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2 Abstract 
Nitrogen is a key component to life. The bioavailability of nitrogen (N), in the form of ammonium 
(NH4

+) and nitrate (NO3
-), in soil ecosystem varies strongly and it often is a growth limiting 

factor for plants. Therefore, plants have evolved an arsenal of nitrogen signalling and uptake 
mechanisms to forage nitrogen from their environment. Once taken up by the root, nitrogen 
amongst other nutrients, is transported to other organs of the plant through the central vascular 
cylinder. To prevent the leakage of nutrients out of the vasculature, it is surrounded by a barrier 
tissue: the endodermis. We have only recently started to understand how the reinforcement of 
endodermal cell walls by lignin and suberin is coordinated with the plant nutrient status and 
especially the role of nitrogen remained unresolved. Here we found that, in Arabidopsis 
thaliana, nitrogen starvation leads to an increase of endodermal suberization and that 
endodermal nitrogen signalling and suberization are required to facilitate microbe-dependent 
growth promotion after nitrogen fertilizer application to agricultural soil. Tissue-specific post-
transcriptional analysis of nitrogen starved plants revealed, that in the mature primary root, the 
high affinity nitrate transporter NRT2.1 and the high affinity ammonium transporter AMT1.5 are 
upregulated in the outer cortex layer above the suberized endodermis. Similarly, coumarin 
biosynthesis appears to be distinctively regulated in the mature root under nitrogen starvation. 
The scopoletin synthesizing gene F6’H1 and the fraxetin synthesizing gene S8H are 
upregulated in the mature cortex, while the sideretin synthesizing gene CYP82C4 is 
downregulated. Moreover, the nitrate transceptor NPF6.3 and the transcription factor NIGT1.3 
are upregulated specifically in the endodermis of nitrogen starved plants. Manipulation of 
nitrogen signalling by overexpressing the nitrate responsive transcription factor NLP7, in the 
endodermis specifically, leads to higher sensitivity to nitrate and resulted in a reduction of 
suberization under nitrate re-supply. When grown in nitrogen-fertilized natural soil NLP7 
overexpression leads to a loss of microbe-dependent growth promotion. Similarly, the f6’h1 
mutant, which is unable to produce coumarins, is unable to benefit from nitrogen fertilization. 
Our results demonstrate that the endodermis, likely through NPF6.3 and NIGT1.3, plays a 
central role in coordinating plant nitrogen homeostasis. The distinct modulation of the root 
microbiome, through secreted secondary metabolites, has gained recent attention. It appears 
to be an integral tool for the adaption of plants to nutrient limiting conditions. How plant-
microbial relationships are established and communicated across a closed endodermal barrier 
will be a key question of upcoming research. 
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3 Introduction 
3.1 Nitrogen is an essential plant macro nutrient.  

Nitrogen (N), together with carbon, oxygen and hydrogen is one of the four key components 
for the formation of organic life (S. L. Miller, 1953). It is estimated to be the seventh most 
abundant element in the universe (0.11%) (Croswell, 1996). Elemental nitrogen (N2) 
constitutes the vast majority (78%) of earth’s atmosphere. Due to its triple bond, elemental 
dinitrogen (N2) is an inert gas. Because of that, elemental nitrogen does not contribute to the 
pool of biologically available nitrogen, often rendering it a limiting factor in many ecosystems. 
In fact, the concentration of nitrogen in the earth crust is low (0.002 %) (Mark Winter, 2023; 
Ohyama & Sueyoshi, 2010) but elemental nitrogen can be made bioavailable by natural 
atmospheric deposition, anthropogenic chemical fixation or biological fixation. The nitrogen 
cycle describes the turnover of biologically fixed nitrogen between species and ecosystems 
(Vitousek et al., 2002). In eukaryotic organisms, nitrogen constitutes between 1% 
(Laguncularia racemosa, white mangrove) and 15% (Epinephelus niveatus, snowy grouper) of 
the total dry mass (Barbarino & Lourenço, 2009), primarily in protein form (Novoa & Loomis, 
1981).  

For land plants, nitrogen dry weight content is estimated at 1.5% (Marschner, 1995). In 
aboveground tissue of winter oilseed rape (Brassica napus), 45.3% of nitrogen can be 
associated with photosynthetic activity, 10-15% with nucleic acids and ribosomes, and 8% with 
structural properties such as cell walls (Harrison et al., 2009; T. Liu et al., 2018). Nitrogen 
containing defense compounds vary greatly across species, but can constitute up to 20% of 
leaf nitrogen in almondbark (Prunus turneriana) (R. E. Miller & Woodrow, 2008). The remaining 
20-30% of plant nitrogen are not directly involved in any metabolic processes and are 
considered storage N. Until its remobilization for the growth of new tissue, nitrogen is either 
stored as inorganic nitrogen in the form of nitrate (NO3

-), or as organic nitrogen in the form of 
amino acids (AAs) or storage proteins (T. Liu et al., 2018). Nitrate can constitute up to 36% of 
total nitrogen in the shoots of perennial ryegrass (Lolium perenne) (Millard, 1988) and is mainly 
stored in the central vacuole of the plant cell (Tegeder & Masclaux-Daubresse, 2018). 
Depending on plant species, between 50% (birch, Betula pendula) and 90% (tomato, 
Lycopersicon esculentum) of total nitrogen is allocated to the shoot, while the remaining 10% 
to 50% are allocated to the root system. However, the distribution of available nitrogen between 
root and shoot depends on the nutrient status and photosynthetic rate of the plant, and different 
species employ different redistribution strategies (Ågren & Franklin, 2003).  

3.1.1 Nitrogen is a limiting factor for modern agriculture resulting in heavy nitrogen fertilizer 
usage. 

In natural ecosystems nitrogen is one of the major growth limiting factors. Due to the inert 
nature of N2 in the atmosphere there are little potential inputs of bioavailable nitrogen. Sporadic 
fixation of atmospheric nitrogen by lightning or volcanic eruptions is estimated to provide ca. 
0.24kg N ha-1 annually, which represents 3% of preindustrial global nitrogen fixation. The 
remaining 97% are fixed by prokaryotic organisms (Barth et al., 2023; Hill et al., 1980). 
Biological nitrogen fixation occurs mostly by free living or plant associated bacteria. Free living 
heterotrophic bacteria have been shown to contribute up to 20kg N ha-1 per year. The symbiotic 
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relationship of water ferns (Azolla spp.) with a cyanobacterium (Anabaena azollae) has been 
demonstrated to be able to fix up to 600kg N ha-1 per year (Wagner, 2011).  

Most nitrogen will be fixed as organic nitrogen within organisms and cycled between them. In 
this way, as so-called protein-precipitation, nitrogen is bound in the aboveground foliage of 
forests. Thus, available nitrogen would be stable over time. However, available nitrogen is still 
removed from ecosystems. While free organic, carbon-bound nitrogen and cationic, reduced 
mineral nitrogen (ammonium, NH4

+) show low mobility in soil, nitrogen in its oxidized anionic 
forms (nitric oxide, NO; nitrite, NO2

-; nitrogen dioxide, NO2 and nitrate, NO3
-) is highly mobile 

in the soil and can be washed out of topsoil layers by nutrient leaching. Moreover, during 
microbial, anaerobic metabolism, available nitrogen is removed from the soil resulting in 
denitrification. In contrast to other essential mineral elements, both oxidized and reduced 
nitrogen compounds have a gaseous phase resulting in nitrogen loss through volatilization 
(Berhe et al., 2014; Lehmann & Schroth, 2009; Vitousek et al., 2002). Besides these chemical 
processes, nitrogen bound in plant foliage can also be physically removed from ecosystems 
by forest fires, deforestation and agricultural harvest. The net nitrogen output of forest fires and 
deforestation is highly variable, because forest fires often result in remobilization of protein-
precipitated nitrogen in the form of free-soil mineral nitrogen, while deforested areas are often 
replaced with agricultural systems. However, both have been associated to increased nitrogen 
leaching from affected ecosystems (Christensen, 1973; Guiry et al., 2020).  

