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Abstract  

Nitrogen is an essential macronutrient determining plant growth, development and affecting 

agricultural productivity. Root, as a hub that perceives and integrates local and systemic signals on the 

plant’s external and endogenous nitrogen resources, communicates with other plant organs to 

consolidate their physiology and development in accordance with actual nitrogen balance. Over the last 

years, numerous studies demonstrated that these comprehensive developmental adaptations rely on 

the interaction between pathways controlling nitrogen homeostasis and hormonal networks acting 

globally in the plant body. However, molecular insights into how the information about the nitrogen 

status is translated through hormonal pathways into specific developmental output are lacking. In my 

work, I addressed so far poorly understood mechanisms underlying root-to-shoot communication that 

lead to a rapid re-adjustment of shoot growth and development after nitrate provision. Applying a 

combination of molecular, cell and developmental biology approaches, genetics and grafting 

experiments as well as hormonal analytics, I identified and characterized an unknown molecular 

framework orchestrating shoot development with a root nitrate sensory system.  
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1 Scope and Objectives  

In many aspects of plants development and growth a connection between nitrate as an 

important nutrient and a cue for growth and the highly coordinated action of hormonal 

transport and signaling are required for a prime growth outcome(Kiba et al., 2011; Krouk, 2016; 

Maghiaoui et al., 2020; Poitout et al., 2018; Ruffel et al., 2011). Thus my research objective is to 

understand the role of hormones; auxin and cytokinin, in nitrate regulated growth.  In order to 

do this I concentrated on nitrate related phenotypes; cotyledons expansion/ shoot growth and 

root system architecture establishment modifications. In these contexts I wanted to understand 

the ways in which nitrate regulates and fine tunes activities of the hormones such a of auxin 

and cytokinin.  

This thesis is divided into four sections. The first; is a general introduction to nitrate 

uptake, sensing and signaling, and a brief description of the reported links between nitrate and 

auxin, and nitrate and cytokinin pathways. This part provides a general outline of knowledge 

pertaining to these topics. The second section is based on the published review (Abualia et 

al.,2018) and provides a general review for mechanisms of hormonal transport in plants. This 

part encompasses a review of the major transporters and transport mechanisms of Auxin and 

cytokinin in Arabidopsis and their biological importance in different aspects of plant 

development and growth.  

The third section is based on the publication (Ötvös et al., 2021).  In this work we 

uncovered that nitrate provision in comparison with ammonium, leads PIN2 

dephosphorylation, thus affecting auxin distribution in two neighboring tissues in the primary 

roots consequently improving primary root growth. This work reports an uncharacterized 

phosphorylation site in the PIN2 protein that is specifically regulated by nitrate.  

In section four of the thesis I present the findings relevant to role of hormones in nitrate 

adapted shoot growth. This part is based on the submitted manuscript “Molecular framework 

integrating nitrate sensing in root and auxin-guided shoot adaptive responses”, (Abualia et al.).  

In this section I identified that nitrate via NLP7 mediated signaling in the root enhances 

cytokinin biosynthesis in the roots and cytokinin transport to the shoots. The expression of 
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Cytokinin Response Factors (CRFs), in response to increased cytokinin levels in the shoots, is 

upregulated and controls the expression of PIN auxin transporters adjusting auxin flow; and 

promoting shoot growth.  

 

1.1 Introduction 

Nitrogen (N) is an essential macronutrient for plants, since it is a core component of vital 

macromolecules such as nucleic acids, aminoacids, and chlorophyll (Hirel et al., 2007). Although 

nitrogen is one of most abundant elements in nature constituting about 70% of atmospheric 

gases, it naturally enters the food chain through the process of nitrogen fixation (Crawford and 

Forde, 2002). Nitrogen fixation changes the N2 gas in the atmosphere into nitrogen compounds 

such as ammonium, nitrate, and nitrite. Modern agriculture in attempts to maintain high crops 

yield rely heavily on N fertilization, of which large portions are lost to the environment; leaching 

into the water supply with very costly environmental consequence (Gruber and Galloway, 2008; 

Hirel et al., 2011) .Thus improving plants N use efficiency is at epicenter for studies aiming at 

achieving sustainable and environmental friendly agricultural practices.  

Plants absorb nitrogen from the soil in its inorganic forms such as nitrate and ammonium, or 

organic forms, such as amino acids and peptides. In aerobic soil the predominant form of 

nitrogen is nitrate (von Wirén et al., 2000). Therefore nitrate is the preferred nitrogen source 

for the majority of higher plants (Kiba et al., 2011). The prime nitrate concentration in 

agricultural soil fluctuates from 1 mM to 5 mM nitrate, but the concentration of nitrate in 

natural soil conditions vary greatly both spatially and temporally (Crawford, 1995; Crawford and 

Forde, 2002). Due to this fluctuation in nitrate availability and distribution plants evolved 

elaborate molecular, physiological, and morphological responses to balance nitrate uptake with 

internal homeostasis and external availability (Kiba and Krapp, 2016; Vidal et al., 2014; von 

Wirén et al., 2000) .   These responses include rapid changes in nitrate uptake profile, 

shoot/root growth balance, and modification to root system architecture (RSA)(Alvarez et al., 

2014; Krouk et al., 2010; Rahayu et al., 2005; Vidal and Gutiérrez, 2008). Many of these changes 
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are ascribed to changes of nitrogen content within the plant (nitrogen status) others are now 

understood to be rapid responses to nitrate itself as a potent signaling molecule.  

In general plants response to nitrate resupply or withdrawal can be classified into local and 

systemic responses (Reviewed by Li et al., 2014). The local response is confined to the organ 

where the nitrate sensing and uptake occur, while the systemic response involves a signal that 

is transmitted from one plant part to another where it elicits a response.  These systemic 

signaling (long distance) are also further classified into N demand and N supply long distance 

signaling (Ruffel and Gojon, 2017; Ruffel et al., 2011).  

Here, I will briefly summarize a recent knowledge related to nitrate transporters and nitrate 

transport systems, nitrate sensing, signaling, then discuss nitrate regulation of auxin and 

cytokinin biosynthesis, transport and signaling and its convergence on nitrate adapted growth.  

 

 1.2 Nitrate Transport 

For most terrestrial plants, nitrate is their preferred source of nitrogen (von Wirén et al., 2000). 

Nitrate content in the soil fluctuates significantly. Thus plants need to uptake nitrate from soil, 

and distribute it between uptake/storage and sink organs efficiently, adjusting nitrate balance 

at a cellular level. Plants utilize different transporters with diverse directionalities, affinities and 

specificities to accomplish these tasks (O’Brien et al., 2016). In Arabidopsis; proteins encoded 

by four gene families have been shown to function as nitrate transporters: NRT1/PTR (NPF; 

nitrate transporter 1/peptide transporter family, 53 members), NRT2 (seven members), CLC 

(chloride channels, seven members), and SLAC1/SLAH (slow anion channel-associated 1 

homologues, five members). These four families together contain 73 genes, and so far, nitrate 

transport activity was reported in 24 (Reviewed by Krapp et al., 2014; Noguero and Lacombe, 

2016). 

Nitrate transporters are classified according to the direction of nitrate transport into two 

subgroups- efflux and influx transporters (Morgan et al., 1973). The influx nitrate transporters 
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are implicated in the nitrate uptake from soil. While the role of the efflux carriers are yet to be 

fully understood never the less their function in loading nitrate into the xylex/phleom has for 

long  been proposed (Hanson, 1978).  Nitrate, as a limited yet an important resource, justifies 

plants need for mechanisms of efficient nitrate acquirement.  To cope with the highly variable 

soil nitrate conditions, plants rely on transporters with diverse properties to maximize their 

nitrate uptake capacities belonging to two distinct groups, Low Affinity Transport System (LATS) 

and High Affinity Transport System (HATS)(Crawford and Glass, 1998). The LATS allows 

transport in high (more than 0.5mM ) external nitrate concentrations, while the HATS mediates 

uptake at low ( less than 0.5 mM) external nitrate concentration (Krapp et al., 2014; Noguero 

and Lacombe, 2016; Filleur et al., 2001; Trueman et al., 1996). The transport activity of these 

systems depends on the cellular energy supply and is coupled to the proton electrochemical 

gradient(Miller et al., 2007). An additional layer of complexity is added as nitrate provision is 

detected to regulate expression levels of high affinity transporters and hence named induced 

high affinity transporters iHATS, while others were found to be constitutively expressed 

transporters (cHATS)(Crawford and Glass, 1998; Filleur and Daniel-Vedele, 1999; Forde, 2000).  

The first cloned nitrate transporter in Arabidopsis is the NRT1.1 (CHL1/ NPF6.3)(Tsay, 1993). 

The Arabidopsis NRT1.1 belongs to NPF gene family which consists of 53 genes. The plants NPF 

transporters compared to non-plant counterparts transporting preferentially peptides, do not 

have substrate specificity conserved within each family(Hsu and Tsay, 2013; Léran et al., 2014). 

So far, Arabidopsis NPF family have been shown to include transporters for nitrate, peptides 

(Komarova et al., 2008), nitrite (Sugiura et al., 2007), auxin(Krouk et al., 2010), abscisic acid 

(ABA), and gibberelins (Chiba et al., 2015; Kanno et al., 2012; Tal et al., 2016). 

 NPF6.3/ NRT1.1 /CHL1 is expressed in epidermis, cortex, and endodermal tissue of the root 

(Guo et al., 2001; Huang et al., 1996; Remans et al., 2006). It is also expressed in young leaves 

and flower buds.  This suggests a further function of NPF6.3 (NRT1.1) not only in nitrate uptake 

from soil but also in translocation of nitrate to xylem and then to shoots (Boursiac et al., 2013; 

Léran et al., 2014).  NPF 6.3 (NRT1.1) encodes a 590 aminoacid transmembrane protein that 

was initially characterized as part of the roots LATS uptake system(Tsay, 1993). Subsequent 
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evidence, showed NPF6.3 (NRT1.1) possess a dual affinity transport function(Ho et al., 2009) . In 

low nitrate conditions, the switch from low affinity to high affinity is accomplished through the 

phosphorylation of NPF6.3 thr101 by CIPK-CBL9 (CBL-Interacting Protein Kinase, 

CBL:Calcineurin-B like Protein). This phosphorylation event promotes NPF6.3 (NRT1.1) high 

affinity transport (Ho et al., 2009).  

Many members of NPF family have been characterized as LATS, with some members such as 

NPF2.7 (NAXT1) mediating nitrate efflux to the external medium, contributing to nitrate 

internal homeostasis(Segonzac et al., 2007) . Besides NPF6.3 (NRT1.1); NPF4.6 (NRT1.2) is 

involved in roots nitrate uptake from soil, while NPF7.3 (NRT1.5) and NPF2.3 are involved in 

loading nitrate into the xylem, and NPF7.2 (NAXT1) in unloading of nitrate from xylem, thus 

jointly mediating nitrate transport from source to sink organs.  The constitutively expressed 

NPF4.6, the low affinity nitrate transporter involved in nitrate uptake, has been demonstrated 

to be an ABA transporter with a reported role in seed dormancy and transpiration (Kanno et al., 

2012). 

The NRT2 family of nitrate transporters encompasses 7 homologues  (Filleur et al., 2001; 

Trueman et al., 1996). Typically,  proteins of this family consist of 11-12 trans-membrane 

domains with hydrophilic cytoplasmic loop(Forde, 2000; Krapp et al., 2014)  and are mostly 

unable to transport nitrate on their own; but require association/interaction with NAR2 (NRT3) 

(nitrate assimilation related protein) (Okamoto et al., 2006; Orsel et al., 2006). The proposed 

functional transporter unit is composed of NRT2 dimer and a NAR2 dimer, forming a 

heterotetrameric protein complex(Krapp et al., 2014; Pii et al., 2016; Yong et al., 2010). 

The NRT2 family exhibits stronger substrate specificity than that of NPF family. NRT2 in 

Arabidopsis have been characterized as influx transporters and parts of HATS. For 6 of them 

interaction with NAR2.1 (NRT3.1) has been reported (Kiba and Krapp, 2016; Kiba et al., 2012; 

Lezhneva et al., 2014; Orsel et al., 2002).  NRT2.1, NRT2.2, NRT2.4 and NRT2.5 all play a role in 

root nitrate uptake, with variable importance under different nitrate conditions. NRT2.1 

expression is induced by nitrate and localized to the plasma membrane of epidermal and 

cortical cells of mature roots.  It is considered the main component of HATS root uptake, as its 
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knockout mutation resulted in 75% loss of root nitrate influx (Lezhneva et al., 2014). The 

expression patterns of NRT2.2 are similar to NRT2.1 but with lower expression levels, and 

nitrate transport in the double knockout mutant of nrt2.1/nrt2.2 is largely affected but did not 

completely subside.   This suggests that NRT2.4, another NRT2, contributes to maintaining a 

minimal transport activity in the nrt2.1/nrt2.2 double mutant. NRT2.4 displays a very high 

affinity to nitrate hence it is very important in nitrate uptake in scarce external nitrate 

conditions (Kiba et al., 2012; Li et al., 2007) . Besides their expression in the roots, NRT2.4 and 

NRT2.5 are also expressed in the shoots and function in loading of nitrate into the phloem (Kiba 

et al., 2012; Lezhneva et al., 2014).  

 

1.3 Nitrate Sensing  

Similar to animal cells, plants cells have the molecular machinery that allow them to sense 

signaling molecules, and transmit relays that elicit a cellular response.  In order to accomplish 

this, nitrate as a signaling molecule might be recognized by membrane bound or/and 

intracellular receptors to initiate a molecular signaling cascade.  Another way of nitrate 

recognition might occur through the sensing of nitrate fluxes by nitrate transporters or/and 

metabolizing proteins in a similar fashion to that in which hexokinase senses sugar levels in cells 

(Jang et al., 1997). A combination of both mechanisms may exist in plant cells with regard to 

nitrate sensing.   

The search for these molecular nitrate sensors/receptors did not stop since the identification of 

nitrate as a signaling molecule.  Recent experimental evidence strongly identifies the nitrate 

dual affinity transporter NRT1.1 as a transceptor; i.e. possess both transport and receptor 

functions (Muños et al., 2004). The most substantial evidence for nitrate transporter acting as a 

sensor came from a forward genetic screen based on marker lines utilizing nitrate inducible 

promoter (NRP::YFP). This screen recovered NRT1.1 mutant with reduced (NRP::YFP) reporter 

expression on nitrate and was identified as mutated locus(nrg1)(Ho et al., 2009; Little et al., 

2005; Muños et al., 2004). This mutation in NPF6.3 (NRT1.1/CHL1) affected previously reported 
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genes regulated by nitrate suggesting that NRT1.1 can sense nitrate and regulate gene 

expression in response (Wang et al., 2009). The function of NPF6.3 as a transceptor 

(transporter-receptor) was further supported by the identification of another npf6.3/nrt1.1 

mutant (chl1-9) with P492L mutation between the 10th and 11th transmembrane region. This 

mutation affected NPF6.3 nitrate transport activity but did not interfere with its ability to 

transduce the nitrate signal (Bouguyon et al., 2015a). Further studies demonstrated that NPF6.3 

(NRT1.1) functions as regulator of the early nitrate response gene expression but is also a part 

of long-term repression feedback loop in the presence of high nitrate (Ho et al., 2009). 

These specific roles of NPF6.3(NRT1.1) seem to be dependent on its ability to activate several 

independent mechanisms of nitrate sensing and signaling that were uncoupled by the 

mutations discussed previously.  Nitrate mediated induction of gene expression involves nitrate 

dependent inositol 1,4,5-triphosphate (IP3) and cytoplasmic calcium signaling or through 

calcium independent signaling(Riveras et al., 2015) .  The role of NPF6.3 (NRT1.1) as a 

transceptor is also understood in its opposite regulation of NRT2.1 expression under different 

nitrate conditions, which has been connected to the biphasic capacity of NPF6.3 (NRT1.1) 

switching between HATS and LATS (Ho et al., 2009; Krouk et al., 2006; Wang et al., 2009). 

1.4 Nitrate Signaling 

The complete network involved in plant response to nitrate is not yet elucidated; however the 

identification of several important molecular players participating in nitrate response 

intensified in the recent years. In this section I will briefly discuss the role of Calcium, protein 

phosphorylation and several important transcription factors participating in nitrate signaling in 

Arabidopsis.  

