of NRT2 transcripts (SbNRT2.2, SbNRT2.3, SbNRT2.5, and 

SbNRT2.6) with N tolerant, adaptation to N deficiency by producing greater root mass for 

efficient uptake of nutrients, in sorghum (Gelli et al. 2014). Additionally, combining online 

genome database and identification based on homology, five SbNRT2 genes in total were 

identified in the S. bicolor genome (Massel et al. 2016). 

Until 2008, only two AtNRT2.1 homologous genes, ZmNRT2.1 and ZmNRT2.2, had 

been classified in maize (Quaggiotti et al. 2003, Trevisan et al. 2008). Phylogenetic analysis 

conducted made possible to identify two additional NRT2 nitrate transporter (Plett et al. 2010). 

The regulation of ZmNRT2.1 expression by NO3
- availability together with preference for 

expression suggest that this gene is a major component of the iHATS for nitrate uptake along 

maize root axis (Sorgonà et al. 2011). Garnett et al. (2013) found a redundancy of function 

between ZmNRT2.1 and ZmNRT2.2 transporters, considering that both genes were 

upregulated at N-limiting conditions. Broad studies should be conducted to functionally 

evaluate NRT2 transporters in maize roots. Traits NRT2-related, as root system architecture, 

influencing nitrate uptake and accumulated tissue N content have been shown should be 

considered to improve NUE in maize (Dechorgnat et al. 2018). 
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Wang et al. (2019a) were capable to identify 20 NRT2 members across all eight S. 

spontaneum monoploid chromosomes. As observed in many other species, including 

Arabidopsis, Brachypodium, rice, maize, and Medicago truncatula, SsNRT2.1 and SsNRT2.2 

are present as tandem repeats in the genome (Orsel et al. 2002, Cai et al. 2008, Garnett et 

al. 2013, Pellizzaro et al. 2015, Wang et al. 2019a, b). SsNRT2 members share the same 

gene structure as their homologs in sorghum and B. distachyon, different from AtNRT2 genes. 

These results suggest that the NRT2 gene structures are relatively conserved among 

monocots, but their functions are likely to differ from the well-characterized NRT2 genes in 

Arabidopsis (Wang et al. 2019a).  

NRT2 transporters were identified in other species. TaNRT2.1, the AtNRT2.1 orthologue 

in wheat, was firstly characterized by Yin et al. (2007). Further studies dissected more 

members in wheat and their respective regulation under contrasting N conditions. In plants 

under high N supply, TaNRT2.1, TaNRT2.2, and TaNRT2.3 expressions were downregulated 

(Wang et al. 2011). Correlation between NO3
- uptake and TaNRT2.1 expression suggest that 

TaNRT2.1 may be a candidate for the inducible HATS transport in wheat, presumably with the 

major role in nitrate uptake, up to post-flowering stage (Wang et al. 2011, Taulemesse et al. 

2015). Together with TaNRT2.1, TaNRT2.5 was shown to be involved in post-anthesis nitrate 

acquisition. Mutant defective for TaNRT2.5 (tanrt2.5) showed low grain nitrate concentration 

and altered seed vigor. So, TaNRT2.5 has a key role in regulating grain nitrate accumulation 

and seed vigor (Li et al. 2020).  

Heterologous expression of CmNRT2.1 in atnrt2.1 mutant was accompanied by an 

enhanced rate of nitrate uptake, suggesting that CmNRT2.1 represents a high-affinity nitrate 

transporter in Chrysanthemum root (Gu et al. 2016). Similar complementation of atnrt2.1 

mutant with MeNRT2.1, AtNRT2.1 homolog in cassava revealed that MeNRT2.1 plays a 

crucial role in nitrate uptake in transgenic Arabidopsis plants under low N availability (Zou et 

al. 2019). In the Coffea canephora genome, the NRT2 family was represented by three 

members, two exclusively expressed in roots (dos Santos et al. 2017). The first NRT2 high-

affinity nitrate transporter identified in Nicotiana plumbaginifolia was obtained cloning based 

on homology to transporters from A. nidulans, C. reinhardtii, and H. vulgaris. Nrt2:1Np is 

expressed specifically in roots and it is induced by nitrate (Quesada et al. 1997). Correlation 

between NRT2 mRNA accumulation and 15N-nitrate influx rates was the first evidence of its 

importance in N. plumbaginifolia (Krapp et al. 1998). HATS activity was restored in atnrt2.1 

mutant complemented with Nrt2:1Np gene, corroborating its role in nitrate uptake process. 

(Filleur et al. 2001). In the same genus, two NRT2 orthologs were identified in N. tabacum, 

NtNRT2.1 and NtNRT2.2 (Liu et al. 2018). Those genes present a greater similarity with 

LeNRT2.3, a NRT2 member functionally characterized in Solanum lycopersicum (Fu et al. 

2015). Sestili et al. (2018) confirmed that, besides LeNRT2.3 expression in roots, LeNRT2.1 
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presented expression regulated by nitrate availability. Another NRT2.1 of Solanaceae family 

was identified in Habanero pepper (Capsicum chinense Jacq.) CcNRT2.1, expressed 

exclusively in roots, with preferential location in root epidermal and cortical cells, supporting 

that CcNRT2.1 belongs to nitrate uptake HATS (Lizama-Gasca et al. 2020).  

So, NRT2 transporters play an important role in NO3
- uptake from the soil. But, unlikely 

A. nidulans NRT2, NRT2 transporters of higher plant require nitrate assimilation-related 

protein (NAR2/NRT3) to function in nitrate uptake (Okamoto et al. 2006, Orsel et al. 2006). 

NRT2/NRT3 interactions will be described below. 

1.3.3 Nitrate Transporter 3 (NRT3) family 

The NAR2 (NRT3) family members are auxiliary proteins for HATS nitrate uptake 

(Kawachi et al. 2006, Okamoto et al. 2006, Orsel et al. 2006, Yong et al. 2010, Laugier et al. 

2012). The requirement for simultaneous NRT2/NRT3 gene expression to sustain high-affinity 

transport system activated was first demonstrated in Chlamydomonas reinhardtii. The HATS 

capacity by CrNRT2.1 or CrNRT2.2 was lost in crnar2.1 (Quesada et al. 1994). In the 

Arabidopsis genome, two NAR2 (NRT3) genes are present, but only AtNAR2.1 (AtNRT3.1) 

participates in the two-component high-affinity nitrate uptake system. iHATS is reduced by as 

much as 95% in atnar2.1 (atnrt3.1) mutant (Okamoto et al. 2006, Orsel et al. 2006, Li et al. 

2007). Several reports have shown that NRT3.1 expression is regulated as NRT2.1 

expression, although with a much- less-pronounced amplitude in the transcript-level changes 

(Krouk et al. 2006, Okamoto et al. 2006, Orsel et al. 2006). The operational assembly for the 

HATS complex was proposed to be a tetramer consisting of two AtNRT2.1 subunits bound to 

two subunits of AtNRT3.1, displaying a complex of ∼150 kDa (Yong et al. 2010). This 

hypothesis differs from a previous work by Wirth et al. (2007), who suggested that monomeric 

AtNRT2.1 could be the active form for nitrate transport. Except for AtNRT2.7, all Arabidopsis 

NRT2s proteins interact strongly with AtNR3.1, meaning those can arrange the HATS 

functional complex. Recently, a 150 kDa complex of AtNRT2.5 and AtNAR2.1 was shown to 

be involved in cHATS (Kotur and Glass 2015). 

Regarding nitrate transporters in rice, two OsNRT3 genes have been identified so far. 

The OsNAR2.1 (OsNRT3.1), induced by high and low N concentration, associates with three 

OsNRT2 transporters (OsNRT2.1, OSNRT2.2, and OsNRT2.3a) for nitrate uptake in rice 

roots. Both OsNRT2.1 and OsNRT2.2 high-affinity transporters need to interact with 

OsNAR2.1 (OsNRT3.1) for a functional nitrate uptake in rice roots (Yan et al. 2011). The long-

distance nitrate transporter OsNRT2.3a requires OsNRT3.1 to operate, although showing a 

10-fold lower affinity for nitrate than OsNRT2.1 and OsNRT2.2. So, depending on the partner 

transporter, OsNRT3.1 can provide a switch to allow a prompt response over the dynamic 

variation of external nitrate concentrations. OsNRT2.3b and OsNRT2.4 can function 
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independently of OsNRT3 (Araki and Hasegawa 2006, Cai et al. 2008, Feng et al. 2011, Yan 

et al. 2011, Tang et al. 2012). The Arginine 100 and Aspartic acid 109 of OsNRT3.1 are the 

key amino acids in the interaction with OsNRT2.3a for plasma membrane localization and 

nitrate transporter activity (Liu et al. 2014). 

By Reciprocal Best Hit (RBH) approach, used to identify putative NRT3 Arabidopsis 

orthologues, were identified a pair of co-orthologous genes in maize, sorghum and 

Brachypodium (Plett et al. 2010). Both BdNRT3 genes were expressed mainly in the roots, 

with a BdNRT3.1 constitutive, whereas BdNRT3.2 was repressed by high nitrate 

concentration. Since BdNRT3 gene expression pattern follows the HATS activity, David et al. 

(2019) proposed BdNRT3 as potentially involved in HATS complex formation. To date, no 

functional study has been conducted to show the NRT2 and NRT3 interaction in 

Brachypodium. 

NRT3 genes have been identified in other species besides model plants. In the barley 

genome, three HvNRT3 (HvNAR2.1-2.3) have been identified (Ishikawa et al. 2009, Guo et 

al. 2020). Xenopus oocytes co-injected with HvNRT2.1 and HvNAR2.3 showed an increase 

of 15N-nitrate uptake, suggesting a highly specific interaction between them (Tong et al. 2005). 

In the maize genome, two copies of the ZmNRT3 family are present (Plett et al. 2010). The 

ZmNRT2/NRT3s transcriptional and protein profiles suggested that the iHATS regulation is 

mainly based on the transcriptional/translational modulation of ZmNRT3.1A (Pii et al. 2016) 

Further, ZmNRT2.1 and ZmNRT3.1A appear to be associated in a ∼150 kDa oligomer, as 

AtNRT2/NRT3 complex (Yong et al. 2010). Previous investigations recognized a pair of co-

orthologous genes in sorghum (Plett et al. 2010). Based on Sorghum bicolor transcriptome 

(Makita et al. 2015), three SbNRT3 genes in total were identified (Massel et al. 2016), but no 

functional studies with SbNRT3 members has been conducted so far. Comprehensive 

analysis at genome-wide scale in Saccharum spontaneum identified six NRT3 genes, which 

exhibit high level of diversity, as opposed to NRT2 members which are more evolutionarily 

conserved (Wang et al. 2019a). In Chrysanthemum, protein-protein interaction approaches 

showed that CmNRT2.1 interacts at the plasma membrane with CmNAR2 (Gu et al. 2016). In 

Medicago truncatula, MtNRT2.1 is suggested to be the major contributor to the HATS due to 

the same spatial expression profiles with MtNAR2.1 and MtNAR2.2, members of NRT3 family 

(Pellizzaro et al. 2015). The co-expression of CcNRT2.1 and CcNAR2 strongly supports that 

both belong to a HATS in Capsicum chinense, being the first components of a HATS 

characterized in Capsicum (Lizama-Gasca et al. 2020).  

In the atnar2.1 mutants, NRT2.1 protein is absent in plasma membrane and nitrate 

HATS is deficient (Okamoto et al. 2006, Orsel et al. 2006), although mRNA encoding NRT2.1 

is present (Wirth et al. 2007, Yong et al. 2010). It leads to the hypothesis that, unless NAR2.1 

(NRT3.1) is available to generate the NRT2.1/NRT3.1 complex, NRT2.1 protein is degraded. 
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In barley, changes in HvNRT2.1 were not correlated with those of HvNRT2.1 transcript 

accumulation during induction by nitrate (Ishikawa et al. 2009). Research using Arabidopsis 

transgenic lines 35S–NRT2.1 has revealed post-transcriptional regulation of nitrate uptake by 

ammonium or dark treatment (Laugier et al. 2012). In the wild type, both the AtNRT2.1 mRNA 

level and the HATS are downregulated by ammonium resupply, while the mRNA level in the 

Arabidopsis 35S–NRT2.1 plant remained unchanged, but the HATS and NRT2.1 protein level 

were reduced. These results indicate, in addition to transcriptional control, the presence of a 

post-transcriptional regulation mechanism affecting HATS activity in Arabidopsis (Laugier et 

al. 2012).  

With all the work indicating the importance of NRT2/NRT3 interaction for nitrate uptake 

across species, it is tempting to speculate that this interaction in the plasma membrane and 

the putative involvement of the membrane trafficking system may be important for regulating 

this interaction, thus providing a quick response method of adapting plant nitrate uptake 

capacity (Plett et al. 2018). So, this information highlights the influence of post-translational 

control mechanisms on the nitrate uptake system in plants, although, nitrate is also controlled 

at transcriptional and translational levels. In the next topic, we will review the nitrate uptake 

regulation processes.  

1.4 Nitrate Uptake Regulation  
Inorganic N use by plants is regulated by highly complex and sophisticated signaling 

pathways, activated by sensing of both external N availability and internal N status of the 

whole plant (Gojon et al. 2011, Krapp et al. 2014, O’Brien et al. 2016, Bellegarde et al. 2017, 

Fan et al. 2017, Li et al. 2017, Undurraga et al. 2017, Kant 2018, Wang et al. 2018b, Zhao et 

al. 2018, Fredes et al. 2019). Nitrate, as signaling molecule, triggers a wide range of molecular, 

physiological and developmental responses, known as primary nitrate response (PNR). One 

of the earliest events of the PNR involves NPF6.3, a nitrate transceptor (Ho et al. 2009, Gojon 

et al. 2011). Loss-of-function mutants of NPF6.3 strongly attenuates the upregulation of nitrate 

responsive genes, such as NRT2.1 (Ho et al. 2009, Wang et al. 2009). NPF6.3 mutant with 

defective nitrate uptake function shows a typical induction of nitrate genes, clearly 

demonstrating that NPF6.3-dependent induction of transcription occurs independently of its 

transporter activity (Bouguyon et al. 2015). In contrast to wild-type plants, several atnrt1.1 

mutants showed a lack of down-regulation of AtNRT2.1 expression under high N conditions. 

This result evidenced that NPF6.3 is also associated with the signaling pathway triggering 

feedback repression of HATS genes, in response to high N supply (Muños et al. 2004, Krouk 

et al. 2006).  

Important advances on the role of nitrate in modulating cellular, growth and 

developmental processes have been made in recent years which allow the postulation of a 
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canonical nitrate signaling pathway (Fredes et al. 2019). It includes the increase of 

cytoplasmic Ca2+ levels, a downstream of NPF6.3/NRT1.1 regulation event, controlling the 

activity of different Ca2+-SENSOR PROTEIN KINASES (CPK) (Riveras et al. 2015, Liu et al. 

2017). CPKs have been implicated to modulate the activity of the transceptor NPF6.3/ NRT1.1 

and to regulate the function regulatory factors of the nitrate-signaling pathway. ANR1 

(ARABIDOPSIS NITRATE REGULATED 1) was the first putative MADS-box transcription 

factor characterized with a role in response to N (Zhang and Forde 1998). ANR1 promotes 

lateral root development in nitrate-rich patches, in an NPF6.3-dependent manner (Remans et 

al. 2006). NLP7 (NIN-LIKE PROTEIN 7) is one of the master regulators of nitrate signaling 

(Figure 3) (Liu et al. 2017). NLP7 directly regulates many steps of the primary N assimilation 

and nitrate signaling pathways, such as NRT2.1 expression (Castaings et al. 2009). Recently, 

the signaling mechanism by which NLP7 rapidly induces the PNR has been elucidated. Under 

nitrate deficiency, NLP7 is maintained in the cytoplasm by nuclear exclusion. With NLP7 

nuclear retention mechanism regulated by nitrate perception, NLP7 is able to reach its 

genomic target loci (Marchive et al. 2013). In the presence of ammonium, genetic and 

molecular analyses indicate that NLP7 works upstream of NPF6.3 in nitrate regulation, and it 

may bind to specific regions of the promoter. In the absence of ammoniun, NLP7 functions in 

nitrate signaling independently of NRT1.1, evidencing the regulation of NLP7 role in nitrate 

signaling by the N inorganic source exposure (Zhao et al. 2018). Other NLPs, in particular 

NLP6, can bind the nitrate responsive cis-element (NRE) present in the promoter region of 

some nitrate responsive genes (Konishi and Yanagisawa 2013). ZmNLP6 and ZmNLP8 

overexpression in atnlp7-4 recovered the nitrate assimilation and the induction of nitrate-

responsive genes to WT levels, indicating that ZmNLP6 and ZmNLP8 exert major role in 

nitrate signaling and metabolism (Cao et al. 2017). Additionally, a functional characterization 

of ZmNLP5 defined its importance for the molecular network associated with N metabolism in 

maize (Ge et al. 2019). Overexpression of OsNLP1 and OsNLP4 in Arabidopsis nlp7 mutant 

recovered its phenotype and increased the biomass, demonstrating that both OsNLPs are 

master regulators of NUE in rice (Alfatih et al. 2020, Wu et al. 2020). A protein with unknown 

molecular function, named NITRATE-REGULATED GENE2 (NRG2), has been identified as 

another signaling component of the PNR (Xu et al. 2016). NRG2 physically interacts with NLP7 

in the nucleus, suggesting its importance as a player in the transcriptional response to nitrate 

(Xu et al. 2016). The identification of an antagonistic regulator by NLP primary transcription 

factors for nitrate signaling provided a resolution to the complexity of nitrate-induced 

transcriptional regulations in Arabidopsis. NIGT1 acts repressing the NLP-transcriptional 

cascade-mediated, such as AtNRT2.1 expression downregulation (Maeda et al. 2018). 

Protein-protein interactions between TFs (e.g., NLP7-TCP20 and NRG2-NLP7) have 

been found to be important for gene expression of nitrate responsive genes. The transcription 
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factor TCP20 (TEOSINTE BRANCHED1/CYCLO-IDEA/ PROLIFERATING CELL FACTOR1-

20) plays a key role in nitrate root-foraging by controlling lateral root development under 

heterogeneous environments (Guan et al. 2014). In plants under N deficiency, TCP20 

physically interacts with NLP6 and NLP7 controlling the expression of key nitrate-responsive 

genes, such as AtNRT2.1 (Guan et al. 2017). In Arabidopsis, ATAF2 and NAP were identified 

as new TFs that positively regulate the expression of NIR and NRT2.1 in response to nitrate, 

respectively. This study revealed that NAP interacts with TGA1, which is known to be also 

involved in nitrate induction of NRT2.1 (Alvarez et al. 2014). NAP and TGA1 footprints in the 

NRT2.1 promoter region suggest that NAP-TGA1 interaction has a functional importance for 

NRT2.1 expression (Alvarez et al. 2019). Like TGA1, another bZIP transcription factor gene 

TGA4 is able to bind in both NRT2.1 and NRT2.2 loci and activate their expression. In fact, 

about 97% of the genes were altered in tga1/tga4 double mutant (Alvarez et al. 2014). 

HRS1 (HYPERSENSITIVITY TO LOW PI-ELICITED PRIMARY ROOT SHORTENING 

1), is rapidly induced by nitrate, in an NPF6.3- and NLP7-dependent manner, regulating a 

genomic response involved in the repression of primary root growth, specifically under nitrate 

provision (Medici et al. 2015). The LBD37/LBD38/LBD39 transcription factors (LATERAL 

ORGAN BOUNDARY DOMAIN) were shown to regulate many N-responsive genes (Rubin et 

al. 2009). They are induced by nitrate, repressing several NRTs genes (NPF6.3, NRT2.1, 

NRT2.2, and NRT2.5), as well as genes involved in nitrate assimilation, indicating that they 

may be involved in the feedback down-regulation by high N supply. LBD39 induction by high 

N supply was found to depend on phosphorylated form of NPF6.3, suggesting that it acts 

downstream of NPF6.3 to trigger repression of NRT2.1 expression (Bouguyon et al. 2015). As 

LBDs, SLP9 also modulates the expression of many genes responsible for nitrate transport 

and assimilation (Krouk et al. 2010). NAC protein family members (NAC1, NAC2 and NAC4) 

were recognized as key regulatory element controlling a nitrate-responsive network in an 

auxin-related pathway, by regulating lateral root growth in the context of the nitrate response 

(Xie et al. 2000, He et al. 2005, Vidal et al. 2013). TaNAC2 is involved in grain nitrate 

accumulation and seed vigor in wheat through TaNRT2.5 gene expression regulation (Li et al. 

2020). 

MicroRNAs (miRNAs) are molecules known to regulate cell-signaling mechanisms in 

plants, controlling key targets at post-transcriptional and/or translational levels. Many of them 

act as key regulators in N metabolism, acting on the expression of specific genes for N uptake 

(Zuluaga et al. 2019). Members of the miR169 family are reported in many species to regulate 

the expression of N transporters under N-starvation conditions. In Arabidopsis, miR169 targets 

NFY (NUCLEAR FACTOR Y), a ubiquitous transcription factor that binds to the promoter 

regions and regulates the nitrate transporters AtNRT2.1/AtNPF6.3 (Zhao et al. 2011). A study 

under N deficiency and resupply in maize highlighted that over 100 conserved miRNAs were 
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differentially expressed. In particular, miR169, miR1214, miR2199, miR398, miR408, and 

miR827 families might participate in the regulation of N metabolism in maize (Yang et al. 

2019). Analysis of miRNA expression in root tissues of several wheat genotypes showed that 

miR159a, miR159b, miR399, and miR408 are differentially expressed in response to N 

availability (Sinha et al. 2015). 

A research showed that long noncoding RNAs (lncRNAs) are crucial regulators of nitrate 

signaling network. Liu et al. (2019) identified 695 lncRNAs containing 480 previously known 

and 215 novel lncRNAs in Arabidopsis seedling roots. Six of these lncRNAs were significantly 

altered after nitrate treatment. Among these, the lncRNA showing the highest nitrate induction, 

T5120, was induced by nitrate directly. Overexpression of T5120 in Arabidopsis promoted the 

response to nitrate, enhanced nitrate assimilation and improved biomass and root 

development (Liu et al. 2019). Additionally, T5120 was regulated by NLP7 through direct 

binding to the T5120 promoter region. nlp7 mutant had its phenotype restored by T5120 

overexpression, indicating that T5120 functions in the nitrate regulatory pathway mediated by 

NLP7. Moreover, expression of T5120 was regulated by NRT1.1, suggesting that T5120 is 

modulated by NRT1.1 to regulate nitrate regulation. So, these results indicated that lncRNA 

T5120 plays an important role in nitrate regulation (Liu et al. 2019). 

Mobile signals involved in the regulation of root N acquisition by the N status of the plant 

have been identified. HY5 (ELONGATED HYPOCOTYL 5), a light-responsive bZIP TF found 

in Arabidopsis, works as a shoot-to-root mobile signal that activates AtNRT2.1 expression and 

root nitrate uptake in response to changes in the light (Chen et al. 2016). CEPs (C-

TERMINALLY ENCODED PEPTIDEs) have been shown to act through CEP receptors 

(CEPRs) to control N signaling and lateral root development (Talestki et al. 2018). These 

peptides are root-to-shoot mobile signals that trigger expression of two glutaredoxin genes 

(CEPD1 and CEPD2) in response to N starvation. Both CEPD1 and CEPD2 travel back to 

enhance NRT2.1 expression and lateral root growth, specifically in nitrate-rich zones, to 

ensure N acquisition (Ohkubo et al. 2017, Xuan et al. 2017). 