On present-day earth (status 2019), half (46%) of the total land mass is used for agriculture. 
In the last two hundred years, the area used for crop production quadrupled (Ritchie & Roser, 
2019). However, in the same timeframe, global population increased tenfold (Mathieu et al., 
2023). The British Association for the Advancement of Science already predicted in 1898 that 
a growing demand for food could eventually no longer be met with the amount of land available 
for agricultural farming, and indeed, while the cropland per capita initially increased to a peak 
of 0.5 ha per capita in 1910, it declined thereafter, and today only 0.22 ha are available per 
person (O’Neill, 2022; Ritchie & Roser, 2019; Topham, 1985). It was already known then, that 
the addition of certain materials increases soil fertility, and thus crop production. Yet, already 
at the brink of the 20th century the three known sources of nitrogen fertilizer - bird guano off 
the coast of South America, mineral nitrate reserves in the Atacama Desert, and charcoal 
distilled ammonium sulphate - were forecast to be exhausted mid-century (Topham, 
1985).Thus, in 1908, the two chemists Fritz Haber and Carl Bosch started to investigate the 
industrial synthesis of ammonia (NH3) from atmospheric nitrogen and water. Already four years 
later, this work resulted in the first industrial ammonia plant using their Haber–Bosch process 
in Ludwigshafen, Germany. Today, while scaled up, the principle of the process remains the 
same for which Nobel Prizes were awarded to Fritz Haber in 1919 and to Carl Bosch in 1931. 
In brief, pure elemental hydrogen (H2) gas is obtained by steam reformation from methane. 
Pure elemental nitrogen (N2) gas is obtained by air separation via cryogenic distillation. One 
unit of N2 and three units of H2 are then merged in a pressured vessel, which is cooled to 400-
500°C. Here, the gasses are adsorbed onto a magnetite (Fe3O4) catalyst. The high pressure 
and low temperature shift the equilibrium towards ammonia (Equation 1). Hydrogen, Nitrogen 
and ammonium are desorbed from the catalyst and ammonia is removed from the gas by 
cryogenic distillation, before the remaining reactants, H2 and N2, are recycled onto the catalyst 
(Topham, 1985). The current global NH3 production through this process is estimated at 150 
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109 kg (Smith et al., 2020). Ammonia can be converted to nitric acid HNO3 and subsequently 
all mineral nitrogen salts (Benvenuto & Plaumann, 2021). Currently, 80% of industrially fixed 
nitrogen is used for fertilizer production (Erisman et al., 2008). This is equivalent to 100·109 kg 
of fixed nitrogen or 80 kg N ha-1 of arable land. Yet, nitrogen fertilizers are not distributed 
equally, and thus, up to 380 kg N ha-1 are locally introduced into agricultural ecosystems 
(Figure 1A) (Ritchie & Roser, 2019). In soil ecosystems, the availability of inorganic nitrogen 
can vary from 10-3 M to 10·10-2 M, and 10-6 M to 10-3 M, for nitrate and ammonium, respectively. 
In addition to mineral nitrogen, plants can also take up organic nitrogen in the form of amino 
acids (AAs) from the soil. AAs can constitute between 10% to 40% of the total soluble N in 
soils with concentrations ranging between 10-7 M and 10-2 M (Gioseffi et al., 2012; Jones et al., 
2005), greatly depending on the ecological context (Raab et al., 1999). Heavy supply of 
biologically available nitrogen, introduced through industrial fertilizers, leads to high level of 
nitrate and ammonium into the soil. This allows for ammonium to be converted into nitrate by 
autotrophic nitrifying bacteria (Prosser, 1990). As a result, fertilizer nitrogen, in the form of 
nitrate, is leached into the lower soil levels and eventually into the ground water system (J. Fan 
et al., 2017; Lehmann et al., 2003; Lehmann & Schroth, 2009). Annually 10·109 kg of nitrogen 
end up in surface water this way, equivalent to 10% of the nitrogen fixed via the Haber-Bosch 
process (data from 2010) (van Puijenbroek et al., 2019). Eventually, leached nitrogen becomes 
unavailable for agricultural ecosystems and resulting in elevated nitrogen levels in freshwater 
reservoirs and river deltas. Here, excessive nitrogen availability fosters rapid algal blooms. 
Covering the whole surface of entire water bodies, algal blooms obstruct the penetration of 
light to lower levels and cause local littoral flora and fauna to die off. Furthermore, high 
photosynthesis rates deplete dissolved carbon, thereby elevating water pH levels. In the 
aftermath, the decomposition of these blooms consumes oxygen and creates hypoxic 
environments, rendering them uninhabitable (Figure 1B) (Chislock et al., 2013). In summary, 
while the chemical fixation of nitrogen has revolutionized agriculture, a new challenge has also 
arisen; as it has become clear that efficient usage of nitrogen fertilizer is also crucial for high 
yielding and sustainable agriculture. 

3.1.2 Plants employ different strategies to optimize their nitrogen use efficiency.  

To reach the goal of increasing agricultural nitrogen use efficiency, it is crucial to understand 
which strategies different plants employ to obtain nitrogen in their natural, nitrogen-limited 
ecosystems. As mentioned above, nitrogen, in contrast to all other mineral nutrients, is not 
added to the soil nutrient pool by weathering, but by atmospheric fixation. This unique 
interaction with the atmosphere, as well as the low mobility of reduced (NH4

+) and organic 
nitrogen versus the high mobility of oxidized nitrogen (NO3-), result in drastic differences of soil 
nitrogen availability in space and time (Glass, 2010). In aerobic soils, the main form of inorganic 
N is nitrate, while in flooded soils or anaerobic wetlands, the main form of inorganic N is 
ammonium (G. Xu et al., 2012). Currently, most domesticated crop plants are flowering (clade 
Angiosperm), vascular plants (clade Tracheophytes). These are primarily cereals (family 
Poaceae, 70%), leguminous plants (family Fabaceae, 18%), or oilseed plants (family 
Brassicaceae, 4%) (Figure 1C) (Ritchie & Roser, 2019). To sustain their aboveground 
vegetative and reproductive tissue, these plants take up mineral nutrients and water from the 
soil via their below-ground root system. While agricultural values have traditionally focused on 
above-ground traits, such as grain size, yield, and straw length, the root system is gaining 
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attention as an important contributor to plant health. The root system architecture (RSA) can 
dynamically adapt to the plant’s requirements by changing the directionality and branching of 
its primary and lateral roots, in order to forage nutrients from the soil (Giehl & von Wirén, 2014; 
Gruber et al., 2013). 

The effect of nitrogen on RSA has been shown in the roots of rice (Oryza sativa), amongst all 
essential mineral nutrients tested, plants only display nutritropism towards ammonium 
(Yamazaki et al., 2020). Moreover, in the extensively studied model organism Arabidopsis 
thaliana (commonly: thale cress, family: Brassicaceae), both ammonium (NH4

+) and nitrate 
(NO3

-) have been shown to directly and locally influence RSA under standardized laboratory 
conditions. While local supply of NH4

+ leads to an increase in lateral root number, as well as 
first and second order lateral root growth, local supply of NO3

- doesn’t influence the number of 
lateral roots, but increases the elongation of first order lateral roots (Meier et al., 2020). 
Together, these results highlight those plants indeed sense the presence and quality of mineral 
nitrogen, and show specific behaviorisms in order to optimize their nutrient uptake efficiency.  

Another adaptation of plants to limited soil nitrogen, is the recruitment of beneficial microbes 
into their roots. Some flowering plants within the Rosid I clade of eudicotyledon plants can 
develop specialized root organs, so-called ‘nodules’, in which they host nitrogen-fixing 
bacteria, making them independent from mineral nitrogen sources. Within this N2-fixing clade 
(NFC) the hypothesized predisposition for nodulation first appeared about 100·106 years ago. 
Considering that plants moved from sea to land already 109 years ago, Fabaceae nodulation 
is a relatively recent development in evolutionary history (de Vries & Archibald, 2018). Yet, 
they have been part of human agriculture from the very beginning in the form of, e.g., the 
name-giving faba beans (Vicia faba) and lentils (Vicia lens). Amongst other attributes they have 
been praised by the ancient greeks for their “soil invigorating” purposes (Fred, 1932), and to 
this day, leguminous plants such as clover (Trifolium spp.) are valued as “green manure”, and 
actively incorporated into crop cycles (Arevalo et al., 2005) in order to provide additional 
nitrogen to the field. The ability to beneficially interact with nitrogen-fixing bacteria is suggested 
to be conserved across plant lineages (Garrido-Oter et al., 2018). There is also evidence for 
non-leguminous plants living intimately with nitrogen fixing bacteria. As an example, it has 
been recently shown by Van Deynze et al. (2018), that aerial roots of a maize landrace (Zea 
Maize from Sierra Mixe, Oaxaca, Mexico, family Poaceae), secrete mucilage, which recruits 
and hosts microbial communities of diazotrophic bacteria. According to the study, these plants 
retrieve between 29 and 82% of their nitrogen through this interaction. Moreover, this unique 
interaction is may be the decisive factor allowing this landrace to outperform her sister 
landraces. Understanding the molecular mechanisms underlying nitrogen sensing, signaling, 
and homeostasis, will contribute to our understanding of how plants interact with their 
environment, and how these interactions impact crop yield. 
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Figure 1: Agricultural relevance of nitrogen fertilizer usage: A Distribution of nitrogen fertilizer usage, modified 
after Ritchie & Roser, 2019. B Spread of aquatic hypoxic ‘dead zones’ as read out for eutrophication and 
overfertilization, taken from Diaz & Rosenberg, 2008 C Land usage per crop separated by clade and family. Only 
data for food crops was provided, data from Ritchie & Roser, 2019 

𝑁𝑁2 + 3 𝐻𝐻2 ⇌  2 𝑁𝑁𝑁𝑁3 

Equation 1: Ammonia equilibrium exploited in the Haber-Bosch-Principle: The reaction to ammonium is 
exothermic. All three molecules can be considered ideal gases with a volume of 22.4 L mol-1  

3.2 Molecular mechanisms of plant nitrogen homeostasis 

Although the ability to form root nodules is an advantageous trait, it is not essential for plant 
survival, since land plants presumably lived on terrestrial soil for the majority of the last 1 109 

years without it. Moreover, even plants that can undergo nodule formation don’t always do so 
(Streeter, 1985; Wong, 1988). Whilst nodule symbiosis provides the host plant with fixed 
nitrogen, the plant in turn provides the symbiotic bacteria with primary metabolites (Bezrutczyk 
et al., 2018; Strodtman & Emerich, 2015). To balance, and conditionally restrain this 
metabolically costly relationship, nodule formation is restricted in the presence of sufficient 
mineral nitrogen sources (Streeter, 1985). Similarly, depending on carbon and water 
availability, which affects photosynthetic rates, nodule formation and supply are also adjusted 
by the host according to nutrient and water availability (Parvin et al., 2020). Further, plants are 
adjusting their nitrogen uptake capacity in accordance to nitrogen availability (Breazeale, 
1906). A prerequisite for the plant to make any of these adjustments is its ability sense both, 
the external availability of nitrogen in the soil, as well as its own internal nitrogen status and 
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demand. For this, plants have evolved sophisticated nitrogen sensing mechanisms (Gent & 
Forde, 2017). 