1.4.1 Calcium Signaling 

Calcium function as a second messenger in cell signaling has been established(Dodd et al., 

2010; O’Brien et al., 2016). The first association between nitrate and calcium was reported in 

detached leaves of maize and barely. In this experiment the nitrate induced expression of 

nitrate reductase (NIA) and nitrite reductase (NiR) were attenuated by pretreating the detached 
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leaves with chelating agents such as EGTA (Sakakibara et al., 1997; Sueyoshi et al., 1999). This 

indicated that calcium play an important role in regulating primary nitrate response genes 

(PNR). More recently, the cytosolic changes of calcium in response to nitrate were studied using 

aequorin reporter line. This experiment also revealed that nitrate induced alterations in 

cytosolic calcium requires the function of NPF6.3 (NRT1.1)(Riveras et al., 2015). Additionally the 

use of phospholipase C (PLC) inhibitor and measurement of IP3 identified PLC as a mediator 

between nitrate sensing by NPF6.3 (NRT1.1) and these cytosolic calcium changes.  

1.4.2 Protein phosphorylation dependent signaling 

One consequence of cytosolic calcium signaling is changes in protein phosphorylation status 

caused by calcium sensing Kinases (Sanders et al., 2002). The importance of protein 

phosphorylation in nitrate signaling has for long been suggested (Kaiser et al., 2002; Liu and 

Tsay, 2003) through experiments that utilized protein phosphatase and tyrosine protein kinase 

inhibitors (Sueyoshi et al., 1999). These experiments reported that nitrate specific induction of 

NiR and NR genes were severely altered in pretreated barely leaves. Additionally, previously 

mentioned  activity of NPF6.3 (NRT1.1) is regulated through phosphorylation, which controls 

biphasic NPF6.3(NRT1.1) nitrate uptake, and nitrate dependent auxin transport function 

(Bouguyon et al., 2015a).  

Recent phospho-proteomic studies identified more than 500 differentially phosphorylated 

proteins after nitrate resupply to Arabidopsis seedlings starved of nitrogen(Engelsberger and 

Schulze, 2012) .   Further examinations of these proteins classify them in two groups; the fast 

responsive proteins such as membrane anchored receptor kinases and transcription factors, 

and the second are proteins involved in protein synthesis and degradation. The outcomes of 

these phospho-proteomic studies link protein kinases and phosphatases strongly to changes of 

protein phosphorylation status in response to nitrate. MAP kinases, Snf1-related protein 

kinases, Calcineurin B-like (CBL)-interacting protein kinase (CIPK) kinases were all identified 

among the regulated genes and differentially phosphorylated after nitrate provision  (Liu et al., 

2020, 2017). 
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1.4.3 Transcription factors mediating nitrate signaling  

Transcription factors are molecular components mediating a major re-programming of gene 

expression in response to nitrate signal. These transcription factors expression levels are either 

induced by nitrate or their activity/localization are regulated by nitrate.  

NLP7 (Nodule Inception-Like protein 7) is a member of the NIN family of transcription factors 

(TF). NLPs were identified by homology to NIT2 protein of Chlamydomonas. In Arabidopsis NLP7 

is considered a master regulator of nitrate signaling (Castaings et al., 2009; Konishi and 

Yanagisawa, 2013; Marchive et al., 2013). NLP7, one of nine members of the Arabidopsis NIN-

like gene family and has been reported to be involved in early nitrate response.   nlp7 mutant 

plants show constitutive nitrate and N starvation phenotype. ChIP-chip experiment showed 

that NLP7 binds to an excess of 800 genes in response to nitrate provision with preferential 

binding site close to the transcription start site of these genes (Marchive et al., 2013).  These 

genes set are enriched with genes that are nitrate related transcription factors such as ANR1, 

LBD37/38/39, and CIPKs were recovered as NLP7 targets (Hu et al., 2009; Rubin et al., 2009; 

Zhang and Forde, 1998). Further, nlp7 loss of function mutant transcriptomic analysis revealed 

changes that go beyond the genes that are directly bound by NLP7.  More in depth studies of 

NLP7 regulatory function has been recently published where NLP7 transient regulation of many 

genes that evaded detection by ChIP-chip method, were identified using DNA adenine 

methyltransferase (DamID). Applying this method, Dam–TF fusion protein marks promoters 

touched even transiently by TF leaving adenine methylation signature left on the DNA, allowing 

for the capture of the short-lived of TF-DNA interactions.  This method expanded the list of 

genes regulated directly and indirectly by NLP7 on nitrate (Alvarez et al., 2020).  

Beside NLPs other transcription factors involved in nitrate signaling such as MADS box 

transcription factor ANR1 and LOB domain-binding protein LBD37/38/39 are involved in the 

regulation of nitrate related traits but have yet to be identified to be part of the nitrate primary 

response (Rubin et al., 2009).  Additionally, Alvarez (2014) has used system approaches and 

identified TGA1 and TGA4 as putative regulatory factors that mediate nitrate responses.  Both 
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TGA1 and TGA4 expression is regulated in response to nitrate in the roots. This study also 

published a list of candidate genes with regulatory potential of nitrate response, among these 

genes, there are HRS1, ARR11, CRF2, WRKY17 only to name a few. The tga1tga4 double mutant 

have exhibited nitrate dependent phenotype of lateral and primary root indicating that these 

transcription factors play an important role in root developmental responses to nitrate (Alvarez 

et al., 2014).  

Recently TCP20 was identified as a component of systemic N signaling. TCP20 is a transcription 

factor from the TCP family and was identified using yeast-one hybrid screen against 109 bp 

nitrate enhancer region of NIA1 and 150bp enhancer region of NRT2.1 promoters. TCP20 

expressed in the root tip and vasculature and young leaves. TCP20 binds type A response 

regulator ARR5/7 promoters, these genes are up-regulated by nitrate in the shoot, pointing 

toward TCP20 as a potential link between nitrate and cytokinin. TCP20 can also induce the 

expression of NPF6.3 (NRT1.1) on low nitrate, suggesting its function in local nitrate signaling as 

well (Guan et al., 2014, 2017).  

Another important transcription factor is the bZIP1 which has been found to integrate both 

light and nitrate signals in plants (Obertello et al., 2010). Using transient assay reporting 

genome wide effect of transcription factors approach helped elucidate different mode of action 

of bZIP1 in response to nitrate, ammonium nitrate (Bargmann et al., 2013; Reviewed by O’Brien 

et al., 2016).  

LOB domain-binding protein LBD37/38/39 are involved in the regulation of nitrate related traits 

but have yet to be identified to be part of the nitrate primary response (Rubin et al., 2009). 

Over expression of LBDs resulted in in shoot branching defects and affected anthocyanin levels. 

LBD37/38 were found to act as negative regulators of nitrate responsive genes such as NIA1, 

NPF6.3(NRT1.1) NRT2.1, NRT2.2(Rubin et al., 2009; Vidal et al., 2015).  

The richness of high throughput studies lead to identification of numerous transcription factors 

that take part in nitrate response or/and regulate nitrate responsive genes directly, and 

indirectly (Alvarez et al., 2014; Medici and Krouk, 2014; Vidal et al., 2014, 2015). The hierarchy 



 

16 
 
 

of such transcription factors, from nitrate sensing to altering gene expression is complex, as 

they overlap, and are co-regulated by other factors, yet their identifications sheds more light on 

the complexity of nitrate response and regulation. 

  

 

Illustration1: NRT1.1 transcepter dependent signaling through Calcium dependent signaling, and calcium independent 

signaling.  Phosphorylation dependent signaling function down stream of calcium mediated signaling and in NRT1.1 biphasic 

transport property. NLP7 TF down stream of NRT1.1 and CPK10 regulate many genes including NRT1.1, nitrate primary 

response genes (PNR), nitrate related TFs and hormones related genes (adapted and modified from (Maghiaoui et al., 2020) .   
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1.5 Nitrate and Hormones 

Nitrate is the major form of nitrogen “the essential nutrient” and as a signaling molecule 

provides an environmental cue for plant growth and development.  This centrality of nitrogen, 

places nitrate signaling at center between plant developmental program and responses to 

environment.  Phytohormones; chemical messenger that coordinate cellular activity also play a-

major role in integrating external cues with internal responses, coordinating and fine tuning 

almost all aspects of plants growth, development and stress responses. Therefore it is of no 

surprise that interaction between nitrate and different phytohormones have been proposed 

and investigated for so long. This nitrate-phytohormone interaction is “a two way connection” 

(Krouk, 2016); meaning that hormonal signaling regulates nitrate metabolite, uptake, and 

signaling and nitrate signaling in return also feedbacks on hormone metabolism, transport and 

signaling(Krouk, 2016).  

In many facets of plants growth and development an overlap between nitrate as a cue for 

growth and the action of highly coordinated hormonal transport are required for optimum 

growth outcome (Kiba et al., 2011; Krouk, 2016; Maghiaoui et al., 2020; Poitout et al., 2018; 

Ruffel et al., 2011). This is clearly observed in the lateral root primordial(LRP), where interplay 

between nitrate and hormones coordinate root system architecture in Arabidopsis(Krouk et al., 

2010; Maghiaoui et al., 2020; Mounier et al., 2014).  

Higher plants including Arabidopsis are made up of multiple organs that have different 

functions and thus different nutritional requirements, so they rely on local and long distance 

signaling in order to coordinate the responses at the whole plant level. Phytohormones have 

been considered as signaling molecules of such pathways. Auxin, abscisic acid and cytokinin 

have been linked to nitrogen signaling. Here the evidences supporting role of auxin and 

cytokinin in plant responses and adaptation to nitrate availability will be briefly discussed.   
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1.5.1 Nitrate and Auxin 

 Auxin is a group of naturally occurring molecules derived from tryptophan with the indole-3-

acetic acid (IAA) as the major form of auxin. Auxin exhibits far-reaching regulatory functions in 

plant development including tropic responses, embryogenesis, and postembryonic initiation 

and formation of organs (Benková et al., 2003; Friml et al., 2003; Reinhardt, 2003).  The proper 

function of auxin entails interplay of auxin biosynthesis, conjugation, transport and perception. 

In higher plants, auxin transported through the phloem vasculature from young leaves (source 

tissue) to roots (sink organ) establishes apical dominance (Cambridge and Morris, 1996). In 

conjunction with this long distance auxin transport, the so called polar auxin transport (PAT) 

which involves auxin cell to cell movement is mediated by a set of membrane 

transporters(Reviewed by Adamowski and Friml, 2015). This slower mode of auxin transport is 

dependent on active influx-efflux auxin transfer between cells and is of great biological 

importance. The PAT system enables the directional movement of auxin and its graded 

distribution across tissues, thus maximizing the regulatory function of auxin. Local auxin 

accumulation and graded distribution directs and fine tunes the initiation of new organs, 

patterning, and morphogenesis of tissues and organs. It also contributes to differential cell 

growth, which is important for tropic bending of plants organs in response to stimuli such as 

gravity and light (Benková et al., 2003; Friml et al., 2002a, 2003; Reinhardt, 2003).  The 

importance of graded auxin distribution in plant growth and development explains the 

complexity of its transport system.  Auxin transport potential of several protein families 

including PIN, ABCB, PILS, AUX/LAX and NPF has been reported and auxin transport activity for 

key members of each family has been demonstrated biochemically (Barbez et al., 2012; Bennett 

et al., 1996; Krouk et al., 2010; Okada et al., 1991; Ye et al., 2013). 

One of the most important members of PAT system is the PIN family of auxin transporters. 

Directional polar auxin transport mediated through the activity of PIN proteins has been 

implicated in many developmental processes and physiological responses in plants. For instance 

the formation of auxin maxima at the site of cotyledon formation has been linked to PIN1 

protein localization in epidermal layer with membrane polarities directing auxin flow toward 
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these maxima.  On the other hand, local auxin maximum in the root tip has been identified as 

the pattern organizer of that organ. The joint action of PIN1, PIN2, PIN3, PIN4 and PIN7 set up 

auxin gradient through the lateral root primordia (LRP)and auxin maxima at the LRP tip 

(Benková et al., 2003; Blilou et al., 2005).  Lateral roots arise from the pericycle cells in the 

transition zone of the primary root. The development into a newly formed organ involves 

malleable changes in PIN-directed auxin distribution leading to a gradual auxin maxima in the 

apical end of the growing lateral root (Benková et al., 2003; Dubrovsky et al., 2008).  

The importance of auxin for plants growth, development and physiological responses 

implicated its role in nitrate response.  Early experiments conducted in in 1930s and 1940s 

show a change in auxin content in the shoot in response to nitrogen provision in Brassica 

caulorapa plants (Avery and Pottorf, 1945). Since, different studies reported changes in auxin 

biosynthesis, transport and accumulation levels in response to different levels of nitrogen. 

Work done by Ma et al 2014 identified Tryptophan amino-transferase related 2 (TAR2) as a key 

gene maintaining auxin biosynthesis in low N conditions, thus linking a major route of auxin 

biosynthesis to the fluctuation in nitrogen availability(Ma et al., 2014). Furthermore, nitrate 

related transcriptomic analysis identified bio-module containing auxin efflux transporters such 

as, PIN1, PIN2, PIN4 and PIN7 to be controlled by N (Gutiérrez et al., 2007).  

Auxin Response Factor (ARF3) was shown to be nitrate inducible and that this induction occurs 

even when nitrate assimilation was blocked. This suggests that nitrate, but not its downstream 

assimilation products induces ARF3 (Vidal et al., 2010). More interestingly the overlap between 

Nitrate and auxin transport has been reported.  In this work NPF6.3 (NRT1.1/CHL1) dual affinity 

nitrate transporter was found to be a nitrate controlled auxin transporter (Krouk et al., 2010).  

Recently the repression function of NRT1.1 on LRP through the basipetal auxin transport 

function was extended. NRT1.1 is reported as a negative regulator of TAR2 in the root stele. 

This study also reports that auxin transporters; ABCB4, ABCB19, PIN1, PIN4, PIN7 are nitrate 

regulated in NRT1.1 independent manner, while AUX1 and LAX3 expression is fine-tuned 

through NRT1.1 (Maghiaoui et al., 2020).  Accumulating evidence strongly indicates the active 
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involvement of auxin biosynthesis and transport in nitrate dependent responses, and 

phenotypes. Further discussion of this will be extended in the lateral root section of this thesis.  

1.5.2 Nitrate and Cytokinin  

Cytokinins (CK) are a family N6 substituted adenine derivatives that affect many aspects of plant 

growth and development. These cytokinin effects include cell division, shoot initiation and 

growth, leaf senescence, apical dominance, sink/source relationships, nutrient uptake, 

phyllotaxis, and vascular, gametophyte, and embryonic development, as well as the response to 

environmental stimuli (El-Showk et al., 2013; Mok and Mok, 2001).  

Isopentyl-adenine (iP) and trans-zeatin(tZ) are two most abundant and active CK species in 

Arabidopsis, the lesser abundant forms cis-zeatin(cZ) and dihydrozeatin(DHZ) are also 

considered important for plants (Gajdosová et al., 2011). The enzyme isopentyl transferase 

(IPT) catalyzes the first step in the biosynthesis cascade by adding a prenyl side chain in the N6 

position of ADP or ATP. In Arabidopsis, 7 IPTs were identified and two tRNA IPTs that can use 

tRNA as a substrate for cZ production instead of ATP (Kakimoto, 2001; Miyawaki et al., 2006; 

Takei et al., 2001). 

 Active CK levels are also regulated by expression and/or activity of enzymes that mediate CK 

conjugation and degradation. For instance, cytokinin oxidase (CKX) irreversibly breaks down CK. 

CKX genes are CK inducible, and there are 7 CKX genes encoded in Arabidopsis, with variable 

expression patterns in different tissue and biochemical specificity.  CK can also be reversibly 

conjugated through O-glucosylation process that renders CK inactive, or through the 

irreversible N-glucosylation process.  Hence, the levels of CK in Arabidopsis are tightly regulated 

by the active biosynthesis and degradation processes and reversible and irreversible 

conjugation (Bhargava et al., 2013; Kowalska et al., 2010).   