Several studies have suggested that chromatin modifications could play an important 

role in the response to several abiotic constraints, such as N contrasting conditions in the soil. 

Using high N-insensitive mutants (hni9-1) it was possible to propose a systemic feedback 

repression of NRT2.1 by high N supply, correlated with an enrichment of trimethylation of the 

Lys27 of the histone H3 (H3K27me3) at the NRT2.1 locus (Widiez et al. 2011). All NLPs share 

a PB1 domain (Phox and Bem1 domain at the carboxy terminal), necessary for full induction 

of nitrate-dependent expression of target genes in planta via homo- and hetero-

oligomerization of chromosomal DNA in the presence of nitrate (Konishi and Yanagisawa 

2019). PRC2 (Polycomb Repressive Complex 2), a major regulator of gene expression in 

eukaryotes, catalyzes the repressive chromatin mark H3K27me3, which leads to very low 
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expression of target genes, such as NRT2.1 (Zhang et al. 2007, Roudier et al. 2011). A 

mutation in a PRC2 subunit, leading to a loss of H3K27me3 at NRT2.1, results in an increase 

of NRT2.1 expression. This indicates that PRC2 controls the NRT2.1 expression in a context 

of upregulation (Bellegarde et al. 2018). Another H3K27me3 methylation recruiter was 

identified in rice. Increased N supply enhanced transcription and abundance of the rice 

APETALA2-domain transcription factor encoded by an NGR5 (NITROGEN- MEDIATED 

TILLER GROWTH RESPONSE 5) allele. The modulation of H3K27me3 methylation via 

NGR5-dependent recruitment of PRC2 enables enhanced grain yield in elite rice varieties 

despite reduced N fertilizer inputs (Wu et al. 2020).  

Knock-out mutation of NPF6.3 does not lead to an impaired PNR (Wang et al. 2009), 

suggesting the presence of other nitrate sensors in plants. Since the sensing function of 

NPF6.3 depends on the phosphorylation at T101 (Ho et al. 2009, Bouguyon et al. 2015), post-

translational modifications of NRT2.1 could be involved in the sensing function of NRT2.1. In 

fact, phosphorylation sites have been found in NRT2.1 in two phospho-proteomic approaches 

in response to N (Engelsberger and Schulze 2012, Menz et al. 2016). Among them, NRT2.1 

seems to be phosphorylated at S28 when plants are N starved and rapidly dephosphorylated 

upon nitrate resupply (Engelsberger and Schulze 2012). Phosphorylation of NRT2.1 at S21, 

driven by NURK1 (NITRATE UPTAKE REGULATORY KINASE1), resulted in the inactivation 

of NRT2.1, decreasing the interaction with NRT3.1. Oppositely, phosphorylation of NRT2.1 at 

the S28 residue enhanced the NRT2.1/NRT3.1 interaction (Li et al. 2020). Experiments with 

transgenic plants with truncated forms of NRT2.1 revealed an essential sequence for activity, 

located between the residues 494-513. More specifically, a S501 phosphorylation was shown 

as an essential mechanism for the regulation of NRT2.1 activity (Jacquot et al. 2019). N-

terminal region of NRT2.1 seems to be modified in response to N availability. It suggests that 

posttranslational modifications through phosphorylation are involved to control NRT2.1 activity 

in response to environmental cues. 

1.5 Conclusion 
Due to the environmental and economic consequences of indiscriminate and excessive 

use of N fertilizer, there is an increasing need for more N efficient crops suited for sustainable 

agriculture. Being nitrate the principal inorganic N source available in the soil, there has been 

a notable research effort to understand plant nitrate uptake, a key factor in NUE, and the 

molecular players that modulate it. This review, besides to explicate the environmental 

impacts surrounding the use of N fertilizer, aimed to display the wide view of the NRTs 

identified so far, and their regulation on different levels in response to N availability. Also, it 

was presented the recent advances in the nitrate signaling network.  
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HATS transporters, responsible for the larger proportion of nitrate uptake, are regulated 

in different levels by N-plant status and nitrate availability (Laugier et al. 2012, Nacry et al. 

2013, Jacquot et al. 2019). Chromatin modifications (Bellegarde et al. 2018, Wu et al. 2020) 

and phospho-proteome analysis (Engelsberger and Schulze 2012, Menz et al. 2016, Jacquot 

et al. 2019, Li et al. 2020) recently seem to drag much attention among researchers. There is 

the huge potential to manipulate TFs targeting to improve NUpE in crops since those 

regulators can control a cascade of genes involved in nitrate uptake, rather than modulating 

a single or handful of NRTs genes simultaneously (Cao et al. 2017, Ge et al. 2019, Alfatih et 

al. 2020, Wu et al. 2020). Thus, the knowledge acquired in model plants about molecular 

players and regulatory factors interacting with NRTs involved in nitrate uptake could be used 

to improve NUE in crops. It emerges as an attractive step to allow eco-friendly agriculture to 

support the growth of the human population and food demand. 
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2. Regulation of Nitrate Transporters (NRT2 and NRT3) genes 

expression in the model grass Brachypodium distachyon under 

various N conditions 

2.1 Abstract 

Nitrogen (N), as a major limiting nutrient in the field for crop production, has been 
extensively used in modern agriculture to increase crop production. The indiscriminate use of 
N fertilizer and the low average Nitrogen Use Efficiency (NUE) in crops results in many 
negative environmental outcomes. The intensive use of N fertilizers raises questions regarding 
to crop sustainability and food security. An increase in the global food and energy demand 
implies that the requirement for N fertilizers is likely to grow substantially. Thus, N 
management and NUE improvement are critical to maintain a growing population, while 
decreasing environmental and health consequences. Brachypodium distachyon is a genetic 
model system for gene function studies of grasses. Despite the exponential growth in research 
using B. distachyon as a model plant, little has been explored in relation to investigating N 
uptake, and particularly NUE. The physiological and molecular characterization of the nitrate 
acquisition process in this species could help to improve non-model crops, such as sugarcane. 
15N-ammonium and 15N-nitrate influx analyses upon N-replete and N-deficient conditions 
revealed that ammonium is the preferential inorganic N source of B. distachyon. A negative 
feedback regulation of nitrate uptake process by ammonium in plants under N provision and 
N resupply treatments was observed. Gene expression analysis by RT-qPCR indicated 
BdNRT2.1 and BdNRT2.2 as the main B. distachyon genes responsible for nitrate acquisition. 
The expression of BdNRT3.1 and BdNRT3.2 were inducible, revealing the co-expression of 
members from both NRT subfamilies in response to either N treatments. There was no 
correlation between 15N-nitrate influx and transcript accumulation for members of the two-
component complex (NRT2/ NRT3) after ammonium chloride provision and ammonium nitrate 
resupply treatments, corroborating the occurrence of a transcriptional regulation of HATS 
(High Affinity Transport System) in B. distachyon. Therefore, even though ammonium is a 
preferential N inorganic source in B. distachyon, nitrate HATS is repressed by this N inorganic 
source. 
Keyword: Nitrate, NUE, Preferential N Source, HATS, Ammonium 
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2.2 Introduction 
Nitrogen (N) is a major limiting nutrient in the field for crop production. As a result, N 

fertilizers are extensively used in modern agriculture to improve crop yields. The large scale 

of N fertilization raises questions about crop sustainability and food security since both are 

related to fertilizer and nutrient use efficiency. The indiscriminate use of N fertilizer on fields 

and the low Nitrogen Use Efficiency (NUE) in crops may result in many environmental hazards, 

such as water and air pollution, loss of biodiversity, coastal marine waters and watersheds 

contamination, N2O and reactive N gases accumulation in the troposphere, leading to 

greenhouse effect and climate change (Robertson and Vitousek 2009, Canfield et al. 2010, 

Howarth et al. 2011, Bodirsky et al. 2012, Swaney et al. 2012, Sutton et al. 2013, Zhang et al. 

2015). By 2050, there will be a 70% increase in the global food demand, as the world 

population will increase to over 9.7 billion (Yang et al. 2012, York et al. 2016, Chen and Liao 

2017), implying that the demand for N fertilizers and agricultural land are likely to grow 

substantially (Foley et al. 2011, Mueller et al. 2012). So, N management and NUE 

improvement will be required to support a growing population, while reducing adverse 

environmental and health consequences. 

Several definitions have been proposed for NUE (Moll et al. 1982, Good et al. 2004, 

Pathak et al. 2011, Xu et al. 2012, Yu et al. 2016). Overall, NUE is composed of two plant 

physiological components: N utilization efficiency (NUtE), describing the assimilation and 

remobilization efficiency of plant N; and N uptake efficiency (NUpE), which is the N 

absorption/uptake efficiency focusing on the recovery of N fertilizer from the soil (Moll et al. 

1982, Good et al. 2004). In simple terms, plants can either increase the amount of N uptaken 

from the soil (Nitrogen uptake efficiency), or plants can incorporate the absorbed N more 

efficiently (Nitrogen utilization efficiency). Thus, to improve NUE in crops, it is important to 

understand the key mechanisms involved in N uptake and N utilization processes. Plants 

absorb soluble organic and inorganic N sources present in the soil, with ammonium and nitrate 

the main inorganic forms taken up by the roots (Miller et al. 2007, Marschner 2012). Nitrate is 

the most abundant inorganic N form in aerobic soils, and it represents the main N source for 

several crops (Miller and Cramer 2005, Miller et al. 2007, Marschner 2012, Xu et al. 2012). 

The nitrate uptake by plants roots relies on transmembrane transporter, that can be classified 

as High or Low-Affinity Transporter Systems (HATS and LATS, respectively). HATS are 

responsible for the acquisition of nitrate in concentrations below 1 mM, while LATS act when 

nitrate concentrations are above 1 mM (Glass et al. 2002). LATS involve most NRT1/NPF 

family members with the exception of NRT1.1/NPF6.3. NRT1.1/NPF6.3 can operate as LATS 

or HATS, depending on the phosphorylation–dephosphorylation of the threonine residue 

T101, responsible for the change from a low to a high-affinity uptake form (Liu and Tsay 2003). 

In contrast to the NRT1/NPF transporters, the NRT2 family is composed of high-affinity nitrate 
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transporters, regulated by nitrate availability (Tsay et al. 2007). Most NRT2 high-affinity 

transporters are active in the plasma membrane where NAR2/NRT3 family members are co-

localized, forming a multi-component system (Tong et al. 2005, Kawachi et al. 2006, Okamoto 

et al. 2006, Orsel et al. 2006, Yong et al. 2010, Kotur et al. 2012, Laugier et al. 2012).  

HATS have been extensively characterized at the physiological and molecular levels 

mostly in the dicot Arabidopsis (Dechorgnat et al. 2011, Xu et al. 2012, Havé et al. 2017). 

Nevertheless, the most important crop plants for human and livestock nutrition are members 

of the grass family (Poaceae), including rice, wheat, maize, sorghum, and sugarcane. 

Differences in gene number, family structure and phylogeny of NRT2 and NRT3 families have 

been confirmed between Arabidopsis and monocots species (Plett et al. 2010, Girin et al. 

2014). Setaria is proposed as a genetic model system for functional genomics of grasses 

species with inherent biological difficulties, particularly C4 species. However, there are fewer 

genetic resources available for Setaria than Brachypodium. To our knowledge, there are no 

characterized insertional mutant lines available, but an EMS-mutagenized M1 population has 

been developed and used to map-clone phytoene-desaturase gene (Sun et al. 2019).  

On the other hand, Brachypodium distachyon, with a simple diploid sequenced genome, 

short life cycle, well-established genetic transformation protocols, and genetic resources such 

as T-DNA mutant lines, become an important experimental model for grasses (Draper et al. 

2001, Bevan et al. 2010, Brkljacic et al. 2011, Mur et al. 2011, Mochida and Shinozaki 2013). 

A set of indexed T-DNA insertion lines was recently released, providing a powerful genetic 

resource for functional genomics approaches (Bragg et al. 2012, Hsia et al. 2017). In this 

chapter of my thesis work, I will explore the use of Brachypodium distachyon as a genetic 

model species to investigate the regulation mechanisms of NRT2 and NRT3 gene family 

members in response to nitrate availability in order to deepen the understanding how NUE is 

affected in grass crops, particularly those less amenable to genetic studies, such as 

sugarcane. 

2.3 Methods 

2.3.1 Plant material and germination  

The Brachypodium distachyon seeds (Bd21) were gently provided by Dr. Eric Lam and 

Dr. Rong Di at the Department of Plant Biology, School of Environmental and Biological 

Sciences, Rutgers - The State University of New Jersey. Prior to germination, seeds were 

placed in the dark at 4°C for 7 days. Seeds were sown in each pot (3 x 3 cm) with optimal 

spacing and cover with a thin layer of soil. The pots were covered by plastic lid to maintain 

high humidity. After cold stratification, pots were moved to a growth chamber with 14 h light/ 

10 h dark at 21°C. When the cotyledons emerged completely (one week later), pot covers 
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were removed. The plants were watered and fertilized once a week with Hoagland solution 

(Hoagland and Arnon, 1950). After the full cycle, when plants were completely dry, the 

panicles were harvested, and seeds were separated and stored. The seeds were stored in 

airtight containers at room temperature for further experiments.  

2.3.2 Analysis of nitrogen uptake kinetics in roots by rapid 15N influx  

After seed germination, the plants were grown in complete N nutrient solution (2 mM 

NH4NO3) for 3 weeks. After, plants were subjected to various N conditions (sufficiency, 

deficiency or resupply treatments). For the in vivo N uptake kinetics analysis, we used the 

rapid influx assay with 15N (Short Term Uptake; Loqué et al. 2006). To estimate the rapid influx, 

first, the roots are washed in 1 mM CaSO4 to remove apoplastic N. Then, roots are placed in 

0.2 L of nutrient solution, containing 0.2 mM of 15N in 1 mM MES (2- (N-morpholino) 

ethanesulfonic acid monohydrate), pH 5.8 for 10 min, followed by 1 min in 1 mM CaSO4 

solution to wash the roots (Loqué et al., 2006). To quantify the 15N-nitrate influx, roots samples 

are collected, dried and ground for subsequent analysis by mass spectrometer ionization by 

electron impact IRMS (GSL 20/20 ANCA or ANCA-SL of Sercon, England) in the Stable 

Isotopes Laboratory, CENA, by Prof. Dr. José Albertino Bendassolli. 

2.3.3 Identification of preferential N source in Brachypodium distachyon  

To define the preferential inorganic N source (nitrate or ammonium) of B. distachyon, 

plants grown for one week in soil were transferred to nutrient solution for three weeks. Then, 

the plants were submitted to N sufficient (+N; 2 mM de NH4NO3) or N absence for three days. 

After this period, we conducted the rapid 15N-influx analysis using 15N labeled nitrate or 

ammonium [0.2 mM K15NO3, 60% 15N atoms or 0.1 mM (15NH4)2SO4, 60% 15N atoms]. Five 

biological replicates were sampled for each treatment.  

2.3.4 Understanding the nitrate uptake process in roots upon distinct inorganic N 

source supply and N resupply 

The experiments were conducted to characterize the regulation of nitrate transport in 

roots. Plants were grown for three weeks in a N sufficient nutrient solution (N+; 2 mM NH4NO3), 

when exposed to nitrate (4 mM KNO3) or ammonium (4 mM NH4Cl). Subsequently, we 

performed the rapid 15N-nitrate influx analysis (0.2 mM K15NO3) at 0, 2, 4 and 24 h after the N 

provision. For the N resupply experiment, plants grown under N sufficiency were subjected to 

restriction N (-N) for one week. After this period, the plants were exposed to nitrate (10 mM 

KNO3) or ammonium nitrate (5 mM NH4NO3), followed by analyzing the rapid 15N-nitrate influx 

(0.2 mM K15NO3) at 0, 2, 4, 24 and 72 h after N resupply. For both experiments, five biological 

replicates were sampled at each time point. Samples of B. distachyon roots were collected, 

frozen and used for total RNA extraction to quantify the transcripts via RT-qPCR (Quantitative 
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Reverse Transcription Polymerase Chain Reaction) of NRT2 and NRT3 gene family members 

of B. distachyon, the key plant gene families responsible for nitrate uptake process (NRT - 

NITRATE TRANSPORTERS). 

2.3.5 RNA extraction and cDNA synthesis 

Samples were collected and immediately frozen in liquid N2 for subsequent RNA 

extraction. Samples (100 mg) were extracted using the method described by Leal et al (2007). 

Briefly, the root samples were ground in liquid N and transferred to a 2 mL microtube, and 1 

mL of extraction buffer (2% CTAB; 2 M NaCl; 2% PVP; 100 mM Tris; 25 mM EDTA; 2% b-

mercaptoethanol) warmed to 55°C was added. After homogenization, samples were 

incubated at 55°C for 60 min. Afterwards, the samples were placed immediately on ice for 1 

min, followed by addition of 1 mL of CIA (chloroform isoamyl-alcohol; 24:1 v/v) and spun at 

9000 g for 10 min at 4°C. Then, the supernatant was transferred to a new 1.5 mL microtube, 

adding an equal volume of CIA, followed by centrifugation at 9000 g for 10 min at 4°C. Once 

again, the supernatant was transferred to a new 1.5 mL microtube for subsequent precipitation 

of the total RNA using a 10 M solution of LiCl and incubation at -80 °C for 12 h. Subsequently, 

the samples were spun at 9000 g for 30 min at 4°C, followed by discarding the supernatant. 

The pellet was washed twice with 500 μL of cold 75% ethanol and centrifuged at 9000 g for 

10 min at 4°C. Finally, the pellet was resuspended in 30 μL of 0.01% inactive DEPC water. 

Total RNA was quantified in NanoDrop One (Thermo Scientific; Wilmington, DE, USA) and 

the integrity was confirmed by gel electrophoresis.  

About 2 μg of RNA from each sample was treated with 1 U of DNAse I in appropriate 

buffer, 2 U of RNAseOUT (Invitrogen) and DEPC ultrapure water in reaction, incubated at 

37°C for 30 min. The reaction was stopped by addition of EDTA (1 mM) and then incubated 

at 65°C for 10 min. Samples of 1 μg of total RNA and oligo dT (0.5 μg μL-1) are denatured at 

70°C for 10 min, and then incubated at 4°C for 2 min, followed by addition of 4 μL 5x buffer-

MuLV RT, 1 mM dNTP, 40 U RNAseOUT, and 20 U of the enzyme SuperScript III (Thermo 

Fisher Scientific). The reaction was then incubated at 55°C for 1 h, then at 70°C for 10 min 

and at 4°C for 2 min. Finally, the reaction was cooled to 4°C and stored at -80°C. 

2.3.6 Quantitative reversed transcript amplification (RT-qPCR) of the BdNRT2 and 

BdNRT3 family members 

The cDNA was then diluted [1:10 (v/v)], and used in quantitative PCR reactions, using 

1 μL of cDNA, 5 μL of Taq Platinum (Kapa Biosystems, Wilmington, MA, USA), and 0.5 μL of 

both forward and reverse primers (0.25 mM) with the reactions performed in a RotorGene Q 

6000 thermocycler (Qiagen; Hilden, Germany), programmed with an initial incubation at 95ºC 

for 2 min, followed by 40 cycles of 95ºC for 20 s and 60ºC-62ºC for 20 s, and 72oC for 25 s. 
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After cycling, the melting curve for each amplicon was determined between 72ºC and 95ºC. 

Transcript-specific primers are listed below (Table 1). The RT-qPCR included for each run 

three independent biological sample, each sample with two replicates, and an additional 

negative control (no template DNA). Data acquisition was performed in a Rotor-Gene Q Real-

Time Analysis 6.0 (Qiagen). BdSamDC was used as the reference gene (Table 1). CQ 

(quantification cycle) was used to determine differences in expression according to the 2-Δ (ΔCq) 

method (Livak and Schmittgen 2001). 

Table 1: Primer sequences related to genes encoding transporters proteins (NRTs - NITRATE TRANSPORTERS), 
responsible for the nitrate uptake in Brachypodium distachyon roots, and the reference gene (BdSamDC), used for 
RT-qPCR. 

Gene name Locus ID Primers 

BdNRT2.1 BRADI_3g01270v3 
F: 5'- TTTCCTCTGTCCCAGCTACG -3' 

R: 5'- CGCAGCAAATGTGTAGTACCTC -3' 

BdNRT2.2 BRADI_3g01250v3 
F: 5'- AAGCCGGCGCTCATGGAGAC -3' 

R: 5'- GAGGTTGTCGCGGATGATAG -3' 

BdNRT2.3 BRADI_3g01277v3 
F: 5'- AATACTCCACCGCCAAAGG-3' 
R: 5'- TTCTCGGCAAACTTCTGTCC-3' 

BdNRT2.4 BRADI_3g01290v3 
F: 5'- GTCGCCCGAGCACATATAA-3' 

R: 5'- GTCATGTAGTGTGGGAAAACCA-3' 

BdNRT2.5 BRADI_2g47640v3 
F: 5'- CCGACGTGTGAAGAAAATCC-3' 
R: 5'- TGCGGAAAAGAAAAGTGGAG-3' 

BdNRT2.6 BRADI_2g26210v3 
F: 5'- GCACGTCTTTGGAACATCTG-3' 
R: 5'- ATGCCGATTGCCGAGGGA-3' 

BdNRT2.7 BRADI_2g40740v3 
F: 5'-TCTCCTTCACGGGCCTCA -3' 

R: 5'-GTGCAAGCACCGATCAATTT-3' 

BdNRT3.1  BRADI_3g47710v3 
F: 5'- TACGGCCAGACCAAGCTC -3' 

R: 5'- CCTTGGCAAGTTGCATTATC -3' 

BdNRT3.2  BRADI_3g47720v3 F: 5'- TCGCCTTCTTCTTCTTCATC -3' 
R: 5'- GCCTTGCAATAGATTGCTGT -3' 

BdSamDC BRADI_5g14640v3 
F: 5'- TGCTAATCTGCTCCAATGGC-3' 

R: 5'- GACGCAGCTGACCACCTAGA-3' 

2.4 Results  

2.4.1 Gene and protein analysis of the NRT2 and NRT3 subfamily in Brachypodium 
distachyon 

The importance of the NRT2 and NRT3 gene family members concerning nitrate uptake 

have been described for many species (Trueman et al. 1996, Vidmar et al. 2000, Ruffel et al. 