3.2.1 Extracellular nitrogen sensing 

Nitrogen sensing and uptake are tightly intertwined, and accordingly, all identified NO3
-, NH4

+ 
and AA sensing proteins serve an additional function as plasma membrane-localized nitrogen 
transporters (Ho & Tsay, 2010; O’brien et al., 2016). In Arabidopsis thaliana, apoplastic NO3

- 

levels are sensed by the dual affinity nitrate transceptor AtNPF6.31 (NRT1.1, AT1G12110) 
(Tsay et al., 1993). However, the exact details how it exerts its functions are not yet 
understood. To date, at least four different modes of NPF6.3-dependent signaling have been 
proposed (Armijo & Gutiérrez, 2017). In brief; at low nitrate levels, NPF6.3 acts as a decoupled 
dimeric high affinity transporter (Figure 2, top) (Armijo & Gutiérrez, 2017; Fang et al., 2021; 
Krapp et al., 2014; Muratore et al., 2021; O’Brien et al., 2016; Parker & Newstead, 2014; 
Rashid et al., 2018, 2020; Ye et al., 2019). Upon binding nitrate to the binding site of protomer 
A, the CIPK23-CBL9 (CIPK, CBL-Interacting Protein Kinase; CBL, Calcineurin-B like Protein) 
protein complex is phosphorylating NPF6.3, increasing its the nitrate transport rate. 
Phosphorylation of NPF6.3 by CIPK23-CBL9 triggers secondary CIPK23-CBL9-dependent 
nitrate responses, including calcium influx, protein phosphorylation and transcriptional 
changes. In contrast, at high nitrate levels, NPF6.3 is dephosphorylated and NPF6.3 dimers 
have a low transport rate (Bouguyon et al., 2015; Parker & Newstead, 2014; Rashid et al., 
2020). Similarly, Members of the high affinity AMMONIUM TRANSPORTER (AMT) family 
undergo a similar process of concentration dependent autoregulation. It has been shown that 
AMT1.1 and AMT1.3 form active homo- or heterotrimers. With increasing ammonium 
concentrations, these complexes are phosphorylated, reducing the ammonium influx (Lanquar 
et al., 2009; Straub et al., 2017; Wu et al., 2019). Apoplastic ammonium concentrations are 
thus stably maintained between 1mM and 2mM, independent of external ammonium supply 
(Yuan et al., 2007). Although similar transceptor models as for NO3

- have been proposed for 
NH4

+, a sensory complex at the plasma membrane has not yet been identified and it has been 
suggested that ammonium is instead sensed via its cytoplasmic concentration, or indirectly 
with nitrogen containing metabolites serving as proxy (Bai, Zhou, et al., 2014). Similarly, the 
perception of external amino acids and urea as nitrate sources is still debated. While 
transporters have been identified for both, soil amino acid concentrations are usually several 
orders of magnitude lower than cellular amino acid concentrations – depending on nitrogen 
status – can range between 0.1·10-6M and 10·10-3M (Gioseffi et al., 2012; Jones et al., 2005; 
Raab et al., 1999). Also, free urea is rapidly reduced to ammonia (NH3) or ammonium (NH4

+) 

(Muratore et al., 2021). Recently, GLUTAMATE RECEPTOR LIKE (GLR) amino-acid gated 
Na+/K+/Ca2+ transporters have been suggested to serve as AA sensors (Kang & Turano, 2003; 
Weiland et al., 2015). However, due to their substrate promiscuity it has remained difficult to 

 
1 The NRT1/PTR FAMILY (NPF) is a 53-member transporter gene family in Arabidopsis thaliana. Named 
after the first described NITRATE TRANSPORTER 1.1 (NRT1.1/CHL1) (Tsay et al., 1993), several 
genes within the family were associated to nitrate transport (aliases: NRT1.2 to NRT1.16) and/or other 
compounds, including chloride (Cl-), glucosinolates (GSL), auxin (IAA), abscisic acid (ABA), jasmonates 
(JA) and gibberellins (GA) (detailed review by Corratgé-Faillie & Lacombe, 2017). For the sake of 
consistency, they will be referred to as NPF genes in this work and, if applicable, their respective NRT1 
alias as well as gene identifier will be added upon first mentioning as it is referenced on arabidopsis.org 
(Berardini et al., 2015).  
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connect them directly to nitrogen sensing (Gent & Forde, 2017). In conclusion, while NPF6.3 
represents an intricate system to sense fluctuations in extracellular NO3

- concentrations, 
nitrogen levels are also sensed within the cell. Moreover, for ammonium and amino acids, this 
appears to be the primary sensory mechanism.  

3.2.2 Intracellular nitrogen sensing and signaling cascades 

3.2.2.1 Intracellular nitrate sensing by NLP proteins 
In addition to NPF6.3-dependent nitrate sensing at the plasma membrane, NIN-LIKE 
PROTEIN 7 (NLP7) was shown to directly bind nitrate and then relocate from the cytosol into 
the nucleus, where it acts as transcription factor to activate the expression of genes involved 
in nitrogen uptake (K. H. Liu et al., 2022). Retention of NLP7 in the nucleus is crucial for its 
activity (Marchive et al., 2013)and dependent on phosphorylation by the CALCIUM 
DEPENDENT PROTEIN KINASES 10, 30 and 32 (CPK10, CPK30, CPK32). Interestingly, 
these CPKs are in turn activated by NPF6.3-dependent calcium waves, which links the NLP7-
dependent N-responses to the plasma membrane nitrate sensing (K. H. Liu et al., 2020; Mu & 
Luo, 2019). Evolutionary analysis suggests that both, the nitrate binding-ability of NLP7 and 
its functional dependence on phosphorylation, are conserved across plant species (Durand et 
al., 2023; Mu & Luo, 2019). Seven of the nine NLP homologues in Arabidopsis thaliana – NLP 
2,4,5,6,7,8 and 9 – have been directly demonstrated or suggested to be involved in nitrate 
signaling (K. H. Liu et al., 2020, 2022). However, A similar sensing role by directly binding 
nitrate has so-far only been shown for NLP2 (Durand et al., 2023) (Figure 2, left). 

3.2.2.2 Is the tonoplast localized RLK CAP1 sensing cytosolic ammonium? 
Cytosolic ammonium could be sensed in three distinct manners. First, ammonium could be 
directly bound by a sensor, similar to nitrate being bound by NLP7. Second, changes in 
ammonium dependent nitrogen metabolism may serve as a proxy for cytosolic availability. And 
third, the influx of ammonium (NH4

+) or ammonia (NH3) may result in a changed cytosolic pH, 
which could serve as an indirect signal for changes in ammonium homeostasis. Regarding the 
latter, it has been shown that AMT-dependent apoplastic acidification leads to the import of 
protonated auxin into cortical cells, which ultimately facilitates lateral root emergence (Meier 
et al., 2020). Regarding the first suggestion, the tonoplast-localized [Ca2+]cyt-ASSOCIATED 
PROTEIN KINASE 1 (CAP1),a member of the 17-member CrRLK1s (Catharanthus roseus 
RECEPTOR LIKE KINASEs) family, has been indicated to convey the cytosolic NH4

+ status 
via calcium signaling. However, evidence of CAP1 directly binding the NH4

+ ion is still missing 
(Bai, Ma, et al., 2014; Y. Liu & Von Wirén, 2017) (Figure 2, bottom).  

3.2.2.3 N-assimilation by primary nitrogen metabolism 
Most evidence points towards a direct regulation of ammonium homeostasis by primary N-
metabolism. At this stage, nitrate and ammonium sensing converge, as nitrate is reduced to 
ammonium and eventually incorporated into AAs. In this process, cytosolic nitrate (NO3

-) is first 
reduced to nitrite (NO2

-) by the NITRATE REDUCTASE (NR). This step has been identified as 
rate limiting within the nitrate assimilation pathway, and is dependent on the redox cofactors 
flavin adenine dinucleotide (FAD), heme-Fe and molybdenum-molybdopterin (Mo-MPT). Here, 
both NADH and NADPH can act as electron donors for FAD (Campbell, 2001; Chamizo-
Ampudia et al., 2017). Next, the generated nitrite is imported into the chloroplast (Sanz-Luque 
et al., 2015). Within the stroma of the chloroplast, nitrite is further reduced to ammonium (NH4