CK functions as local (paracrine) and long distance signal. CK are highly mobile molecules yet in 

contrast to the vastly characterized auxin transport system, the building blocks and nature of 

CK transport system remains largely unknown (Sakakibara, 2006). Unlike auxin, CK doesn’t have 

specific transporters that facilitate cell to cell movement.  Two membrane localized CK 



 

21 
 
 

transporters have been identified; the purine permease (PUP) and equilibrative nucleoside 

transporter (ENT), and neither is specific for cytokinin (iP and tZ) (Hirose et al., 2005, 2007; 

Kieber and Schaller, 2014). However PUP14 has been recently reported to be inversely 

correlated with CK signaling.  PUP14 CK transport function depletes the apoplast of active CK 

species and hence preventing its signaling through plasma membrane CK receptors (Zürcher et 

al., 2016).   Besides this mode of transport, CK also functions as a long distance signal and are 

translocated through the plant both as free bases and inactive CK ribosides.  Recent study by Ko 

et al (year) using several techniques including grafting, identified ABCG14 to be required for 

root to shoot translocation of cytokinin. The AtABCG14 null mutant lines were severely 

impaired in the long-distance translocation and distribution of the root-synthesized tZ-type 

cytokinin species, which subsequently caused substantial morphological alterations in the 

growth and development of roots and shoots and provided further evidence of ABCG14 

involvement in cytokinin long distance transport (Ko et al., 2014; Zhang et al., 2014).  

CK signaling is mediated by Histidine Kinase (HK) phosphorelay system that resembles the 

bacterial two-component signaling system for sensing environmental stimuli (Reviewed 

Argueso et al., 2012; Hwang et al., 2012). Unlike the bacterial two component system, CK 

receptors in plants are mostly localized at the endoplasmic Reticulum (ER) (Caesar et al., 2011). 

However recent evidence from (Antoniadi et al., 2020; Kubiasová et al., 2020) reports that 

plasma membrane localization of CK receptor along with the already established localization at 

ER.   The CK receptor is transmembrane protein with CK receptor domain (CHASE) protruding in 

the lumen of ER, and a cytoplasmic HK domain (Receiver Domain). Arabidopsis encodes three 

CK receptors AHK2, AHK3, and AHK4. AHK4 is primarily expressed in the roots, AHK2 and AHK3 

are highly expressed in leaves. Beside their diverse distribution these receptors have different 

affinity for different CK forms (Heyl et al., 2007; Pils and Heyl, 2009).  

Upon CK binding to the receptor domain, the kinase domain is activated and triggers cascade 

that leads to phosphorylation of a group of Histidine Phosphotransfer Proteins (AHP), and of an 

Asp on downstream acting Arabidopsis Response Regulators (ARR). Arabidopsis encodes for 23 

different ARRs that are classified into three subtypes. Type B-ARR (11 genes) are transcriptional 
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activators that bind a consensus DNA cytokinin motif (CRM). Type A-ARR (10 genes) were 

initially identified as CK responsive genes; they provide negative feedback mechanism for 

modulating CK signaling. One mechanism proposed for such a negative feedback function is 

that they compete for the phosphoryl group with type B-ARRs (Reviewed by Schaller et al., 

2008).  Lastly, the type C-ARR (2 genes) they form a distinct group based on their sequence. 

They are not CK induced and unlike type B-ARRs do not have a DNA binding domain. Phenotype 

analysis of ARR22 combined with the knowledge that it has a strong phosphatase activity 

indicate its function as an additional layer of fine tuning CK signaling in specific cells (Mason et 

al., 2004; Ramireddy et al., 2013; To et al., 2004, 2007).   

Nitrate provision has been shown to promote cytokinin biosynthesis and transport to the shoot 

(reviewed by Krouk, 2016;)( Takei et al., 2004; Wang et al., 2003).  In Arabidopsis the 

Isopentenyl Transferase (IPT3) and several Arabidopsis Response Regulators (ARR3, 5, 6) are 

induced by nitrate during primary nitrate response (PNR)(Wang et al., 2003). IPT3 was strongly 

induced in the root of WT and Nitrate Reductase (NR) mutant plants and microarray analysis 

showed that this IPT3 induction is partly mediated by NPF6.3 (NRT1.1/CHL1). IPT3 transcript 

accumulation rapidly increased 1 hour after nitrate re-supply similar to that of NIA1; an 

important PNR gene(Wang et al., 2004). Recent studies revealed that high nitrate also 

upregulates the transcript levels of CYP735A2 in the root, which encodes for the enzyme 

responsible trans-zeatin production (Maeda et al., 2018; Poitout et al., 2018; Takei et al., 2004). 

Another set of important genes induced by nitrate are the Cytokinin Response Factors (CRFs), 

which are also known to be cytokinin induced (Alvarez et al., 2014, 2020; Marchive et al., 2013; 

Rashotte et al., 2006; Wang et al., 2003). These transcription factors affect the basal expression 

of a significant number of CK-regulated genes, including type A-ARR and PIN auxin efflux 

carriers (PIN1, PIN7) (Rashotte et al., 2006; Šimášková et al., 2015). Cytokinin biosynthesis has 

been identified as part of N-supply long distance signaling (Poitout et al., 2018; Ruffel et al., 

2011, 2016).  Upon nitrate provision, CK are synthesized in roots and translocated to the 

shoots, leading to shoot growth adaptive responses. Recently, (Poitout et al., 2018) showed 

that tZ in shoots is required for the appropriate responses of roots to heterogeneous nitrate 
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conditions. This study implicates tZ in the shoot in the long distance signaling that controls the 

transcriptional reprogramming of roots and shoots, and root adaptive responses to nitrate 

(Poitout et al., 2018). 
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Introduction 

Plants differ from most animal in having a sessile life style that impair their “fight “or ”flight” 

responses to adverse environmental conditions. To compensate for such restrictions plants 

have evolved wide range of mechanisms to adapt their growth and development to the highly 

heterogeneous environment. Plant hormones as essential endogenous regulators of growth 

and development play irreplaceable role in mediating adaptive responses to whole spectrum of 

external stimuli including abiotic and biotic stresses. Overall, action of individual plant 

hormones is determined by combined output of specific pathways which control their 

biosynthesis and metabolism, transport, perception and signal transduction. Already initial 

Darwin’s observations of wheat coleoptile phototropic bending; which led to the postulation of 

hormones in plants indicated that controlled distribution of these biological active molecules 

from source to site of action might be important aspect of their biological function. Since then, 

many plant hormones have been identified and similarly to the first hypothesized 

phytohormone, auxin, their site of synthesis and action were found to be distant.  This 

inevitably triggered a question on mechanisms that mediate and control movement of 

hormones within plant body.   

When compared to animals, the lack of blood and lymphatic system streams in plants 

considerably limits effective distribution of substances. In order to overcome such constraints, 

plants evolved other means of transport to secure effective delivery of nutrients and other low 

molecular weight components, including hormones, within their bodies. Vascular systems 

encompassing phloem and xylem are considered the major routes for long-distance transport in 

plants. Most of plant hormones including auxins, abscisic acid (ABA), cytokinin, jasmonates 

have been identified as substrates for a long-distance transport (reviewed in Lacombe and 

Achard, 2017). Long distance delivery of hormones rely on mechanisms which mediate their 

loading from source into xylem or/and phloem and unloading at the target tissue. Hence, 

identification of proteins that mediate loading and unloading of hormones became a 

challenging task.  

On the other hand; movement of hormones at short-distances is slower occurring either 

via apoplast, symplast, or transcellularly (Tester and Leigh, 2001). Unlike apoplastic transport 

occurring exclusively via extracellular space and symplastic via intracellular space, the 

transcellular (cell to cell) transport requires precisely located transporters that mediate uptake 

of compound into and its export out of the cell (Amtmann and Blatt, 2009). This cell to cell 

transport mediated   via importers and exporters located at specific polar membrane domains 

provides advantage of a vectorial flow of molecules. This directional movement of plant 

hormones, in particularly that of auxin, turned out have unexpected physiological and 

developmental impact.    

Since first observations outlining biological significance of tightly regulated transport of 

hormones within plant body transporters for most hormones have been recognized and their 

transport properties have been characterized in plants as well as in heterologous systems. The 
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main focus of our review is on major families of transporters that mediate cell to cell transport 

of hormones including auxin, abscisic acid, cytokinins, and gibberellins. Evidences on their 

transport activity, selectivity and directionality in heterologous systems (Xenopus oocyte, yeast 

and other systems) and in planta will be discussed. 

Auxin 

Auxin is group of naturally occurring molecules derived from tryptophan. It exhibits a broad 

range of regulatory functions in plant development including embryogenesis, postembryonic 

initiation and formation of organs and tropic responses (Reinhardt, 2003; Friml et al., 2003; 

Benková et al., 2003)(Zhu and Geisler, 2015). In planta the major form of auxin is indole-3-

acetic acid (IAA).  In higher plants, the long distance transport through the phloem vasculature 

enables fast movement of auxin from source, typically young shoot to sink tissues such as a 

root (REF). On the other hand, auxin cell to cell movement mediated via set of membrane 

located transporters, so-called polar auxin transport (PAT) machinery, represents a slower way 

of auxin delivery. Noteworthy, this active influx – efflux dependent transfer of auxin between 

cells is of great biological significance.  On one side it enables directional movement of auxin 

and on the other its graded distribution across tissues, thus increasing a regulatory power of 

this hormone. Local accumulation of auxin and its graded distribution directs initiation of new 

organs, patterning and mophogenesis of tissues and organs, as well as differential cell growth a 

process essential for tropic bending of plant organs.  

This essential role of auxin in plant growth and development might justify why during 

plant evolution a complex transport system encompassing different transporter families has 

evolved. Over the last years auxin transport capacity of several protein families including PIN, 

ABCB, PILS, AUX/LAX, PILS and NPF have been recognized  and auxin transport activity for key 

members from each family demonstrated biochemically (Park et al., 2017, (Okada et al., 1991; 

Ye et al., 2013; Barbez et al., 2012; Bennett et al., 1996; Krouk et al., 2010) . However, how 

these different transporters form dynamic system that directs auxin transport and flexibly 

respond to various developmental, physiological and external cues remains to be elucidated.  

 

PINs as polar Auxin efflux transporters 

Molecular basis of auxin cell to cell movement is largely determined by biochemical properties 

of cellular compartments and weak acid character of IAA molecule (Mashiguchi et al., 2011).  

Due to acidic environment in the apoplast, IAA as a weak acid remains highly protonated and 

might diffuse passively across the plasma membrane into the cells. Inside cells, at near-neutral 

pH, IAA dissociates into ionic form (IAA-) and H+ and as a consequence it cannot exit cells 

passively. These  biochemical basis of auxin cell to cell movement have been conceptualized in 
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the chemiosmotic hypothesis, which also postulated  existence of active transporters that 

would facilitate export of auxin from cells  (reviewed by Goldsmith, 1977). Only decades later, 

implementation of genetics and molecular biology tools have enabled identification of the 

transporters predicted by the chemiosmotic theory. Auxin efflux carrier PIN1 has been among 

first recognized, following the isolation of the pin-formed1 (pin1) mutant in Arabidopsis 

thaliana . Striking resemblance of pin1 phenotype, characterized by loss of lateral organs 

resulting in pin-like stems, to plants treated with chemical inhibitor of auxin transport hinted at 

the role of PIN1 in  auxin transport  (Okada et al., 1991; Galweiller et al., 1998). Later studies 

provided essential biochemical and biological evidences including transport assays in 

heterologous system that support PIN1 function as auxin efflux transporter (REF). Importantly, 

in perfect agreement with  postulations of the chemiosmotic hypothesis the membrane 

localization of PIN1  that corresponds with directionality of auxin stream  has been 

demonstrated  (Benková et al., 2003; Wiśniewska et al., 2006; Petrasek, 2006). 

In parallel, mutant screens aiming at identification of molecular factors controlling root 

gravitropism led to identification of PIN2, a gene exhibiting  a high homology to PIN1  (Chen et 

al., 1998), (Luschnig et al., 1998), (Müller et al., 1998), (Utsuno et al., 1998). PIN2 shares 

membrane topology similar to PIN1 and its polar membrane localization in root tissues is in line 

with its role in basipetal (shoot-ward) transport of auxin that coordinates root gravitropic 

bending (Müller et al., 1998). 

Nowadays we know that PIN family encompasses eight members that can be classified 

into “long PINs” and “short PINs” based on the presence of hydrophilic loop separating two 

transmembrane domains  (Křeček et al., 2009). Membrane localization of long PINs (PIN1, PIN2, 

PIN3, PIN4 and PIN7) is consistent with their activity to export auxin from the cells. Rather 

surprising was identification of short PINs (PIN5, PIN6, and PIN8) that localize to the 

endoplasmic reticulum.  Functional characterization of this subgroup of PINs pointed at their 

role in maintaining cellular hemostasis of auxin via balancing levels of hormone between 

subcellular compartments (Mravec et al., 2005). Recently, PIN6 was also found to localize at the 

plasma membrane suggesting that  this protein might possess both type of transport capacities 

(Simon et al., 2016).  

The auxin transport activity of these PINs has since been demonstrated in various 

heterologous systems (Petrasek, 2006), (Yang and Murphy et al 2009), (Barbez et al., 

2013),(Zourelidou et al., 2014). Whereas characterization of the PIN transport in yeast, HeLa, 

insect cells and BY2 corroborated  their efflux activities, measurements in Xenopus oocytes 

revealed  that to transport auxin PIN proteins require activation  mediated via specific AGC-

family kinases (Zourelidou et al., 2014; Habets and Offringa et al 2014; Zourelidou et al., 

2014;Barbosa et al., 2016; Marhava et al., 2018).  
 

 



 

39 
 
 

ABCBs non-polar as Auxin Efflux transporters 

Concomitantly to the PIN identification, physiological characterization of other auxin-related 

mutants led to the identification of the ABCBs a subgroup ABC transporters. ABCBs act as 

primary active auxin pumps which are activated by the binding of ATP (REF) and  are able to 

transport against steep auxin gradient (Hwang et al., 2016, Park et al., 2017).  

Several ABCBs isoforms have been associated with PAT but the auxin transport activity only for 

ABCB1, 4, 19 and 21 have been demonstrated  ( reviewed by Do et al., 2018). ABCB1 (previously 

named PGP1) and ABCB19 (previously named PGP19/MDR1) were shown to function as specific 

auxin exporters (Bouchard et al., 2006) (Geisler et al.2005), while ABCB 4 and 21 were 

suggested to have a dual auxin transport directionality, influx and efflux (Santelia et al.2005) 

(Cho et al., 2007) (Kamimoto et al., 2012). ABCBs are highly expressed in meristematic tissues 

including shoot and root. Although ABCBs typically do not exhibit any cell polarity,  lack of their 

function, as shown for  abcb1, abcb19 mutant, results in severely impaired polar auxin 

transport and phenotypes typical for excess of apical auxin such as  epinastic leaves and 

dwarfism (Geisler et al., 2003). Plant ABCBs seems to be very selective transporters having few 

auxin related molecules as substrate (IAA, 1-NAA, 2,4-D) (Bouchard et al., 2006). Membrane 

localization of ABCB1 and ABCB19 is dependent on interaction with ER located  immonuphilin 

TWD1 (Twisted Dwarf1) (Wu et al., 2010) (Wang et al., 2013).  Besides TWD1 playing a role in 

targeting ABCB to plasma membrane, it might also impact on their  transport activity  (Geisler 

et al., 2017). Co-expression of ABCB1 or 19 with TWD1 in yeast induced an increase in IAA 

efflux, although 1-NAA transport remained unaffected. Moreover, interaction of the ABCB19 

with the photoreceptor kinase PHOTOTROPIN 1 (phot1) might provide additional level of 

control. Heterologous expression in HeLa cells and physiological analyses indicate that 

phosphorylation of ABCB19 by phot1 inhibits its efflux activity (Christie et al., 2011; Aryal et al., 

2015).  

Recent studies have indicated that tight interplay of ABCBs and PINs mediated auxin 

transport machineries. Besides physical interaction detected between subsets of PINs and 

ABCBs (Blakeslee et al., 2007) (Rojas-Pierce et al., 2007) (Kim et al., 2010), highly synergistic 

effects on auxin transport activity in heterologous system has been reported (Blakeslee et al., 

2007). These observations suggest that PINs and PGPs represent a tightly coordinated auxin 

transport mechanisms, which function interactively to coordinate auxin distribution in tissue-

specific manner. 