2008, Plett et al. 2010, Feng et al. 2011). The high-affinity nitrate uptake process in B. 

distachyon might be due to additive/redundant protein activities or it might depend on a major 

member of this subfamily, or even each member could play organ-specific or N status 

regulation. To understand the biological function of both families, the gene structures genomic, 

phylogeny, transmembrane domains and gene expression profile analysis in response to N 

provision and resupply are required. 
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A schematic representation of BdNRT2 gene structures was performed using Gene 

Structure Display Server 2.0 (GSDS 2.0) web-based tool. According to the number of exons 

and relative positions of introns within the coding sequence, the BdNRT2 genes can be 

classified into two different groups. Five members of the first group (BdNRT2.1, BdNRT2.2, 

BdNRT2.3, BdNRT2.4, and BdNRT2.5) are characterized by the absence of introns (Figure 

1). The second group (BdNRT2.6 and BdNRT2.7) is characterized by the presence of one 

intron (Figure 1). The BdNRT2 genomic distribution on B. distachyon chromosomes was also 

analyzed. BdNRT2.1, BdNRT2.2, BdNRT2.3 and BdNRT2.4 are clustered on chromosome 3, 

presented in a tail-to-tail configuration for BdNRT2.1 and BdNRT2.2, or in a head-to-tail 

configuration for BdNRT2.3 and BdNRT2.4 (Figure 2). The other members of the NRT2 gene 

family (BdNRT2.5, BdNRT2.6, and BdNRT2.7) are located on chromosome 2. However, 

unlike the other members, these genes are not grouped at the same genomic region (Figure 

2).  

 
Figure 1: Gene structure of the BdNRT2 and BdNRT3 family. Sequences were aligned using the Gene Structure 
Display Server 2.0 (GSDS 2.0) web-based tool. Exons and introns were shown by filled blues boxes and single 
lines, respectively. UTRs were displayed by thick green boxes at both ends. 

 
Figure 2: Genomic localization and orientation of BdNRT2 and BdNRT3 genes on chromosomes of Brachypodium 
distachyon. The genes shown in red are transcribed in the positive orientation; the genes shown in blue are 
transcribed in the negative orientation. 
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Not only the importance of AtNRT2.1 and AtNRT2.2 concerning the nitrate uptake 

process has been reported, but also the AtNRT2.1 and AtNRT2.2 genomic localization 

(Cerezo et al. 2001, Plett et al. 2010). Both are neighboring genes at opposite orientation, as 

in the B. distachyon genome. Therefore, the similarity of the structural genomic organization 

between both species could provide a hint about BdNRT2.1 and BdNRT2.2 function.  

Table 2: Protein BdNRT2 sequence identity matrix 

Seq-> BdNRT2.1 BdNRT2.2 BdNRT2.3 BdNRT2.4 BdNRT2.5 BdNRT2.6 BdNRT2.7 

BdNRT2.1 ID 0.931 0.825 0.807 0.549 0.660 0.364 

BdNRT2.2 0.931 ID 0.798 0.788 0.553 0.644 0.361 

BdNRT2.3 0.825 0.798 ID 0.897 0.535 0.597 0.364 

BdNRT2.4 0.807 0.788 0.897 ID 0.520 0.584 0.353 

BdNRT2.5 0.549 0.553 0.535 0.520 ID 0.413 0.409 

BdNRT2.6 0.660 0.644 0.597 0.584 0.413 ID 0.315 

BdNRT2.7 0.364 0.361 0.364 0.353 0.409 0.315 ID 

An alignment of the seven BdNRT2 protein sequences, beginning and ending at the 

putative ATG and stop codons was performed using Blosum62 pairwise alignment (Table 2, 

Figure 3). Except for BdNRT2.7, the other members of the BdNRT2 family show great protein 

sequence similarity (Table 2). The highest levels of nucleotide sequence identity are found 

between the BdNRT2.1 and BdNRT2.2 (93.1%) and between the BdNRT2.3 and BdNRT2.4 

(89.7%) proteins. Phylogenetic analysis comparing B distachyon NRT2 members with 

orthologues of arabidopsis, rice, maize, and sorghum was also performed. Except for 

BdNRT2.5 and BdNRT2.7, BdNRT2 group at the same clade with other grass NRT2, being 

separated from the Arabidopsis NRT2 (Figure 4). 
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Figure 3: Alignment of NRT2 protein sequences from Brachypodium distachyon using ClustalW software and 
displayed with BioEdit program.  

 
Figure 4. Phylogenetic analysis of the NRT2 family. Evolutionary analysis was inferred by using the Maximum 
Likelihood method and Poisson correction model comparing NRT2 sequences of Arabidopsis, rice, sorghum, maize 
and Brachypodium distachyon. The percentage of trees in which the associated taxa clustered together is shown 
next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join 
and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then selecting the 
topology with superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the number 
of substitutions per site. Evolutionary analyses were conducted in MEGA X. 

The topology of BdNRT2 proteins were simulated using the webtool Protter (Omasits et 

al. 2014) to correlate their respective structures and arrangements in the plasma membrane 

with their role in the nitrate uptake process. According to the number of transmembrane 
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domains, BdNRT2 family proteins could be classified into three groups. Group I is comprised 

of BdNRT2.1 and BdNRT2.2, considering the presence of 12 transmembrane domains and 

N-terminal and C-terminal cytosolic regions (Figure 5). Group II contains proteins with 11 

transmembrane domains. In this group, the BdNRT2.3 and BdNRT2.4 proteins have N-

terminal regions in the cytosolic portion and the C-terminal regions at the extracellular portion. 

The BdNRT2.5 protein, belonging to this group, with the opposite configuration, i.e., N-terminal 

regions predicted to be at the extracellular portion and C-terminal regions at the cytosolic 

portion (Figure 5). Group III, composed of the proteins BdNRT2.6 and BdNRT2.7, holds 

members proteins with 10 transmembrane domains. However, there are differences between 

Group II proteins about the amino and carboxylic ends display. BdNRT2.6 displays both ends 

at the extracellular portion, while BdNRT2.7 has both terminal ends in the cytosolic portion 

(Figure 5). In summary, BdNRT2.1 and BdNRT2.2 share a common transmembrane 

conformation, suggesting that both proteins are plasma membrane high-affinity NO3
- 

transporters in B. distachyon, similar to orthologues in other species (Forde et al. 2000, Plett 

et al. 2010). 

 

BdNRT2.1 BdNRT2.2

BdNRT2.3 BdNRT2.4

BdNRT2.5

BdNRT2.7

BdNRT2.6
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Figure 5: Topology illustration of BdNRT2 showing divergency in the number of predicted transmembrane domains 
among BdNRT2 members. Peptides sequences were visualized by Protter. 

The same approach was used for both BdNRT3.1 and BdNRT3.2 characterization. Both 

members have one intron (Figure 1). Both are located on chromosome 3, in a head-to-tail 

configuration (Figure 2; Plett et al. 2010), distinct from the orthologous AtNRT3 in Arabidopsis. 

BdNRT3 sequence alignment showed a substantial similarity between both members 

BdNRT3.1 and BdNRT3.2 (Table 3, Figure 6), with 97% of amino acid sequence identity. 

Phylogenetic analysis with NRT3 members with orthologues from Arabidopsis, rice, maize, 

and sorghum revealed that BdNRT3 proteins are at the same clade with other grass NRT3, 

revealing evolution divergence between dicots and monocots NRT3 (Figure 7).  

Table 3: Protein BdNRT3 sequence identity matrix 

Seq-> BdNRT3.1 BdNRT3.2 

BdNRT3.1 ID 0.970 
BdNRT3.2 0.970 ID 

BdNRT2.1 BdNRT2.2

BdNRT2.3 BdNRT2.4

BdNRT2.5

BdNRT2.7

BdNRT2.6
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Figure 6: Alignment of NRT3 protein sequences from Brachypodium distachyon using ClustalW software and 
displayed with BioEdit program. 

 
Figure 7. Phylogenetic analysis of the NRT3 family. Evolutionary analysis was inferred by using the Maximum 
Likelihood method and Poisson correction model comparing NRT3 sequences of Arabidopsis, rice, sorghum, maize 
and Brachypodium distachyon. The percentage of trees in which the associated taxa clustered together is shown 
next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join 
and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then selecting the 
topology with superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the number 
of substitutions per site. Evolutionary analyses were conducted in MEGA X. 
 

 
Figure 8: Topology illustration of BdNRT3 showing divergency in the number of predicted transmembrane domains 
among BdNRT3 members. Peptides sequences were visualized by Protter. 

The structure of BdNRT3 proteins were simulated to investigate the structure across the 

plasma membrane to compare with BdNRT2, as described for other plant species, such as, 

Arabidopsis thaliana, barley (Hordeum vulgare) and rice (Oryza sativa) (Okamoto et al. 2006, 

Orsel et al. 2006, Ishikawa et al. 2009, Yong et al. 2010, Feng et al. 2011). BdNRT3.1 and 
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BdNRT3.2 proteins have identical presumed arrangements across the plasma membrane, 

exhibiting a single transmembrane domain, an extracellular N-terminus, and a cytosolic C-

terminus (Figure 8). All together, these in silico predictions of the BdNRT3.1 and BdNRT3.2 

members suggest that both comply with the formation of a NRT2/NRT3 complex formation, 

similar to the one described for Arabidopsis, and consequently in the nitrate uptake process, 

in Brachypodium distachyon. 

2.4.2 Brachypodium distachyon prefers ammonium uptake rather than nitrate as N 

inorganic source 

Few studies have been conducted to define the preference of the inorganic N source for 

several species (Robinson et al. 2011, Boudsocq et al. 2012, Boschiero et al. 2018). To 

identify the N source preference in B. distachyon roots, physiological characterization of the 

uptake process was conducted under N contrasting conditions. Brachypodium distachyon 

(Bd21) plants grown for three weeks under N sufficiency conditions were subjected to 

sufficiency treatment (+N; 2 mM NH4NO3) or N absence (-N) for three days. Rapid influx assay 

(Short-Term Uptake; Loqué et al. 2006) using 15N-nitrate or 15N-ammonium were performed 

at the HATS activation concentration range (0.2 mM), given the importance of HATS 

regulation under cultivation conditions in crops (Malagoli et al. 2004), and the LATS activity 

dependence of HATS (Wang et al. 1993a, 1993b). 

 
Figure 9. Influx of 15N-NO3- or 15N-NH4+ in Brachypodium distachyon ‘Bd21’ roots submitted to contrasting N 
availability. Plants cultivated in solution under N sufficient conditions (+N; 2 mM NH4NO3) were submitted to 
absence of N (-N) or with N sufficiency (2 mM NH4NO3) for 3 days. Uptake kinetic analyses were conducted using 
15N-nitrate or 15N-ammonium at 0.2 mM total N total. Values are means of 5 biological replicates ± SD, and 
significant differences at P < 0.05 are indicated by different letters. Asterisk represents significant differences at P 
< 0.05 in each N condition. 
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Short-term uptake analysis indicated that 15N-ammonium influx was 1.7-fold higher in 

plants under N absence (105.27 μmol h-1 g-1 DW) compared to N sufficient (61.92 μmol h-1 g-

1 DW), showing HATS induction under N limitation (Figure 9). The same HATS induction was 

observed for nitrate uptake. The 15N-nitrate influx in plants under N absence (62.45 μmol h-1 

g-1 DW) was approximately 2.9-fold higher than under N sufficient (21.70 μmol h-1 g-1 DW), 

indicating the regulation of nitrate absorption according to N status (Figure 9). These results 

demonstrate that ammonium is the preferential inorganic N source for B. distachyon roots. 

Similar preference of ammonium has been observed for other crops, such as citrus, coffee 

and sugarcane (Camanēs 2009, Robinson et al. 2011, Serezino 2015, Santos et al. 2017). 

HATS in B. distachyon for both inorganic sources of N are induced under low external levels 

of N and/or the low N status of the plant. The HATS induction mechanism is conserved in 

many organisms, even monocots and dicots species (von Wirén et al. 2000, Subbarao et al. 

2009, Robinson et al. 2011, Serezino 2015, Santos et al. 2017). 

2.4.3 Nitrate uptake process is downregulated by ammonium in N-replete 

Brachypodium distachyon plants 

By the availability of inorganic N in the soil, plant roots respond promptly by regulating 

nitrate or ammonium transporters, by generally inducing N influx under N limitation or inhibiting 

N influx under excess of this nutrient (Glass et al. 2002, Britto and Kronzucker 2013). However, 

the plant N status is not the only mechanism for regulating the acquisition of this nutrient. The 

inhibitory effect of ammonium upon nitrate uptake has been described in several species 

(Krapp et al. 1998, Cerezo et al. 2001, Krouk et al. 2006). Conversely, short term provision of 

nitrate can cause an induction of nitrate HATS activity in roots (Gansel et al. 2001, Okamoto 

et al. 2003, Krouk et al. 2006). To determine the effect of ammonium or nitrate supply in root 

nitrate uptake, Brachypodium plants were grown in the presence of NH4NO3 and then 

transferred to nutrient solution containing either nitrate or ammonium as the sole inorganic N 

source. 

Bd21 roots of both treatments maintained the same level of 15N-nitrate influx at the initial 

period (up to 4 h) (Figure 10). In the presence of ammonium, the 15N-nitrate influx (6.29 μmol 

h-1 g-1 DW) decreased significantly after 24 h compared to 0 h (21.38 μmol h-1 g-1 DW). Bd21 

plants exposed to exogenous nitrate increased the 15N-nitrate influx significantly at 24 h (69.24 

μmol h-1 g-1 DW), being 3.23-fold higher compared to 0 h (Figure 10). Contrary to what was 

observed in the presence of nitrate, the addition of ammonium did not upregulate the 15N-

nitrate uptake process. Therefore, there is a negative feedback regulation of nitrate uptake 

process by ammonium in roots of N-replete Brachypodium distachyon plants. 
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Figure 10. 15NO3 influx in N replete Brachypodium distachyon roots after nitrate or ammonium supply. Plants roots 
were grown under adequate N supply (2 mM NH4NO3) were transferred to 4 mM NO3- (4 mM KNO3) or 4 mM NH4+ 
(4 mM NH4Cl) for 0, 2, 4 or 24 h. Uptake rates were measured for 10 min. into B. distachyon roots at the external 
concentration of 200 μM 15N-labeled NO3- (K15NO3). Values are means of 5 biological replicates ± SD, and 
significant differences at P < 0.05 are indicated by different letters.  

To better understand the negative regulation of the nitrate uptake process and the time-

dependent response of major nitrate transporter genes by ammonium supply, expression 

analyses of the BdNRT2 and BdNRT3 subfamily genes, responsible for the absorption of 

nitrate in the HATS system, were carried out in in Bd21 plants under both supply treatments. 

There is a rapid and strong upregulation of BdNRT2.1 expression by supplying nitrate (Figure 

11). After 2 h of nitrate exposure, BdNRT2.1 expression is 9-fold higher than at 0 h. Such 

upregulation remains increasing, reaching a relative expression level 500-fold higher 

compared to the initial time (0 h) after 24 h (Figure 11). On the other hand, ammonium supply 

led to a weak and transient induction of BdNRT2.1 (Figure 11). A short increase in the 

transcript accumulation was observed after 2 h after the exposure to ammonium. In the 

subsequent periods, there was a significant decrease of BdNRT2.1 transcript accumulation. 

After 24 h, the expression level of BdNRT2.1 was lower than observed at the initial period (0 

h) (Figure 11). Comparing the BdNRT2.1 expression profile upon nitrate or ammonium supply, 

it becomes evident that the accumulation of BdNRT2.1 transcripts by ammonium was minimal 

when compared to the upregulation after nitrate treatment (Figure 11). Studies using 

Arabidopsis showed that NRT2.1 and NAR2.1 (NRT3.1) are repressed in the presence of 

ammonium, reducing the role of HATS for nitrate acquisition (Krouk et al. 2006), corroborating 

the results obtained for B. distachyon roots. 
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Figure 11. Regulation of BdNRT2.1 and BdNRT2.2 in N replete Brachypodium distachyon roots after nitrate or 
ammonium supply. Plants roots grown under adequate N supply (2 mM NH4NO3) were transferred to 4 mM NO3- 
(4 mM KNO3) or 4 mM NH4+ (4 mM NH4Cl) for 0, 2, 4 or 24 h for estimating the relative level of transcripts (RT-
qPCR). Expression was normalized for mean expression values for plants under N replete (0 h). BdSamDC was 
used gene reference. Bars represent ±SE; n=5 plants per time-point. Significant differences at P < 0.05 are 
indicated by different letters. 

Due to the importance of NRT2.2 in the nitrate uptake process (Cerezo et al. 2001), the 

regulation of its expression in B. distachyon in response to N inorganic sources supply was 

also evaluated. The same pattern of gene expression regulation was observed for BdNRT2.2 

(Figure 11). There is a significant BdNRT2.2 transcript accumulation, reaching the highest 

level after 24 h of exposure to nitrate, 70-fold higher than at 0 h (Figure 11). As observed for 
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BdNRT2.1, the ammonium supply led to a weak and transient induction of BdNRT2.2 gene 

expression (Figure 11), with a small accumulation of transcripts after 4 h of treatment. Later, 

the level of transcript accumulation was the same observed at the initial period (0 h) (Figure 

11). The expression data show that, the induction of BdNRT2.2 by nitrate was more significant 

and persistent than observed under ammonium supply (Figure 11). So, compared to nitrate 

supply treatment, the weak upregulation of BdNRT2.1 and BdNRT2.2 expression in Bd21 

roots exposed to ammonium show their downregulation by this N inorganic source. 

NRT2.3 gene has been described as involved in the nitrate uptake process in other 

species, such as Arabidopsis, rice and barley (Vidmar et al. 2000, Orsel et al. 2002, Tang et 

al. 2012). In sorghum, tolerance to N deficiency can be associated with higher expression of 

NRT2.3 in roots (Gelli et al. 2014). To identify the role of the NRT2.3 in B. distachyon roots, 

its expression was evaluated. No regulation of this gene was observed in response to 

ammonium supply (Figure 12). Conversely, nitrate supply led to a transcript accumulation 15-

fold higher compared to plants with N sufficiency (0 h) after 4 h. At 24 h, a significant difference 

was noted in BdNRT2.3 transcript accumulation comparing both N supply treatments. In the 

presence of nitrate, BdNRT2.3 expression was approximately 8-fold higher when compared 

to plants under ammonium supply (Figure 12). Therefore, it can be concluded that the 

BdNRT2.3 gene is downregulated in the presence of ammonium.  

Functional analysis in Xenopus laevis oocytes and in planta revealed that AtNRT2.4 is 

a nitrate transporter functioning in the high-affinity range for nitrate uptake (Kiba et al. 2012). 

Arabidopsis triple mutants (atnrt2.1, atnrt2.2 and atnrt2.4) demonstrated lower biomass 

production compared to double mutants (atnrt2.1 and atnrt2.2), evidencing another role of 

AtNRT2.4 in shoots (Kiba et al. 2012). Even though it is predominantly expressed in 

arabidopsis leaves (Orsel et al. 2002), its expression in B. distachyon roots under N supply 

treatments was evaluated. A short, but not significant, induction of BdNRT2.4 expression was 

observed after 4 h of nitrate supply, when compared to 0 h (Figure 12). At 2 and 24 h after 

imposition of nitrate treatment, BdNRT2.4 transcript accumulation was not significantly 

different from at 0 h. For the ammonium supply, it was not possible to observe a significant 

difference in BdNRT2.4 transcript accumulation (Figure 12). Thus, comparing the relative 

expression of the BdNRT2.4 in response to supplying the two different inorganic N sources, 

there is no apparent significant difference in expression in response to either nitrate and/or 

ammonium exposure (Figure 12).  
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Figure 12. Regulation of BdNRT2.3 and BdNRT2.4 in N replete Brachypodium distachyon roots after nitrate or 
ammonium supply. Plants roots grown under adequate N supply (2 mM NH4NO3) were transferred to 4 mM NO3- 
(4 mM KNO3) or 4 mM NH4+ (4 mM NH4Cl) for 0, 2, 4 or 24 h for estimating the relative level of transcripts (RT-
qPCR). Expression was normalized for mean expression values for plants under N replete (0 h). BdSamDC was 
used gene reference. Bars represent ±SE; n=5 plants per time-point. Significant differences at P < 0.05 are 
indicated by different letters. 

Analysis of tissue-specific expression of BdNRT2.5 in B. distachyon showed that it is 

predominantly expressed in roots and spikelets (Wang et al. 2019). Here, comparing both N 

supply treatments, there is a similar downregulation of BdNRT2.5 in response to either N 

provision (Figure 13). Therefore, BdNRT2.5 appears to not be involved in the nitrate uptake 

in response to N provision in B. distachyon. A similar result was observed in Arabidopsis, in 
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which AtNRT2.5 expression was strongly repressed by nitrate provision in roots (Okamoto et 

al. 2003). 

 

 
Figure 13. Regulation of BdNRT2.5 and BdNRT2.6 in N replete Brachypodium distachyon roots after nitrate or 
ammonium supply. Plants roots grown under adequate N supply (2 mM NH4NO3) were transferred to 4 mM NO3- 
(4 mM KNO3) or 4 mM NH4+ (4 mM NH4Cl) for 0, 2, 4 or 24 h for estimating the relative level of transcripts (RT-
qPCR). Expression was normalized for mean expression values for plants under N replete (0 h). BdSamDC was 
used gene reference. Bars represent ±SE; n=5 plants per time-point. Significant differences at P < 0.05 are 
indicated by different letters. 

Studies revealed that AtNRT2.6 is weakly expressed in most plant organs (Dechorgnat 

et al. 2012). Conversely, bdnrt2.1 mutants showed upregulation of BdNRT2.6 in roots, 

suggesting a possible role in reestablishing nitrate absorption in B. distachyon. No significant 
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difference was found in the BdNRT2.6 transcript accumulation in either N supply treatment 

(Figure 13). Comparing both treatments, it was only possible to recognize a significant 

difference after 4 h of treatments; BdNRT2.6 expression in plants exposed to nitrate was 

approximately 3.2-fold higher than in those supplied with ammonium (Figure 13). 

Despite being predominantly expressed in Arabidopsis seeds (Chopin et al. 2007), 

strong expression of the NRT2.7 gene has been observed in B. distachyon roots (Wang et al. 

2019), suggesting a possible function in nitrate uptake. As noted in Figure 14, there was a 

significant difference in the BdNRT2.7 expression in B. distachyon roots submitted to different 

N resupply treatments. The nitrate treatment did not lead to any regulation since the 

expression levels in response to nitrate were similar to those observed in N replete plants. On 

the other hand, supplementation of ammonium led to a decrease in transcript accumulation, 

without detection of BdNRT2.7 expression after 4 h of treatment (Figure 14). Therefore, it can 

be concluded that ammonium supplementation led to transcription inhibition of BdNRT2.7 in 

Bd21 roots.  

 
Figure 14. Regulation of BdNRT2.7 in N replete Brachypodium distachyon roots after nitrate or ammonium supply. 
Plants roots grown under adequate N supply (2 mM NH4NO3) were transferred to 4 mM NO3- (4 mM KNO3) or 4 
mM NH4+ (4 mM NH4Cl) for 0, 2, 4 or 24 h for estimating the relative level of transcripts (RT-qPCR). Expression 
was normalized for mean expression values for plants under N replete (0 h). BdSamDC was used gene reference. 
Bars represent ±SE; n=5 plants per time-point. Significant differences at P < 0.05 are indicated by different letters. 

HATS has been described in several species as mediated by NRT2 transporters in 

association with NRT3 (Okamoto et al. 2006, Orsel et al. 2006, Yong et al. 2010, Feng et al. 