+) 
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by the NITRITE REDUCTASE (NiR), which carries a [4Fe-4S] cluster and a siroheme as 
prosthetic groups. Reduced ferredoxin (Fdred), generated by photosynthesis, is used as an 
electron donor in this process. Alternatively, NADPH can be used as an electron donor. Still 
within the chloroplast, ammonium is incorporated into glutamate through GLUTAMATE 
SYNTHASE (GOGAT), using 2-oxoglutarate as a substrate and Fdred, NAD or NADPH as 
electron donors. Ultimately, another ammonium moiety can be added by the GLUTAMINE 
SYNTHETASE (GS), hydrolyzing ATP and using glutamate and ammonium as substrate. All 
other amino acids and nitrogen compounds are then synthesized via transamination 
(Hawkesford et al., 2023; Okumoto & Pilot, 2011; Russell, 2009; Sanz-Luque et al., 2015; 
Vallon & Spalding, 2009). Although homologues of the algal nitrite transporter 
Chlamydomonas reinhardtii CrNAR1.1, namely Cucumus sativus NITR1-L and CsNITR1-S, 
have been suggested to facilitate the import of nitrite into the chloroplast in those organisms, 
it is still not known how nitrite is imported into the chloroplast of vascular plants (Chamizo-
Ampudia et al., 2017; Sugiura et al., 2007). Similarly, little is known about the import of NH4

+ 
into the chloroplast. However, the Arabidopsis thaliana AMT1.2 protein contains a predicted 
plastid transit peptide site, and could therefore facilitate this process (Howitt & Udvardi, 2000). 
Export of synthesized amino acids from the chloroplast is currently believed to be facilitated by 
members of the PREPROTEIN AND AMINO ACID TRANSPORTER (PRAT) superfamily 
(Pudelski et al., 2010). In roots, nitrogen assimilation into amino acids mainly occurs through 
synthesis from glutamine by cytosplasmic GS (Howitt & Udvardi, 2000) and a study in barley 
(Hordeum vulgare) has shown that in the early stages of nitrogen assimilation, glutamine levels 
in roots increased 20-fold, even at the expense of decreasing levels of glutamic and aspartic 
acid (Oji & Izawa, 1971) (Figure 2, right).  

In conclusion, at the plasma membrane nitrogen is sensed in the form of nitrate by the 
transceptor NPF6.3. In the cytoplasm, nitrate is sensed by NLP transcription factors. Further 
nitrate is then reduced and integrated into glutamate in the plastid or directly into glutamine in 
the cytosol. Thus, in the cytosol glutamine and nitrate function as direct proxies of plant 
nitrogen status (Figure 2). 

3.2.2.4 Post-translational responses to nitrogen supply 
Nitrate transport, sensing and the primary nitrate response (PNR) are tightly intertwined. Post-
translational modifications of the proteins involve may serve to quickly integrate responses into 
cellular function (W. Wang et al., 2020). For example, nitrate resupply has been shown to 
reduce phosphorylation of the high affinity nitrate transporter NRT2.1, resulting in its rapid 
deactivation (Jacquot et al., 2020). In addition, phosphorylation of AMT1.1 increases its 
transport activity (Qin et al., 2020). Next to these two examples, also post-translational 
regulation of ammonium transport and assimilation via the highly conserved TARGET OF 
RAPAMYCIN (TOR) kinases has also been suggested. Although a direct connection between 
glutamine and TOR or its downstream targets remains elusive, it was shown that glutamine, 
together with nitrate and ammonium, and in the presence of sucrose, leads to the activation of 
TOR. Concomitantly, inhibition of TOR leads to decreased ammonium uptake and upregulation 
of NITRATE REDUCTASE (NR) and NITRITE REDUCTASE (NiR) resulting in increased 
Glutamine levels. As a result, NR, NiR and GS, but also CAP1, were hypothesized as potential 
targets for TOR to regulate nitrogen assimilation (Courbier, 2023; Ingargiola et al., 2023).  
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3.2.2.5 Transcriptional regulation of nitrogen status is integrated with nutrient status responses 
The transcriptional response to nitrate has been extensively studied in the context of nitrogen 
starvation and the PNR after nitrate re-supply.  In the nucleus, NLP7 binds to DNA of nitrate 
responsive genes at conserved, 43 base pair (bp) long regulatory cis-element(s) (NRE). NREs 
are located in the 5’-promoter regions, between ca. 50 and 250 bp upstream of the translational 
start codon (Konishi & Yanagisawa, 2011, 2013). NLP7 has been found bind to the promoters 
of 851 genes at their NRE, including 25% of genes that were miss regulated in the nlp7 mutant, 
and equivalent to ca 2% of all putative genes in Arabidopsis thaliana. These findings highlight 
the central and direct involvement of NLP7 in nitrate-dependent transcriptional regulation (The 
Arabidopsis Genome Initiative, 2000; Vidal et al., 2020; L. Zhao et al., 2018). Genes regulated 
as part of the transcriptional primary nitrate response can be categorized into transcription 
factors, transporters, hormone synthesis genes or transporters, nitrogen metabolism, 
signaling, or non-categorizable genes (e.g. the proteasome scaffolding genes BTB DOMAINE 
CONTAINING PROTEIN1 (BT1) and BT2 (Sato et al., 2016)). Transcription factors and 
signaling related genes, such as MAP kinases or CIPKs, furthermore influence each other, 
thereby creating a dense web of feedback loops. In the context of nitrogen homeostasis, genes 
involved in transport, nitrate reduction and nitrogen-assimilation, as well as regulatory 
transcription factors, deserve special attention. Both high and low affinity NO3

- and NH4
+ 

transporters, of the NPF (NPF6.3/NRT1.1, NRT1.2, NRT1.8), NRT2 (NRT2.1, 2.2, 2.4, 2.5, 
2.6., 2.7), AMT1 (AMT1.1, AMT1.3, AMT1.4) families, as well as AMT2, have been shown to 
be regulated within the PNR. Moreover, the nitrate reductases NIA1, NIA2, and the nitrite 
reductase NiR1, for which the NRE was first discovered, are directly bound by PNR 
transcription factors. Finally, nitrogen assimilation is also directly regulated, primarily via 
glutamate (11/25 genes), glutamine (5/28 genes), aspartate (4/28) and asparagine (3/28 
genes) metabolism. NPR also affects the transcriptional regulation of transcriptional regulators 
themselves. These transcriptional regulators include, but are not limited to, LATERAL 
BOUNDARY DOMAIN 37 (LBD37), 38, 39 (involved NRT2 and anthocyanin biosynthesis 
repression, (Rubin et al., 2009; Zhu et al., 2022), NITRATE-INDUCIBLE, GARP-TYPE 
TRANSCRIPTIONAL REPRESSOR 1..1 (NIGT1.1), 1.2, 1.3, 1.4 (involved in NRT2 repression 
and integration of N and phosphorus (P) signaling (Maeda et al., 2018)), ELONGATED 
HYPOCOTYL 5 (HY5) (light induced and involved in long distance signaling and anthocyanin 
biosynthesis (Shin et al., 2013; X. Wang et al., 2023) and NLP1, 3 (see above). Together, 
these results highlight the extend and variety of transcriptional changes by NPF6.3-depedent 
and -independent signaling mediated through NLP7 (Vidal et al., 2020). 

While most transcriptional responses to nitrate appear to be NLP7-dependent, there is also 
some evidence for NLP7-independent transcriptional regulation. The transcription factor NRG2 
has been shown to bind to NLP7, but also to induce NLP7-independent transcriptional changes 
upon nitrate supply. Moreover, transcriptional profiles of the nrg2 mutant after nitrate treatment 
differed, depending on the presence of ammonium in the growth medium (N. Xu et al., 2016). 
In 2002, Rawat and colleagues identified that one Arabidopsis thaliana AtAMT1 homologue, is 
negatively regulated by elevated glutamine levels. A similar negative feedback regulation has 
been described for Oryza sativa AMT1.3 (but not OsAMT1.1 and OsAMT1.2) (Sonoda et al., 
2003). Taken together, these previous studies highlight that the transcriptional responses to 
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high ammonium, and thus glutamine levels, might differ across species, and that systemic 
transcriptional responses to either glutamine or ammonium have yet to be demonstrated.  

While most research aimed to understand nitrogen signaling in plants, has focused on the 
resupply of nitrogen to nitrogen-starved plants, there is also evidence for transcriptional 
regulation of the response to nitrogen starvation. For example, the NPF6.3-dependent 
transcriptional repression of the high affinity nitrate transporter NRT2.1 in high nitrate 
availability, is relieved under nitrogen starvation. Moreover, NPF6.3 itself, as well as the 
transcription factors LBD37, 38, 39 and NLP7, appear to be repressed under nitrogen 
starvation. In contrast, two high affinity nitrate transporters NRT2.4 and NRT2.5 have been 
identified as hallmarks of nitrogen starvation and highly transcribed in starved plants.  