Finally, two ABCB transporters has been identified for their role in transport of other 

auxinic molecule, indole 3-butyric acid (IBA), which is a precursor of IAA (Strader and Bartel, 

2011). With low selectivity ABCG36 and ABCG37 were found to mediate export of IBA (Strader 

and Bartel, 2011) (Ruzicka et al., 2010) transporting also a wide range of secondary metabolites 

(Hwang et al., 2016). 



 

40 
 
 

AUX/LAX as Auxin Influx transporters  

Although the chemiosmotic hypothesis suggested that auxin diffuses passively into the cells 

across the plasma membrane, studies performed in the beginning of the eighties suggested 

that cellular auxin uptake is facilitated by specific transporters (Hertel, 1983). In genetic screen 

aiming at identification of molecular factors controlling root sensitivity to auxin the AUX1 

encoding for an amino-acid permease has been found (Bennett et al., 1999).  Developmental 

studies, in particular findings on differential sensitivity of aux1 mutant toward the auxins 2,4D 

and IAA that represent substrates of the auxin influx carrier (Delbarre et al. 1996), whereas 

retaining a wild-type level of sensitivity toward the lipophilic auxin, 1-NAA,   indicated role of 

AUX1 in auxin transport (Bennett et al., 1996) (Swarup et al., 2001).  AUX1 capacity to transport 

auxin has been confirmed by biochemical approaches  using heterologous systems including 

yeast, insect cells, and Xenopus oocytes (Yang et al., 2006) (Carrier et al., 2008). Later on, three 

AUX1 homologs including LAX1, LAX2 and LAX3 have been functionally characterized revealing 

developmentally specific, partially redundant  roles of the AUX/Lax family members in 

regulation of various  plant developmental processes (Péret et al., 2012; Swarup and Peret, 

2014). 

 

 Transporters controlling intracellular auxin homeostasis 

In silico screen for a novel PIN-like putative carrier protein with a predicted topology similar to 

PIN proteins led to identification of PILS, a novel protein family in Arabidopsis thaliana 

encompassing seven members (Barbez et al., ). In contrast to the high similarities in the 

predicted protein topology, PIN and PILS proteins do not show pronounced protein sequence 

identity. However, the PILS protein family similarly to PINs contains the putative auxin carrier 

domain supporting its role in auxin transport. Accordingly analysis of plants with modulated 

activity of PILS corroborated their role in auxin-dependent regulation of plant growth. 

Transport assays along with profiling of auxin metabolites suggested that PILS proteins acting at 

the endoplasmatic reticulum control intracellular distribution of auxin thereby fine-tuning its 

availability for nuclear auxin signaling. Hence, PILS proteins seem to perform function 

complementary to “short PINs”, discussed above, and they jointly contribute to maintenance of 

the intracellular auxin homeostasis.  

Besides subgroup of PINs and PILS, which balance flux of auxin between  ER and cytosol, the 

tonoplast importer WALLS ARE THIN 1 (WAT1) was demonstrated to retrieve auxin from 

vacuoles suggesting it as an additional compartment that contribute to auxin homeostasis by 

subcellular auxin compartmentalization (Ranocha et al., 2013). 
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Auxin transporters mediating plant adaptive responses 

Auxin as an essential endogenous factor steering a large set of developmental processes is in 

core of mechanisms that mediate plant adaptations to environmental signals. In response to 

various stresses and fluctuations in external conditions activity of pathways controlling auxin 

metabolism, transport and signaling are modulated.  Intriguingly, functional characterization of 

NRT1.1/NPF6.3/CHL1 hinted at novel mechanism of integration of environmental signal with 

endogenously acting hormonal pathway. NRT1.1/NPF6.3/CHL1 originally identified as a 

transporter of nitrate has been found to exhibit auxin transport activity (Krouk et al., 2010) . In 

various experimental systems including  Xenopus oocytes, yeast and in tobacco Bright Yellow 2 

(BY2) cells  NRT1.1 auxin import activity was detected (Krouk et al., 2010), (Bouguyon et al., 

2015). Noteworthy, NRT1.1-dependent auxin uptake is negatively controlled by nitrate, 

suggesting that transduction of nitrate signal by NRT1.1 is directly associated with a 

modification of auxin transport. It has been proposed that this nitrate regulated auxin transport 

by NRT1.1 might be a mechanism connecting nutrient and hormone signaling to coordinate 

root branching.  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

Cytokinins 

 Cytokinins belong to a heterogeneous group of N6-substituted adenine derivatives that 

regulate root and shoot meristem activity, vascular and organ development as well as they are 

involved in plant responses to various environmental cues (Hwang et al., 2012). Like auxin, 

cytokinins are highly mobile molecules. However, in contrast to the well characterized transport 

machinery of auxin, the nature of cytokinin transport is less clear. Two major groups of 

cytokinin encompassing trans-zeatin (tZ) and N6-(D2-isopentyl)adenine (iP) derivatives  were 

found to be a substrate for a long distance transport.  Interestingly, whereas iP-type, a major 

group of shoot derived cytokinins are through the phloem transported basipetally towards the 

root, tZ-type of cytokinins prominent in roots are through the xylem translocated acropetally 

towards shoots (REF).  Recently two independent research groups have identified first 

molecular components mediating this long-distance transport of cytokinins in Arabidopsis 

(Hirose et al., 2007; Kudo et al., 2010). Reverse genetics approaches applied to systematically 

characterize the ATP-binding cassette transporter proteins recovered a G-type ABC transporter, 

ABCG14 as a transporter involved in the long-distance acropetal (root to shoot) translocation of 

the root-synthesized cytokinin. In accordance with a prevailing ABCG14 expression detected in 

the root vasculature, transport assays using radiolabeled substrate supported the role of 

ABCG14 in acropetal movement of tZ.  Loss of ABCG14 activity resulting in retarded shoot 

development was recovered by exogenous treatment with tZ further corroborating ABCG14 

function in acropetal cytokinin transport (Ko et al., 2014).  
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The molecular components responsible for loading of cytokinin at the synthesis site and 

unloading it from phloem/xylem at the sink organ are largely unknown (Hirose et al., 2007) 

(Kudo et al., 2010). So far, the equilibrative nucleoside transporter (ENT) family and the purine 

permease (PUP) family have been found to facilitate cytokinin transport (Burkle et al. 2003, Li et 

al., 2003; Hirose et al. 2005). The influx transport function of Arabidopsis ENT3, ENT6, ENT7 and 

ENT8 has been demonstrated in yeast (Hirose et al., 2007) (Sun et al., 2005) (Qi and Xiong), 

being able to transport both iP-riboside and tZ-riboside cytokinin derivatives. Yet, ent3 and ent8 

mutant plants showed negligible reduction in sensitivity to cytokinins, and  their roles in 

cytokinin transport in vivo require further examination (Reviewed by Girke et al., 2014).  

Several members of the Purine Permease (PUP) family have been also suggested to be 

cytokinin transporters. PUP1 and PUP2 cytokinin uptake transport activity in yeast has been  

reported, yet neither their genetic nor biochemical function in planta has been verified 

(Gillissen et al., 2000)(Bürkle et al., 2003).  

Recently, PUP14 purine permease has been recognized as a cytokinin uptake 

transporter (Zürcher et al, 2017).  PUP14 protein localizes to the plasma membrane and as 

supported by transport assays in mesophyll protoplasts using radiolabeled tZ, it imports 

bioactive cytokinins, which might lead to depletion of apoplastic cytokinin pools. The silencing 

of PUP14 using an artificial microRNA  led  to ectopic cytokinin signaling in the embryo and 

shoot apical meristem, whereas PUP14 overexpression attenuated cytokinin signaling. Based on 

these findings PUP14 has been proposed to mediated uptake of bioactive cytokinins from 

apoplast thereby  inhibiting their binding to the plasma membrane cytokinin receptors (Zürcher 

et al., 2016). Hence, PUP14 might contribute to establishment of the  spatiotemporal cytokinin 

sink patterns that coordinated  tissue patterning and organogenesis. 

Abscisic Acid (ABA) 

ABA is an important plant hormone involved in many physiological and developmental 

processes including seed maturation, germination and senescence. Moreover, ABA plays a 

pivotal role in plant responses to biotic and abiotic stresses such as infection, salinity, drought, 

and wounding (Zeevaart and Creelman, 1988) (Lee and Luan et al 2012).  

Although ABA biosynthesis and metabolism occurs predominantly in vascular tissues 

and guard cells, ABA regulatory function is not limited to these cells and tissue, suggesting that 

it is transported throughout the plant. Stomatal closure occurs in leaves even when only the 

roots experience drought stress, indicating that signals generated in the roots are transmitted 

to trigger a response in the leaves (Lefebvre et al.2006). On the other hand, stomatal closure 

can occur even in the absence of root-derived ABA. Reciprocal grafting between ABA-deficient 

mutants and wild-type plants in tomato and Arabidopsis demonstrated that stomatal closure is 

affected by the leaf (shoot) genotype, not the root genotype. However, increased ABA levels 
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are not observed if roots are exposed to water stress without changing the water status in 

leaves, indicating that leaves are the main sites of ABA biosynthesis during water stress 

(Zeevaart and Creelman, 1988; Lee and Luan et al 2012). While there have been evidences for 

transport of ABA accumulating over the years, only recently the molecular bases of the ABA 

transport start to be uncovered.  

Similarly to auxin also ABA is a weak acid, and thus, it exists in either protonated, 

uncharged forms (e.g., ABAH) or in anionic forms (e.g., ABA-) depending on the prevailing pH 

relative to their pKa (Kaiser and Hartung, 1981; Dodd et al., 2003). Because the uncharged 

forms of these molecules can permeate the cell membrane, it was assumed that this diffusive 

process would obviate a requirement for specific uptake transporters. However, under stress 

conditions, due to the alkalization of xylem sap and apoplastic fluid (Wilkinson and Davies, 

1997; Hartung et al., 2002), the proton is dissociated from ABAH and the membrane 

permeability of ABA is dramatically reduced. Under these conditions, ABA relies on transporters 

to move into cells.  

Recently, in genetic screens for potential ABA transporter two members of G-subfamily 

ATP-binding cassette (ABC) transporters, ABCG25, ABCG40 /PDR12 were  identified (Kuromori 

et al., 2010) (Kang et al., 2010). ABCG25/WBC25 was reported to transport ABA out of the 

vasculature cells to the xylem. Their identity as ABA exporter was confirmed by transport assays 

conducted in membrane vesicle from insect cells (Sf9 lines) expressing ABCG25. Additionally, 

Xenopus oocytes expressing ABCG25 accumulated lower levels of ABA than control oocytes 

when incubated in ABA-containing bath solution (Kuromori et al., 2010). ABCG40/PDR12 was 

reported to mediate transport of ABA into guard cells, and its uptake activity was verified in 

yeast cells, tobacco Bright Yellow 2 (BY2) cell line expressing ABCG40 and mesophyll protoplast 

cells of abcg40 mutant plants. Accordingly,  abcg40 plants exhibited impaired response to ABA 

regulated stomatal closing further supporting ABCG40 in ABA uptake into guard cells (Kang et 

al., 2010).  

Besides ABCG25 and ABCG40, another two Arabidopsis G-type ABC transporters were 

found to be involved in ABA transport as well. ABCG30 and ABCG31 were shown to transport 

ABA from the endosperm of the seed coats to the embryo, thereby maintaining seed dormancy 

(Kang et al., 2015).  

Zhang et al., 2014 has reported identification of DTX/Multidrug and Toxic Compound 

Extrusion (MATE) family member in Arabidopsis thaliana, AtDTX50, which functions as an ABA 

efflux transporter. When expressed heterologously in both an Escherichia coli strain and 

Xenopus oocyte cells, AtDTX50 was found to facilitate ABA efflux. Accordingly, dtx50 mutant 

mesophyll cells preloaded with ABA released less ABA compared with the wild-type control. 

The AtDTX50 expression in the vascular tissues and guard cells was strongly up-regulated by 

exogenous ABA. The dtx50 mutant plants exhibited increased sensitivity to, but they were more 
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tolerant to drought with lower stomatal conductance, consistent with DTX50 function as an 

ABA efflux carrier in guard cells. 

Interestingly, four members of the NRT1/PTR FAMILY (NPF) were found to display ABA 

transport activity, among them NPF4.6/AIT1/NRT1.2, NPF4.5/AIT2, NPF4.1/AIT3, and 

NPF4.2/AIT4. Their ABA transporting activities were tested and confirmed by ABA accumulation 

studies in either yeast cells or Sf9 cells (Kanno et al., 2012). Although multiple NPFs were 

detected as a potential ABA transporter yet their in planta function remain to be further 

elucidated.  

In rice, OsPM1, (Oryza sativa PLASMA MEMBRANE PROTEIN 1), belonging to a protein 

family named AWPM-19 (ABA-induced Wheat Plasma Membrane polypeptide-19) was found to 

mediate an ABA import through the plasma membrane.   OsPM1 is predominantly expressed in 

vascular tissues, guard cells and mature embryos. Phenotypic analysis of overexpression, RNA 

interference (RNAi), and knock out (KO) lines showed that OsPM1 is involved in drought 

responses and seed germination (Yao et al., 2018). However, whether ABA transport function of 

this family might be conserved in Arabidopsis and other plant species remains to be further 

clarified.   

Gibberellins (GA) 

The gibberellins (GAs) are a large family of tetracyclic diterpenoid carboxylic acid substances 

associated with various growth and developmental processes. Although more than 100 GAs had 

been discovered only a few such as GA1 and GA4 were demonstrated to be biologically active 

(Gupta and Chakrabarty, 2013).  

The use of labeled GA provided substantial evidence for GAs local and long distance 

movement, however it remained unclear in which form and how endogenously made GAs are 

transported.  Implementing various strategies including micrografting and transport assays 

GA12, the common precursor for all GAs, was identified as major form of the graft transmissible 

signal in Arabidopsis (Regnault et al., 2015, Binenbaum et al., 2018). Similarly to other acidic 

hormones, chemiosmotic mechanism of cell to cell movement dependent on activity of influx 

and efflux transporters applies to GAs. Whereas GA efflux carriers have not yet been 

discovered, a number of GA influx carriers have been identified over the past years (Binenbaum 

et al., 2018).  

A screen for mutant plants defective in root accumulation of fluorescein-tagged GA 

resulted in identification of NPF3.1 as a putative GA transporter. Examining its transport activity 

in Xenopus oocyte revealed that NPF3.1 import GA4 and to a lesser extent GA1 and GA3 in pH-

dependent manner in line with NPF family members acting as proton-coupled transporters. 

Lack of any striking GA-related phenotypes in npf3.1 mutant suggests  a functional redundancy 

by other related homologues (Tal et al., 2016).  
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Using a modified yeast two-hybrid system that utilized the interaction of GA receptor 

GID1 and DELLA protein GA Insensitive (GAI) as a mean to identify putative GA transporters, 

NPF4.1/AIT3 and other 18 among 45 NPF family members were shown to possess GA transport 

activity (Kanno et al., 2012; Corratgé-Faillie and Lacombe, 2017). Interstingly, individual NPF 

transporters differ in their substrate specificity. Twelve NPF members transport GA1, GA3, and 

GA4; three members transport only GA1 and GA3; and three NPF transport only GA1 and GA4 

(Corratgé-Faillie and Lacombe, 2017).  Among them NPF2.1/GTR1 was found to specifically 

mediate import of GA3 but no other GA derivatives. Stamen defects observed in the npf2.1 loss 

of function mutant could be rescued by exogenous GA3 application, suggesting that npf2.1 

mutant reduced fertility is result of  aberrant transport of GA (Nour-Eldin et al., 2012).  

The same experimental design that was instrumental in revealing GA transport activity of 

NPF family members, yielded in identification of several SWEET family members as potential GA 

transporters. Transport assays in yeast and Xenopus oocytes clearly demonstrated GA intake 

transport mediated by SWEET13 and 14, thus confirming their dual transport activity 

encompassing both sugar and GAs. A double sweet13 sweet14 mutant exhibited altered long 

distant transport of exogenously applied GA and altered responses to GA during germination 

and seedling development, suggesting  that SWEET13 and SWEET14 may be involved in 

modulating GA response in Arabidopsis (Kanno et al., 2016). 