2011, Yan et al. 2011, Laugier et al. 2012). Two members of the NRT3 family were identified 

in B. distachyon (Plett et al. 2010), which are mainly expressed in roots (David et al. 2019). 

BdNRT3.1 expression analysis shows an increase accumulation of transcripts in response to 

nitrate supply (Figure 15). BdNRT3.1 transcript accumulation is observed after 2 h of nitrate 



 
 

65 

provision (2.5-fold), and significantly higher after 4 h of treatment (5-7-fold) in comparison to 

0 h (Figure 15). In response to ammonium supply, there is an induction of BdNRT3.1 

expression after 2 h of treatment. The expression level remains stable for the following point 

analyzed (4 h).  

 

 
Figure 15. Regulation of BdNRT3.1 and BdNRT3.2 in N replete Brachypodium distachyon roots after nitrate or 
ammonium supply. Plants roots grown under adequate N supply (2 mM NH4NO3) were transferred to 4 mM NO3- 
(4 mM KNO3) or 4 mM NH4+ (4 mM NH4Cl) for 0, 2, 4 or 24 h for estimating the relative level of transcripts (RT-
qPCR). Expression was normalized for mean expression values for plants under N replete (0 h). BdSamDC was 
used gene reference. Bars represent ±SE; n=5 plants per time-point. Significant differences at P < 0.05 are 
indicated by different letters. 

So, comparing both supply treatments, there is no significant difference in BdNRT3.1 

expression over the periods 0, 2 and 4 h; although significant upregulation is observed 
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comparing its expression in 0 and 4 h (Figure 15). After 24 h, there was a significant distinction 

of BdNRT3.1 expression in both N supply treatment. While there is an accumulation of 

BdNRT3.1 transcripts in nitrate presence in this period, the expression level under ammonium 

supply is the same as that observed initially (0 h) (Figure 15). The other member of NRT3 

subfamily, BdNRT3.2 showed the same gene expression regulation as BdNRT3.1 for both N 

provision treatments (Figure 15). A significant difference in expression between the N sources 

was observed only at 24 h, when nitrate supply induces transcript accumulation at 7-fold rate 

greater when compared to 0 h. In the ammonium supply, the BdNRT3.2 expression level does 

not differ from 0 h (Figure 15). Hence, both members of the NRT3 family display a down-

regulation in response to ammonium supplementation in Bd21 roots, but not to nitrate. 

2.4.4 Regulation of nitrate uptake in Brachypodium distachyon roots by N resupply 

Physiological studies of nitrate transport in roots of many species demonstrate the 

importance of HATS uptake this inorganic form of N after nitrate resupply. After the addition 

of nitrate, there is a rapid induction of the nitrate influx by HATS, denominated inducible HATS 

(iHATS), which remains induced for a few hours, followed by a rapid drop of nitrate influx in 

roots (Tompkins et al. 1978, Siddiqi et al. 1990, Tischner et al. 1993, Zhuo et al. 1999, Glass 

2003). This HATS induction by exogenous addition of nitrate occurs both in plants pre-

cultivated under N sufficiency and in plants grown under deficiency and/or low N (Glass et al., 

2002). Differences between species have been identified related to iHATS. For example, in 

the coniferous Picea glauca, the induction of influx of 13N-nitrate occurs after three days of 

nitrate supply (Kronzucker et al. 1995), whereas, in barley and wheat roots, the largest 

acquisition of nitrate occurs after 3 h (Tompkins et al. 1978, Siddiqi et al. 1990, Tischner et al. 

1993).  

To determine the effect of ammonium nitrate or nitrate resupply in root nitrate uptake, 

B. distachyon plants grown in the presence of NH4NO3 were submitted to N deficiency for 7 

d, when the plants were transferred to a nutrient solution containing either potassium nitrate 

or ammonium nitrate as the inorganic N source. For the nitrate resupply, temporal analysis of 
15N-nitrate influx showed rapid and significant induction of nitrate uptake, since the influx after 

2 h (56.58 μmol h-1 g-1 DW) was approximately 2.5-fold higher in Bd21 plants submitted to N 

absence, equivalent to 0 h (22.36 μmol h-1 g-1 DW) (Figure 16). 15N-nitrate uptake was 

significantly higher compared to N restricted plants after 4 h of nitrate resupply treatment 

(43.29 μmol h-1 g-1 DW), reaching approximately 2-fold labeled nitrate absorbed. After 4 h, the 

influx of 15N-nitrate declines, reaching similar influx levels observed initially (Figure 16). The 

influx of 15N-nitrate was induced after 2 and 4 h of ammonium nitrate supply, but it was not 

significantly different from N deficiency. At 24 and 72 h after treatment, 15N-nitrate influx 
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reached same levels as observed in plants under N restriction. So, ammonium nitrate resupply 

did not lead to 15N-nitrate influx upregulation in B. distachyon roots. 

 
Figure 16. 15N-nitrate influx by Brachypodium distachyon submitted to N resupply. Plants grown in N sufficient 
solution (2 mM NH4NO3) were subjected to N restriction for 7 d. Then, plants were cultivated in the presence of 
nitrate (10 mM KNO3) or ammonium nitrate (5 mM NH4NO3), for 0, 2, 4, 24 and 72 h. Uptake rates were measured 
for 10 min. into sugarcane roots at the external concentration of 200 μM 15N-labeled NO3- (K15NO3). Values are 
means of 5 biological replicates ± SD, and significant differences at P < 0.05 are indicated by different letters. 

Considering that the HATS regulation directly correlates with the nitrate high-affinity 

transporters transcription of several species (Lejay et al. 1999, Filleur et al. 2001, Orsel et al. 

2006, Li et al. 2007), the analysis of the expression of ortholog genes in B. distachyon was 

performed in root sampled in the previous experiment. BdNRT2.1 relative expression analysis 

in response to nitrate resupply exhibits strong upregulation. After 2 h, BdNRT2.1 transcript 

accumulation was approximately 110-fold greater compared to at 0 h (Figure 17). Although 

some decrease in transcript accumulation occurred, this level of transcripts remains 

significantly higher up to 4 h (approx. 24-fold), while returning to the initial expression level 

after 24 h. At 72 h after treatment, there is an induction of BdNRT2.1 expression when 

compared to the in plants in the absence of N. For the ammonium nitrate treatment resupply, 

a rapid induction (2 h, 24-fold higher than 0 h) of the BdNRT2.1 expression is observed (Figure 

17), but at a lower intensity compared to the nitrate resupply treatment. In subsequent periods, 

the transcript accumulation reaches similar levels observed initially (Figure 17). Therefore, the 

expressive induction of BdNRT2.1 correlates with the response to nitrate resupply in B. 

distachyon roots.  

AtNRT2.1 and AtNRT2.2 are known to play a key role in regulation of the high-affinity 

nitrate uptake in Arabidopsis, and in the adaptive responses of the plant to N availability 

(Cerezo et al. 2001). No significant difference for BdNRT2.2 transcript accumulation between 
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both treatments of N resupply was observed (Figure 17). There is a rapid (2 h) mRNA 

accumulation, since the accumulation was significantly higher when compared to Bd21 plants 

submitted to N restriction at 0 h. In the following periods, the expression of this gene 

decreases, reaching after 4 h and 72 h of treatment, levels similar to those observed in plants 

under N deficiency, (Figure 17). Therefore, BdNRT2.2 appears to be upregulated briefly by N 

resupply in B. distachyon roots.  

 

 
Figure 17: Regulation of BdNRT2.1 and BdNRT2.2 in Brachypodium distachyon (Bd21 genotype) roots submitted 
to N resupply. Plants grown in N sufficient solution (2 mM NH4NO3) were subjected to N restriction for 7 d. Then, 
plants were cultivated in the presence of nitrate (10 mM KNO3) or ammonium nitrate (5 mM NH4NO3), and root 
samples were collected 0, 2, 4, 24 and 72 h after treatment. for estimating the relative level of transcripts (RT-



 
 

69 

qPCR). Expression was normalized for mean expression values for plants under N deficiency for 7 d (-N, 0 h). 
BdSamDC was used gene reference. Bars represent ±SE; n=5 plants per time-point. Significant differences at P < 
0.05 are indicated by different letters. 

Nitrate resupply led to the late induction of BdNRT2.3 expression (Figure 18). The 

expression level remains constant, up to 24 h of resupply of nitrate (Figure 18). After 72 h, the 

BdNRT2.3 transcript accumulation was significantly higher (5-fold) than in plants under N 

deficiency (Figure 18). In Bd21 plants submitted to ammonium nitrate resupply, there is a 

repression of BdNRT2.3 expression in the analyzed periods. It was not possible to detect the 

BdNRT2.3 mRNA accumulation after 2, 4 and 24 h of treatment. After 72 h, the relative 

expression was 10-fold lower than observed in Bd21 roots under N restriction (Figure 18). 

Thus, a strong repression of the BdNRT2.3 expression occurs in response to ammonium 

nitrate resupply in Bd21 roots. 

The other member of the NRT2 subfamily of B. distachyon, BdNRT2.4, was also 

evaluated for the regulation in response to N resupply. BdNRT2.4 showed a similar pattern of 

regulation as BdNRT2.3 in responses to the tested treatments. BdNRT2.4 was upregulated 

later after exogenous nitrate supplying, with a 5.5-fold higher expression after 72 h of 

treatment when compared to Bd21 plants under N deficiency (0 h) (Figure 18). A strong and 

significant repression of BdNRT2.4 was observed in plants resupplied with ammonium nitrate 

(Figure 18). Therefore, BdNRT2.4 might be down regulated in the presence of ammonium in 

roots of B. distachyon. 
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Figure 18. Regulation of BdNRT2.3 and BdNRT2.4 in Brachypodium distachyon (Bd21 genotype) roots submitted 
to N resupply. Plants grown in N sufficient solution (2 mM NH4NO3) were subjected to N restriction for 7 d. Then, 
plants were cultivated in the presence of nitrate (10 mM KNO3) or ammonium nitrate (5 mM NH4NO3), and root 
samples were collected 0, 2, 4, 24 and 72 h after treatment. for estimating the relative level of transcripts (RT-
qPCR). Expression was normalized for mean expression values for plants under N deficiency for 7 d (-N, 0 h). 
BdSamDC was used gene reference. Bars represent ±SE; n=5 plants per time-point. Significant differences at P < 
0.05 are indicated by different letters. 

For BdNRT2.5, a significant distinction in gene expression between both N resupply 

treatments is observed (Figure 19). After 2 h of exposure to the treatments, ammonium nitrate 

resupply showed no significant change in BdNRT2.5 expression, whereas the presence of 

nitrate led to a 10-fold increase in BdNRT2.5 expression, compared to the initial moment (0 

h) (Figure 19). At 4 h, in both treatments, the BdNRT2.5 expression level was similar as those 

seen in plants under N deficiency. Compared to the 0 h sample, BdNRT2.5 showed a down-

regulation after 24 h of ammonium nitrate treatment, while the expression level remained 

constant in the nitrate resupply. At 72 h, the BdNRT2.5 expression in both treatments was 

similar to that observed initially (Figure 19). Therefore, there was a significant divergence in 

the BdNRT2.5 expression regulation in response to N resupply in B. distachyon roots. 

Gene expression analysis revealed that nitrate resupply positively regulated BdNRT2.6 

expression (Figure 19). After 2 h of treatment, there was a significant upregulation of 

BdNRT2.6 expression. At 2 h, the expression was 5-fold higher than observed in plants under 

N deficiency (Figure 19). Such induction was maintained at 4 and 72 h, although it does not 

diverge significantly from the initial period analyzed (0 h). On the other hand, BdNRT2.6 

expression was not regulated in B. distachyon roots under ammonium nitrate resupply 

treatment. There is a negative regulation of BdNRT2.6 expression in Bd21 plants resupplied 

in the presence of ammonium. 
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Figure 19. Regulation of BdNRT2.5 and BdNRT2.6 in Brachypodium distachyon (Bd21 genotype) roots submitted 
to N resupply. Plants grown in N sufficient solution (2 mM NH4NO3) were subjected to N restriction for 7 d. Then, 
plants were cultivated in the presence of nitrate (10 mM KNO3) or ammonium nitrate (5 mM NH4NO3), and root 
samples were collected 0, 2, 4, 24 and 72 h after treatment. for estimating the relative level of transcripts (RT-
qPCR). Expression was normalized for mean expression values for plants under N deficiency for 7 d (-N, 0 h). 
BdSamDC was used gene reference. Bars represent ±SE; n=5 plants per time-point. Significant differences at P < 
0.05 are indicated by different letters. 

The last member of the NRT2 subfamily evaluated for the regulation of gene expression 

in response to N resupply was BdNRT2.7. After exclusive nitrate resupply, BdNRT2.7 mRNA 

accumulation was rapidly induced (2 h), reaching 5-fold higher than initially observed (0 h) 

(Figure 20). After this early induction, BdNRT2.7 expression was suppressed after 4 h of 
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treatment, without detection in the following periods. In plants submitted to ammonium nitrate 

resupply, strong and continuous repression of the BdNRT2.7 gene was perceived, without 

detection of expression after 24 h of this treatment. At 72 h, BdNRT2.7 transcript accumulation 

returned to the same level observed in plants under N deficiency (Figure 20). As reported 

previously for other BdNRT2 members, such results show a negative regulation of BdNRT2.7 

expression in Bd21 plants resupplied in the presence of ammonium. 

 
Figure 20. Regulation of BdNRT2.7 in Brachypodium distachyon (Bd21 genotype) roots submitted to N resupply. 
Plants grown in N sufficient solution (2 mM NH4NO3) were subjected to N restriction for 7 d. Then, plants were 
cultivated in the presence of nitrate (10 mM KNO3) or ammonium nitrate (5 mM NH4NO3), and root samples were 
collected 0, 2, 4, 24 and 72 h after treatment. for estimating the relative level of transcripts (RT-qPCR). Expression 
was normalized for mean expression values for plants under N deficiency for 7 d (-N, 0 h). BdSamDC was used 
gene reference. Bars represent ±SE; n=5 plants per time-point. Significant differences at P < 0.05 are indicated by 
different letters. 

Expression analyses of the NRT3 subfamily members, BdNRT3.1 and BdNRT3.2, were 

also performed in response to N resupply in B. distachyon. BdNRT3.1 was promptly up 

regulated after 2 h of exposure to both treatments, but at different intensities (Figure 21). While 

the induction in response to ammonium nitrate resupply was around 2-fold higher when 

compared to the one at 0 h, for plants under nitrate resupply the BdNRT3.1 transcript 

accumulation was approximately 50-fold higher (Figure 21). Comparing with BdNRT3.1 

expression observed in N deficient plants (0 h), BdNRT3.1 expression in the presence of 

nitrate remains elevated (15-fold) after 4 h of treatment (Figure 21). After 4 h of ammonium 

nitrate treatment, the BdNRT3.1 expression level returned to the level at 0 h. The BdNRT3.1 

transcript accumulation remained significantly high (2.5-fold) in plants submitted to nitrate 

resupply, when compared to time 0 h, after 24 h. For the same period, BdNRT3.1 was down 

regulated (10-fold) in ammonium nitrate resupply. For the last period analyzed (72 h), 
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induction of BdNRT3.1 expression could be recognized in nitrate resupply, whereas in Bd21 

plants submitted to ammonium nitrate treatment, transcript accumulation was similar to 

observed in the 0 h period (Figure 21).  

 

 
Figure 21. Regulation of BdNRT3.1 and BdNRT3.2 in Brachypodium distachyon (Bd21 genotype) roots submitted 
to N resupply. Plants grown in N sufficient solution (2 mM NH4NO3) were subjected to N restriction for 7 d. Then, 
plants were cultivated in the presence of nitrate (10 mM KNO3) or ammonium nitrate (5 mM NH4NO3), and root 
samples were collected 0, 2, 4, 24 and 72 h after treatment for estimating the relative level of transcripts (RT-
qPCR). Expression was normalized for mean expression values for plants under N deficiency for 7 d (-N, 0 h). 
BdSamDC was used gene reference. Bars represent ±SE; n=5 plants per time-point. Significant differences at P < 
0.05 are indicated by different letters. 

Expression analyses of BdNRT3.2 display the same pattern of regulation as BdNRT3.1 

in response to both treatments of N resupply (Figure 21). Compared to expression levels 
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present in Bd21 plants under N deficiency (0 h), BdNRT3.2 was strongly and rapidly 

upregulated (2 h) in response to nitrate resupply, maintaining significant higher relative 

expression levels in the following periods. The treatment ammonium nitrate resupply led to a 

weak induction of BdNRT3.2 expression after 2 h. After that, there was a downregulation of 

BdNRT3.2 expression, with transcript accumulation after 4 h similar to at 0 h, or significantly 

lower levels afterwards (24 and 72 h) (Figure 21). Therefore, it can be concluded that both 

members of the NRT3 subfamily, BdNRT3.1 and BdNRT3.2, are regulated equally in response 

to N resupply in Brachypodium distachyon. 

2.5 Discussion 
Brachypodium distachyon has been established as a genetic model plant for studies of 

grass species due to  the available biological resources available and its evolutionary proximity 

to the top global agricultural commodities (Draper et al. 2001, Bevan et al. 2010, Brkljacic et 

al. 2011, Bragg et al. 2012, Brutnell et al. 2015, Kellogg 2015b, Lyons and Scholthof 2015, 

Lyons and Scholthof 2016, Vogel 2016, Hsia et al. 2017, Sibout et al. 2017, Scholthof et al. 

2018). With the immediate need for eco-friendly food production, studies with B. distachyon 

aiming at the improvement of nitrogen use efficiency (NUE) nicely match this requirement. 

The nitrogen uptake efficiency from soils is one of the essential processes for NUE, since N 

is the agent of relevant environmental impacts caused by agriculture (Dirzo and Raven 2003, 

Martinelli and Filoso 2008, Vitousek et al. 2009, Burney et al. 2010, Foley et al. 2011).  

Despite the significance of N as a limiting nutrient for plant growth, few investigations 

have been conducted to clearly define the preferential inorganic N source for B. distachyon 

(Boudsocq et al. 2012). This information is basic to adopt Brachypodium distachyon as a 

model species in functional genomic studies of genes associated with N uptake from related 

grasses. Short-term uptake analysis using 15N-ammonium and 15N-nitrate under contrasting 

N conditions in Brachypodium distachyon roots revealed its preference for ammonium instead 

of nitrate as inorganic N source, similarly to other species (Figure 9). Another similarity found 

was that HATS induction in B. distachyon roots under N deficiency and/or low N status is a 

conserved mechanism similar to other monocots and dicots species (von Wirén et al. 2000, 

Camanēs 2009, Subbarao et al. 2009, Robinson et al. 2011, Serezino 2015, Santos et al. 

2017). 

NRT2 and NRT3 transporters and their regulation have been extensively characterized 

in several species (Crawford and Glass 1998, Glass et al. 2002, Hildebrandt et al. 2002, 

Okamoto et al. 2003, Orsel et al. 2006, Li et al. 2007, Cai et al. 2008, Plett et al. 2010, Feng 

et al. 2011, Dechorgnat et al. 2011, Yan et al. 2011; Laugier et al. 2012, Xu et al. 2012, Bai et 

al. 2013, Garnett et al. 2013, Lupini et al. 2016, Havé et al. 2017, Bajgain et al. 2018). 

However, NRT2 and NRT3 genes from grasses seem to be relatively distant phylogenetically 
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from those in A. thaliana (Figure 4 and 7), making it difficult to speculate about possible 

orthologues of the NRT2 and NRT3 transporters in grasses to those that have been 

functionally characterized in Arabidopsis. Among the BdNRT2 family members, BdNRT2.1 

and BdNRT2.2 displayed important similarities in terms of their gene structure and amino acid 

sequence (Figure 1, Figure 3, and Table 2). Furthermore, as described in Arabidopsis, 

BdNRT2.1 and BdNRT2.2 appear as clusterd genes in opposite orientation in the genome, 

which could suggest a common gene expression pattern and/or evolutionary origin (Figure 2; 

Cerezo et al. 2001). Additionally, both proteins exhibit common transmembrane structure 

(Figure 5), inferring that both are high-affinity NO3
- transporters in B. distachyon roots, similar 

to their orthologous in other species (Forde et al. 2000, Plett et al. 2010). Both members of 

the BdNRT3 family also share high similarities of gene structures, amino acid sequences and 

protein topology with orthologues in other species (Figures 1, 6, and 8). However, different 

from Arabidopsis, BdNRT3.1 and BdNRT3.2 have a head-to-tail configuration regarding their 

chromosomal position (Figure 2; Plett et al. 2010). Therefore, this could indicate distinct 

functions and regulation of BdNRT3.1 and BdNRT3.2 genes compared to their orthologous in 

Arabidopsis, suggesting both genes are involved in nitrate uptake process. 

Analyzing the expression levels for members of the BdNRT2 gene family in response to 

inorganic sources of N provision, it was possible to observe significant repression of 

BdNRT2.1, BdNRT2.2, BdNRT2.3 and BdNRT2.7 in plants under ammonium supply 

treatment. Upregulation of NRT2.1 transcript abundance by nitrate and its downregulation by 

the presence of ammonium have been described in many species (Quesada et al. 1997, Krapp 

et al. 1998, Zhuo et al. 1999, Cerezo et al. 2001, Nazoa et al. 2003, Okamoto et al. 2003, 

Laugier et al. 2012). Our data reveal that not only BdNRT2.1 but also the BdNRT2.2 are 

strongly repressed in the presence of ammonium, since there was no increase in transcript 

accumulation similarly noticed in plants exposed to nitrate supply (Figure 11). NRT2.3 has 

been described as involved in the nitrate uptake in other species, such as arabidopsis, rice 

and barley (Vidmar et al. 2000, Orsel et al. 2002, Tang et al. 2012). In tomato, LeNRT2.3 

expression was remarkably repressed upon ammonium exposure (Hildebrandt et al. 2002). 

Roots of B. distachyon plants exposed to nitrate supply showed upregulation of BdNRT2.3 

(Figure 12). This result is the opposite to what was described by Wang et al. (2019), who 

defined BdNRT2.3 as nitrate constitutive gene. Still, according to Wang et al (2019), another 

nitrate constitutive gene is BdNRT2.7. The expression of BdNRT2.7 in B. distachyon roots 

may suggest a role in nitrate uptake, distinct from AtNRT2.7 function (Chopin et al. 2007). 

BdNRT2.7 was strongly downregulated in Bd21 plants submitted to ammonium supply, 

showing that this gene is differently regulated according to the inorganic N source (Figure 14).  

For both members of the NRT3 family, BdNRT3.1 and BdNRT3.2, there is a significant 

distinction in their gene expression profile only after 24 h provision of the different sources of 
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N. While both genes were significantly induced in the presence of nitrate, ammonium supply 

treatment led to their downregulation, returning BdNRT3.1 and BdNRT3.2 transcripts 

abundance similar to those noted in plants under N deficiency (Figure 15). These results 

indicate the negative co-regulation exerted by ammonium on both NRT2 and NRT3 gene 

family members of B. distachyon in response to the provision of this source. As reported for 

other species, an inhibitory effect of ammonium on 15N-nitrate uptake in B. distachyon roots 

had been also observed (Figure 10; Krapp et al. 1998, Cerezo et al. 2001, Krouk et al. 2006). 