 

Figure 2: Overview of cellular nitrogen perception: Nitrate is perceived at the plasma membrane by the dimer 
dual-affinity nitrate transceptor NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER 
FAMILY 6.3 (NPF6.3), leading to its phosphorylation and activation by CBL-INTERACTING PROTEIN KINASE 23 
(CIPK23). High levels of nitrate lead to NPF6.3 de-phosphorylation, resulting in low affinity nitrate import, as well as 
the dimer high affinity NITRATE TRANSPORTER2 (NRT2) family deactivation. Also, NPF6.3 signaling activates 
CALCIUM DEPENDENT KINASEs (CPKs) 10, 30 and 32, which phosphorylate NIN-LIKE PROTEIN 7 (NLP7). 
Phosphorylated NLP7 is retained in the nucleus where in binds DNA at nitrate responsive cis-elements (NRE) 
activating the primary nitrate response (PNR). In the cytosol nitrate can be reduced to nitrite (NO2-) by NITRATE 
REDUCTASE (NR). Nitrite gets imported into the chloroplast, where it is reduced to ammonium (NH4+) by the 
NITRITE REDUCTASE (NiR), before integrate into glutamate (Glu) by plastid localized GLUTAMINE 
OXOGLUTARATE AMINOTRANSFERASE, GLUTAMATE SYNTHASE (GOGAT). Another moiety of ammonium 
subsequently gets integrated by either plastid or cytosol localized GLUTAMINE SYNTHASE (GS). Alternatively, 
ammonium can be transported into the cytosol by trimer high affinity AMMONIUM TRANSPORTER 1 (AMT1) family 
or diffuse through the plasma membrane as uncharged ammonia NH3. Cellular ammonium levels are potentially 
perceived by vacuolar [Ca2+]cyt-ASSOCIATED PROTEIN KINASE 1 or in coordination with sucrose and glutamine 
by TARGET OF RAPAMYCIN. Glutamine levels could directly or via TOR affect transcriptional regulation of PNR 
genes. Figure generated with biorender.com.  
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3.2.3 Long distance nitrogen signaling  

As nitrogen is assimilated from the soil, the local status needs to be communicated between 
the root and the shoot. Moreover, as roots can grow into different soil patches that may contain 
drastically different nitrogen concentrations, plants require mechanisms that allow for systemic 
communication of nitrogen status. This is also the case for nitrogen where amino acid 
availability, in particular glutamine, is a proxy for N-availability (Ijato et al., 2021; Oji & Izawa, 
1971). However, the question whether amino acids are sensed as signaling molecules 
themselves, remains controversial (Gent & Forde, 2017; Ruffel, 2018). Plants have developed 
dedicated genetic networks to signal systemic nitrogen availability. For example, the shoot-to-
root mobile transcription factor HY5 has been shown to integrate the shoot Carbon/Nitrogen 
status and to induce expression of NRT2.1 in a photosynthate-dependent manner (X. Chen et 
al., 2016). Intriguingly, nitrogen starvation also leads to the expression of C-TERMINALLY 
ENCODED PEPTIDEs (CEP) and CLAVATA/ESR-RELATED (CLE), which have been 
associated to systemic signaling (Kiba et al., 2018; Kiba & Krapp, 2016; Maeda et al., 2018; 
Safi et al., 2021). CEP peptides are produced locally in nitrogen starved roots, they are 
transported to the shoot via the xylem, where they are perceived by the CEP-RECEPTORs 1 
and 2 (CEPR1, CEPR2). Here they induce the production of CEP-DOWNSTREAM 1 and 2 
(CEPD1, CEPD2), two glutaredoxin polypeptides. These are then, through the phloem, 
transported back to the root, where they induce NRT2.1 but not AMT1.1 expression (Ohkubo 
et al., 2017; Ruffel & Gojon, 2017; Tabata et al., 2014). A recent study highlighted the 
intersection between cytokinin (CK) and CEPD signaling and suggested CEPD glutaredoxin 
function to balance root growth and nitrogen acquisition with available photosynthates (Taleski 
et al., 2023). To a lesser extend the involvement of CLE2, 3, 5 and 7 and their recognition 
through the receptor kinase CLAVATA1 (CLV1) has been studied. The mobility of root derived 
CLE peptides, however, is suggested to be restricted to the root layers to locally repress lateral 
root emergence (Araya et al., 2014; Kiba & Krapp, 2016; Ruffel, 2018). Lastly, shoot-root-
mobile microRNAs (miRs) could directly regulate protein translation. In Arabidopsis miR169 
has been suggested for this role. This microRNA is strongly downregulated upon nitrogen 
starvation and concomitantly its overexpression led to increased sensitivity to nitrogen 
limitation as well as altered expression of NPF6.3 and NRT2.1 (M. Zhao et al., 2011)  

3.3 Nitrogen uptake into the plant root  

3.3.1 Molecular nitrogen transport systems 

With nitrogen present in soil in many different varieties and concentrations, the plant needs to 
be able to deploy different strategies to ensure sufficient N-uptake under fluctuating conditions. 
Plasticity of root development and, in particular, root anatomical features such as root hairs 
can help (Gruber et al., 2013). However, more sophisticated methods also exist. The plant has 
evolved low and high affinity uptake systems (LATS and HATS), including a whole arsenal of 
transporter proteins capable of facilitating nitrogen transport across the plasma membrane. 
Previous research revealed, that systemic nitrogen status signaling is responsible for local 
adaptations of root morphology. In part this occurs through local transcriptional regulation 
through signaling molecules such as hormones, peptides or transcription factors. Evidentially, 
this also requires tissue specific regulation of nitrogen transport. By now, the main players in 
plant nitrogen transport have been identified and partly associated to specific plant tissues 
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(reviewed by X. Fan et al., 2017; Hu et al., 2021; Kant, 2018; Muratore et al., 2021; Nacry et 
al., 2013; Noguero & Lacombe, 2016; O’brien et al., 2016; Tegeder & Masclaux-Daubresse, 
2018) (Table 1). 

For nitrate, this includes the NRT1/PTR FAMILY (NPF), which contains 53-members in 
Arabidopsis thaliana. This family is named after the first described NITRATE TRANSPORTER 
1.1 (NRT1.1/NPF6.3) (Tsay et al., 1993), 16 genes within the family have been directly 
associated to nitrate transport (Vidal et al., 2020, Supplemental Table 1). However, due to the 
high variability in their pore region, NPF genes can transport a wide variety of substrates and 
e.g., NPF6.3 is also characterized as auxin transporter (Corratgé-Faillie & Lacombe, 2017). 
This wide diversity of substrate specificity and sequence variety within the NPF family has 
made it difficult to identify NPF-homologues in other plants that fulfill a similarly central role as 
NPF6.3 in Arabidopsis (Figure 3). Besides NPF6.3 none of the NRT1 members has been 
shown to act as high affinity nitrate transporter and thus nitrate transporting members of the 
NPF family, i.e, NRT1.1 – NRT1.16, have been labelled as nitrate low affinity transport system 
(LATS). Plants also possess a high affinity transport system (HATS). Genes of the NRT2 family 
have been identified to encode high affinity nitrate transporters (Orsel et al., 2002). In 
Arabidopsis thaliana, this family consist of seven members which are suggested to act as high 
affinity H+/NO3

—symporters (Lezhneva et al., 2014; Lupini et al., 2016). NRT2 transporters 
interact with NRT3.1 (AtNAR2.1, AT5G50200) and NRT3.2 proteins. Despite, not possessing 
any known transport activity loss of NRT3 genes led to a reduction of nitrate import down by 
96% (Kotur et al., 2012; Okamoto et al., 2006). Of the seven members of the NRT2 family, 
NRT2.1 – NRT2.6 are associated to the plasma membrane, whilst NRT2.7 is suggested to be 
tonoplast localized, loading nitrate into the vacuoles of developing seeds (Chopin et al., 2007). 
NRT2.1 and NRT2.2 contribute up to 80% to the inducible HATS (W. Li et al., 2007), but have 
been shown to be transcriptionally downregulated by constitutive nitrogen supply in an 
NPF6.3-dependent manner (Krouk et al., 2006). NRT2.4 and NRT2.5 have been associated 
to nitrogen starvation and the constitutive HATS in both roots and shoots (Kiba et al., 2012; 
Lezhneva et al., 2014). Also, for ammonium, high affinity ammonium transporters of the AMT1 
family have been identified. In Arabidopsis thaliana four of the five members, AMT1.1, 1.2, 1.3 
and 1.5 have been shown to be expressed in the roots. Moreover, AMT1.1 and AMT1.3 act in 
homo- or heterotrimers and have been shown to be inhibited by their phosphorylation in high 
ammonium availability. (Lanquar & Frommer, 2010; Qin et al., 2020; Wu et al., 2019; Yuan et 
al., 2007). Also, the only member of the Arabidopsis AMT2 familyAMT2.1 has been associated 
to ammonium transport, albeit with lower affinity (Giehl et al., 2017). Due to the similarity of the 
ammonium and potassium ion in charge and size, potassium transporters are also likely to 
contribute to cellular NH4

+ influx (Cuin et al., 2010). Lastly, as ammonia and ammonium are in 
a pH dependent equilibrium, at high concentrations and high pH, it cannot be ruled out that 
uncharged ammonia can diffuse unaided across the plasma membrane (Hoopen et al., 2010). 

Urea and amino acids represent organic forms of nitrogen available in soil and are also used 
by plants as nitrogen source (Czaban et al., 2016). Although urea fertilizers contribute to more 
than 50% of the world’s fertilizer, it is rapidly converted to mineral nitrogen forms by soil 
microorganisms (Finch et al., 2014). Amino acids are also demonstrated to be transported by 
members of the USUALLY MULTIPLE ACIDS MOVE IN AND OUT TRANSPORTER 
(UMAMIT) family. However, until now only six of the 44 members in Arabidopsis have been 
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described and contributed rather to systemic nitrogen transport between different plant organs, 
rather than uptake from the soil (C. Zhao et al., 2021). Yet, three gene families have been 
associated to root amino acid uptake: AMINO ACID PERMEASES (AAP) LYSINE/HISTIDINE-
LIKE TRANSPORTERs (LHT) and PROLINE AND GLYCINE BETAINE TRANSPORTERS 
(ProTs) (Tegeder & Masclaux-Daubresse, 2018). One of them, LHT6, has been suggested to 
import acidic amino acids, as well as, glutamine and alanine from the rhizosphere (Perchlik et 
al., 2014). 