GAs are beautiful example of how establishment of novel screening strategies might enable 

identification of unknown molecular components of hormonal transport machineries. Such new 

and innovative methods are expected to reveals transporters whose function in planta might be 

masked by their ability to transport different hormones/substances.  

Conclusion 

In the last fifteen years a significant progress in identification and functional characterization of 

transporters that mediate distribution of plant hormones has been made. Although to different 

extend, important insights into mechanisms that control movement of all major groups of plant 

hormones have been gained.  We see striking complexity of networks controlling distribution of 

plant hormones within a plant body encompassing long- and short distance transport as well as 

movement of hormones between individual cellular compartments.  Functional studies of 

mutants defective in either long distance, cell to cell, or subcellular transport clearly show that 

all of these transport systems play crucial, largely complementary functions in fine-tuning 

hormonal activity.  Intriguingly, majority of so far identified hormone transporters belong to 

either NPF or ABC gene families. Future research will show whether this might be a biased of 

limited approaches applied in  screens for hormone transporters so far, or natural selection led 

to a dominance of these two families in hormonal transport. Another striking aspect emerging 

from detailed biochemical characterization of hormonal transporters is their relatively low 

substrate specificity. Number of hormonal transporters show capacity to mediate transport of 
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more than one hormone, or other molecules such as macro- or micronutrients.  Role of 

transporters as convergence points of cross-talk between various hormonal pathways or as 

integrators of environmental and hormonal signals to drive plant adaptive responses awaits 

further investigation. 
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3 Modulation of plant root growth by nitrogen source-defined regulation of polar auxin 

transport 
 

This part is based on the published article (Ötvös et al., 2021) 

Ötvös, K., Marconi, M., Vega, A., O’Brien, J., Johnson, A., Abualia, R., Antonielli, L., Montesinos, 
J.C., Zhang, Y., Tan, S., et al. (2021). Modulation of plant root growth by nitrogen source‐defined 
regulation of polar auxin transport. EMBO J 40. 
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3.2 Expanded View Figures
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4 Molecular framework integrating nitrate sensing in root and auxin-guided 

shoot adaptive responses 
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4.1 Introduction 

Nitrogen, a building block of organic macromolecules such as nucleic acids and proteins, 

constitutes one of the essential chemical elements determining the growth and development of 

all organisms (Frink et al., 1999). Plants, as sessile organisms, rely on absorption of this 

macroelement from the soil, where it is available in different forms such as nitrate, ammonium, 

urea or amino acids.  While nitrate represents one of the major inorganic forms of nitrogen in 

aerobic soil, its availability might dramatically fluctuate in both time and space (Crawford and 

Forde, 2002). To face these constraints, plants developed a wide range of adaptive mechanisms 

triggered by sensing systems to balance nitrate uptake with internal homeostasis (reviewed by 

Kiba and Krapp, 2016; O’Brien et al., 2016).  At the molecular level, balancing nutrients 

acquisition with the plant’s requirements implies a close communication between pathways 

controlling uptake, distribution and homeostasis of nutrients and the pathways coordinating 

plant growth and development. Over last years, mechanisms of nitrate acquisition, sensing and 

signaling have been dissected and key components including the nitrate transceptor 

NPF6.3/NRT1.1/CHL1 (Bouguyon et al., 2015b; Ho et al., 2009; Krouk et al., 2010; Tsay, 1993) 

and transcriptional regulators of nitrate response such as NLP6/7, TCP20, LBD37/38/39, SPL9 

and TGA1/TGA4 identified. They mediate primary nitrate responses including feedback on the 

expression of nitrate transport and assimilation genes (Alvarez et al., 2014; Castaings et al., 

2009; Guan et al., 2017; Marchive et al., 2013; Rubin et al., 2009; Varala et al., 2018; Wang et 

al., 2009).   

Flexible adjustment of developmental programs is an essential part of plant adaptation 

to nitrate availability and a key foraging strategy to optimize its uptake and to overcome 

temporal deficiency of this nutrient. Plant responses to nitrate availability can occur locally, 

confined to the root organ where nitrate is sensed and absorbed; and systemically, involving 

regulatory signals that elicit responses in distant plant organs (Ruffel and Gojon, 2017). The 

root-shoot-root systemic signaling theme appears to be central in communicating N status and 

in the coordination of root and shoot organ growth and development according to resources of 

nitrate (Chen et al., 2016; Ohkubo et al., 2017; Ota et al., 2020; Poitout et al., 2018). Mobile 

signaling molecules such as hormones and peptides have been identified as key components of 
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systemic regulatory pathways (Hirel et al., 2007). Among them, cytokinin has been proposed as 

a principal hormonal integrator, adjusting shoot development including apical meristem activity 

and leaf expansion to nitrate status sensed by the root system (Bouguyon et al., 2012; Krouk, 

2016; Landrein et al., 2018; Lee et al., 2019; Murray et al., 2012; Poitout et al., 2018; Wang et 

al., 2004). While cytokinin’s role as an important component of the systemic nitrate response 

pathway is firmly established, little is known about the downstream effectors that coordinate 

early shoot adaptive response to nitrate.  

Here, we identified a molecular framework that integrates inputs of nitrate and 

cytokinin regulatory pathways to effectively adjust early shoot development according to the 

nitrate availability sensed by the root system.  We demonstrate that nitrate, through NLP7-

mediated signaling in roots, enhances biosynthesis and transport of cytokinins to shoots. 

Cytokinin Response Factors (CRFs), encoding APETALA2/ERF transcription factors,  provide a 

readout of cytokinin levels in shoots, and through a fine-tuning expression of PIN auxin efflux 

carriers steer the flow of auxin, thereby promoting the growth of shoot organs. 
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4.2 Results 

Developmental adaptation to nitrate involves adjustment of PIN auxin transporter expression 

in the shoot. 

Nitrogen is an essential macronutrient whose availability has a major impact on the growth and 

development of all plant organs. Plants use nitrate (NO3
-) and ammonium (NH4

+) as major 

sources of inorganic nitrogen, although their preference for different forms might differ. 

Fluctuations in both concentrations and the form of nitrogen available in the soil have 

prominent effects on plant growth and development. To explore how Arabidopsis responds and 

adapts to different forms of nitrogen, Arabidopsis seedlings were grown on ammonium 

succinate (AS) as an exclusive nitrogen source for seven days and afterward transferred to 

media containing either AS or nitrate. The growth of seedlings was monitored for 1, 4 and 14 

days after transfer (DAT). As previously reported, nitrate promoted the growth of primary root 

(PR) and lateral root (LR) outgrowth, but not the density of LRs when compared to roots on 

media supplied with AS (Fig. 2a-c; Lima et al., 2010; Little et al., 2005; López-Bucio et al., 2003; 

Meier et al., 2020; Ötvös et al., 2021; Zhang, 1998). To examine developmental responses of 

shoot organs, the surface area of cotyledons and fresh weight of shoots 1 and 14 days after 

transfer to nitrate (DAT), respectively, were quantified. Embryonic leaves of seedlings 1DAT on 

medium supplied with nitrate expanded significantly more when compared to those 

supplemented with AS (Fig. 1a-b). Consistently, 14DAT fresh weight of shoots was significantly 

higher in seedlings supplied with nitrate than with AS (Fig. 2d). Hence, nitrate provided to 

seedlings triggers overall modulation of plant development including root and shoot organs. At 

the molecular level, the transfer of seedlings from AS to nitrate-supplemented medium resulted 

in rapid upregulation (within an hour) of the early nitrate responsive genes including ANR1, 

HRS1, TGA1 in roots (Fig. 2e).   

 Auxin and its graded distribution play an instructive function in all plant growth and 

developmental processes (Benková et al., 2003; Friml et al., 2002a, 2003; Reinhardt, 2003). 

Thus, we asked whether and/or how the auxin transport mediated through PIN auxin efflux 

carriers contributes to the developmental adaptation of plant organs to nitrate provision. qRT-

PCR analyses revealed relatively modest alterations of PIN transcription in roots after transfer 
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of seedlings to nitrate-supplemented medium. Among tested PINs, PIN3 expression was 

significantly increased in roots 1 and 6 hours after seedlings were transferred on nitrate when 

compared to AS containing medium, while PIN7 transcription was attenuated 6HAT (Extended 

Data Fig. 1f). Intriguingly, provision of nitrate triggered a profound response in shoots, in which 

transcription of several PIN genes including PIN1, PIN4, PIN6 and PIN7 was enhanced 1 HAT 

and/or 6HAT to nitrate when compared to AS (Fig. 1c). Analysis of PIN::GUS reporter lines 

corroborated the qRT-PCR results (Fig. 1d, Extended Data Fig. 1g). The nitrate-promoted 

expression of PIN genes correlated with the abundance of PIN proteins quantified 

in PIN1::PIN1-GFP and  PIN7::PIN7-GFP reporter lines. Significantly higher PIN1-GFP and PIN7-

GFP signals at the PM of cells of the vasculature and epidermal cells at the adaxial side of 

cotyledons, respectively, were detected in seedlings provided by nitrate than by AS (Fig. 1e-g).  

Hence, early phases of seedling adaptation to nitrate provision might be accompanied 

by adjustment of polar auxin transport in shoots. To examine whether PIN-mediated auxin 

transport is essential for shoot growth enhancement triggered by nitrate, mutants in PIN genes 

were analysed. Unlike wild-type, no significant increase in the size of cotyledon surface area 1 

DAT to nitrate when compared to AS was detected in the pin4 and pin7 mutants (Fig. 

1a,b).  Consistently, 14DAT to nitrate, shoot fresh weight of pin mutants was significantly lower 

when compared to wild-type control (Fig. 2h-j). 

Altogether, these results point to the role of PIN-mediated transport in the adaptation of shoot 

growth and development to nitrate provision.  

 

Cytokinin Response Factors mediate shoot developmental adaptations to nitrate.  

Upregulation of the PIN transcription in shoots after the provision of nitrate motivated us to 

screen for upstream regulators involved in this response. Cytokinin Response Factors (CRFs), 

which have been identified as direct transcriptional regulators of PINs (Šimášková et al., 2015), 

were detected among the early nitrate responsive genes in several transcriptome profiling data 

(Alvarez et al., 2014; Varala et al., 2018; Wang et al., 2004). In agreement with these reports, 

qRT-PCR analyses confirmed upregulation of CRF1, CRF2, and CRF6 in shoots provided with 

nitrate, when compared to AS (Fig. 3a). In roots, increase of CRF6 and CRF4 expression 1 and 
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6HAT to nitrate, respectively, was detected relative to AS (Fig. 4a). Consistently with qRT-PCR, 

staining of CRFs::GUS reporters corroborated nitrate responsive expression of CRFs in shoots 

(Fig. 3b).  

NLP7, a NIN-like transcription factor, is a master regulator of plant adaptation to nitrate. Nitrate 

triggers nuclear retention of NLP7 protein, where it activates transcriptional responses 

(Castaings et al., 2009; Marchive et al., 2013; Fig.4,c). Consistently, in nlp7 mutant, transcription 

of the early nitrate response gene (ANR1) was unresponsive to nitrate provision (Fig. 4d). To 

examine whether nitrate-promoted expression of CRFs is dependent on NLP7-mediated 

signaling we analysed the nlp7 loss of function mutant. Unlike wild-type, neither CRF1, CRF2 nor 

CRF6 transcription was enhanced in shoots or roots of nlp7 seedlings 1HAT to nitrate, when 

compared to AS.  (Fig. 3c;Fig. 4e). These data suggest that transcriptional modulation of CRFs is 

part of the specific plant adaptive responses to nitrate mediated by the core nitrate signaling 

machinery.  

To further explore the function of CRFs in nitrate-regulated plant growth, seedlings with 

the modulated activity of CRFs were examined. Similar to nlp7 mutants, which are defective in 

the shoot growth response to nitrate provision (Castaings et al., 2009; Yu et al., 2016; Fig. 3d,e; 

Fig. 4f,g ),   loss of CRFs function affected seedling sensitivity to nitrate provision. The nitrate 

promoting effects on cotyledon expansion 1DAT were reduced in 

crf2, crf3 and crf6 and crf2,3,6 mutants when compared to wild-type (Fig.3 d,e). Shoot fresh 

weight 14DAT was strongly reduced in crf6 and crf2,crf3,crf6 mutants when compared to wild-

type (Fig. 4h,i). In contrast to the attenuated response of the crf  mutants to nitrate, seedlings 

expressing CRF2 and CRF6 driven by constitutive RPS or 35S promoter, respectively, displayed 

enhanced expansion of cotyledons and shoot growth irrespective of nitrate provision (Fig. 3d,e; 

Fig. 4h-k). In addition, RPS::CRF2 introduced into the nlp7 background resulted in enhanced 

cotyledon expansion and shoot growth when compared to nlp7 supplemented with either AS or 

nitrate (Fig. 3d,e; Fig. 4j,k). 

These data strongly support the role of CRFs as molecular components of the pathway that, 

downstream of NLP7-mediated signaling, regulates plant growth adaptation to nitrate 

provision. 
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NLP7 fine-tunes expression of PINs and shoot developmental adaptation to nitrate through 

CRFs 

To examine whether nitrate promotes the expression of PINs in shoots through NLP7-mediated 

regulation of CRFs, crf and nlp7 mutants were examined closely. Unlike wild-type, in which 

supply of nitrate led to a significant increase in shoot expression of several PINs , in nlp7 and 

crf2 mutants, transcription of PINs was largely unaltered 1 HAT to nitrate when compared to AS 

(Fig.6a, b compared to Fig. 1c). PIN7-GFP and PIN1-GFP signals at the PM of epidermal and 

vascular cells in cotyledons in nlp7, crf6 and crf2 mutants, respectively, remained unaffected 

after transfer to nitrate, thus further corroborating the role of NLP7 and CRFs in the adjustment 

of PIN-mediated transport during shoot response to nitrate provision (Fig. 5a-d; Fig. 6c-f). 

Conversely, in RPS::CRF2 seedlings, an elevated PIN7-GFP abundance at the PM of epidermal 

cells in cotyledons was detected irrespectively of the nitrogen source. The strength of the PIN7-

GFP signal in cotyledons of the CRF2ox seedlings was significantly higher than detected in wild-

type seedlings supplemented with nitrate (Fig. 5 e,f). CRFs control PIN transcription through 

binding to cytokinin response elements (PCRE) in their promoters (Šimášková et al., 2015). 

Notably, nitrate provision did not enhance the expression of PIN7-GFP driven 

by PIN7 promoter, which lacks the CRF binding domain in cotyledons of wild-type as well 

as RPS::CRF2 seedlings (Fig. 5e,f). In line with the role of CRF-mediated regulation of PINs in 

developmental adaptation of shoots to nitrate provision, 

neither PIN7::PIN7:GFP nor ΔPIN1::PIN1:GFP were able to recover shoot growth 

of pin7 and pin1 mutants in response to nitrate provision (Fig. 6g,h). 

Altogether, these results support a scenario in which NLP7 and downstream acting CRFs control 

the expression of PINs in response to nitrate and thereby promote shoot development.  

 

NLP7-mediated signaling in roots controls cytokinin levels in shoots 

Our analyses indicated that enhanced growth of shoots in response to nitrate is dependent on 

NLP7/CRFs-mediated regulation of PIN-directed auxin transport. Intriguingly, while the root is 

the principal organ for nitrate uptake, significant alterations in the transcription of PINs by 
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nitrate supply were detected in shoots. This raised a question, whether adjustment of PIN-

mediated auxin transport and shoot growth in response to nitrate might involve some mobile 

signal translocated from roots. NLP7 is a core molecular component of the nitrate signaling 

pathway, whose loss of activity severely affects shoot growth in response to nitrate (Castaings 

et al., 2009; Yu et al., 2016; Fig. 2d,e; Fig. 4f,g). To examine whether proper uptake and sensing 

of nitrate in roots can recover shoot development of nlp7, we implemented grafting 

experiments. Roots and shoots of 7 days old wild-type and nlp7-1 seedlings germinated on 

media supplemented with AS were separated, and using a sealing tube, various grafting 

combinations were performed. Grafted seedlings were transferred to nitrate-containing 

medium and monitored for 14 days. As expected, shoots of Col wild-type grafted on Col roots 

(ColR/ColS) displayed enhanced development and bigger size when compared to shoots 

of nlp7 grafted on the mutant roots (nlp7R/nlp7S). Notably, the partial rescue of the nlp7 shoot 

development was detected in grafts with Col roots, while Col shoots grafted on roots 

of nlp7 mutant displayed retarded development when compared to ColR/ColS grafts (Extended 

data Fig. 4a). This suggested that nitrate, in NLP7-dependent manner, promotes translocation 

of some mobile signal from roots to above-ground organs where it coordinates shoots 

development.  