Correlating the 15N influx with the expression analyses of BdNRT2 and BdNRT3 gene family 

members, it is possible to suggest that nitrate uptake inhibition occurs by the repression of the 

expression of both family members in N-sufficient B. distachyon under ammonium supply. The 

occurrence of this nitrate high-affinity transport downregulation by ammonium has been 

described in many species as an essential mechanism to mitigate the toxic effects caused by 

ammonium in plant development, even in species that favor ammonium than nitrate uptake 

(Givan 1979, Hageman 1984, Salsac et al. 1987, Bloom et al. 1992, Raven et al. 1992, Britto 

et al. 2001, Kronzucker et al. 2001, Britto and Kronzucker 2002, Rahayu et al. 2005). The 

repression of the 15N-nitrate influx is directly correlated with the BdNRT2.1, BdNRT2.2, 

BdNRT3.1, and BdNRT3.2 expression downregulation in response to ammonium supply 

treatment (Figures 10, 11, and 15). Unlikely the mechanism proposed in arabidopsis, in which 

ammonium inhibits nitrate HATS transport via AtNRT2.1 and AtNAR2.1 (AtNRT3.1), in B. 

distachyon it is possible to recognize the redundancy of these genes in each subfamily (Krouk 

et al. 2006). In other words, not only the BdNRT2.1 and BdNRT3.1 genes would be essential 

for nitrate uptake in roots, but also the BdNRT2.2 and BdNRT3.2 genes may also play a 

significant role in this process.  

BdNRT2 gene expression analysis in N-deficient B. distachyon plants under N resupply 

treatments revealed strong and fast (2 h) upregulation of BdNRT2.1 and BdNRT2.2 

expressions in response to both means of N resupply (Figure 17). However, unlikely what was 

observed for BdNRT2.2, such gene expression induction was significantly distinct comparing 

the BdNRT2.1 transcript accumulation in both N resupply treatments. In the presence of 

ammonium, the expression after 2 h of treatment was significantly lower compared to the 

exposure to nitrate only (Figure 17). Levels of AtNRT2.1 transcript also decreases in response 

to the coexistence of nitrate and ammonium, as compared to what is observed with nitrate 

alone (Muños et al. 2004, Laugier et al. 2012), showing a conserved downregulation 

mechanism of NRT2.1 expression by ammonium among both species. NRT2.5 was described 

as the main nitrate transporter in roots of Arabidopsis plants under N deficiency (Lezhneva et 

al. 2014). A possible role of BdNRT2.5 in nitrate uptake in Brachypodium distachyon roots 

was proposed by Wang et al. (2019). Contrary to what was shown, under our hands BdNRT2.5 

expression was promptly upregulated in plants submitted to nitrate resupply. In addition, we 
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observed BdNRT2.5 downregulation in response to ammonium resupply treatment (Figure 

19). These results suggest a possible role of BdNRT2.5 in nitrate uptake in plants under N 

resupply. BdNRT2.6 expression evaluation demonstrated a significant upregulation in 

Brachypodium distachyon roots after 2 h of nitrate resupply treatment. Upon ammonium 

exposure, BdNRT2.6 expression was constitutive (Figure 19). Due to the expression pattern 

of BdNRT2.6 in response to N resupply, it can be concluded that BdNRT2.6 expression 

regulation differs from its ortholog in Arabidopsis (Okamoto et al. 2003, Dechorgnat et al. 

2012), proposing a role of this transporter in nitrate uptake in roots of B. distachyon.  

The first grass NRT2.7-like gene described exhibited differential regulation of expression 

comparing both N resupply treatments. It was possible to observe not only the rapid induction 

of BdNRT2.7 expression in response to nitrate resupply, but also its repression under 

ammonium resupply treatment in Brachypodium plants (Figure 20). Interestingly, after 72 h of 

ammonium nitrate resupply, the BdNRT2.7 expression restored to that observed in N-deficient 

plants. The regulation of BdNRT2.7 expression, added to its specific tissue expression pattern 

not only in leaves, but also in roots (Wang et al. 2019), indicates a possible function of 

BdNRT2.7 in nitrate uptake in B. distachyon plants under conditions of nitrate resupply. Also, 

as no correlation with the influx of 15N-nitrate in plants submitted to ammonium nitrate 

treatment was observed, these results suggest that the BdNRT2.7 may be acting in the nitrate 

remobilization/translocation to the aerial part of Brachypodium distachyon plants submitted to 

ammonium resupply. Considering that its ortholog in Arabidopsis participates exclusively in 

the storage of nitrate in seeds (Chopin et al. 2007, David et al. 2014), BdNRT2.7 may 

participate in a different and/or additional process in this species. 

BdNRT3 expression evaluation in B. distachyon roots in response to N resupply 

treatments revealed a rapid (2 h) and significant upregulation, while nitrate was the sole source 

of N. In the presence of ammonium in resupply treatment, BdNRT3.1 and BdNRT3.2 also 

exhibited a quick induction of expression, however at a lower rate than observed in plants 

exposed only to nitrate (Figure 13). Thus, there is a downregulation mechanism of BdNRT3.1 

and BdNRT3.2 transcript accumulation by ammonium in plants submitted to N resupply. 

Reduction of mRNA accumulation of NAR2.1 (NRT3.1) in plants under NH4NO3 resupply has 

been described in Arabidopsis and rice, revealing a conserved regulation mechanism among 

monocots and dicots species (Yan et al. 2011, Laugier et al. 2012). Similar to what was 

observed in N-sufficient B. distachyon plants, negative co-regulation of BdNRT2 and BdNRT3 

gene expression exerted by ammonium was observed in N-deficient plants subjected to 

resupply in the presence of this N inorganic source. 15N-nitrate influx analyzes revealed that 

in the presence of ammonium there was no significant change of the nitrate uptake process 

from that seen in plants submitted to nitrate-only resupply (Figure 16).  
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Therefore, as already described for other species, the transcript accumulation of NRT2 

and NRT3 family gene members is directly correlated with the high-affinity nitrate transport 

system regulation in B. distachyon (Lejay et al. 1999, Filleur et al. 2001, Orsel et al. 2006, Li 

et al. 2007). Under field growing conditions, the use of N-fertilizer in the form of urea and 

ammonium nitrate, is a common practice adopted to increase sugarcane yield (Wood et al. 

2010). Hence, the identification of ammonium-dependent repression of nitrate uptake in this 

model grass plant could explain the low efficiency of nitrate acquisition in roots of sugarcane 

compared to other species (Robinson et al. 2011), and the process of post-transcriptional 

regulation of HATS transport in sugarcane would affect nitrate acquisition in this grass roots.  

2.6 Conclusion 
Overall, this work highlights the preference for ammonium as a source of inorganic N by 

B. distachyon, similar to what was observed in other grasses. Besides, this study contributes 

to the identification and characterization of candidate genes involved in the HATS nitrate 

uptake process in this species. BdNRT2.1 and BdNRT2.2 exhibit a similar expression 

regulation pattern, according to the N treatment exposure. This suggests the redundancy of 

both genes in the nitrate uptake process. The same was observed in the BdNRT3.1 and 

BdNRT3.2 suggesting, in addition to the redundancy of BdNRT3, but also the co-regulation of 

the NRT2 and NRT3 families in B. distachyon. 

In N supply and N resupply treatments, possible repression of BdNRT2.1, BdNRT2.2, 

BdNRT3.1, and BdNRT3.2 expression was observed in Bd21 plants exposed to ammonium. 

Correlation between the corresponding patterns of the BdNRT2/BdNRT3 gene expressions 

and the patterns of the 15NO3
- influx in response to N availability demonstrates that these gene 

members are likely responsible for HATS nitrate uptake process in B. distachyon roots. The 

knowledge obtained from this work identified potential gene targets for functional analysis of 

these conserved transporters in the model grass B. distachyon Bd21 and could help to 

elucidate the specific roles of each transporter in monocot plants as well as subsequently, to 

be used to improve NUE in grass species. 
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3. Regulation of nitrate uptake in sugarcane (Saccharum spp.) 

occurs in post-transcricional and post-translational levels among 

genotypes 

3.1 Abstract 

      Sugarcane (Saccharum spp.) is a crop of great economic importance in Brazil, where it is 
grown mainly for the production of sugar and bioethanol, a replacement fossil fuels. The 
increasing demand has motivated the constant expansion of cultivated area to marginal soils, 
leading to an increased in the use of nitrogen fertilizers (N) to maintain productivity. However, 
to maintain the competitiveness, the energy balance in sugarcane production should be 
positive, and the high financial and energy costs for the production of nitrogen fertilizers, in 
addition to the consequent environmental impacts should be considered. Thus, there is a 
requirement to find new solutions to increase yield and the N use efficiency (NUE). Sugarcane 
response to nitrogen fertilizers is low compared to other crops, and losses of N applied to the 
soil can reach 50%. Compared with sorghum and maize, sugarcane has the lowest uptake 
efficiency and the lowest nitrate storage capacity tissues, partially explaining the large loss of 
N in the soil and the low NUE. However, the physiological and genetic causes of low 
efficiencies are still obscure. In this work, we identified a likely mechanism of post-
transcriptional regulation of genes encoding nitrate transporters in roots subjected to resupply 
of nitrate, suggesting a mechanism responsible for the low nitrate use efficiency in sugarcane. 
Studies using sorghum and sugarcane revealed distinct regulation of HATS nitrate uptake 
process in plants of both species under nitrate resupply. 15N-nitrate influx showed high nitrate 
uptake by sorghum ‘BTX623’ and sugarcane hybrid ‘IAC87-3396’. Expression analysis of 
genes coding NRT2 and NRT3, coding HATS complex components, exhibit different 
transcriptional regulation among sugarcane genotypes. The lack of correlation between the 
accumulation of NRT2.1 and NRT3.1 proteins with the 15N-nitrate influx suggest the presence 
of a mechanism controlling nitrate transport in sorghum and sugarcane roots in post-
translational level. This putative allosteric regulation of HATS complex would be the major 
actor on nitrate uptake in roots of sorghum and sugarcane. 
 
Keywords: NUE, Sorghum, Sugarcane, HATS Regulation, Putative Post-translational 
Regulation 
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3.2 Introduction 

The application of inorganic Nitrogen (N) fertilizer has maintained high yields in 

agriculture, allowing food production to be ahead of the growing human population (Vitousek 

et al. 2009). Large energy inputs are required for the synthesis of N fertilizers, which, together 

with agricultural biological fixation, incorporates over 120 million tons of N year-1 from the 

atmosphere into the plant-soil system in a reactive form (Tilman et al. 2001, Galloway et al. 

2008, Rockström et al. 2009). The excessive application of N fertilizer, which increased more 

than 8-fold in the last 50 years, have led to environment eutrophication by nitrate leaching and 

run-off (Tilman 1999, Jaynes et al. 2001, Galloway et al. 2004, Schröder et al. 2004, Burt et 

al. 2008, Vitousek et al. 2009, Foley et al. 2011), together with the emission of the potent 

greenhouse gases nitrous oxide and ammonia (Tilman et al. 2001, Galloway et al. 2008, 

Davidson 2009, Burney et al. 2010, Millar et al. 2010, Hoben et al. 2011, Reay et al. 2012). 

Therefore, reduction of N input is urgently required to decrease environmental impacts derived 

from agricultural systems (Mueller et al. 2012). 

Sugarcane (Saccharum spp.) is a perennial C4 grass with a remarkable ability to 

produce sucrose-storing culms, suitable for sugar and bioethanol production, turning this 

species in one of the most efficient crop for bioenergy feedstock (Somerville et al. 2010, 

Waclawovsky et al. 2010). High sugarcane crop yields are maintained by the supply of 

considerable amounts of N fertilizers (Thorburn et al. 2010; Franco et al. 2011). However, the 

high N requirement to maintain yields increases the carbon footprint and affects the 

sustainability and competitiveness of bioenergy production derived from sugarcane (Miller 

2010, van der Wiejde et al. 2013, Khoo 2015). The effective N fertilizer recovery by sugarcane 

has been estimated to be between 20 to 40% (Meyer et al. 2007, Kingston et al. 2008, Franco 

et al. 2011, Vieira-Megda et al. 2015). This low N recovery has been associated with a low 

nitrate uptake ability of sugarcane roots, which differs from the major C4 grain crops, such as 

sorghum and maize (Robinson et al. 2011). Sugarcane favors ammonium uptake under N-

sufficient condition and exhibit a reduced capacity to acquire nitrate by roots (Robinson et al. 

2011). Nitrate is the predominant inorganic N form available in most agricultural soils (Miller 

et al. 2007). Consequently, sugarcane commercial cultivars have a limited ability to benefit 

from the nitrate abundance in soils after fertilization at the beginning of the crop cycle, which 

contributes to nitrate losses to the environment (Robinson et al. 2011). 

Plant nitrate uptake and transport are constantly regulated according to the soil 

inorganic N availability and plant N status to fulfill the growth and development demand (Glass 

2003). In higher plants, the nitrate uptake process is mediated by proteins from two gene 

families, namely NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER FAMILY 

(NPF/NRT1) and NITRATE TRANSPORTERS (NRT2) (Tsay et al. 2007, Krapp et al. 2014). 
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Those transporters ensure the ability of root cells to uptake through high-affinity transport 

systems (HATS) and low-affinity transport systems (LATS), depending on nitrate 

concentrations in the soil solution. Homologues of NPF have been identified in the genome of 

important crop species (Ruffel et al. 2008, Plett et al. 2010, Garnet et al. 2013, Lerán et al. 

2014, von Wittgenstein et al. 2014, Wang et al. 2019a). Family members have been 

functionally characterized in Arabidopsis for root and shoot nitrate transport (Chiu et al. 2004, 

Segonzac et al. 2007, Lin et al. 2008, Fan et al. 2009, Li et al. 2010, Wang and Tsay 2011, 

Hsu and Tsay 2013).  

In roots, nitrate uptake at levels requiring HATS is accomplished by the activity of 

members from a small gene family NRT2 (Cerezo et al. 2001, Filleur et al. 2001). The 

investigation of spatial-temporal expression indicates that mostly of the NRT2 genes present 

in the A. thaliana genome are expressed in roots to support growth of N-limited plants by 

ensuring an efficient uptake of nitrate (Lezhneva et al. 2014). Growth analyses of multiple 

Arabidopsis mutants revealed that AtNRT2.1 and AtNRT2.2 are responsible for up to 67% of 

HATS nitrate uptake (Filleur et al. 2001, Kiba et al. 2012, Lezhneva et al. 2014). In addition, 

the rapid co-induction of AtNRT2.5 in the root epidermis also contributes for nitrate uptake 

during prolonged N starvation (Lezhneva et al. 2014, Kotur and Glass 2014). In Brachypodium 

distachyon, the high affinity transport system was reduced by 30% in the bdnrt2.1 mutant, 

highlighting the major role of BdNRT2.1 in this grass species (Wang et al. 2019b). 

The transport function of most NRT2 proteins in higher plants depends on the direct 

interaction with the NAR2 protein (NRT3) (Orsel et al. 2006, Ishikawa et al. 2009, Feng et al. 

2011, Kotur et al. 2012). Disruption of NAR2.1 (NRT3.1) in the atnar2.1-1 mutant caused an 

almost complete loss of inducible high-affinity nitrate influx, indicating that AtNRT2.1 activity 

in the plasma membrane occurs in association with AtNAR2.1 (AtNRT3.1) (Yong et al. 2010). 

The identification of NRT2 and NRT3 subfamily members in other plant species, such as 

Hordeum vulgare, Oryza sativa, Zea mays, Sorghum bicolor, B. distachyon, Medicago 

truncatula, Lotus japonicus and S. spontaneum suggests a crucial function of these gene 

families in coordinating high affinity nitrate acquisition in plant roots (Vidmar et al. 2000, Ruffel 

et al. 2008, Plett et al. 2010, Feng et al. 2011, Kotur et al. 2012, Pellizzaro et al. 2015, Wang 

et al. 2019a, Wang et al. 2019b). 

The relative contributions of HATS and LATS to the overall nitrate uptake in plant roots 

is dynamically affected according to heterogeneous soil N availability and whole plant demand 

(Malagoli et al. 2004). Local and systemic N-signaling pathways coordinate uptake responses. 

A local response is observed in plant roots exposed to nitrate or by resupply after a prolonged 

N-deprivation period, in which nitrate itself acts as local signal for induction, within minutes, of 

the expression of several genes involved in nitrate transport and assimilation (Wang et al. 

2004). In general, this response is transient, since the nitrate provision for several days leads 
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to a local inhibitory effect on nitrate uptake (Muños et al. 2004, Krouk et al. 2006). Conversely, 

systemic signals can communicate the N status of the whole plant to repress root nitrate 

uptake (Crawford and Glass 1998, Gansel et al. 2001, Alvarez et al. 2012). The main 

components targeted by local and systemic signals are the expression of NRT2.1, which is 

induced by local nitrate supply (Li et al. 2006) or repressed by systemic feedback signals 

exerted by high N status (Cerezo et al. 2001, Gansel et al. 2001), and NRT2.1 protein 

stabilization during nitrate-limited conditions (Zou et al. 2019). 

Over the past few years, key regulatory components of N-signaling pathways 

controlling root nitrate uptake were identified in model plants (Gutiérrez et al. 2008, Lejay et 

al. 2008, Krouk et al. 2010, Kiba et al. 2011, Zhao et al. 2011, Marchive et al. 2013, Konishi 

and Yanagisawa 2013, Tabata et al. 2014). Despite that, fundamental research of transport 

mechanisms in crop plants remains scarce (Gutiérrez 2012, Garnett et al. 2013). Therefore, 

a more comprehensive understanding of nitrate uptake ability and its regulation in the context 

of a changing environment will be important for improving sugarcane crop yields towards the 

development of plants with enhanced N uptake and use efficiency (Gutiérrez 2012, Xu et al. 

2012).  

In an attempt to understand the physiological and molecular features of the low nitrate 

uptake of commercial sugarcane varieties (Robinson et al. 2011), Serezino (2015) revealed a 

presumed post-transcriptional regulation of HATS nitrate uptake in in vitro sugarcane plantlets 

from some genotypes. This regulation in relation to the physiological N status of the plants is 

likely to contribute to the lower nitrate use efficiency in sugarcane. Thus, to confirm the 

presumed post-transcriptional regulation of HATS, nitrate resupply experiments with the same 

cultivars were conducted upon greenhouse conditions, adding one parental genotype of 

Saccharum officinarum and a sorghum genotype. 15N influx, gene expression and western 

blot analysis were carried out to answer this question. 

 

3.3 Methods 

3.3.1 Plant material  

The S. officinarum ('NG57213') and the sugarcane commercial hybrids ‘SP80-3280’, 

‘IAC87-3396’ and ‘IACSP96-2042’ were used as indicated in the experiments. 

Micropropagated plantlets were obtained for the four genotypes starting from in vitro culture 

of shoot apices (Lee 1987), to standardize root and plant size among replicates. Sorghum 

‘BTX-623’ seeds obtained from the “EMBRAPA Milho e Sorgo” were germinated in sterilized 

filtered paper in gerbox. The gerboxes were incubated at 43 °C under high relative humidity 

for 120 h. The plantlets or seedlings were hardened in 5 L containers, containing half strength 
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nutrient solution (Hoagland and Arnon 1950) for three weeks in a greenhouse at 28 °C ±4 °C. 

Individual plants were then transferred to 25 L containers (2 plants per container) containing 

a vigorously aerated full strength nutrient solution at pH 5.8, connected to 300 L tanks 

containing nutrient solution, air-pumped for 15 min per hour. For N-free solutions, (NH4)2SO4 

and KNO3 were replaced by equimolar concentrations of K2SO4. The pH was adjusted to 5.8 

daily, and the nutrient solutions were renewed every week. Plants were grown under these 

experimental conditions in a greenhouse for 3 months.  

3.3.2 Analysis of nitrate uptake kinetics in roots by rapid 15N influx 

For the in vivo N uptake kinetic analyses, we used the ‘Short-Term Uptake’ assay using 
15N (Loqué et al. 2006). The sugarcane plantlet and sorghum seedling roots, grown in nutrient 

solution were used to estimate the rapid influx. The roots were first rinsed in 1 mM CaSO4 for 

1 min, and subsequently exposed to nutrient solution (1.3 L) supplemented with 1 mM of 2-

(N-morpholino) ethanesulfonic acid monohydrated (MES) at pH 5.8 containing 15N-NO3
- (60% 

atoms % 15N) as sole N source for 10 min, followed by another 1 min wash in 1 mM CaSO4. 

To quantify the 15N-nitrate influx, roots were collected, freeze dried for one week and weighted 

for total 15N content using a continuous-flow isotope ratio mass spectrometry (ANCA SL, 

Sercon, Chesshire, UK) in the Stable Isotopes Laboratory, CENA, by Prof. Dr. José Albertino 

Bendassolli. 

3.3.3 Understanding the nitrate uptake process in roots upon distinct inorganic N 

source supply and N resupply 

The experiments were conducted to characterize the regulation of the nitrate root 

transport according to the presence of nitrate as the source of N. Plants grown for three 

months in a N sufficient nutrient solution (N+; 2 mM NH4NO3), were subjected to restriction N 

(-N) for three days. After this period, the plants were exposed to nitrate (4 mM KNO3) and 

analyzed for the 15N-nitrate influx (0.2 mM K15NO3) at 0, 4, 24 and 72 h after nitrate resupply. 

Four to five biological replicates were sampled at each time point. Samples of sugarcane and 

sorghum roots were collected, frozen and used for total RNA extraction to quantify expression 

of the genes responsible for nitrate acquisition process (NRT2 and NRT3 subfamilies) in both 

sugarcane and sorghum species by relative quantification of reversed transcripts (RT-qPCR). 

Besides, the frozen root samples were used in NRT2.1 and NRT3.1 immunodetection (ELISA 

and Western blot analysis) assays to investigate the levels of NRT2.1 and NRT3.1 proteins in 

roots of both species under nitrate resupply treatment.  

3.3.4 RNA extraction and cDNA synthesis  

Root samples were collected and immediately frozen in liquid nitrogen for subsequent 

RNA extraction. Samples (100 mg) were extracted using the method described by Leal et al 
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(2007). Briefly, samples were ground in liquid N and transferred to a 2 mL microtube, and 1 

mL of extraction buffer (2% CTAB; 2% PVP; 2 M NaCl;100 mM Tris; 25 mM EDTA pH 8.0; 2% 

b-mercaptoethanol) heated to 55 °C was added. After homogenization, samples were 

incubated at 55 °C for about 60 min. Afterwards, the samples were placed immediately on ice 

for 1 min, followed by addition of 1 mL of CIA (chloroform isoamyl-alcohol; 24:1 v/v) and spun 

at 9000 g for 10 min at 4 °C. Then, the supernatant was transferred to a new 1.5 mL microtube, 

adding an equal volume of CIA, followed by centrifugation at 9000 g for 10 min at 4 °C. Once 

again, the supernatant was transferred to a new 1.5 mL microtube for precipitation of the total 

RNA using a 10 M solution of LiCl and incubation at -80 °C for 12 h. Subsequently, the samples 

were spun at 9000 g for 30 min at 4 °C, followed by discarding the supernatant. The pellet 

was washed twice with 500 μL of cold 75% ethanol and centrifuged at 9000 g for 10 min at 4 

°C. Finally, the pellet was resuspended in 30 μL of 0.01% inactive DEPC water. The total RNA 

was quantified in a NanoDrop One (Thermo Scientific; Wilmington, DE, USA) and the integrity 

was confirmed by gel electrophoresis. About 2 μg of RNA from each sample was treated with 

1 U of DNAse I in appropriate buffer, 2 U of RNAseOUT (Invitrogen) and DEPC ultrapure 

water in a reaction incubated at 37 °C for 30 min. The reaction was stopped by adding of 

EDTA (1 mM), and then incubated at 65 °C for 10 min. Samples of 1 μg of total RNA and oligo 

dT (0.5 μg μL-1) were denatured at 70 °C for 10 min, and then incubated at 4 °C for 2 min, 

followed by the addition of 4 μL 5x buffer-MuLV RT, 1 mM dNTP, 40 U RNAseOUT, and 20 U 

of the enzyme SuperScript III (Invitrogen; Carlsbad, CA, USA). The reaction was incubated at 

55 °C for 1 h, then at 70 °C for 10 min and at 4 °C for 2 min. Finally, the reaction was cooled 

to 4 °C and stored at -80°C. 