 

Figure 3: Genetic phylogeny of described and putative nitrogen related transporters. The genetic tree layout 
was done with iTOL, multiple sequence alignment done by Oliver Johanndrees with RAxML on whole genomic 
sequences from TAIR 

3.3.2 Spatial organization of nitrogen uptake 

Some of the above-mentioned transporters have been shown to be expressed in different 
tissues of the root. For example, the high ammonium transporter AMT1.2 was shown to be 
expressed in the endodermis in younger roots and in the cortex in the mature root (Yuan et al., 
2007). Also, NRT2.1 was shown to be specific to the outer cell layers of the root, the epidermis, 
cortex and endodermis (Wirth et al., 2007). However, this information is inferred from 
microscopical imaging of transcriptional or translational fluorescent reporters, which are often 
imaged under sufficient nutrient conditions and also maybe are not directly comparable. Thus, 
it is difficult to comparatively assess the localization of different transporters in different root 
maturation zones and tissues (Table 1) and to connect this information to the extensive 
transcriptional information that has been gathered on nitrate – and nitrogen – signaling in the 
last 30 years. Nitrogen is taken up into the root and following the flow of water. The transport 
from root to shoot occurs mostly through the apoplastic xylem (Tyree, 2003; Van Bel, 1984, 
1990). The root contains a complicated system that serves to provide filters that exclude 
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unwanted compounds from entering the root and prevent nutrients from flowing back into the 
soil. For this function, in particular the cell layer surrounding the vasculature, the endodermis, 
has gained attention. Moreover, the different expression of transporters along the longitudinal 
axis of the root suggests that different young and mature root tissues might play different roles 
in nitrogen uptake from the soil. In order to investigate what these roles might be, it is crucial 
to understand the morphological differences between young and mature root tissue. 

Table 1: List of genes associated to plant nitrogen transport and their respective function in plants. The list 
is accumulated and cross referenced by the reviews indicted in the last column as well as the review by Vidal et al., 
2020. Although extensive literature is available on nitrogen transporters, it cannot be excluded that some already 
described functions of nitrogen transporters were overlooked or not mentioned here for other reasons. Only genes 
from Arabidopsis thaliana are mentioned. Protein, gene and compound descriptions can also be found in the List 
of abbreviations 

N-Form Family Gene Alias Organ 
Tissue-

specificity in 
roots 

Tissue-
specificity 
in shoots 

Function Reviewed by 

Nitrate NPF 

NPF1.1 NRT1.12 Leaf  Source leaf Phloem loading 

(O’brien et al., 
2016; Tegeder & 
Masclaux-
Daubresse, 2018) 

NPF1.2 NRT1.11 Leaf  Source leaf Phloem loading 

(O’brien et al., 
2016; Tegeder & 
Masclaux-
Daubresse, 2018) 

NPF2.3  Root   Xylem loading 
(Kant, 2018; O’brien 
et al., 2016) 

NPF2.7 NAXT1 
Mature 
root 

Cortex  Low affinity efflux 

(Kant, 2018; 
Muratore et al., 
2021; O’brien et al., 
2016) 

NPF2.9 NRT1.9    Xylem to phloem transfer 
(Kant, 2018; O’brien 
et al., 2016) 

NPF2.12 NRT1.6 Flower   
Import 
Phloem unloading 

(Kant, 2018) 

NPF2.13 NRT1.7 Leaf  Source leaf Phloem loading 

(O’brien et al., 
2016; Tegeder & 
Masclaux-
Daubresse, 2018) 

NPF4.6 NRT1.2 

Root tip 
Young root 
Mature 
root 

Epidermis, 
young 
Epidermis, 
mature 
Epidermis, 
root tip 

 Low affinity uptake 

(Kant, 2018; 
Muratore et al., 
2021; Nacry et al., 
2013; O’brien et al., 
2016) 

NPF5.5  Seed  Embryo Phloem unloading 
(O’brien et al., 
2016) 

NPF6.2 NRT1.4 Leaf  Source leaf Xylem unloading 
(Kant, 2018; O’brien 
et al., 2016) 

NPF6.3 NRT1.1 

Primary 
root tip 
Young root 
Emerging 
lateral root 

Epidermis 
near root tips 
Cortex 
Endodermis, 
mature root 

 

High affinity uptake 
Low affinity uptake 
Auxin transport 
Transceptor 

(Hu et al., 2021; 
Kant, 2018; 
Muratore et al., 
2021; Nacry et al., 
2013; Noguero & 
Lacombe, 2016; 
O’brien et al., 
2016) 

NPF7.2 NRT1.8 Root   Xylem unloading 
(O’brien et al., 
2016) 

NPF7.3 NRT1.5 Root   Xylem loading 
(O’brien et al., 
2016) 

NRT2 

NRT2.1  
Mature 
root 

Epidermis 
Cortex 
Endodermis 

 
High affinity uptake 
Suggested transceptor 

(Hu et al., 2021; 
Kant, 2018; 
Muratore et al., 
2021; Nacry et al., 
2013; Noguero & 
Lacombe, 2016; 
O’brien et al., 
2016) 
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N-Form Family Gene Alias Organ 
Tissue-

specificity in 
roots 

Tissue-
specificity 
in shoots 

Function Reviewed by 

NRT2.2  
Mature 
root 

Epidermis  High affinity uptake 

(Kant, 2018; 
Muratore et al., 
2021; Nacry et al., 
2013; Noguero & 
Lacombe, 2016; 
O’brien et al., 
2016) 

NRT2.3  

Young 
roots, 
Mature 
root, 
Young 
shoot 

  
Suggested high affinity 
uptake 

Original 
publication: (Orsel 
et al., 2002) 

NRT2.4  

Lateral 
Root 
Root tip 
Mature 
root 
Young root 

Root tip 
epidermis 
Endodermis, 
young root 
Epidermis, 
mature root 
 

Source leaf 
High affinity uptake, 
Phloem loading 

(Kant, 2018; 
Muratore et al., 
2021; Noguero & 
Lacombe, 2016; 
Tegeder & 
Masclaux-
Daubresse, 2018) 

NRT2.5  

Root tip 
Mature 
root 
Young root 

Root hairs 
Epidermis, 
young root 
Cortex  
Endodermis, 
root tip 
Epidermis, 
mature root 

Source leaf 
High affinity uptake, 
Phloem loading 

(Kant, 2018; 
Muratore et al., 
2021; Noguero & 
Lacombe, 2016; 
O’brien et al., 
2016; Tegeder & 
Masclaux-
Daubresse, 2018) 

NRT2.6  
Mature 
and young 
root 

  
Suggested high affinity 
uptake 

Original 
publication: (Orsel 
et al., 2002) 

NRT2.7  Seed   
Import into the seed cell 
vacuoles 

(Kant, 2018; O’brien 
et al., 2016) 

Ammonium AMT1 
AMT1.1  

Root tip 
Root 

Root hairs 
Epidermis 
Cortex 

 High affinity uptake 
(Muratore et al., 
2021; Nacry et al., 
2013) 

AMT1.2  Root 

Endodermis, 
young root 
Cortex, 
mature root 

 Retrieval from apoplast 
(Muratore et al., 
2021; Nacry et al., 
2013) 

AMT1.3  
Root tip 
Root 

Root hairs 
Epidermis 
Cortex 

 
High affinity uptake 
Suggested transceptor 

(Muratore et al., 
2021; Nacry et al., 
2013) 

AMT1.5  
Root tip 
Root 

Root hairs 
Epidermis 

 Very high affinity uptake 
(Muratore et al., 
2021; Nacry et al., 
2013) 

AMT2 
AMT2.1  

Root tip 
Root 

Vasculature 
Cortex 

 
High affinity transport, low 
affinity uptake 

(Nacry et al., 2013, 
Giehl et al., 2017) 

AKT 
AKT1     

Unspecific ammonium and 
potassium import 

(Muratore et al., 
2021) 

Amino acid LHT 

LHT1  

Young root 
Mature 
root 
Root tip 

Epidermis  
High affinity uptake of 
neutral and acidic amino 
acids, His 

(Muratore et al., 
2021; Nacry et al., 
2013) 

LHT6  Root 

Root hairs 
Epidermis 
Cortex 
Endodermis 

 
High affinity uptake of 
acidic amino acids, Gln, Ala 

(Muratore et al., 
2021) 

AAP 

AAP1  
Root 
Root tip 
Seed  

Root hairs 
Epidermis 
Cortex 

 
High affinity uptake of Glu, 
Ala, Gln, Pro, Ser 
Seed loading 

(Muratore et al., 
2021; Nacry et al., 
2013; Tegeder & 
Masclaux-Daub 
teresse, 2018) 

AAP5  Root Cortex  
High affinity uptake of Arg, 
Lys 

(Muratore et al., 
2021) 
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N-Form Family Gene Alias Organ 
Tissue-

specificity in 
roots 

Tissue-
specificity 
in shoots 

Function Reviewed by 

AAP8  
Seed 
Leaf 

  
Seed loading 
Phloem unloading 

(Nacry et al., 
2013; Tegeder & 
Masclaux-
Daubresse, 2018) 