           Cytokinin is an established positive hormonal regulator of shoot growth, strongly 

associated with adaptive responses to nitrate (Poitout et al., 2018; Ruffel et al., 2011, 2016; 

Sakakibara, 2021). Mutants defective either in cytokinin perception (ahk2,ahk3), long-distance 

root-to-shoot cytokinin transport (abcg14) or biosynthesis (ipt3,5,7) are strongly affected in 

shoot growth adaptation to nitrate provision (Fig. 7a,b; Fig 8b,c). Analysis of the early cytokinin 

response gene ARR5 revealed that 6HAT of seedlings from AS to nitrate-containing medium 

expression of ARR5::GUS reporter in shoots is enhanced (Fig. 8d). To examine whether nitrate 

promotes the expression of ARR5 in an organ-autonomous manner or through the root-derived 

hormonal signal, the ARR5::GUS shoots were grafted on roots of ARR5::GUS as well as on the 

roots of abcg14 and  ipt3,5,7 mutants affected in cytokinin long-distance transport and 

biosynthesis, respectively. ARR5::GUS reporter expression was stronger in shoots grafted on 

wild-type roots when compared to shoots grafted on either abcg14 or ipt3,5,7 roots (Fig. 8e). 



 

91 
 
 

Consistently with previous studies, these results suggest that cytokinin might act as a mobile 

signal that, after the transfer of seedlings to nitrate, can be transported to shoots (Poitout et 

al., 2018; Ruffel et al., 2011, 2016). To explore whether reduced amount of cytokinin 

transported from roots to shoots might underlie the retarded development of nlp7 shoots 

despite sufficient nitrate availability, ARR5::GUS shoots were grafted on nlp7 roots. Expression 

of ARR5::GUS remained low in shoots grafted on roots of the nlp7 mutants when compared to 

those grafted on control roots (Fig. 7c). These results suggest that NLP7 signaling activated by 

nitrate in roots might be involved in the control of cytokinin translocation to shoots where it 

promotes their growth. 

 

NLP7-mediated nitrate signaling controls cytokinin levels and translocation from root to 

shoot 

Weaker ARR5::GUS expression in shoots grafted on nlp7 roots when compared to those on 

control roots indicates that NLP7-mediated nitrate signaling in roots plays a critical role in 

regulating cytokinin provision to shoot.  

In agreement with previous reports (Poitout et al., 2018; Ruffel et al., 2011, 2016; Takei et al., 

2004; Wang et al., 2004), qRT-PCR analyses showed that in wild-type seedlings, root expression 

of IPT3, IPT7 and ABCG14  is enhanced 1HAT to nitrate. In shoots, no major changes in 

expression of either cytokinin biosynthesis or transport genes were observed 1HAT to nitrate, 

relative to AS transfer, in line with a note that cytokinin acts as a mobile signal to mediate root-

to-shoot communication (Fig. 7d, Fig. 8f). Unlike wild-type, no increase 

in IPT3 and ABCG14 expression by nitrate was detected in nlp7  roots or shoots, supporting 

NLP7 function in fine-tuning cytokinin biosynthesis and transport in roots supplied with nitrate 

(Fig. 8g,h).   

To further investigate the role of NLP7-in cytokinin biosynthesis and/or transport to shoots, we 

examined whether the provision of cytokinins locally to roots can recover retarded shoot 

development in the nlp7 mutant. To validate the experimental set-up we first monitored 

cytokinin effects on shoot recovery in ipt3,5,7,  abgc14 and ahk2,ahk3 mutants defective in 

cytokinin biosynthesis, transport and perception, respectively. Cytokinin applied to roots 
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promoted shoot growth in the ipt3,5,7 mutant defective in cytokinin biosynthesis, while no 

enhancement could be detected in  abcg14 or ahk mutants. Notably, cytokinin applied to roots 

promoted shoot growth in nlp7, thus hinting at the role of NLP7 in the regulation of root-

derived cytokinins to coordinate shoot growth (Fig. 7a,b).   

In summary, NLP7-mediated regulation of cytokinin biosynthesis and transport derived from 

roots is an important part of the shoot developmental adaptation to nitrate provision.  

 

Nitrate-dependent cytokinin biosynthesis and distribution are affected in nlp7. 

To examine the role of NLP7 in the adjustment of cytokinin levels to nitrate provision we 

performed hormonal analyses in wild-type and nlp7 mutant 6HAT to either AS or nitrate-

supplemented medium. In agreement with previous reports (Poitout et al., 2018; Takei et al., 

2004), we found that provision of nitrate resulted in significant increase of biologically active 

cytokinin  trans-zeatin (tZ), as well as its transport form trans-zeatin riboside (tZR) and 

dihydrozeatin riboside (DHZR) in both roots and shoots of wild-type seedlings, when compared 

to these supplemented with AS (Fig. 7e). Provision of nitrate also enhanced accumulation of 

isopentenyladenosine-5′-monophosphate (iPRMP) and isopentenyladenosine (iPR) but not 

isopentenyladenine (iP) in shoots when compared to these on AS (Extended Data Fig. 4i, 

Extended Data Table.1).  Levels of cis-zeatin (cZ) and its derivatives were not altered by nitrate 

provision, indicating that the pathway encompassing cytokinin synthesis from tRNA-IPTs 

pathway is not significantly contributing to the adjustment of cytokinin pool to nitrate 

availability (Data Table.1). Likewise, levels of biologically inactive or storage forms of cytokinins 

such as O-, N7-, N9- glucosides remained largely unaffected by nitrate provision suggesting that 

increased levels of active cytokinins after transfer to nitrate do not originate from the 

conversion of their storage counterparts (Data Table.1). Overall, measurements of cytokinin 

derivatives in wild-type seedlings are consistent with previous reports demonstrating that 

provision of nitrate is accompanied by enhanced  biosynthesis of cytokinins, and in particular tZ 

types of cytokinins, which are translocated to shoots via the xylem (Poitout et al., 2018; Takei et 

al., 2004; Kudo et al., 2010).   
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Unlike wild-type, transfer of nlp7 to nitrate resulted in significantly lower accumulation 

of tZ, tZR and DHZR in shoots (Fig. 7e). Noteworthy, levels of tZR and DHZR in roots of nlp7 

mutants 6HAT to nitrate were higher than in wild-type roots, suggesting that their transport 

from roots to shoots might also be affected in the mutant background (Fig. 7e). Surprisingly, in 

nlp7 mutants supplemented with AS, increased levels of iP in both roots and shoots were 

detected when compared to wild-type, hinting at activation of mechanism compensating for 

low levels of tZ cytokinins in the nlp7 mutant (Fig. 8i; Data Table.1). Provision of nitrate led to 

reduction of the iP forms in nlp7 presumably due to their conversion of tZ triggered by nitrate.  

No dramatic alterations in amounts of cytokinin conjugates in nlp7 mutant on AS versus nitrate 

could be detected, in line with the assumption that modulation of cytokinin levels in response 

to nitrate mediated by NLP7 does not involve re-activation of storage forms of cytokinins (Data 

Table.1). Overall, this data support the previously established role of cytokinin as signaling 

molecule involved in plant adaptation to nitrate availability (Landrein et al., 2018; Naulin et al., 

2020; Poitout et al., 2018; Ruffel et al., 2011, 2016; Takei et al., 2004), and reveal an important 

role of NLP7 in fine-tuning cytokinin metabolism and distribution according to nitrate levels.  

 

Adjustment of PIN expression and shoot growth by nitrate is coordinated by cytokinin 

derived from roots.  

To test whether shoot expression of PIN genes in seedlings transferred to nitrate is dependent 

on cytokinin transported from roots, we grafted shoots of PIN7::GUS reporter line on roots 

of wild-type, ipt3,5,7 or abcg14, respectively. Expression of PIN7::GUS in grafts on control roots 

was stronger when compared to shoots grafted on either ipt3,5,7, abcg14 or  nlp7 roots, in line 

with the assumption that cytokinin is a mobile signal produced in roots supplied with nitrate 

and transported to shoots where it might activate expression of PINs (Fig. 9a). Consistently, 

expression of PIN7::PIN7-GFP was enhanced in cotyledons of seedlings that were transferred to 

media supplemented with AS and had cytokinin applied locally to roots. In nlp7 mutant, the 

cytokinin treatment enhanced PIN7-GFP signal in epidermal cells of cotyledons (Fig. 9b,c), 

whereas in abcg14 mutant no enhancement of PIN7-GFP abundance was observed under this 

condition (Fig. 9d,e).  
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Enhanced shoot growth was observed in PIN1::PIN1-GFP/pin1 and PIN7::PIN7-

GFP/pin7 seedlings provided by AS with cytokinin applied to roots. In contrast, PIN-GFP driven 

by promoters lacking elements recognized by CRFs, such PIN1 and PIN7, were unable to 

recover pin1 and pin7 shoot growth when cytokinin was added to AS-containing medium (Fig. 6 

g,h). These data support a model where modulation of PIN expression, driven by cytokinins 

translocated from play important role in controlling shoot growth adaptation to nitrate.    
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4.3 Discussion 

Nitrate is one of the major forms of nitrogen that plants acquire from the soil. To 

maintain homeostasis of nitrogen, plants evolved a complex regulatory network that effectively 

monitors levels of external nitrate supply, responds to nitrogen demand from different tissues, 

and systematically communicate this information to fine-tune the activity of pathways 

controlling uptake, distribution, assimilation as well as storage and remobilization of this 

macroelement (Alvarez et al., 2014; Gansel et al., 2001; Krouk, 2016; Walch-Liu et al., 2005) An 

important component of this nutrient management strategy involves a rapid modulation of 

root system growth to optimize nitrate provision to the plant body (López-Bucio et al., 2003). 

Concurrently, root, as a hub that perceives and integrates local and systemic signals on the 

plant’s external and endogenous nutrient resources, communicates with other plant organs to 

consolidate their physiology and development in accordance to actual nitrogen balance (Li et 

al., 2014). Over the last years, numerous studies demonstrated that these comprehensive 

developmental adaptations rely on the interaction between pathways controlling nitrogen 

homeostasis and hormonal networks acting in the plant body. 

Signaling molecules such as plant hormones including abscisic acid, gibberellins, 

ethylene, cytokinin, auxin and small peptides have been shown to translate signals about 

nitrate availability and nitrogen status in the plant body to specific adaptive responses 

(Reviewed by; Guan, 2017; Kiba et al., 2011; Krouk, 2016; Vega et al., 2019). Auxin and its 

gradual distribution play an instrumental role in the initiation, formation and patterning of all 

plant organs. The transport machinery underlying the distribution of this hormone has been 

identified and functionally characterized. The Aux/LAX influx and PIN efflux transporters, jointly 

coordinate the auxin flow, its direction and graded distribution determining proper 

development of plant organs (Abualia et al., 2018; Adamowski and Friml, 2015). Recently, 

NRT1.1 a principal component of nitrate transport and sensing has been found to display a dual 

nitrate/auxin transport activity, with auxin becoming substrate for NRT1.1 when levels of 

external nitrate drop. The control of auxin uptake through NRT1.1 tunes outgrowth of LR in 

response to nitrate availability (Bouguyon et al., 2015b; Krouk et al., 2010; Mounier et al., 

2014). The capability of NRT1.1 to transport auxin and thus to directly contribute to the 
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regulation of auxin distribution raises a question about the integration of the two auxin 

transport mechanisms and the overall role of Polar Auxin Transport (PAT) in plant adaptive 

responses to the nitrate availability and nitrogen status. Although nitrate- and/or nitrogen-

dependent regulation of several components of PAT including Aux/LAX, PINs and ABCBs efflux 

transporter has been reported (Gutierrez et al., 2007; Ma et al., 2014; Maghiaoui et al., 2020; 

Ötvös et al., 2021; Wang et al., 2004), insights into their functions in plant developmental 

adaptations to nitrate availability and nitrogen status are scarce. Interestingly, although the 

root is the primary organ for nitrate uptake and sensing, a profound nitrate-

promoted transcription reprogramming of PINs was detected in shoot organs, thus pointing at 

the role of the PIN-mediated auxin transport in shoot adaptive responses to nitrate provision. 

Consistently with this assumption, interference with the activity of PIN genes such 

as PIN1, PIN4 and PIN7 significantly attenuated stimulatory effects of nitrate on shoot 

development when compared to wild-type seedlings.  

CRFs, a subgroup of transcription factors from the AP2/ERF family, emerged as potential 

molecular components underlying convergence of nitrate signaling and the PAT from the 

overlap between nitrate responsive transcriptomes (Alvarez et al., 2014, 2020; Marchive et al., 

2013; Varala et al., 2018; Wang et al., 2004) and transcriptional regulators of PIN genes 

identified by Yeast-1 hybrid screen (Šimášková et al., 2015). Nitrate sensitive transcription 

of CRFs genes in shoots, together with deficiency of the respective mutants to respond to 

nitrate provision by enhanced shoot growth, support a role of these transcription factors in the 

regulation of plant developmental responses to nitrate availability. Furthermore, nitrate-

stimulated transcription of PINs is attenuated in crf mutants, or when the PIN promoters are 

deprived of the cis-elements targeted by CRFs, pointing at CRF-PINs as a regulatory module 

coordinating shoot developmental adaptation to nitrate.  

The CRF-mediated regulation of PIN expression in shoot needs to be tightly coordinated with 

processes such as nitrate absorption, distribution and signaling occurring primarily in the root. 

Cytokinins have been identified as one of the principal long-distance signaling molecules that 

mediate root-to-shoot communication about the nitrate status (Landrein et al., 2018; Poitout et 

al., 2018; Ruffel et al., 2011, 2016; Takei et al., 2004). Nitrate provision has been reported to 
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induce expression of cytokinin biosynthesis genes, such as IPT3, and root to shoot translocation 

of cytokinins (Maeda et al., 2018; Ruffel et al., 2011, 2016; Takei et al., 2004; Wang et al., 2004). 

Our expression analysis and measurements of cytokinins revealing upregulation of cytokinin 

biosynthesis and transport genes 1HAT to nitrate in comparison with AS, and enhanced 

accumulation of cytokinin derivatives such as tZ, tZR, DHZR, are fully consistent with these 

reports (Poitout et al., 2018; Takei et al., 2004). In light of these findings, CRFs as transcription 

factors whose expression is stimulated by cytokinins (Raines et al., 2016), are plausible 

candidates for regulators that, in response to cytokinins translocated to shoots, adjust the 

activity of the PAT.  

Analyses of the mutant lacking functional NLP7, a master regulator of the nitrate response, 

revealed that deficient shoot response of nlp7  to nitrate provision can be partially recovered by 

either its grafting on wild-type roots, cytokinin supply to roots, or expression of CRF2 under a 

constitutive promoter. Altogether, these observations suggest that NLP7 impinges on the 

regulation of cytokinin metabolism in roots or transport of the hormone to shoots. In line with 

these assumptions, expression of the cytokinin biosynthetic gene IPT3 in roots is stimulated by 

nitrate in NLP7-dependent manner. Interestingly, loss of NLP7 did not significantly interfere 

with nitrate-induced transcription of IPT7, thus hinting at potential redundancies in the 

regulation of the cytokinin biosynthetic genes by NLP7 homologues (Alvarez et al., 2020; Maeda 

et al., 2018; Marchive et al., 2013). Furthermore, enhanced transcription of ABCG14 in response 

to nitrate might be part of a positive feedback loop to reinforce the transport of cytokinins to 

shoot that seems to be dependent on NLP7 function. Analyses of cytokinins in nlp7 mutants 

when compared to wild-type further strongly support the role of NLP7 in the adjustment of 

cytokinin biosynthesis and distribution according to nitrate availability. Thus, our findings 

extend the previously recognized link between nitrate and cytokinin metabolism with NLP7 as a 

molecular component, which converges both regulatory pathways.  