3.3.5 Gene expression by quantitative reversed transcript amplification (RT-qPCR) 

After reverse transcription, the cDNA was diluted [3:7 (v/v) dilution], and used in 

quantitative PCR reaction containing 9 μL of Kapa Sybr Fast (Kapa Biosystems, Wilmington, 

MA, USA) and 1 μL of cDNA, with the reactions performed in a RotorGene Q 6000 

thermocycler (Qiagen; Hilden, Germany), programmed with an initial incubation at 50ºC for 10 

min and 95ºC for 2 min, and followed by 40 cycles of 95ºC for 20 s and 60º or 62ºC for 25 s, 

and 72oC for 25 s. After cycling, the melting curve for each amplicon was determined between 

72ºC and 95ºC. Transcript-specific primers were used (Table 1). Amplifications experiments 

included for each RT-qPCR run was performed with three independent tissue samples, each 

sample having two technical replicates, and additional negative control (no template DNA). 

Data acquisition was performed in a Rotor-Gene Q Real-Time Analysis 6.0 (Qiagen). 

Amplification efficiency of each primer-pair was determined by standard curve from three 

serial dilutions of cDNA (10-1, 10-2, 10-3). ScUBQ2 and SbUBQ were used as the reference 



 
 

91 

gene (Table 1). CQ (quantification cycle) was used to determine differences in expression 

according to the 2 -Δ (ΔCq) method (Livak and Schmittgen 2001).  

Table 1: Primer sequences related to genes encoding transporters proteins (NRTs - NITRATE TRANSPORTERS), 
responsible for the nitrate uptake in sugarcane and sorghum roots, and the reference genes used for RT-qPCR. 

Species Gene name Primers 

Sugarcane spp. 

ScNRT2.1 
F: 5'- GAGCATCCGTCTCTTCTCCTTC -3' 
R: 5'- GCCTTGGTGAGGTTGAGGTT -3' 

ScNRT2.5  
F: 5'- ATCGTGCCGTTCGTCTCC -3' 

R: 5'- ATCCCCGTCTCCGTCTTGT -3' 

ScNRT3.1 F: 5'- GCTGGCGGTGCTTCTCTT -3' 
R: 5'- GGCTCGGTGGTGTTCAGG -3' 

ScUBQ2 
F: 5'- CTTCTTCTGTCCCTCCGATG -3' 
R: 5'- TCCAACCAAACTGCTGCTC -3' 

Sorghum bicolor 

SbNRT2.1  
F: 5'- GTCATCCCCTTCGTCTCCCG -3' 
R: 5'- ATGCCCATGTACTCCAGCCC -3' 

SbNRT2.2 
F: 5'- ATCCATGTTCTTCCCGGCCA -3' 
R: 5'- AACTTGAGGCTGGCGGCAT -3' 

SbNRT2.5 
F: 5'- ATCCTGTTCAGCCTGTTCGT -3' 
R: 5'- TGATCTACTTCCCCCAGTGG -3' 

SbNRT3.1 F: 5'- GGAGCCTGAAGAGCACGGAG -3' 
R: 5'- CGCCTTGTCCTTGCTGAGGT -3' 

SbNRT3.2 F: 5'- ACGACCTGAGCAAGGACAAG -3' 
R: 5'- GCGACGCGGAAGTAGTAGG -3' 

SbUBQ F: 5'- CAAGGAGTGCCCCAACAC -3' 
R: 5'- GGTAGGCGGGTAAAGCAAA -3' 

3.3.6 Protein extraction  

For the total protein extraction, it was used the protocol described by Duarte et al. 

(2002). Five g of frozen and ground roots samples from sorghum and sugarcane genotypes 

from the experiment described above were reground in PBS buffer (137mM NaCl, 2.7mM KCl, 

10mM Na2PO4, 1.8mM KH2PO4), and placed into cooled 50 mL centrifuge tubes. Twenty mL 

of PBS buffer (137mM NaCl, 2.7mM KCl, 10mM Na2PO4, 1.8mM KH2PO4) were added and 

mixed with a homogenizer (UNI-Vortex, Uniscience, Osasco, São Paulo, Brazil) The extracts 

were spun for 15 min at 25,000 g at 4°C in to remove the insoluble material. The supernatant 

was collected in fresh tube and placed on ice, and the pellet was discarded. All the procedures 

were conducted on ice to inhibit sample degradation. 

Total protein extracts were quantified using Bradford. Samples of 20 μL of the extracts 

were placed into 96-well plate. A solution of Bovine Serum Albumin at 1 mg mL-1 was used to 

prepare the standard curve. Then 200 μL of the 5X Bradford stock solution (Bio-Rad) was 

added to each well. After 5 min, the samples were read at 595 nm of absorbance in an 

absorbance plate reader Accuris SmartReader 96 (model MR9600, Accuris, Edison USA). 
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3.3.7 NRT2.1 and NRT3.1 Immunodetection  

For the NRT2.1 and NRT3.1 proteins assays, polyclonal antibodies for both proteins 

were produced and purified by Abbomax (California, USA). The polyclonal antibody was 

developed for NRT2.1 in sorghum and sugarcane root samples against the synthetic peptide 

RSERGKRNVIQADAGATPEHV, located in the C-terminal region (Figure 1, in orange). The 

anti-NRT3.1 antisera was developed against the synthetic peptide LAFFFVIENRKKNK, also 

located in the C-terminal region (Figure 2, in yellow).  

 

 
Figure 1: Membrane topology of NRT2.1 transporters in sugarcane and sorghum using Protter, with the epitope 
corresponding to NRT2.1 antibody (orange). Peptides sequences were visualized by Protter. 
 

SbNRT2.1

ScNRT2.1

SbNRT2.1

ScNRT2.1
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Figure 2: Membrane topology of NRT3.1 transporters in sugarcane and sorghum using Protter, with the epitope 
corresponding to NRT3.1 antibody (yellow). Peptides sequences were visualized by Protter. 

3.3.7.1 ELISA tests 

ELISA assays were performed according to Crowther (2009), with some adaptations. 

Samples of 100 μL of total protein (100 μg/mL) from each time-point and genotype were 

distributed into micro wells, in triplicates, and incubated overnight at 4 ºC. Blocking were done 

using 1% BSA Phosphate-Buffered Saline (137mM NaCl, 2.7mM KCl, 10mM Na2PO4, 1.8mM 

KH2PO4) for one hour at 37 ºC. Plates were dried and the anti-sera dilution (1:500) were 

applied, and incubated for another hour at 37 ºC. Two antibodies for each protein were used: 

anti-NRT2.1 for sorghum and sugarcane; anti-NRT3.1 against five genotypes. Plates were 

washed three times with PBS-T-G buffer (PBS, Tween 20 0.05% and 0.25 % Gelatin) and 

then anti-rabbit conjugated AP (Alkaline Phosphatase) serum was added. After one hour at 

37 ºC, plates were washed three times (PBS-T-G) and revealed using pNPP (p-

Nitrophenylphosfate) at 450 nm of absorbance in an absorbance plate reader Accuris 

SmartReader 96 (model MR9600, Accuris, Edison USA, Farias et al. 2012). 

SbNRT3.1ScNRT3.1ScNRT3.1 SbNRT3.1
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3.3.7.2 Western blot analysis  

Samples of total proteins (60 μg) extracted from sorghum and sugarcane genotypes 

under various nitrate treatments were electrophoretically separated in a 15-20% SDS-

polyacrylamide denaturing gel and transferred to Hybond-ECL nitrocellulose membrane (GE 

Healthcare) a 100 mA for 75 min. Membrane blocking was performed with PBST (PBS and 

0.05%Tween 20) buffer, containing 5% BSA for 90 min. The incubation with the primary anti-

NRT2.1 or anti-NRT3.1 antibodies (1: 500, Abbomax) were performed overnight at 4 °C. After 

washing with PBST, the membranes were incubated for 60 min with biotinylated secondary 

antibodies at RT. The development was carried out with 3,30-diaminobenzidine (DAB; Sigma-

Aldrich), chloronaftol, and 30% hydrogen peroxide for 1 min at RT. The images were obtained 

using an Epson Perfection 4990 scanner. 

 

3.4 Results 

3.4.1 Comparing the uptake response of sorghum and ‘SP80-3280’ to nitrate resupply 

Sugarcane exhibit a reduced capacity to acquire nitrate and to store nitrate in culms, 

differing from the major C4 grain crops, such as sorghum (Robinson et al. 2011). Physiology 

studies focusing in nitrate uptake in model plant species demonstrated that after the addition 

of nitrate, there is a rapid induction of nitrate high-affinity transport, called iHATS (inducible 

HATS), which remains induced for some hours, followed by a rapid decrease in the nitrate 

influx (Tompkins et al. 1978, Siddiqi et al. 1990, Tischner et al. 1993, Zhuo et al. 1999, Glass 

2003). This HATS induction by the addition of nitrate (re-supply) occurs when plants are 

cultivated in sufficient N and in deficiency and/or low N (Glass et al. 2002). To investigate the 

effect of nitrate resupply on high affinity transport activity in the grasses, sorghum (cv. 

'BTX623'), S. officinarum (cv. 'NG57213'), and sugarcane hybrids cultivars ( 'SP80-3280') 

plants grown upon sufficient N (+ N; 2 mM NH4NO3) were transferred to N-free nutrient solution 

for 72 h, and then transfer to nitrate as the sole inorganic N source. 15N-nitrate Short-Term 

Uptake analysis (Loqué et al. 2006) were conducted at 0, 4, 24 and 72 h after the nitrate 

resupply treatment, at HATS range (0.2 mM 15N-nitrate). In this topic, it will be present the 

results comparing sorghum and SP80-3280 genotypes plants under nitrate resupply 

treatment, to facilitate the comparison and the understanding of nitrate uptake process both 

species. This sugarcane hybrid was chosen for the comparison with sorghum due to its wide 

application on molecular investigations in this species, such as BAC library assembly (Figueira 

et al. 2012) and genome sequencing and assembly (Riaño-Pachón and Mattiello 2017, Souza 

et al. 2019). For the next topic, it will be shown and analyzed the results obtained in all 
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sugarcane genotypes used in this experiment (S. officinarum and hybrids), to understand the 

regulation of nitrate uptake among different genotypes this biomass crop. 

 
Figure 3: 15NO3 influx in sorghum and sugarcane roots submitted to nitrate resupply. Sorghum (‘BTX-623’) and 
sugarcane (‘SP80-3280’) plants roots were grown under adequate N supply (2 mM NH4NO3), followed by N (-N) 
deficiency for 72 h, when they were supplemented with nitrate (4 mM KNO3) for 4, 24 and 72 hours. Uptake rates 
were measured for 10 min in sorghum and sugarcane roots at the external concentration of 200 μM 15N-labeled 
NO3- (K15NO3). Values represent means of 4 biological replicates ± SD, and significant differences at P < 0.05 are 
indicated by different letters. 

The temporal 15N influx analysis showed that HATS transport is not regulated in 

sugarcane roots under nitrate resupply treatment, even with a light increase of 15N-nitrate 

influx after 72 h (Figure 3). In sorghum, there was a rapid (4 h) and late (72 h) response to 

nitrate resupply. After 4 h of treatment, the nitrate influx observed in sorghum roots was 6.56 
μmol h-1 g-1 DW, approximately 3.4-fold higher than observed in plants under N absence (0 h) 

(Figure 3). There is a non-significant decrease in the following period (24 h), with HATS being 

strongly induced after 72 h nitrate resupply, with 15N-nitrate influx of 17.30 μmol h-1 g-1 DW, 

8.95-fold higher than N-deficient plants (Figure 3). Thus, 15N-influx analysis showed a low 

nitrate uptake capacity by sugarcane roots compared to sorghum, corroborating the results 

presented by Robinson et al. (2011) and Serezino (2015), indicating the low NUE of nitrate 

transport in sugarcane. 

Among the seven NRT2 genes, NRT2.1 appears to be the most critical for high-affinity 

nitrate uptake in Arabidopsis roots. Knock-out mutants for NRT2.1 (atnrt2.1) show strongly 

reduced HATS activity under various experimental conditions (Cerezo et al. 2001, Filleur et 
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al. 2001, Li et al. 2007). NRT2.1 orthologs have been characterized in other species. In 

Brachypodium distachyon, the high affinity transport system was reduced by 30% in bdnrt2.1, 

highlighting the major role of BdNRT2.1 in this species (Wang et al. 2019b). Considering that 

HATS induction correlates directly with the transcription of high-affinity nitrate transporters in 

several species (Lejay et al. 1999, Filleur et al. 2001, Orsel et al. 2006, Li et al. 2007), the 

expression analysis of NRT2 genes involved in nitrate uptake in sorghum and sugarcane were 

carried out, using root samples from plants grown in nitrate resupply conditions. 

Sugarcane 'SP80-3280' plants showed an increase in the NRT2.1 transcript 

accumulation in response to nitrate resupply treatment (Figure 4). However, this increase was 

not significantly distinct from that observed in plants under N deficiency (0 h) (Figure 4). In 

roots of 'BTX-623' sorghum plants, the NRT2.1 expression regulation was different from that 

observed in sugarcane roots, exhibiting fast (4 h) and late (72 h) induction in response to 

nitrate exposure. However, this upregulation was not significantly different from that observed 

in N-deficient sorghum plants. 

 
Figure 4: Regulation of the NRT2.1 gene in sorghum and sugarcane roots submitted to nitrate resupply. The 
transcript levels were determined in roots of sorghum 'BTX-623' and sugarcane 'SP80-3280' genotypes cultivated 
for three months under normal conditions of N supplementation (+ N; 2 mM NH4NO3), followed by N (-N) deficiency 
for 72 hours. After this period, they were supplemented with nitrate (4 mM KNO3) for 4, 24 and 72 hours. Expression 
was normalized for mean expression values for plants under sufficient restriction for 72 h (-N; time 0 h). ScUBQ2 
and SbUBQ were used as a reference for sugarcane and sorghum, respectively. Bars indicate ± SE, n = 4 plants 
per time-point. Significant differences at P < 0.05 are indicated by different letters. 
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In addition to AtNRT2.1, the gene encoding the AtNRT2.2 transporter is upregulated in 

Arabidopsis resupplied with nitrate, displaying an additive role in the nitrate uptake process in 

Arabidopsis roots (Okamoto et al. 2003, Li et al. 2007). Recognizing that plants co-regulate 

the expression of the main genes encoding for HATS transporters as an adaptation strategy 

for the increase in the nitrate acquisition in roots, according to N demand, NRT2.2 expression 

analysis was also conducted (Siddiqi et al. 1990, Wang et al. 1993a, Wang et al. 1993b, Forde 

and Clarkson 1999, Fraisier et al. 2000, Cerezo et al. 2001, Filleur et al. 2001, Krouk et al. 

2006).  

 
Figure 5: Regulation of the SbNRT2.2 gene in sorghum roots submitted to nitrate resupply. The transcript levels 
were determined in roots of sorghum 'BTX-623' genotype cultivated for three months under normal conditions of N 
supplementation (+ N; 2 mM NH4NO3), followed by N (-N) deficiency for 72 hours. After this period, they were 
supplemented with nitrate (4 mM KNO3) for 4, 24 and 72 hours. Expression was normalized for mean expression 
values for plants under sufficient restriction for 72 h (-N; time 0 h). SbUBQ was used as a reference. Bars indicate 
± SE, n = 4 plants per time-point. Significant differences at P < 0.05 are indicated by different letters. 

Increased expression of the SbNRT2.2 gene was detected in roots of sorghum plants 

under low N concentrations, evidencing its essential role in the nitrate acquisition process in 

the high-affinity range (Gelli et al. 2014). To verify whether this gene is also important in 

response to nitrate resupply, SbNRT2.2 expression was analyzed in plants exposed to this N 

inorganic source. The sorghum 'BTX623' showed a rapid (4 h) and late (72 h) upregulation of 

SbNRT2.2 expression (Figure 5). Only after 4 h of nitrate resupply treatment, SbNRT2.2 

upregulation was significantly distinct with transcript accumulation 4-fold higher than in N-
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deficient plants (Figure 5). SbNRT2.2 expression pattern was similar to that observed for the 

SbNRT2.1 (Figure 4), showing that both genes may act additively in the nitrate uptake process 

in sorghum roots under nitrate exposure. These results demonstrate that the regulatory 

mechanism of NRT2.1 and NRT2.2 gene expression might be conserved between dicots and 

monocots, considering the additive role of these transporters in Arabidopsis (Okamoto et al. 

2003, Li et al. 2007). Despite the importance of the NRT2.2 gene, it was not possible to identify 

orthologs in the BAC genomic library of sugarcane available in Dr. Marie Anne Van Sluys 

Laboratory, at the Institute of Biosciences at the University of São Paulo (IB / USP) (Dr. Joni 

Lima, personal communication). 

The gene encoding NRT2.5 is induced in Arabidopsis roots under N starvation, 

becoming the most abundant transcript amongst the seven AtNRT2 family members after 

long-term starvation and affecting high-affinity nitrate uptake (Lezhneva et al. 2014). Thus, the 

expression of NRT2.5 orthologues was evaluated in sugarcane and sorghum roots in 

response to nitrate resupply. 

 
Figure 6: Regulation of the NRT2.5 gene in sorghum and sugarcane roots submitted to nitrate resupply. The 
transcript levels were determined in roots of sorghum 'BTX-623' and sugarcane 'SP80-3280' genotypes cultivated 
for three months under normal conditions of N supplementation (+ N; 2 mM NH4NO3), followed by N (-N) deficiency 
for 72 hours. After this period, they were supplemented with nitrate (4 mM KNO3) for 4, 24 and 72 hours. Expression 
was normalized for mean expression values for plants under sufficient restriction for 72 h (-N; time 0 h). ScUBQ2 
and SbUBQ were used as a reference for sugarcane and sorghum, respectively. Bars indicate ± SE, n = 4 plants 
per time-point. Significant differences at P < 0.05 are indicated by different letters. 
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In sorghum, the relative expression levels of NRT2.5 remained stable until 24 h after 

nitrate resupply treatment. After 72 h is possible to notice a decrease of transcript 

accumulation, evidencing a late SbNRT2.5 downregulation in response to nitrate exposure 

(Figure 6). In contrast, a quick and strong upregulation of ScNRT2.5 expression in ‘SP80-

3280’ roots under nitrate resupply treatment was observed. After 4 h, the NRT2.5 transcript 

accumulation was significantly 4.5-fold higher than in N-deficient sugarcane plants (0 h). The 

upregulation maintains high, even after 72 h of nitrate treatment (Figure 6). Therefore, NRT2.5 

transporter could show different roles among grasses, since its deferential regulation in 

sorghum and sugarcane roots in response to nitrate resupply. 

Most NRT2 high-affinity transporters are active in the plasma membrane when NRT3.1 

transporters are coexpressed (Tong et al. 2005, Okamoto et al. 2006), forming the two-

component high-affinity transport complex. Arabidopsis mutants for the accessory protein 

NAR2/NRT3 showed a drastic decrease in the activity of HATS (80% decrease in nitrate influx) 

and in the expression of NRT2 transporters, mainly AtNRT2.1, with a decrease in expression 

by 90% (Orsel et al. 2006). A similar physiological function has been identified for NRT3 in 

rice, since the two-component high-affinity transport system also contributes to the absorption 

of nitrate in the low and high-affinity range (Yan et al. 2011). Therefore, the NAR2/NRT2.1 

protein complex formed in the plasma membrane of root cells is essential for the absorption 

of nitrate in the HATS range in several species (Okamoto et al. 2003, Tong et al. 2005, 

Okamoto et al. 2006, Yan et al. 2011). In Arabidopsis, except for AtNRT2.7, all NRT2s restored 

growth and ß-galactosidase activity in the yeast split-ubiquitin system when these proteins 

were co-expressed with AtNAR2.1. Thus, except for AtNRT2.7, all other NRT2 transporters 

interact strongly with AtNAR2.1 (AtNRT3.1) (Kotur et al. 2012). Thus, the expression of the 

gene encoding the NAR2.1 (NRT3.1) protein was evaluated in both grasses species to 

correlate with the expression of NRT2.1 and NRT2.5 genes. Both ‘SP80-3280’ and sorghum 

displayed upregulation of NRT3.1 gene in plants roots after 4h of nitrate resupply treatment. 

In the following evaluated period (24 h), a differential regulation between both species was 

observed. In ‘BTX623’ roots, the NRT3.1 mRNA accumulation returned to the same levels as 

observed in N-deficient plants. Sugarcane roots maintained high NRT3.1 expression levels 

after 24 and 72 h of nitrate exposure (Figure 7). 
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Figure 7: Regulation of the NRT3.1 gene in sorghum and sugarcane roots submitted to nitrate resupply. The 
transcript levels were determined in roots of sorghum 'BTX-623' and sugarcane 'SP80-3280' genotypes cultivated 
for three months under normal conditions of N supplementation (+ N; 2 mM NH4NO3), followed by N (-N) deficiency 
for 72 hours. After this period, they were supplemented with nitrate (4 mM KNO3) for 4, 24 and 72 hours. Expression 
was normalized for mean expression values for plants under sufficient restriction for 72 h (-N; time 0 h). ScUBQ2 
and SbUBQ were used as a reference for sugarcane and sorghum, respectively. Bars indicate ± SE, n = 4 plants 
per time-point. Significant differences at P < 0.05 are indicated by different letters. 

NAR2/NRT3 genes have been characterized in many species. However, not all NRT3 

family members demonstrates a function in two-component nitrate HATS (Tong et al. 2005, 

Feng et al. 2011 Yan et al. 2011). For example, only HvNAR2.3 formed a functional unit with 

HvNRT2.1 in barley (Tong et al. 2005). In rice OsNAR2.1 (OsNRT3.1), but not OsNAR2.2 

(OsNRT3.2), functions as part of the two-component nitrate HATS in rice (Feng et al. 2011). 