UMAMIT 
UMAMIT11     Phloem unloading 

(Tegeder & 
Masclaux-
Daubresse, 2018) 

UMAMIT14     Phloem unloading 
(Tegeder & 
Masclaux-
Daubresse, 2018) 

UMAMIT18  Leaf   Phloem unloading 
(Tegeder & 
Masclaux-
Daubresse, 2018) 

UMAMIT28  Seed   Seed loading 
(Tegeder & 
Masclaux-
Daubresse, 2018) 

UMAMIT29  Seed   Seed loading 
(Tegeder & 
Masclaux-
Daubresse, 2018) 

ProT 
ProT2  Root 

Cortex 
Epidermis 

 Uptake of Pro, Gly-betaine 
(Muratore et al., 
2021; Nacry et al., 
2013) 

Urea SSS 

DUR3  Root 

Epidermis 
Cortex  
Vasculature, 
near xylem 

 
High affinity uptake 
 

(Muratore et al., 
2021; Nacry et al., 
2013) 

 

3.4 The formation of root barriers is essential for nutrient homeostasis 

3.4.1 In the young root the Casparian Strip is established as a primary apoplastic diffusion 
barrier 

Nutrients taken up from the soil need to pass the outer root cell layers before reaching the 
stele for transport into above ground parts of the plant. They can either diffuse through the 
apoplast or be taken up into cells. Once in the cell, they can move along the symplastic 
pathway via cell-cell connecting funnels termed plasmodesmata or be exported to apoplast for 
further uptake by an adjacent cell which resembles the trans-cellular pathway (Barberon, 2017; 
Geldner, 2013; Ramakrishna & Barberon, 2019). In Arabidopsis thaliana, the outer cell layers 
consist of the epidermis, cortex and endodermis (Dolan et al., 1993; Webb et al., 2002). In light 
of these transport mechanisms the endodermis serves a protective role and restricts the 
apoplastic transport by Casparian strip (CS) thin lignified net between endodermal cells 
(Caspary, 1866; Geldner, 2013; Naseer et al., 2012) and the transcellular transport by suberin 
deposition around the cells (Andersen et al., 2018; Barberon et al., 2016; Krömer, 1903; 
Peterson & Enstone, 1996). After passing the endodermis the nutrients are taken up into the 
vasculature, for long distance transport towards the shoot.  

3.4.2 Suberin as an adaptive secondary barrier 

While the CS and its function are initiated in the young endodermal cells close to the apical 
root meristem after 10-15 cells (Kamiya et al., 2015), most endodermal cells develop suberin 
lamellae about 30-40 cells distal to the meristematic region (Andersen et al., 2015, 2018; 
Doblas, Geldner, et al., 2017). Suberin is deposited in the secondary cell wall and covering the 
entire surface of the cell.  This insulates the endodermal cells by blocking access to the 
plasma-membrane (Peterson & Enstone, 1996). Suberin deposition does not occur 



  Introduction 

Cologne, 09.2023 PhD thesis, Noah Kürtös 22 / 23 

homogenously across all endodermal cells. Rather endodermal cells initiate suberization in a 
patchy manner (Patchy zone) before most endodermal cells are suberized (Suberized zone) 
(Barberon, 2017; Barberon et al., 2016; Doblas, Geldner, et al., 2017; Geldner, 2013). 
Intriguingly, some cells positioned adjacent to the underlying xylem poles remain unsuberized 
after the establishment of the suberized zone. These have been termed “passage cells” (PCs) 
as they are believed to provide a low-resistance radial flow path directly into the vasculature. 
(Kroemer, 1903; Peterson & Enstone, 1996). Although so far no function of PCs has been 
established, we recently gained hints that these cells might be involved in nutrient homeostasis 
(Andersen et al., 2018). These findings suggest a model where nutrients and/or biotic signals 
might be funnelled towards and through the endodermis via PCs (El-Showk & Mähönen, 2018; 
Robbins et al., 2014). Suberizing cells can be found in both above-ground (i.e., bark) and 
below-ground barrier tissues (e.g., periderm, exodermis, endodermis) (Woolfson et al., 2022). 
Although research in potato (Solanum tuberosum) (e.g., Soliday et al., 1979) and the name 
giving cork oak (Quercus suber) (e.g., Almeida et al., 2013; Silva et al., 2013) has highlighted 
the importance of suberin in pathogen and water stress resistance of the periderm and cork 
bark respectively, we only recently started to understand the importance of endodermal 
suberin deposition.  

The suberin macromolecule consists of two distinct domains, an aliphatic domain consisting 
of long chain fatty acids and fatty alcohols (C18-C26), and an aromatic domain, consisting of 
phenylalanine-derived aromatic acids or alcohols such as ferulic and coumaric acid. These 
covalently polymerized through esterification of the three alcohol groups of glycerol to form 
mono- or di-acyl glycerols (MAG, DAG) with one aromatic component. Currently, there are two 
models about the organization of the suberin macromolecule. First, the ‘Two-Domain-Model’ 
where suberin monomers are linked to the primary cell walls at through their aromatic residues 
and then aliphatic and aromatic residues alternating creating the distinctive laminar pattern. 
Alternatively, the “Integrated Model” suggests a stronger subdivision of phenolic, hydrophilic, 
and aliphatic residues (Ursache et al., 2020; Woolfson et al., 2022)(Figure 4A, B). For 
synthesis of suberin monomers, metabolites from two separate pathways are required. First, 
the aromatic compounds are derived from the phenylpropanoid pathway (PPP) and second 
long aliphatic compounds derived from plastid primary metabolism (Dong & Lin, 2021; Jamet 
et al., 2021; Obata, 2019; Peng et al., 2008; Vishwanath et al., 2015; Woolfson et al., 2022). 
Several genes have been attributed, so suberin polymerization. This mainly includes members 
of the GDSL-TYPE ESTERASE/LIPASEs (GELP) 22, 38, 49, 51 and 96. A quintuple knockout 
of which was devoid of any endodermal suberization (Ursache et al., 2020). Suberin synthesis 
requires metabolites from both the phenylpropanoid pathway and from fatty acid metabolism. 
The availability of these resources likely influences suberin biosynthesis and vice versa 
regulation of suberin synthesis likely affects the production of other secondary metabolites. 
However, some transcriptional regulators have been directly associated to the regulation 
suberin biosynthesis. The transcription factor MYB41 has been shown to be a key positive 
regulator of suberin aliphatic compound biosynthesis (Kosma et al., 2014). On the other hand, 
MYB4 appears to be a negative regulator of the PPP and its tissue-specific overexpression in 
the endodermis was sufficient to abolish endodermal suberin deposition (Andersen et al., 
2021). However, in the endodermis specifically also MYB53, 92 and 93 have been shown to 
modulate suberin (Shukla et al., 2021). 
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Endodermal suberization is dependent on the nutritional status of the plant. Iron, manganese, 
phosphate and zinc starvation result in a reduction of suberization. Sulphur and potassium 
starvation result in an increase of suberization and closure of passage cells (Andersen et al., 
2018, 2021; Barberon et al., 2016). Recent observations in barley (Hordeum vulgare) also link 
endodermal suberization to nitrogen responses. Here an increase in suberization could be 
observed upon nitrogen depletion (Armand et al., 2019; Melino et al., 2021). However, the 
effect of nitrogen status on endodermal suberization of Arabidopsis thaliana, especially along 
the longitudinal axis has not been addressed. Endodermal suberization status appears to be 
positively regulated through ABA and negatively regulated through ethylene (Andersen et al., 
2021; Barberon et al., 2016; Ursache et al., 2020). 

 

Figure 4: Physical and chemical structure of suberin and its synthesis. A: TEM micrographs of root cross 
sections showing presence of suberin lamellae in wild-type. Scale bar = 20µm. pe = Pericycle, en = Endodermis, 
SL = Suberin Lamellae, CW = Cell Wall, 1 refers to the cross section depicted in the original figure (Ursache et al., 
2020, Figure 4M). B: Proposed composition of the suberin macro molecule (Woolfson et al., 2022, Figure 1). C p-
Coumaryl CoA is at the heart of the phenylpropanoid pathway required for a plethora of secondary metabolites such 
as anthocyanin, flavones, lignin, and suberin, Figure 1 from Peng et al 2008. (Dong & Lin, 2021; Obata, 2019; Peng 
et al., 2008). D Overview of main enzymes required for suberin synthesis, taken from Vishwanath et al., 2015, 
Figure 2. For detailed gene names see list of abbreviations 
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3.4.3 Does endodermal suberization play a role in microbiome assembly determining soil 
nitrogen fate. 