Recently, ChIP-seq experiments predicted several CRFs promoters to be directly bound 

by NLP7 upon its translocation into the nucleus (Alvarez et al., 2020; Marchive et al., 2013). 

Additionally,  PIN7 promoter has been detected among the potential genes directly regulated 

by NLP7 in protoplast system (Alvarez et al., 2020; Liu et al., 2017).  Thus, alternatively, NLP7 
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might regulate PIN7 locally in tissues and organs where their expression coincides. Our findings 

do not rule out a contribution of such a direct interaction in addition to NLP7-mediated 

enhancement of cytokinin activity and transport from root to shoot, which might provide an 

efficient way for the robust CRF-PIN activation in the early phases of the shoot adaptation to 

nitrate.  

Altogether, our study reveals a molecular framework orchestrating shoot developmental 

processes with a root nitrate sensory system. In response to nitrate supply, NLP7 promotes the 

expression of cytokinin biosynthesis and facilitates cytokinin translocation to shoots. There, 

CRFs as direct regulators of PINs, stimulate the transport of auxin and thereby promote shoot 

growth and development.  
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4.4 Material and Methods 

Plant material 

All A. thaliana lines used in this study are in the Columbia ecotype. The mutant lines in this 

study are; pin7-2(Benková et al., 2003), pin4-3(2014), crf2-1(Šimášková et al., 2015), crf2-

2(Šimášková et al., 2015), crf3-1(Šimášková et al., 2015), crf6-1(Šimášková et al., 2015), 

crf2,3,6(Šimášková et al., 2015) , RPS5a::CRF2(Inzé et al., 2012), 35S::CRF6(Šimášková et al., 

2015), 35S::CRF3(Šimášková et al., 2015), nlp7-1(Castaings et al., 2009), nlp7-2(Castaings et al., 

2009), ipt3,5,7(Miyawaki et al., 2006), abcg14(Le Hir et al., 2013), ahk2ahk3(Higuchi et al., 

2004). The following previously described GUS marker lines were used; PIN1-GUS(Benková et 

al., 2003), PIN3-GUS(Friml et al., 2002a), PIN4-GUS(Friml et al., 2002b), PIN6-GUS(Benková et 

al., 2003), PIN7-GUS(Benková et al., 2003), CRF2-GUS (Šimášková et al., 2015), CRF3-GUS(Jeon 

et al., 2010), CRF6-GUS(Jeon et al., 2010), and NLP7-GUS(Castaings et al., 2009), ARR5-

GUS(D’Agostino et al., 2000) all in Col0 background. The green fluorescent protein marker lines 

used in this work were previously described; PIN1::PIN1-GFP(Šimášková et al., 2015), 

ΔPIN1::PIN1-GFP(Šimášková et al., 2015) in Col0, their expression in pin1-2 was obtained by 

crossing PIN1::PIN1-GFP(Šimášková et al., 2015), ΔPIN1::PIN1-GFP(Šimášková et al., 2015) with 

heterozygote pin1-201 after crossing selection was based on the presence of GFP signal in 

seedlings, and are homozygote for T-DNA insertion of pin1-201 using genotyping primers 

reported in the table below.  PIN7::PIN7-GFP(Šimášková et al., 2015), ΔPIN7::PIN7-GFP in pin7-

2(Šimášková et al., 2015), CRF2::CRF2-GFP(Šimášková et al., 2015) in Col0, NLP7::NLP7-

GFP(Castaings et al., 2009), 35S:: GFP-NLP7(Castaings et al., 2009). All crosses reported in this 

work and were produced during the project please refer to supplement Table.2 for full list of 

primers.  

Growth conditions 

Seeds of A. thaliana were surface-sterilized with 70% ethanol and sown on a modified 

Murashige and Skoog (MS) medium; Boric Acid 6.2 mg/L, Calcium Chloride (anhydrous) 332.2 
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mg/L, Cobalt Chloride (6H2O) 0.025 mg/L, Cupric Sulfate (5H2O) 0.025 mg/L, Na2EDTA (2H2O) 

37.26 mg/L, Ferrous Sulfate (7H2O) 27.8 mg/L, Magnesium Sulfate (anhydrous)180.7 mg/L, 

Molybdic Acid (disodium salt 2H2O) 0.25 mg/L, Potassium Iodide 0.83 mg/L, Potassium 

Phosphate (monobasic, anhydrous) 170 mg/L, Zinc Sulfate (7H2O) 8.6 mg/L;  supplemented with 

0.1% sucrose and 1% agar (Type E, Sigma A4675), pH=5,8. As a nitrogen source 0.5mM 

Ammonium Succinate (AS, Santa Cruz Biotechnology) (76 mg/L) or 5mM Potassium Nitrate 

KNO3 (505 mg/L) was added. Seeds were stratified at least for 2 days and grown for 7-21 days 

at 21 ⁰C in a 16 h light/8 h dark cycle. 

Hormonal treatment such as application of cytokinin to roots only was performed as follows: 

The MS medium (see above) supplemented with 0.5mM Ammonium Succinate and cytokinin 

(100nM 6-Benzylaminopurine; BAP) was poured in square petri-dishes and after solidification 

the upper ~2cm large band of medium was removed. 7-day-old seedlings were carefully placed 

on the medium so that only roots were in contact with the agar. 

Primary root growth 

7-day-old seedlings grown on 0.5mM AS containing medium were transferred on media 

supplemented with either 0.5mM AS, or 5mM KNO3. Seedlings were imaged using Epson 

Perfection V700 flatbed scanner daily for 4 consecutive days. The length of roots was measured 

manually using Fiji (V1.52) and root growth rate calculated as an increase in root length per 

day. Statistical evaluation was performed using Tukey’s comparison test following a one-way 

ANOVA. 

 

Lateral root density and developmental stage analyses 

7-day-old seedlings grown on AS were transferred on media supplemented with either AS or 

KNO3. After 4 days seedlings were cleared according to the protocol as previously 

published(Malamy and Benfey, 1997). Briefly, seedlings were incubated in 4% HCl, 20% methanol 

at 67°C for 5 min, in 7% (w/v) NaOH, 60% ethanol at room temperature (RT) for 15 min, followed by 

incubation in a series of ethanol dilutions from 75% to 10% at RT. Seedlings were mounted on 
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glass slides in drop of mounting medium (5%ethanol, 50%glycerol)(Dubrovsky et al., 2006; 

Malamy and Benfey, 1997). The developmental stages of LRs and LRP in 8 seedlings per 

treatment were observed using Olympus BX53 microscope. The length of roots was measured 

manually using Fiji (V1.52) and LRP density calculated. Significant differences between LRP 

densities at each stage were determined using Šídák's multiple comparisons test following a 

one-way ANOVA. 

Cotyledons surface area analysis 

7-day-old seedlings grown on medium containing AS were either collected (D0), their shoots 

excised and mounted on slides in a drop of 25% glycerol, or transferred to AS or KNO3 

containing media for 24h and afterword shoots collected and processed as described for D0. 

The Leica EZ4HD stereomicroscope was used to obtain images of cotyledons and their surface 

area was measured manually using Fiji (v1.52). The growth of cotyledons was evaluated as the 

relative increase in surface area 24HAT on AS or KNO3 containing media when compared to 

surface area of cotyledons at D0.  6-8 seedlings per treatment analyzed, experiment repeated 

2-3 times.  Results from one representative experiment are presented.  Significant differences 

were calculated by Tukey’s Test following one-way ANOVA followed.  

Shoot fresh weight measurement 

7-day-old seedlings grown on AS were transferred to KNO3 containing medium and grown for 

14 days vertically under the previously reported growth conditions. The experiments consisted 

of three biological replicates, each replicate containing 8 seedlings.  On the 14th day the shoots 

were excised and weighed on VWR analytical balance (series no.IT1301517). Presented are 

average shoot fresh weight per a seedling. Significant differences were calculated by Tukey’s 

Test following a one-way ANOVA. 

 For pin1-201 phenotype analysis, a heterozygote T-DNA insertion line was used. A total of 74 

seedlings were genotyped of which 17 homozygote seedlings were identified. A representative 

image of pin1-201 and Col0 seedlings grown on the same plates presented.  
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GUS (β-Glucuronidase) staining 

GUS expression was analyzed in 7-day-old seedlings transferred for 6 hours on AS or KNO3 

supplemented media. Seedlings were incubated in staining buffer containing 1mM of Ferro- 

Ferricyanide, 150mM sodium phosphate buffer (pH 7) and 1mg/ml of X-Gluc (dissolved in DMSO) 

at 37°C for 4-24 hours (time adjusted to the strength of GUS expression in individual lines). 

Seedlings were cleared as described above and mounted on slides in droplets of 5%ethanol-

50%glycerol mounting solution. The GUS histochemical staining was analyzed using Olympus 

BX53 microscope equipped with Olympus DP26 digital camera controlled by cellSense Entry 

software. 

RT-qPCR analysis 

Total RNA was extracted from excised 7-day-old seedling’s roots and shoots 1 and 6 HAT to 

ammonium or nitrate containing plates using RNeasy® Plant Mini kit from (QIAGEN) according 

to the manufacturer’s protocol. 1 and 0.5µg of RNA was used to synthesize cDNA (shoot and 

root respectively) using iScriptTM cDNA synthesis kit (BIO Rad). The analysis was carried out on 

a LightCycler 480 II (SW1.5.1 Version; Roche Diagnostics) with the SYBR Green I Master kit 

(Roche Diagnostics) according to the manufacturer’s instructions. All PCR reactions were carried 

out with three biological and technical triplicates. Expression levels of target genes were 

quantified by specific primers that were designed using Quant Prime(Arvidsson et al., 2008), 

and validated by performing primer efficiency for each primers pair. The levels of expression of 

each gene were first measured relative to AT4G05320 (UBQ10) and then to respective mock 

treatment (AS). Significant differences between expression level of a certain gene on nitrate 

and AS were calculated using two tailed t test.  Full list of qPCR primers provided in the 

supplementary information section (Table 2).  

 

Grafting 

7-day-old seedlings were grafted according to the hypocotyl-grafting procedure by (Turnbull et 

al., 2002). After a transverse cut at the hypocotyl, root and shoot part were aligned within the 
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silicon collar (Helix Medical, dimension 0.31mm diameter).  Grafted seedlings were maintained 

for 48- 72 hours on AS containing plates to heal, and then they were transferred to KNO3 

containing medium for either 24 hours (experiments Fig4c, Fig 5a, Extended fig 4e) or 14 days 

(extended Fig. 4a).  

Grafted seedlings 24 hours after transfer on KNO3 containing medium were subjected to GUS 

reporter expression analyses. Typically, scions of PIN7::GUS or ARR5::GUS reporter lines were 

grafted on roots of either wild type or various mutant lines. At least 4 successful grafts per 

combination were analyzed for GUS expression. The experiments were repeated 2 times.  

In grafted seedlings grown for 14 days on KNO3, adventitious roots were routinely removed and 

valid grafts determined on the basis of healthy primary root growth(2014).  Grafted seedlings 

were imaged using Epson Perfection V700 flatbed scanner. A total of 43 different grafts were 

performed, 33 were considered successful (evident by restoration of root growth). The 

reported phenotype was visible in 70% of the successful grafts. 

Imaging and image analysis of PIN-GFP expression 

7-day-old seedlings were transferred on the AS or KNO3 containing media for 3 hours, 

afterward mounted on slides in a droplet of water and imaged with Zeiss, LSM800 vertical 

confocal microscopes equipped with a 20×/0.8 Plan-Apochromat M27 objective. Fluorescence 

signals for GFP (excitation 488 nm, emission 507 nm) and Chlorophyl A signal for 

autoflourescence (excitation 640nm, emission 645-700 nm ) to verify the authenticity of 

membrane bound-signal were detected. Maximum intensity Z-stack projections of confocal 

images of at least 4 cotyledons from 4 different seedlings per treatment were used. To monitor 

PIN7::PIN7-GFP expression pattern cotyledons in their middle part were imaged.  The 

membrane PIN-GFP signal of two epidermal cells at adaxial side per cotyledon was measured 

using the segmented line function to mark the cell membrane to obtain a quantification of 

mean grey value using Fiji (v152).  Significant differences were calculated by Tukey’s Test 

following one-way ANOVA.  Experiments were conducted 2-3 times, representative images and 

quantification from one experiment are shown.  
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For monitoring PIN1::PIN1-GFP, clearing method using Clearsee® solution was utilized to 

diminish chlorophyll autofluorescence  and to enhance deep imaging and optical sectioning of 

the  major vasculature extending between the petiole and the first vasculature branching 

junction in the cotyledon. Clearing process was performed according to the manufacturer 

protocols(Kurihara et al., 2015). Maximum intensity Z-stack projection images of at least 4 

different cotyledons of 4 different seedlings per treatment were obtained.  Plasma membrane 

of cells within vasculature were marked using the segmented line function in Fiji (v152) and a 

mean grey value as a quantification of PIN1-GFP intensity obtained. Experiments were repeated 

total of 2-3 times, representative images and quantification from one repetition are shown. 

Significant differences were calculated by Tukey’s Test following one-way ANOVA.  

Measurements of endogenous cytokinins 

Quantification of cytokinin metabolites were performed according to the method described by 

(Svačinová et al., 2012) including modifications described by (Antoniadi et al., 2015). Samples (20 mg 

FW) were homogenized and extracted in 1 ml of modified Bieleski buffer (60% MeOH, 10% HCOOH and 

30% H2O) together with a cocktail of stable isotope-labeled internal standards (0.25 pmol of CK bases, 

ribosides, N-glucosides, and 0.5 pmol of CK O-glucosides, nucleotides per sample added). The extracts 

were applied onto an Oasis MCX column (30 mg/1 ml, Waters) conditioned with 1 ml each of 100% 

MeOH and H2O, equilibrated sequentially with 1ml of 50% (v/v) nitric acid, 1 ml of H2O, and 1 ml of 1M 

HCOOH, and washed with 1 ml of 1M HCOOH and 1 ml 100% MeOH. Analytes were then eluted by two-

step elution using 1 ml of 0.35M NH4OH aqueous solution and 2 ml of 0.35M NH4OH in 60% (v/v) MeOH 

solution. The eluates were then evaporated to dryness in vacuo and stored at -20°C. Cytokinin levels 

were determined by an ultra-high performance liquid chromatography-electrospray tandem mass 

spectrometry (UHPLC-MS/MS) using stable isotope-labelled internal standards as a reference 

(Rittenberg and Foster, 1940). Separation was performed on an Acquity UPLC® System (Waters, Milford, 

MA, USA) equipped with an Acquity UPLC BEH Shield RP18 column (150x2.1 mm, 1.7 μm; Waters), and 

the effluent was introduced into the electrospray ion source of a triple quadrupole mass spectrometer 

Xevo™ TQ-S MS (Waters). Five independent biological replicates were performed.   
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4.5 Figures and Tables 

 

Figure 1.  Modulation of PIN expression part of nitrate-mediated transcriptional reprogramming. 

(a, b)Imaging (a) and surface area quantification (b) of cotyledons from 7-days-old wild-type (Col0), pin4-

3 and pin7-2 seedlings grown on ammonium succinate (0.5 mM AS) (D0), and 24 HAT to either 

ammonium (AS) or nitrate (5mM KNO3) containing media. Relative size was quantified as mean surface 
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area of cotyledons on AS or KNO3 24 HAT compared to D0 (n=5-8 seedlings per treatment). The 

experiment was repeated 3 times; result from one representative experiment is presented. Significant 

differences determined by one-way ANOVA followed by a significant Tukey’s multiple comparison test; 

*P<0.05, ***P<0.001. (c) RT-qPCR expression analysis of PIN genes normalized to UBQ10 (AT4G05320) 

in Col0 shoots, 1 and 6 HAT to AS or KNO3 containing media. All RT-qPCR reactions were carried out with 

biological and technical triplicates. Statistical difference determined by t-test * P<0.05, **P< 0.01. (d) 

Expression analyses of PIN::GUS reporters in shoots of 7-days-old seedlings, 6 HAT to AS and KNO3. (e-g) 

Monitoring (e) and quantification of PIN1-GFP (f) and PIN7-GFP (g) membrane signal in vasculature 

(yellow arrows) and adaxial  epidermal cells of cotyledons, respectively, 3 HAT on AS or KNO3 

supplemented media. PIN-GFP signal measured in n= 2 epidermal cells, and at least 2 cells of vasculature 

in 6-7 seedlings per treatment.  Significant differences determined by t test; ****P<0.0001 (f) (g). Scale 

bars 400 μm (a), 200 μm (d), 24 μm (e).  
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Figure 2.  Modulation of PIN expression is part of nitrate-mediated transcriptional reprogramming. 