NAR2/NRT3 members were also identified in other grass species, as maize, sorghum and 

Brachypodium (Plett et al. 2010). To identify possible SbNRT3.2 regulation in response to 

nitrate resupply treatment, gene expression was evaluated in sorghum roots. There was a 

small but not significant increase of SbNRT3.2 mRNA accumulation after 4 h of nitrate 

resupply treatment comparing to N-deficient plants. In the following periods (24 and 72 h), a 

significant downregulation of SbNRT3.2 was noticed comparing with the first period analyzed 

after nitrate exposure (4 h), but not significant comparing with ‘BTX-623’ plants under absence 

of N (0 h) (Figure 8). ScNRT3.2 ortholog in sugarcane was not evaluated because it was 

mainly expressed in shoots (Dr. Joni Lima, personal communication). 
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Figure 8: Regulation of the SbNRT3.2 gene in sorghum roots submitted to nitrate resupply. The transcript levels 
were determined in roots of sorghum 'BTX-623' genotype cultivated for three months under normal conditions of N 
supplementation (+ N; 2 mM NH4NO3), followed by N (-N) deficiency for 72 hours. After this period, they were 
supplemented with nitrate (4 mM KNO3) for 4, 24 and 72 hours. Expression was normalized for mean expression 
values for plants under sufficient restriction for 72 h (-N; time 0 h). SbUBQ gene was used as a reference. Bars 
indicate ± SE, n = 4 plants per time-point. Significant differences at P < 0.05 are indicated by different letters. 

Therefore, although not significant, the induction of SbNRT2.1 and SbNRT2.2 genes 

expression correlate with the regulation of the nitrate uptake process in roots of the sorghum 

'BTX-623' under nitrate resupply treatment (Figures 3, 4, and 5). In contrast, there is a lack of 

correlation between the expression of ScNRT2 and ScNRT3 members with the 15N-nitrate 

influx in sugarcane roots during nitrate resupply. ScNRT2.1 and ScNRT3.1 genes were co-

regulated in response to nitrate resupply, since both showed increasing upregulation in their 

expression (Figures 4 and 7). However, no regulation of the nitrate uptake process was 

observed, considering the 15N influx analyses that showed a constant level of nitrate 

acquisition in sugarcane roots under nitrate exposure (Figure 3). Equivalent behavior occurs 

for the ScNRT2.5 gene (Figure 6), since its regulation does not correlate with the 15N-nitrate 

influx in plants exposed to this treatment. This lack of correlation may indicate the existence 

of a post-transcriptional regulation of HATS transporter genes in sugarcane roots, or that the 

genotype used in this work, 'SP80-3280', is defective in the induction HATS system under 

nitrate resupply.  
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NRT2.1 regulation has been mostly studied at the transcriptional level. However, 

previous studies revealed the level of NRT2.1 protein is very stable compared to transcripts 

level and HATS activity, suggesting activation/inactivation of the NRT2.1/NRT3.1 transport 

system at the plasma membrane, whereas much faster changes in NRT2.1 mRNA or nitrate 

HATS activity have been demonstrated (Girin et al. 2007, Wirth et al. 2007, Laugier et al. 

2012). The analysis of NRT2.1 and NRT3.1 protein stability in the plasma membrane in wild-

type Arabidopsis roots indicated that short-term high N provision has no effect in the protein 

accumulation, which differs from long-term N supply (Wirth et al. 2007, Laugier et al. 2012). 

Before elucidating the existence of a post-transcriptional mechanism regulation in sugarcane 

roots, and if that response occurs in sugarcane in general or only in the cultivar 'SP80- 3280', 
15N-nitrate influx and gene expression analysis were conducted using S. officinarum 

('NG57213') and other sugarcane hybrids cultivars ('IACSP96- 2042' and 'IAC87-3396') under 

nitrate resupply treatments. 

3.4.2 Comparing sugarcane hybrids in response to nitrate resupply 

While there are several definitions for NUE (Good et al. 2004), the most commonly 

applied reflects the amount of biomass (or grain yield) produced per unit of supplied N (Moll 

et al. 1982). Based on this definition, it is now well established that NUE in sugarcane is 

genotype-dependent and may be apparent as differences in internal N-use efficiency (Miller 

and Cramer 2005, Robinson et al. 2007). To understand the regulation of the nitrate uptake 

process after nitrate resupply among the sugarcane genotypes used in the experiment 

described above, 15N influx and NRT2/NRT3 gene expression analysis for S. officinarum 

('NG57213') and sugarcane hybrids cultivars ('SP80-3280', 'IACSP96- 2042', and 'IAC87-

3396') will be presented below. 

The influx of 15N-nitrate demonstrated that in N-deficient plants (0 h), 'NG57213' showed 

less (0.974 μmol h-1 g-1 DW), but not significant, nitrate uptake compared to the other 

sugarcane genotypes (Figure 9). After 4 h of nitrate resupply treatment, S. officinarum, 'SP80-

3280', and 'IACSP96- 2042' presented equal 15N-nitrate influx level and comparable to the 

ones from the previous analyzed period (0 h), showing that there was no rapid response to 

nitrate resupply treatment in these genotypes. On the other hand, the sugarcane cultivar 

'IAC87-3396' increased the nitrate uptake after 4 h (9.142 μmol h-1 g-1 DW) (Figure 9). This 

result shows that 'IAC87-3396' responds more quickly to nitrate resupply treatment than the 

other genotypes. Equivalent results were observed after 24 h of nitrate exposure, with the 

genotypes 'NG57213', 'SP80-3280', and 'IACSP96-2042' showing similar low rates of 15N-

nitrate influx and 'IAC87-3396' significantly higher 15N-nitrate influx compared with other 

genotypes (Figure 9). 'IACSP96-2042' showed a nitrate uptake induction after 72 h of nitrate 

resupply treatment, reaching 4.712 μmol h-1 g-1 DW of 15N-nitrate influx. Although the evident 



 
 

103 

increase of 15N-nitrate at 72 h, the increase was not significantly different to the one by S. 

officinarum and 'SP80-3280'. A strong nitrate uptake induction was observed in 'IAC87-3396' 

since its 15N-nitrate influx was 22.422 μmol h-1 g-1 DW after 72 h of nitrate treatment (Figure 

9). Therefore, the temporal analysis of the 15N-nitrate influx demonstrates the genetic variation 

in the nitrate uptake process between commercial hybrids and the ancestral sugarcane 

genotype. S. officinarum ('NG57213') and 'SP80-3280' showed no regulation of nitrate uptake 

in response to nitrate resupply considering that the 15N-nitrate influx levels observed after 4, 

24 and 72 h were not significantly different from the one observed in N-deficient plants (0 h). 

The same was observed for ‘IACSP96-2042’, even with an increase of 15N-nitrate influx after 

72 h. The genotype 'IAC87-3396' showed regulation of nitrate uptake process as the 15N-

nitrate influx rates after nitrate resupply treatment were significantly higher compared with 

plants under N deficiency (Figure 9). 

 
Figure 9: 15NO3 influx in in sugarcane roots submitted to nitrate resupply. Plants of 'NG57213', 'SP80-3280', 
'IACSP96-2042' and 'IAC87-3396' sugarcane genotypes cultivated for three months under normal conditions of N 
supplementation (+ N; 2 mM NH4NO3), followed by N (-N) deficiency for 72 hours. After this period, they were 
supplemented with nitrate (4 mM KNO3) for 4, 24 and 72 hours. Uptake rates were measured for 10 min. into 
sorghum and sugarcane genotypes roots at the external concentration of 200 μM 15N-labeled NO3- (K15NO3). 
Values are means of 4 biological replicates ± SD, and significant differences at P < 0.05 are indicated by different 
letters. 

In order to establish a correlation with the 15N-nitrate influx, the analysis of expression 

of the main genes encoding the NRT2s and NRT3.1 involved in nitrate uptake process were 

conducted in S. officinarum and sugarcane hybrids cultivars under nitrate resupply treatment. 

After 4h of nitrate resupply, the commercial sugarcane hybrids ‘SP80-3280’ and ‘IAC87-3396’ 

displayed similar ScNRT2.1 expression levels, both similar to plants of these genotypes under 
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N deficiency (0 h) (Figure 10). Despite the ScNRT2.1 expression upregulation in S. officinarum 

genotype observed at 4 h of nitrate resupply, the transcript accumulation was not significantly 

distinct from what was observed in 0 h (Figure 10). For the ‘IACSP96-2042’, nitrate resupply 

treatment led to the repression of ScNRT2.1 expression (Figure 10). After 24 h of nitrate 

resupply treatment, the ScNRT2.1 mRNA accumulation in ‘SP80-3280’ roots was induced, 

although it does not differ from that observed in 'NG57213’, which exhibited similar ScNRT2.1 

expression level to that observed in 0 h. ‘IACSP96-2042’ and ‘IAC87-3396’ roots displayed 

significantly lower levels of ScNRT2.1 expression compared to the other genotypes after 24 h 

of nitrate resupply (Figure 10). In the last analyzed period (72 h), ‘SP80-3280’ and 'NG57213’ 

showed the highest ScNRT2.1 transcript accumulation, followed by ‘IACSP96-2042’ and 

‘IAC87-3396’. The ScNRT2.1 relative expression observed in ‘SP80-3280’ after 72 h of 

treatment was significantly higher than those observed in ‘IACSP96-2042’ and ‘IAC87-3396’ 

in this period. 'NG57213’ genotype showed an accumulation of ScNRT2.1 transcripts 

significantly higher than that observed in genotype ‘IAC87-3396’ (Figure 10). 

 
Figure 10: Regulation of the ScNRT2.1 gene in sugarcane roots submitted to nitrate resupply. The transcript levels 
were determined in roots of 'NG57213', 'SP80-3280', 'IACSP96-2042' and 'IAC87-3396' sugarcane genotypes 
cultivated for three months under normal conditions of N supplementation (+ N; 2 mM NH4NO3), followed by N (-
N) deficiency for 72 hours. After this period, they were supplemented with nitrate (4 mM KNO3) for 4, 24 and 72 
hours. Expression was normalized for mean expression values for plants under sufficient restriction for 72 h (-N; 
time 0 h). ScUBQ2 gene was used as a reference. Bars indicate ± SE, n = 4 plants per time-point. Significant 
differences at P < 0.05 are indicated by different letters. 

In summary, there was a progressive increase in the accumulation of ScNRT2.1 

transcripts in roots of plants of the 'SP80-3280' after exogenous nitrate application, reaching 

the maximum level 72 h after treatment, with 8.3-fold greater than that observed in plants 
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under N deficiency (Figure 10). Although it was possible to observe ScNRT2.1 expression 

induction in the S. officinarum genotype ‘NG57213’ at 4 h and 72 h after nitrate resupply, this 

upregulation was not significantly distinct from that observed in N-deficient plants (Figure 10). 

For the ‘IACSP96-2042’ genotype, there was a reduction in the accumulation of transcripts in 

response to nitrate exposure, reaching the lowest value after 24 h of treatment. In the last 

analyzed period (72 h), there was an increase in the ScNRT2.1 expression, reaching transcript 

accumulation similar to that observed in plants under N absence (Figure 10). ScNRT2.1 

expression in ‘IAC87-3396’ remained stable to nitrate resupply treatment until 24 h of 

treatment, when a reduction of approximately 50% in ScNRT2.1 expression was observed; 

this low level remaining constant until 72 h after exogenous exposure of nitrate (Figure 10). 

Therefore, gene expression analyzes of the encoding gene for NRT2.1 transporter showed 

the sugarcane genotypes have different responses under nitrate resupply treatment.  

 
Figure 11: Regulation of the ScNRT2.5 gene in sugarcane roots submitted to nitrate resupply. The transcript levels 
were determined in roots of 'NG57213', 'SP80-3280', 'IACSP96-2042' and 'IAC87-3396' sugarcane genotypes 
cultivated for three months under normal conditions of N supplementation (+ N; 2 mM NH4NO3), followed by N (-
N) deficiency for 72 hours. After this period, they were supplemented with nitrate (4 mM KNO3) for 4, 24 and 72 
hours. Expression was normalized for mean expression values for plants under sufficient restriction for 72 h (-N; 
time 0 h). ScUBQ2 gene was used as a reference. Bars indicate ± SE, n = 4 plants per time-point. Significant 
differences at P < 0.05 are indicated by different letters. 

Recent studies have identified the NRT2.5 protein in Arabidopsis as an important nitrate 

transporter in roots exposed to long periods of N deficiency (Lezhneva et al. 2014). In addition, 

NRT2.5 transporter, as NRT2.1, is able to establish the two-component high-affinity transport 

complex with the transmembrane protein NAR2.1, forming cHATS (constitutive HATS) 

transport in Arabidopsis roots (Kotur et al. 2012, Kotur and Glass 2015). Strong upregulation 
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of ScNRT2.5 gene expression was observed in 'NG57213' roots after 4 h of nitrate resupply 

treatment, being approximately 20-fold higher than observed in N-deficient plants (0 h) (Figure 

11). In the following periods (24 and 72 h), a decrease of ScNRT2.5 transcript accumulation 

was noticed compared to that observed previously, even though the expression level was 4.5-

fold higher than that observed in plants under the absence of N (Figure 11). For ‘SP80-3280’, 

nitrate exposure led to ScNRT2.5 gene upregulation after 4 h. In this period, transcript 

accumulation was approximately 4.4-fold higher than it was observed at 0 h. This high relative 

expression level of ScNRT2.5 maintained at similar levels on the next periods analyzed (24 

and 72 h) (Figure 11). 'IACSP96-2042' plants under nitrate resupply exhibited quick induction 

of ScNRT2.5 expression, approximately 4-fold higher compared to what was observed initially 

(0 h). In the following periods (24 and 72 h), the ScNRT2.5 transcript accumulation declined, 

returning to what was observed in plants under N deficiency. 'IAC87-3396' showed rapid (4 h) 

and late (72 h) upregulation of the NTR2.5 expression, with 5 and 3-fold higher in the 

respective periods when compared to that observed initially (0 h) (Figure 11). Therefore, 

differently from what was described in Arabidopsis (Lezhneva et al. 2014), ScNRT2.5 

expression analysis showed induction in response to nitrate resupply treatment, suggesting a 

fundamental role in the inducible HATS (iHATS) nitrate uptake in roots of parental and hybrids 

sugarcane genotypes. 

ScNRT3.1 expression analysis showed significant and rapid (4 h) upregulation in plant 

roots of all sugarcane genotypes under nitrate resupply treatment, being substantially induced 

in the S. officinarum genotype, exhibiting approximately 23-fold more transcript accumulation 

than in plants under N deficiency (Figure 12). 'SP80-3280' showed the lowest ScNRT3.1 

induction in this period, but still significantly 3-fold higher than observed in N-deficient plants. 

The ‘IACSP96-2042’ and ‘IAC87-3396’ genotypes showed ScNRT3.1 expression levels 10-

fold and 6-fold higher than observed at 0 h (Figure 12). In the following period (24 h), 

ScNRT3.1 transcript accumulation in ‘IACSP96-2042’ and ‘IAC87-3396’ roots reached similar 

levels as observed initially (0 h). After 24 h of treatment, 'SP80-3280' and ‘NG57214’ roots 

showed downregulation of ScNRT3.1 expression to levels compared with observed in the 

previous period (4 h), but still were approximately 3 and 5-fold, respectively higher than 

displayed in plants under N deficiency (Figure 12). In the last period analyzed (72 h), all 

sugarcane genotypes showed similar and higher ScNRT3.1 mRNA accumulation compared 

to the ones observed at 0 h. In summary, S. officinarum presented a rapid (4 h) and strong 

ScNRT3.1 upregulation in response to nitrate resupply. The transcript accumulation 

maintained high during this treatment (Figure 12). ‘IACSP96-2042’ and ‘IAC87-3396’ showed 

rapid (4 h) and late (72 h) induction of ScNRT3.1 expression in plants exposed to exogenous 

nitrate. Therefore, there is a distinct ScNRT3.1 gene regulation among parental and hybrids 

sugarcane genotypes. 
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Figure 12: Regulation of the ScNRT3.1 gene in sugarcane roots submitted to nitrate resupply. The transcript levels 
were determined in roots of 'NG57213', 'SP80-3280', 'IACSP96-2042' and 'IAC87-3396' sugarcane genotypes 
cultivated for three months under normal conditions of N supplementation (+ N; 2 mM NH4NO3), followed by N (-
N) deficiency for 72 hours. After this period, they were supplemented with nitrate (4 mM KNO3) for 4, 24 and 72 
hours. Expression was normalized for mean expression values for plants under sufficient restriction for 72 h (-N; 
time 0 h). ScUBQ2 gene was used as a reference. Bars indicate ± SE, n = 4 plants per time-point. Significant 
differences at P < 0.05 are indicated by different letters. 

In summary, the differences in nitrate acquisition between the sugarcane genotypes 

occurred when plants were resupplied with nitrate, demonstrating the genetic variation for 

nitrate acquisition between sugarcane parental genotype and hybrid cultivars. The S. 

officinarum roots did not display a significant increment in the 15N influx in response to nitrate 

resupply treatment (Figure 9). There was induction in the expression of ScNRT2.5, and 

ScNRT3.1 after treatment for this genotype (Figures 11 and 12). Even with the ScNRT3.1 

expression upregulation in roots of ‘NG57213’ in response to nitrate resupply, there was no 

increase in the 15N influx in the roots of this sugarcane parent. Such data can be supported by 

the non-regulation of ScNRT2.1 considering it was not significantly induced under nitrate 

exposure treatment. As ScNRT2.5 upregulation did not lead to the increase of 15N-nitrate 

influx, this transporter would be acting in nitrate remobilization process in ‘NG57213’ plants 

under nitrate resupply treatment. So, the data suggest that the abundance of NRT2.1/NRT3.1 

complex might remain stable in the plasma membrane of root cells in S. officinarum plants 

exposed to exogenous nitrate treatment. In ‘IACSP96-2042’ plants under exogenous nitrate 

exposure, ScNRT2.1 expression was initially (4 and 24 h) downregulated. In the following 

period, the expression returned to a level similar to observed in N-deficient plants (Figure 10). 

ScNRT2.5 and ScNRT3.1 expression were upregulated in response to the nitrate resupply 



 
 
108 

treatment. The ScNRT2.5 gene was induced in ‘IACSP96-2042’ plants exposed 4 h to this 

treatment (Figure 11). The ScNRT3.1 expression was readily (4 h) and lately (72 h) induced 

compared to plants under N deficiency (0 h) (Figure 12). There was an increase of 15N-nitrate 

influx only after 72 h. However, this increase was not significantly higher compared to 

‘IACSP96-2042’ plants under the absence of N (Figure 9). Thus, as ‘NG57213’, nitrate 

acquisition process was not affected in plants of ‘IACSP96-2042’ by nitrate resupply treatment. 

The upregulation of the genes associated with the nitrate acquisition was observed in ‘IAC87-

3396’ plants under nitrate resupply treatment. The 15N-nitrate uptake was induced in response 

to treatment, reaching the highest influx value after 72 h of nitrate exposure (Figure 9). 

ScNRT2.1 transcript accumulation was suppressed over the course of treatment (Figure 10), 

distinct from what was observed for ScNRT2.5 and ScNRT3.1 expression, which were 

induced at 4 and 72 h after treatment (Figures 11 and 12). Therefore, the results presented 

for this genotype suggest that the accessory protein NRT3.1 would be complexed with the 

NRT2.5 transporter, forming a heterooligomer. So, different from what was observed in the 

other sugarcane genotypes ('NG57213', ‘IACSP96-2042’, and ‘SP80-3280’), nitrate transport 

may be regulated in roots of ‘IAC87-3396’ plants after nitrate exposure. Among the genotypes 

developed by the Agronomic Institute of Campinas (IAC), the sugarcane hybrid 'IAC87-3396' 

is the most planted in Brazil. Its planting area is spread over approximately 70,000 hectares 

in the Cerrado region, mainly due to its production stability in periods of drought (UDOP - 

National Bioenergy Union, 2020). Among the cultivars evaluated by Tasso Jr (2007), 'IAC87-

3396' stood out in terms of yield and straw production. Besides, screening carried out by Dr. 

Joni using 22 hybrid genotypes from some breeding programs in Brazil showed that cultivar 

'IAC87-3396' presented great values of root and shoot biomass production, and N uptake 

(under N sufficiency and N deficiency), so is considered as high NUE sugarcane genotype. 

So, the 15N influx and gene expression analyses suggest that 'IAC87-3396' sugarcane hybrid 

presents high NUE due to capacity to regulate the nitrate uptake process after nitrate resupply. 

In an overview of transcriptional and physiological regulation of HATS nitrate uptake 

process in sorghum and sugarcane, nitrate uptake was strongly induced in sorghum ‘BTX623‘ 

and the sugarcane ‘IAC87-3396’ cultivar under nitrate resupply. For S. officinarum ‘NG57213’ 

and sugarcane hybrid ‘IACSP96-2042’, no regulation of nitrate uptake process occurred 

presumably due to unaffected ScNRT2.1 expression in roots submitted to nitrate exposure. 

Only in ‘SP80-3280’ plants there was a lack of correlation between 15N-nitrate influx and 

expression analysis of gene encoding HATS transporters. Since ScNRT2.1 was strongly 

upregulated, this suggest the existence of a post-transcriptional regulation in ‘SP80-3280’ 

roots.  



 
 

109 

3.4.3 ELISA and Western Blot analysis 

Compared to NRT2.1 mRNA level and HATS activity, the level of NRT2.1 protein has 

been shown to be very stable in response to repressive environmental conditions, such as 

high N or darkness (Girin et al. 2007, Wirth et al. 2007, Laugier et al. 2012). To investigate the 

level of control of nitrate uptake in sorghum and sugarcane genotypes, if transcriptional, post-

transcriptional or translational, the level of NRT2.1 protein was investigated first by ELISA to 

determine specificity of the antibodies, and by Western blotting on root total protein extracts 

from the experiment described above. Rabbit antisera raised against the synthetic peptides 

based on the presumed cytoplasmic C-terminal end of the NRT2.1 protein was developed 

(Figure 1). The PTA (Plate Trapped Antigen) ELISA was employed (Farias et al. 2012). In this 

assay, the two specific antibodies anti-NRT2.1 and anti-NRT3.1 were used against either 

sorghum (‘BTX623) and sugarcane (‘SP80-3280’) genotypes root samples.  

 

Figure 13: Cross reaction percentage, on time zero, from genotypes ‘BTX623’ (100%) in comparison to genotype 
‘SP80-3280’ both antibodies (NRT2.1 and NRT3.1).  

After titration, cross reaction was calculated based on sorghum ‘BTX623’ in comparison 

to ‘SP80-3280’ against both NRT2.1 and NRT3.1 antibodies. There were a high percentage 

of cross reaction among all antibodies and proteins extracted. So, ELISA test was not suitable 

to distinguish the proteins from genotypes. The test showed specificity of the antisera, but 

there wasn’t discrimination between species. In terms of amino acid sequence, both species 

shared 90% and 92% of identity for the target region of anti-NRT2.1 and anti-NRT3.1, 

respectively (Figure 14). 
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Figure 14: NRT2.1 (A) and NRT3.1 (B) C-terminus region alignment performed using ClustalW software and 
displayed with BioEdit program to display the sequences similarity in the antibodies target regions.  

ELISA is an easy and fast assay for screening proteins, genotypes and so on. The 

quality of this assay is due to the quality of each reagent, specially the antibody used (Crowther 

2009). In case of polyclonal antibodies, which were used in this study, cross reaction can 

occur. Still, proteins expressed used to raise up the antibodies came from similar genetic 

events, which is expected to have similar antibodies, causing cross reaction for different 

genotypes (Duarte et al. 2006).  

Western blot analysis of total proteins extracted from roots of ‘SP80-3280’ plants 

showed an increment in the NRT2.1 protein accumulation only after 72 h of nitrate resupply 

treatment, reaching protein levels 2-fold higher than in plants under N deficiency (0 h) (Figure 

15). Quantification of protein bands showed a decrease in NRT2.1 protein accumulation in S. 

officinarum genotype roots after 24 h of treatment, reaching 60% of the total protein observed 

initially (0 h). After 72 h of nitrate exposure, there was an increase in the NRT2.1 abundance 

in 'GN57213' roots (Figure 15). There was a decrease in NRT2.1 protein accumulation in roots 

of ‘IACSP96-2042’ under nitrate exposure. Compared to that initially observed (0 h) for this 

genotype, the abundance of NRT2.1 protein was 75% lower after 24 h of treatment. In the last 

period (72 h), there was an increase in NRT2.1 accumulation, even less than that observed in 

plants under N absence (Figure 15). In ‘IAC87-3396’ roots, there was a strong accumulation 

of NRT2.1 protein in response to nitrate resupply treatment. At all times analyzed, the 

abundance of NRT2.1 was higher than that observed initially (0 h) (Figure 15). For the 

sorghum, a greater accumulation of NRT2.1 was observed in 'BTX623' roots after 24 and 72 

h of exogenous nitrate application (Figure 15). Therefore, NRT2.1 accumulation presented by 

sorghum and sugarcane genotypes under nitrate resupply treatment display differential 

abundance of this transporter in all genotypes roots evaluated. 
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Figure 15: Western blot analysis and gel quantification of NRT2.1 protein accumulation in total protein extract of 
'NG57213', 'SP80-3280', 'IACSP96-2042', 'IAC87-3396', and ‘BTX623’ genotypes cultivated for three months under 
normal conditions of N supplementation (+ N; 2 mM NH4NO3), followed by N (-N) deficiency for 72 hours. After this 
period, they were supplemented with nitrate (4 mM KNO3) for 4, 24 and 72 hours. Total proteins from roots of these 
genotypes were separated by SDS-PAGE, transferred to a polyvinylidene fluoride membrane, and hybridized with 
a NRT2.1-specific polyclonal antibody. Each lane was loading equal quantity of proteins (60 μg). 
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Figure 16: Western blot analysis and gel quantification of NRT3.1 protein accumulation in total protein extract of 
'NG57213', 'SP80-3280', 'IACSP96-2042', 'IAC87-3396', and ‘BTX623’ genotypes cultivated for three months under 
normal conditions of N supplementation (+ N; 2 mM NH4NO3), followed by N (-N) deficiency for 72 hours. After this 
period, they were supplemented with nitrate (4 mM KNO3) for 4, 24 and 72 hours. Total proteins from roots of these 
genotypes were separated by SDS-PAGE, transferred to a polyvinylidene fluoride membrane, and hybridized with 
a NRT3.1-specific polyclonal antibody. Each lane was loading equal quantity of proteins (60 μg). 

To determine if the level of NRT3.1 protein could explain the HATS nitrate uptake activity 

in sugarcane and sorghum root under resupply treatment, NRT3.1 protein levels was 

estimated after 4, 24, and 72 h of treatment. Plants of sugarcane ‘SP80-3280’ submitted to 

nitrate exposure exhibited a decrease of NRT3.1 protein accumulation. Compared to the 

initially observed (0 h), the abundance of NRT3.1 protein was 44% lower after 24 h of 
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treatment. In the last period (72 h), there was an increase in NRT3.1 accumulation, even less 

than its abundance observed in plants under N absence (Figure 16). A decrease of NRT3.1 

abundance was observed in S. officinarum genotype roots after 4 h of nitrate resupply 

treatment. In the following periods, it was possible to notice an increase of NRT3.1 

accumulation, reaching a level 13% higher (72 h) than observed in plants under N deficiency 

(0 h) (Figure 16). The NRT3.1 abundance in roots of ‘IACSP96-2042’ under nitrate exposure 

drastically decreased. The lowest level of NRT3.1 protein accumulation observed was 24 h 

after nitrate exposure, which was 80% lower compared to N-deficient plants (Figure 16). In 

‘IAC87-3396’ roots, there was an increase in NRT3.1 protein accumulation after 24 and 72 h 

of nitrate resupply treatment (Figure 16). The pattern of NRT3.1 protein abundance in 

sorghum was the same as observed in S. officinarum. After a small decrease of NRT3.1 

protein accumulation, ‘BTX623’ roots displayed an increase in its abundance, reaching 

approximately 50% higher level than observed in 0 h (Figure 16). Therefore, as observed for 

NRT2.1 accumulation presented by sorghum and sugarcane genotypes under nitrate resupply 

treatment, the genotypes displayed distinct NRT3.1 abundance in roots. 

To conclude, Western blot analysis in roots exhibited distinct NRT2.1 and NRT3.1 

protein accumulation among sorghum and sugarcane genotypes under nitrate resupply 

treatment. Plants of sugarcane cultivar ‘SP80-3280’ showed a late (72 h) increase of NRT2.1 

accumulation, and a decrease of NRT3.1 protein abundance in response to nitrate exposure. 

S. officinarum roots displayed a light and late increase in the accumulation for both NRT2.1 

and NRT3.1 protein in ‘NG57213’ plants submitted to nitrate exposure. Exogenous nitrate 

application in roots of ‘IACSP96-2042’ plants led to a decrease of both protein accumulation 

in root cells. Among all genotypes, the sugarcane hybrid ‘IAC87-3396’ showed distinct NRT2.1 

and NRT3.1 abundance, with high abundance of both protein in response to nitrate resupply 

treatment. Compared with ‘BTX623’ roots under N deficiency, plants submitted to nitrate 

exposure presented an increase of both NRT2.1 and NRT3.1 protein accumulation. 

3.5 Discussion 
The modern sugarcane cultivars are interspecific hybrids derived from crosses between 

Saccharum officinarum (2n = 8x = 80) and Saccharum spontaneum (2n = 5x–16x = 40–128), 

followed by various backcrossing to S. officinarum (Grivet et al. 2004). In consequence, 

commercial sugarcane hybrids have a complex chromosome set, ranging between 2n = 

100−130, with 80% of the chromosomes originated from S. officinarum, 10–15% from S. 

spontaneum origin, and the remaining are recombined chromosomes (Jannoo et al. 1999, 

D’Hont et al. 2005). The extreme polyploid genome of interspecific hybrids possesses irregular 

genetic characteristics that are passed from both parental species, making it more 

complicated than that of its precursors (D’Hont et al. 1996). Because of the random sorting of 
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chromosomes and chromatids in each crossing, the number of chromosomes varies between 

genotypes (aneuploids) and contributes to the high level of heterozygosity (Ming et al. 1998). 

Therefore, the mixed genetic composition of modern sugarcane hybrids also results in 

complex control of important agronomic traits, such as nitrate uptake process. 

Temporal analysis revealed distinct regulation of HATS nitrate uptake process in roots 

of sorghum and sugarcane under nitrate resupply (Table 2). Sorghum ‘BTX623‘ displayed high 

influx of labeled nitrate in response to the resupply, confirming the low nitrate uptake capacity 

of sugarcane roots and corroborating the results presented by Robinson et al. (2011), 

indicating the low NUE in sugarcane. However, increased expression of genes from the 

SbNRT2 (Figures 4 and 5) and SbNRT3 (Figures 6 and 7) subfamily after 4 h of nitrate 

resupply did not lead to more accumulation of these proteins in sorghum (Figures 15 and 16). 

I.e., there is a correlation of SbNRT2 and SbNRT3 expression with the nitrate labeled influx in 

this period, but there is no correspondence between transcript accumulation with the 

accumulation of NRT2.1 and NRT3.1 proteins, which form the HATS complex responsible for 

the nitrate uptake in roots of sorghum. The late upregulation of the expression of the NRT2.1 

and NRT3.1 genes matches with the increase in 15N-nitrate influx and the abundance of these 

proteins, showing that the NRT2.1/NRT3.1 complex would be active in sorghum roots after 72 

h of resupply of nitrate. 

In ‘SP80-3280’ plants, there was a complete lack of correlation between 15N-nitrate influx 

and expression analysis of genes encoding HATS transporters in roots under nitrate resupply 

(Table 2). Even with the upregulation of ScNRT2.1 and ScNRT3.1 (Figures 10 and 12), no 

regulation was observed in nitrate uptake process since the 15N-nitrate influx remained at the 

same rates as observed in N-deficient plants (Figures 3 and 9). It is important to highlight that 

the upregulation of ScNRT2.1 led to an increase in protein accumulation 72 h after the 

treatment (Figures 10 and 14), but the higher expression of ScNRT3.1 did not lead to a high 

abundance of NRT3.1 protein in ‘SP80-3280’ roots (Figures 12 and 16). Therefore, these 

results suggest the existence of post-translational regulation of NRT2.1 protein and post-

transcriptional control of ScNRT3.1 in ‘SP80-3280’ plants under nitrate resupply treatment. 

These controls affect the efficiency in nitrate uptake by this cultivar. 
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Table 2: Review of 15N influx, gene expression of the NRT2 and NRT3 members, and NRT2.1 and NRT3.1 proteins abundance analysis in roots of sorghum and sugarcane 
plants submitted to nitrate resupply treatment. Significant increase and decrease obtained in the analysis follow the legend below. 

 
 Sorghum  Sugarcane 

  'BTX623'   'SP80-3280'   'NG57213’    'IACSP96-2042’   ‘IAC87-3396’ 
 Treatments (hours)  Treatments (hours)  Treatments (hours)  Treatments (hours)  Treatments (hours) 

Analysis 4 24 72  4 24 72  4 24 72  4 24 72  4 24 72 

15N-nitrate influx  
+++++ =  +++++  = = =  = = =  = = =   ++++  ++++  +++++ 

NRT2.1 expression = = =  = =  +++++  = = =   -  -- =  =  -  - 

NRT2.2 expression  +++ = =                             

NRT2.5 expression = =  -   ++++  +++++  ++++   +++++  ++++  +++++   +++ = =   +++++  =  ++++ 

NRT3.1 expression  ++ = =   ++  ++  ++++   +++++  +++++  +++++   +++++ =  +++++   +++++  =  ++ 

NRT3.2 expression = = =                             

NRT2.1 protein 
abundance  -  +  +   -  -  +   -  -  +   -  --  -   ++  ++  + 

NRT3.1 protein 
abundance  -  +  +   -  -  -   -  -  +   -  -----  --   -  +  + 

 

Significant Increased or decreased from 0 h (N-deficient plants): 
 + or - : 1-2 fold   
 ++ or -- : 2-3 fold   
 +++ or --- : 3-4 fold   
 ++++ or ---- : 4-5fold   
 +++++ or ----- : > 5 fold   
 = : no significant difference from 0 h 
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For S. officinarum genotype ‘NG57213’, there was an induction of ScNRT2.1 and ScNRT3.1 

expression in all periods after exogenous nitrate application (Figures 10 and 12). However, only 

after 72 h, it was noticed a higher abundance of both NRT2.1 and NRT3.1 proteins compared to 

that observed in plants under N deficiency (0 h) (Figures 15 and 16). Even with the upregulation 

of both genes and the late (72 h) increase in NRT2.1 and NRT3.1 proteins accumulation, it was 

not possible to see a significant difference in the 15N-nitrate influx between plants of S. officinarum 

submitted to the absence of N deficiency and nitrate resupply treatments (Figure 9 and Table 2). 

Such results suggest the presence of post-transcriptional and translational regulation in the nitrate 

uptake process in the roots of S. officinarum under nitrate exposure. This control did not resemble 

any of the hybrid commercial cultivar suggesting that either there is genetic diversity for these 

controls in S. officinarum or some of these regulations derive from the other sugarcane genitor, 

S. spontaneum. 

No regulation of nitrate uptake process was observed in roots of ‘IACSP96-2042’ plants 

under nitrate resupply (Table 2). No induction of ScNRT2.1 expression was determined in 

response to nitrate application (Figure 10). However, expression of the gene coding for NRT3.1 

auxiliary protein was induced after 4 and 72 h (Figure 11), showing that there was no co-

expression of both genes in response to nitrate resupply treatment. A decrease of both NRT2.1 

and NRT3.1 abundance was observed in IACSP96-2042’ roots under nitrate exposure (Figures 

15 and 16). Therefore, the results revealed that there was a transcriptional control of the 

ScNRT2.1 gene due to inhibition of its expression, and post-transcriptional regulation of the 

ScNRT3.1 since its transcript accumulation did not lead to an increase in NRT3.1 abundance in 

roots of this genotype.  

Among the sugarcane genotypes, ‘IAC87-3396’ highlighted the strong induction of nitrate 

uptake under nitrate resupply treatment (Table 2). The rates of 15N-nitrate were the same, or even 

higher than showed by sorghum ‘BTX623’ (Figures 3 and 9). In ‘IAC87-3396’ roots under nitrate 

exposure, there was co-expression between ScNRT2.5 and ScNRT3.1 (Figures 11 and 12), 

suggesting that the accessory protein NRT3.1 would be complexed with the NRT2.5 transporter, 

forming an activated HATS complex. Although the ScNRT2.1 mRNA accumulation was 

suppressed over the course of treatment (Figure 10), Western blot analysis revealed an increase 

of NRT2.1 protein abundance after ‘IAC87-3396’ N-deficient were submitted to exogenous nitrate 

addition (Figure 15). Further, it was observed a high abundance of NRT3.1 protein in roots 

submitted to this treatment (Figure 16). Except for AtNRT2.7, all other NRT2 transporters interact 

strongly with AtNRT3.1 (Kotur et al. 2012). Therefore, besides the presence of NRT2.1/NRT3.1 

complex in ‘IAC87-3396’ roots under nitrate resupply treatment, the previous results suggest the 
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presence of other HATS complex composed by NRT2.5 instead of NRT2.1 in this sugarcane 

cultivar. Different from what was described by Lezhneva et al. (2014), the upregulation of 

ScNRT2.5 expression in ‘IAC87-3396’ plants suggest a fundamental role of NRT2.5 protein in the 

inducible HATS (iHATS) nitrate uptake in roots under nitrate resupply treatment. 

To face the changing N demand during plant growth as well as environmental variation, 

nitrate HATS activity is rapidly and accurately modulated. It has been assumed that nitrate uptake 

by HATS is predominantly regulated by the transcriptional control of NRT2.1 expression. Studies 

have shown that NRT2.1 expression is induced upon nitrate supply (Lejay et al. 1999, Girin et al. 

2007), repressed by N metabolites or high nitrate provision (Lejay et al. 1999, Gansel et al. 2001, 

Muños et al. 2004, Krouk et al. 2006, Girin et al. 2007), and upregulated by light and sugars (Lejay 

et al. 1999, Lejay et al. 2003, Lejay et al. 2008). Nevertheless, previous studies evidencing a lack 

of correlation between NRT2 gene expression, NRT2 protein abundance and HATS activity, 

suggest that in addition to transcriptional regulation, protein-protein interactions and 

posttranslational regulation of NRT2.1 might play an essential role in modulating the activity of 

this nitrate transporter.  

Using anti-NRT2.1 antibodies, researchers have described that changes in NRT2.1 levels 

do not match fluctuations in NRT2.1 transcript levels (Wirth et al. 2007). When NRT2.1 is 

constitutively overexpressed under the control of a 35S promoter, the nitrate HATS activity is still 

inhibited under high N supply (Laugier et al. 2012). Thus, the abundance of NRT2.1 protein in the 

plasma membrane shows much slower changes than in NRT2.1 transcript accumulation or nitrate 

HATS activity, suggesting activation/inactivation of the NRT2.1/NRT3.1 transport system at the 

plasma membrane. Another aspect, which could involve the occurrence of post-translational 

modifications in NRT2.1 transporter concerns its role in the control of root development in a way 

that is independent from NRT2.1 transport activity (Little et al. 2005, Remans et al. 2006). This 

rise the idea that, like NRT1.1 (NPF6.3), NRT2.1 protein may also act as a nitrate sensor, or a 

signal transducer, although the mechanisms involved are still not known (Little et al. 2005). Since 

the sensing function of NPF6.3 depends on its T101 phosphorylation (Ho et al. 2009, Bouguyon 

et al. 2015), it supports the hypothesis that post-translational modifications of NRT2.1 could also 

be involved in the sensing function of NRT2.1.  

In fact, some recent studies have revealed that phosphorylation would affect the activity and 

stability of NRT2.1 in plasma membrane of root cells. Phosphoproteomic approach using 

Arabidopsis plants under nitrate stimulation (Engelsberger and Schulze 2012, Wang et al. 2013) 

or nitrate deprivation (Menz et al. 2016), indicated several phosphorylation sites for NRT2.1. Zou 

et al (2019) observed that in response to low nitrate availability, the NRT2.1 stability increased 
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rapidly and prior to the transcriptional stimulation of NRT2.1. Also, at the same time scale, the 

phosphorylation level of NRT2.1 serine 28 (Ser28) increased substantially. Using Arabidopsis 

transgenic plants expressing a phosphor-mimicking mutant (NRT2.1S28E), and a loss-of-
phosphorylation mimicking mutant (NRT2.1S28A) they confirmed that phosphorylation at Ser28 is 

crucial for NRT2.1 protein stabilization and accumulation under nitrate limitation (Zou et al. 2019). 

Additionally, Li et al (2020) identified the Nitrate Uptake Regulatory Kinase 1 (NURK1), found to 

interact with NRT2.1 at dephosphorylated S28. Upon that interaction, NURK1 can phosphorylate 

NRT2.1 at S21. This phosphorylation would result in low interaction of NRT2.1 transporter with 

the auxiliary protein NRT3.1. By contrast, phosphorylation of NRT2.1 at S28 by a yet unknown 

kinase enhanced the interaction with NRT3.1 by the inhibition of NURK1 interaction (Li et al. 

2020). Thus, the presence of kinases interacting with NRT2.1 and controlling the formation of two 

component complex with NRT3.1 protein is one more proof for the presence of a post-translational 

regulation of HATS activity in the nitrate uptake process in Arabidopsis roots. Ser28 is not 

conserved among monocotyledonous and dicotyledonous species (Figure 17), being present only 

in Arabidopsis thaliana, Chrysanthemum morifolium, and Manihot esculenta. Therefore, this 

multiple alignment suggests that a similar mechanism identified by Zou et al. (2019) and Li et al. 

(2020) would not be regulating the activity of the NRT2.1 transporter in sorghum and sugarcane. 

 
Figure 17: NRT2.1 N-terminus region alignment performed using ClustalW software and displayed with BioEdit 
program. 

Using a high-accuracy mass spectrometric phosphopeptide detection, Jacquot et al. (2020) 

found another residue in NRT2.1 protein sequence, this time at the C-terminal, target of 

phosphorylation. Experiments with Arabidopsis transgenic plants with truncated forms of NRT2.1 

showed that its S501 residue phosphorylation has a strong impact on NRT2.1 transporter activity 

independently of the environmental conditions. The alignment of NRT2.1 C-terminus reveals that 

the serine corresponding to S501 in Arabidopsis is remarkably conserved across dicotyledons 

and monocotyledons species, except for wheat and Brachypodium (Figure 18). These similarity 

between essential amino acids for either NRT2.1 activity and/or interaction with partner proteins 

S28S21
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among different plant species, could suggest the presence of a post-translational regulation 

mechanism at NRT2.1 transporter in sorghum and sugarcane roots.  

 
Figure 18: NRT2.1 C-terminus region alignment performed using ClustalW software and displayed with BioEdit 
program. 

But NRT2.1 phosphorylation does not prevent its interaction with NRT3.1 (Kotur et al. 2017). 

Yong et al. (2010) found a HATS complex of only ~ 150kDa that would be a result of the interaction 

of two subunits each of NRT2.1 and NRT3.1. Jacquot et al. (2020) found a large protein complex 

(~ 480kDa), suggesting that HATS system could contain several subunits of NRT2.1 and NAR2.1 

associated with other proteins. In fact, inactivation of a transporter through phosphorylation of the 

C-terminal region of the protein has already been demonstrated for the ammonium transporter 

AMT1.1 (Loqué et al. 2007). Indeed, AtAMT1.1 in plants works as a trimer, which activity is 

controlled by the spatial positioning of the C-terminus. When ammonium is added in the growth 

medium, it triggers rapid phosphorylation of a conserved threonine residue (T460) in the C-

terminus of AMT1.1 in a time- and concentration-dependent manner (Loqué et al. 2007, Lanquar 

et al. 2009). This phosphorylation of T460 in response to an increase in external ammonium 

correlates with a reduction of ammonium uptake activity in roots. These results lead to a model in 

which T460 phosphorylation induces a conformational change and that a single phosphorylation 

event in the C-terminus of one monomer is sufficient for cooperative closure of the trimer (Lanquar 

et al. 2009, Lanquar and Frommer 2010).  

Therefore, the lack of correlation between the accumulation of NRT2.1 and NRT3.1 proteins 

with the 15N-nitrate influx suggest the existence of a mechanism controlling nitrate transport in 

sorghum and sugarcane roots at the post-translational level. I.e., it does not matter if there was 

an increase in the accumulation of NRT2.1 and NRT3.1 proteins in roots after nitrate resupply 

treatment. What matters is whether both proteins present in the root cells are forming the active 

HATS complex. This conclusion is because it can be recognized that in some genotypes the 

accumulation of NRT2.1 and NRT3.1 after plants were submitted to nitrate resupply did not lead 

S501
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to an increase of nitrate-labeled uptake. Another situation observed was that even though the 

abundance of both proteins remained similar to that observed in plants under N deficiency, there 

was an increase in the influx of 15N-nitrate. NRT2.1 transporter in both species, due to the 

presence of S501, could have its activity regulated by an unknown kinase, affecting not more a 

dual component complex, but a multi-component HATS complex formation. This putative 

allosteric regulation of HATS complex would be the major actor on nitrate uptake in roots of 

sorghum and sugarcane. 

3.6 Conclusion 
Overall, this work revealed distinct regulation of HATS nitrate uptake process in roots of 

sorghum and sugarcane plants under nitrate resupply. 15N-nitrate influx showed high nitrate 

uptake by sorghum ‘BTX623’ and sugarcane hybrid ‘IAC87-3396’. Expression analysis of genes 

coding for NRT2 and NRT3, protein that form HATS nitrate uptake complex, exhibit different 

transcriptional regulation among sugarcane genotypes under nitrate exposure. The lack of 

correlation between the accumulation of NRT2.1 and NRT3.1 proteins with the 15N-nitrate influx 

suggest that HATS complex would not be fully active, proposing the presence of a mechanism 

controlling nitrate transport in sorghum and sugarcane roots at the post-translational level. The 

knowledge obtained from this work may help to elucidate which is the critical step control in both 

species. Further approaches could be used to confirm the phosphorylation site (S501) in NRT2.1 

transporter and the real HATS complex in sorghum and sugarcane genotypes.  
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