(a) Wild-type (Col0) seedlings grown for 7 days on AS and transferred for 4 days to either AS or KNO3 

containing media; red arrows indicate primary root tips. (b, c) Root growth rate (b) and lateral root 

primordia (LRP) density (c) quantified after transfer of 7-days-old seedlings for one (b) and four (b,c) 
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days on AS or KNO3. Significant differences determined by the Tukey’s multiple comparison test 

following a significant one-way ANOVA, **P<0.01, n=60 seedlings (b) and by Šídák's multiple 

comparisons test following one-way ANOVA followed, * P<0.05,**P<0.01, ***P<0.001 (c) n= 8 

seedlings/treatment. (d) Representative images of shoots of wild type (Col-0) seedlings 14 DAT to AS 

and KNO3 and quantification of shoot fresh weight. Significant differences determined by t test,   

****p<0.0001 (n= 3 biological replicates, 8 shoots per biological replicate)  (e,f) RT-qPCR analysis of 

early nitrate responsive genes in Col0 roots and shoots (e)  and PIN genes in Col0  roots (f) normalized to 

UBQ10 (AT4G05320) levels 1 and 6 HAT to AS or KNO3 containing medium. All RT-qPCR reactions were 

carried out with biological and technical triplicates. Statistical difference determined by t-test * 

P<0.05,**P<0.01 ***P< 0.001. (g) Expression analyses of PIN::GUS reporters in roots of 7-days-old 

seedlings 6 HAT to AS and KNO3. (h-j) Representative images of shoots of Col0, pin4-3, and pin7-2 

seedlings (h), and Col0 and pin1-2 (j) 14 DAT on AS and KNO3 containing media (h,j) and quantification of 

shoot fresh weight (j). Significant differences determined by one-way ANOVA followed by significant 

Tukey’s multiple comparison test,   ****p<0.0001, (n=3 biological replicates, 8 shoots per biological 

replicate) (i). Scale bars 4 mm (d,h,j), 50 μm(g) .  
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Figure 3. Cytokinin response factors mediate shoot developmental adaptations to nitrate 
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(a-c)  Expression analyses of CRFs using RT-qPCR (a,c) and CRF::GUS reporters (b) in wild-type (Col0) 

(a,b) and nlp7 (c) shoots of 7-days-old seedlings 1 (a,c) and  6 HAT (a-c) to AS and KNO3.Expression of 

CRF genes normalized to UBQ10 (AT4G05320) 1 and 6 HAT on AS or KNO3 containing media. All RT-qPCR 

reactions were carried out with biological and technical triplicates. Statistical difference determined 

with t-test * P<0.05,**P<0.01. (d,e) Imaging (d) and surface area quantification (e) of cotyledons from 7 

days-old wild-type (Col0), mutants and CRF over-expressors grown on AS (D0), and 24 HAT to AS or 

KNO3 containing media. Relative size quantified as mean surface area of cotyledons on AS or KNO3 24 

HAT compared to D0 (n=5-8 seedlings per treatment). Experiment repeated twice; result from one 

representative experiment is presented. Significant differences determined by one-way ANOVA followed 

by Tukey’s multiple comparison test; lower case letter indicate significant differences of at least 

*P<0.05. Scale bars 200 μm (b), 100 μm (d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

111 
 
 

 

 

Figure 4. Cytokinin response factors mediate shoot developmental adaptations to nitrate 

(a,d) RT-qPCR expression analysis of CRF genes normalized to UBQ10 (AT4G05320) 1 and 6 HAT on AS or 

KNO3 containing media in Col0 (a) and nlp7-1 (d) roots. All RT-qPCR reactions were carried out with 
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biological and technical triplicates. Statistical difference determined with a t-test *P<0.05,**P<0.01. 

(b,c) Expression analyses of NLP7::GUS reporter in roots of 7-days-old seedlings 6 HAT to AS or KNO3 

containing media (b) and of NLP7::NLP7-GFP 30 min HAT to AS or KNO3 (c). Yellow arrows indicate the 

nuclear localization of NLP7 on KNO3. (e,f) Representative images of shoots from 7-days-old wild type 

(Col8) and nlp7 seedlings 14 DAT on AS or KNO3 containing media (e) and quantification of shoot fresh 

weight (f). Significant differences determined by one-way ANOVA followed by Tukey’s multiple 

comparison test, ****p<0.0001 (n= 3 biological replicates, 8 shoots per biological replicate). (g-j) 

Representative images of shoots from7-days-old wild type (Col0) and transgenic lines 14 DAT on AS and 

KNO3 (g, i) and quantification of shoot fresh weight (h,j). Significant differences determined by one-way 

ANOVA followed by Tukey’s multiple comparison test, different lower case letter indicate at least 

*P<0.05 (n= 3 biological replicates, 8 seedlings per biological replicate). Scale bars 50 μm (b), 24 μm(c), 4 

mm (e,g,i). 
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Figure 5. NLP7 fine-tunes expression of PINs and shoot developmental adaptation to nitrate 

through CRFs 
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 (a-f) Imaging (a,b,e) and quantification (c,d,f) of PIN7-GFP membrane signal in adaxial epidermal cells of 

cotyledons 3 HAT to medium supplemented with AS or KNO3 in  nlp7-1 (a,c), crf6-1 (b,d) and PIN7::PIN7-

GFP, Col0 and ΔPIN7::PIN7-GFP,RPS5a::CRF2 (e) lines. Different lower-case letters indicate significant 

difference at one-way ANOVA followed by Tukey’s multiple comparison test (at least P< 0.05). PIN7-GFP 

signal measured in n= 2 epidermal cells, in at least 5 seedlings per treatment. Experiments repeated at 

least twice, result from one experiment is presented (c,d,f). Scale bars 24 μm (a,b,e). 
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Figure 6. NLP7 fine-tunes expression of PINs and shoot developmental adaptation to nitrate 

through CRFs 
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(a,b) RT-qPCR analysis of PIN genes normalized to UBQ10 (AT4G05320) levels 1 HAT to AS or KNO3 

containing medium in nlp7-1 shoots (a) and in crf2-2 shoots (b).  All RT-qPCR reactions were carried out 

with biological and technical triplicates. Statistical difference determined with a t-test * P<0.05. (c-f) 

Monitoring (c,d) and quantification (e,f) of PIN1-GFP membrane signal in vasculature (yellow arrows) of 

cotyledons 3HAT to AS or KNO3 supplemented media in nlp7-1 (c,e) and crf2-2 (d,f).   Different lower-

case letters indicate significant one-way ANOVA followed by a significant Tukey’s multiple comparison 

test (at least P< 0.05). n= at least 2 cells of vasculature in at least 4 different seedlings per treatment 

measured. (g,h) Imaging (g) and surface area quantification (h) of cotyledons from 7-days-old 

PIN7::PIN7-GFP,pin7-2, ΔPIN7::PIN7-GFP,pin7-2, PIN1::PIN1-GFP,pin1-2  and ΔPIN1::PIN1-GFP,pin1-2  

seedlings grown on AS (D0), and 24 HAT to either AS, AS supplemented with 100nM cytokinin (CK, 6-

Benzylaminopurine) or   KNO3 containing media. Relative size quantified as cotyledon mean surface area 

on AS or AS plus CK or KNO3 24 HAT compared to D0 (n=6-8 seedlings per treatment). Experiment 

repeated twice; results from one representative experiment are presented. Different lower-case letters 

indicate the significant at One-way ANOVA followed by Tukey’s multiple comparison test (at least P< 

0.05) (h). Scale bars 12 μm (c,d), 100 μm  (g).  
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Figure 7. NLP7-mediated signaling in roots controls cytokinin levels in shoots 
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(a,b) Imaging (a) and surface area quantification (b) of cotyledons from 7-days-old wild-type (Col0), nlp7-

1, ipt3,5,7, abcg14 and ahk2ahk3  seedlings grown on AS (D0), and 24 HAT to either AS, AS 

supplemented with cytokinin (CK,  100nM 6-Benzylaminopurine)  and  KNO3 containing media. Relative 

size quantified as mean cotyledon surface area on AS, AS plus CK or KNO3 24 HAT compared to D0 (n=6-

8 seedlings per treatment). Experiment repeated at least twice; results from one representative 

experiment are presented. Significant differences determined by one-way ANOVA followed by Tukey’s 

multiple comparison test; different lower case letters indicate significant difference of at least *P<0.05 

(b). (c) Representative images of ARR5::GUS expression in shoots of 7-days-old seedlings grafted on Col0 

or nlp7-1 roots. Grafted seedlings after 72 hours of healing on AS medium then transferred to KNO3 for 

24 hours.  (d) RT-qPCR analysis of IPT genes and ABCG14 expression normalized to UBQ10 (AT4G05320) 

in Col0 roots 1 HAT to AS or KNO3 containing media. All RT-qPCR reactions were carried out with 

biological and technical triplicates. Statistical difference determined with a t-test *P<0.05. (e) 

Quantification of trans-zeatin (tZ), trans-zeatin riboside (tZR) and Dihydrozeatinriboside (DHZR) in roots 

and shoots of Col8 and nlp7-1 seedlings 6 HAT to AS or KNO3 containing medium. Different lower-case 

letters indicate significant one-way ANOVA followed by significant Tukey’s multiple comparison test (at 

least P< 0.05) (n= 5 biological replica/genotype/treatment). Scale bars 100 μm  (a), 200 μm (c).  
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Figure 8. NLP7-mediated signaling in roots controls cytokinin levels in shoots 
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(a) Representative images of grafted seedlings and shoots (close-ups) of Col8R(root)/Col8S(shoot), 

nlp7-1R/nlp7-1S, Col8R/nlp7-1S and nlp7-1R/Col8S 14DAT to  KNO3 containing medium. (b,c) 

Representative images of shoots of 7-days-old wild type Col0, ahk2ahk3, abcg14, and ipt3,5,7 

seedlings 14 DAT to KNO3 (b)  and shoot fresh weight quantification (c). Significant differences 

determined by significant one-way ANOVA followed by Tukey’s multiple comparison test,   

****p<0.0001 (n= 3 biological replicates, 8 shoots per biological replicate). (d) Expression 

analyses of ARR5::GUS in shoots of 7-days-old seedlings 6 HAT to AS orKNO3 containing media. 

(e) Representative images of ARR5::GUS expression in the shoots grafted on roots of ARR5::GUS, 

abcg14 or ipt3,5,7, respectively. Grafted seedlings after 72 hours of healing on AS medium, then 

transferred to KNO3 for 24 hours. (f-h) RT-qPCR analysis of IPTs and ABCG14 expression 

normalized to UBQ10 (AT4G05320) in Col0 shoots (f) and nlp7-1 shoots (g) and roots (h) 1 HAT 

to AS or KNO3 containing media. All RT-qPCR reactions were carried out with biological and 

technical triplicates. Statistical difference was calculated with a t-test *P<0.05. (i). Quantification 

of isopentenyladenine (iP), isopentenyladenine riboside (iPR) isopentenyladenine riboside 5’-

monophosphate(iPRMP) in roots and shoots of Col8 and nlp7-1 seedlings 6 HAT on AS and KNO3 

containing media. Different lower-case letters indicate significant one-way ANOVA followed by 

significant Tukey’s multiple comparison test test (at least P< 0.05)  (n= 5 biological 

replica/genotype/treatment). Scale bars 4mm (b), 200 μm shoots, 50 μm roots (d),  200μm (e).  
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Figure 9. Nitrate-dependent fine-tuning of PIN expression in shoots is driven by cytokinin 

translocated from roots.  

(a) Representative images of PIN7::GUS expression in shoots grafted on roots of PIN7::GUS, nlp7, 

abcg14 or ipt3,5,7 roots. Grafted seedlings after 48 hours of healing on AS, then transferred to KNO3 

containing medium for 24 hours. (b-e) Imaging (b,d) and quantification (c,e) of PIN7-GFP membrane 

signal in adaxial  epidermal cells of cotyledons 6 HAT on AS, AS plus cytokinin (CK, 100nM 6-

Benzylaminopurine) or KNO3 supplemented media in nlp7-1 (b,c) and abcg15 (d,e). PIN7-GFP signal 
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measured in n= 2 epidermal cells, 4 different seedlings per treatment. Experiments repeated at least 

twice, results from one experiment are presented. Different lower-case letters indicate significant 

One way ANOVA followed by a significant Tukey’s test (at least *P< 0.05) (c,e). Scale bars 100μm (a), 

24μm (b,d). 
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Data Table 1.  Cytokinin content in wild type (Col8) and nlp7-1 shoots and roots  

Quantification of cytokinins in roots and shoots of Col8 and nlp7-1 seedlings 6 HAT to AS or KNO3 

containing media, mean value and standard deviation from 5 biological replicas, significant difference 

calculated unpaired t test, *P<0.05.  
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Abbreviations: 

iP7G, isopentenyladenine 7-glucoside, iP9G; isopentenyladenine 9-glucoside 

 tZRMP; tZ riboside 5′-monophosphate, tZOG; transzeatin O-glucoside, tZROG; trans-zeatin-O-glucoside 

riboside, tZ7G; trans-zeatin N7-glucoside, tZ9G; trans-zeatin N9-glucoside 

cZ ;cis-zeatin, cZR; cis-zeatin riboside, cZRMP ; cis-zeatin riboside-5’ –monophosphate, cZROG; cis-zeatin-

O-glucoside riboside, cZ9G; cis-zeatin N9-glucoside, cZ7G; cis-zeatin N7-glucoside.  
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5 Outlook and Future direction 

Part of plants nitrogen management strategies include a rapid modulation of root system growth 

to optimize nitrogen/nitrate provision to the plant body (López-Bucio et al., 2003). The root, as 

the organ that perceives and integrates local and systemic signals on the plant’s external and 

endogenous nutrient resources, communicates with other plant organs to consolidate their 

physiology and development in accordance to actual nitrogen source and balance.  Thus, it is no 

surprise that early modification in response to changes in the essential plant nutrient; nitrogen, 

are exhibited as alteration in root system architecture.  

Shortly after plants grown on ammonium succinate containing medium are supplied with nitrate, 

improvement in primary root growth is detected.  Enhanced root growth was linked to nitrate 

driven changes in the phosphorylation status of PIN2 protein, which coordinates auxin 

distribution between the epidermal and cortical tissues. This process is nitrate specific and yet 

nitrate regulated kinases and /or phosphatases that participate in this process remain unknown, 

thus being a challenging question for future research.   

In addition, I report that provision of nitrate to seedlings germinated on ammonium succinate is 

accompanied with enhancement of the PIN auxin transporters expression in shoots. This 

upregulation of PINs contributes to the shoot growth promotion detected on nitrate, and is result 

of cytokinin biosynthesis increase in the root and its transport to the shoot, where it induces the 

expression of CRFs; the direct PINs regulators. Shoot growth is driven by cell division and/or 

cell expansion.  Dissecting whether the PINs mediated transport of auxin fine-tuned in response 

to nitrate, leads to an increase in cell number, cell size or both needs to be further explored.  

Finally, the PINs expression modulation in the shoot, and its potential role in auxin translocation 

from shoot to the root is another point of interest for future studies. In our preliminary studies, in 

agreement with published literature, nitrate provision promotes LR growth and development 

(Figure2, Section 4.4 Figures and Tables).  Whether this upregulation of PINs expression in the 

shoot is leading to increased auxin shoot to root translocation and consequently promoting LRP 

growth and development on nitrate remains to be investigated.  Additionally, role of the nitrate 

controlled phosphorylation status of PIN2, which contributes to fine-tuning auxin distribution 

within the primary root,   in LRP development is to be addressed.  
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One of the intriguing results of this project, and was previously reported in the literature, is the 

finding that nitrate provision increases the levels of cytokinin in the roots. Given that cytokinin is 

a negative regulator of LRP growth and development, it appears that nitrate supply promotes 

LRP growth despite this cytokinin increase and deserves a closer look to uncover molecular 

mechanisms underlying such processes.  

 

 

 

 

 

 

 

 

 

 