Plants assemble distinct microbial communities around their root (Wippel et al., 2021). A recent 
study connected the status of endodermal barriers to the assembly of plant microbiota. This 
appears to be actively modulated by the plant, as both plants cultivated in mono-association 
with bacterial strains showed differences in suberin deposition, but also mutants defective in 
endodermal barrier formation assemble different microbial communities when cultivated with 
a Synthetic Community (SynCom) of bacteria. Moreover, this modulation appeared to enhance 
the plant adaptation to nutritional stress. Nitrogen deficiency was not assessed in this study 
(Salas-González et al., 2020). A later study fortified the active role of the endodermis in plant-
microbial interactions (Verbon et al., 2023). In regard to nitrogen-homeostasis, it is known that 
microbial communities, can improve plant growth under nitrogen limiting conditions and as 
mentioned above in extreme cases can provide the plant with up to 82% of their required 
nitrogen (Courty et al., 2015; Van Deynze et al., 2018; P. Yu et al., 2021). Plants have been 
shown to alter their shoot-to-root carbon allocation depending on environmental factors and 
further to exude a significant proportion (ca. 11%) of assimilated carbon into the rhizosphere 
(Bulgarelli et al., 2013, 2019; Parvin et al., 2020). Lastly, the presence of specific secondary 
metabolites, namely coumarins, flavonoids and glucosinolates have been shown 
independently to be crucial to convey beneficial effects of the microbial community (Harbort et 
al., 2020; Stringlis et al., 2018; Voges et al., 2019; Wolinska et al., 2021; P. Yu et al., 2021). 
Coumarins, flavonoids and suberin share coumaric acid, generated through the 
phenylpropanoid pathways, as a precursor molecule and it is likely that they are jointly 
regulated and integrate plant nutrient status and its microbial environment. In turn the microbial 
community has a strong effect in determining the fate of soil nitrogen where, depending on soil 
status, nitrate reduction to ammonium competes with denitrification (Putz et al., 2018). These 
two microbial processes have contrasting implications for the nitrogen status in the ecosystem. 
While denitrification leads to loss of aqueous (NO3

-) or gaseous (NO, N2O, N2) nitrogen, nitrate 
reduction to ammonium (NH4

+) leads to nitrogen retention in the soil. Metagenomic analysis of 
the capacity of soil microbiota to reduce nitrate can provide a diagnostic tool to assess the 
nitrogen retention capacity of microbial communities (Welsh et al., 2014). However, it remains 
unclear how -and if- these traits are actively modulated by host plants and integrated in their 
regulation of nitrogen homeostasis. 
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4 Aims of this work 
The cumulative research introduced above has revealed key nitrogen transporters and their 
regulatory elements in the model plant Arabidopsis thaliana. In parallel, investigations into the 
localization of nitrogen transporters along the longitudinal axis of the root also highlighted 
differences in tissue specificity along the root. The establishment of diffusion barriers within 
the root ground tissue, namely the endodermal CS and suberin deposition, have been shown 
to be important for plant nutrient homeostasis (Andersen et al., 2018; Barberon et al., 2016; 
Kamiya et al., 2015). Moreover, two recent studies pointed towards a specific role of the 
endodermis in coordinating plant-microbe interactions (Salas-González et al., 2021; Verbon et 
al., 2023). Lastly, the importance of beneficial plant-microbe interactions in respect to plant 
nitrogen homeostasis – beyond the realm of nodulating plants – has gained traction (Van 
Deynze et al., 2018; P. Yu et al., 2021). 

The work presented here aimed to connect the physiological response of endodermal suberin 
deposition to varying N-availability (1), as well as the tissue-specific transcriptional responses 
along the longitudinal axis of the primary root (2) and additionally the role of the endodermis in 
coordinating N-homeostasis in a natural environment (3). 

To address points (1) and (2), plants were cultivated in an agar-based system, allowing for 
precise control of nitrogen availability. (1) Suberin deposition was directly assessed using 
fluorol yellow (FY) and fluorescent microscopy (described by Lux et al., 2005). (2) Compared 
to bulk tissue sequencing, tissue-specific sequencing approaches can reveal previously hidden 
plant responses. In addition, Translating Ribosome Affinity purification (TRAP) does not 
require the production of protoplasts. Instead, mRNA can be harvested from specific tissues 
of bulk samples, and also such tissue with strong cell-to-cell connections or cell wall 
modifications, including the endodermis (Mustroph et al., 2009; Thellmann et al., 2020). Here, 
TRAP was used to directly compare the transcriptional response of the young and mature 
ground tissue, i.e. cortex and endodermis, in nitrogen-starved and nitrogen-sufficient 
conditions. To address point (3), the key-transcription factor of nitrogen-signaling, NLP7, was 
overexpressed specifically in the mature endodermis. The impact of manipulating N-signaling 
in the endodermis specifically was then assessed in both axenic, plate-based experiments, as 
well as more natural, soil-based experiments. 

In the following, we show that endodermal suberization occurs earlier in nitrogen starvation, 
which can be reverted by nitrate supply (1). Further, we present a tissue-specific atlas, focusing 
on the ground tissues, of the young and mature primary root of Arabidopsis thaliana. Here we 
observe an upregulation of high affinity nitrogen uptake and the phenylpropanoid pathway in 
the mature cortex (2). Lastly, we show that manipulation of nitrogen-signaling, in the mature 
endodermis specifically, hampers the plant’s ability to benefit from microbe-elicited nitrogen 
fertilizer usage (3).  
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5 Results 
5.1 Nitrogen availability influences the onset of the endodermal suberin barrier and 

passage-cell aperture. 

5.1.1 Nitrogen starvation leads to premature onset of suberization and decrease in 

endodermal passage cell occurrence. 

First, we investigated the endodermal suberization pattern of roots grown under nitrogen-
starvation (0mM N), nitrogen-limiting (0.11mM N), and sufficient nitrogen (30mM N) conditions 
on pH 5.8 buffered axenic agar plates without added carbon source. Staining of the root with 
Fluorol Yellow revealed that nitrogen limitation led to an earlier onset of suberization (Figure 
5A). Quantification of root length and endodermal suberization at five and eight days after 
germination (DAG) showed, that both nitrogen limiting and nitrogen starvation conditions led 
to a similarly earlier onset of both patchy and full suberization, resulting in a smaller zone of 
patchy suberization and a larger zone of full suberization (Figure 5B). However, five DAG the 
absolute root length was also depending on the nitrogen availability and roots grown under 
nitrogen limited or starved conditions grew longer. This has been previously described as 
nitrogen foraging (Giehl & von Wirén, 2014; Gruber et al., 2013). At eight DAG primary root 
length was comparable across treatments and the time point was thus chosen for later 
experiments. The earlier onset of suberization under nitrogen limiting and starved conditions 
also coincided with passage cell closure at eight DAG, but not at five DAGs (Figure 5C).  

Enhanced suberization has been shown before to be a compensatory mechanism for plants 
with defective CSs (Baxter et al., 2009) and to be dependent on the SGN3 receptor (Doblas, 
Smakowska-Luzan, et al., 2017). We tested whether the earlier onset of suberization upon 
nitrogen starvation could be dependent on CS-integrity. The sgn3-3 mutant plants are able to 
sense and respond to complete N-starvation (0mM N) as wild-type, leading to an earlier onset 
of the patchy and fully suberized zone of the endodermis five and eight days after germination. 
However, eight days after germination the sgn3-3 mutant showed no significant increase in 
suberization under N-limiting conditions (Figure 5B). Moreover, the sgn3-3 mutant displayed 
no decrease in passage cell occurrence at neither of the timepoints. On the contrary, sgn3-3 
displayed increased passage cells in N-limiting and N-starvation conditions at five DAG (Figure 
5C). Taken together, this indicates that SGN3 might play a secondary role to the nitrogen-
starvation dependent overurbanization. It remains unclear whether SGN3 plays a CS-
independent role in N-responses related to nitrogen foraging under limiting conditions. 

5.1.2 Provision of nitrate (NO3
-) as only nitrogen source promotes root growth and delays the 

onset of suberization 

Mineral nitrogen is available to the plant root in the form of nitrate (NO3
-) and ammonium 

(NH4
+). To clarify the dynamics of suberin barrier formation, we compared root growth and 

suberization in roots of Arabidopsis thaliana wild-type plants (Col-0) exposed to varying 
nitrogen availability. We used a total concentration of 30mM N, which is commonly used 2:1 
NO3

-:NH4
+ in 1/2 Murashige & Skoog (MS) plant growth media (Murashige & Skoog, 1962). 

The plants were grown on 1/2 MS-N agar plates, as well as plates re-supplied with either 30mM 
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NO3
-, 30mM NH4

+ or a 20mM-NO3
-:10mM-NH4

+ combination of both (control). In line with 
published results plants only supplied with ammonium displayed ammonium toxicity, which 
has recently been linked to shoot acidic stress (Hachiya et al., 2021). Ammonia-only supplied 
plants already showed reduced root growth at five DAG and failed to recover over the course 
of 13 days (Figure 5D, red). All treatments were added to 1/2MS-N media. Thus, to account 
for the imbalance in K+ and SO4

2- availability, plants were also supplied with 2:1 NO3
-:NH4

+ in 
the form of 20 mM KNO3 and 5mM (NH4)2SO4 (Figure 5D, light green). Plants grown with 
additional potassium and sulfate showed no difference in their root length when compared to 
those under control conditions until 11 DAG (Figure 5D, dark green). Plants grown without 
nitrogen displayed reduced root growth from 11 DAG and growth cessation occurred between 
11 and 13 DAG (Figure 5D, grey). Further, we found that supplying NO3

- as the only nitrogen 
source plants showed increased root growth continuously (Figure 5D, blue). Therefore, we 
focused on the analysis of suberization in plants grown either in control conditions (2:1 NO3

-

:NH4
+), in nitrogen starvation (0 mM N) or supplied only with nitrate (30 mM KNO3). During the 

transition from primary to secondary growth, the outer cell-layers undergo programmed cell 
death (PCD), shed and are replaced by the periderm. In a previous study, in plants grown 
under continuous light on 1/2 MS supplied with 1% sucrose, PCD was initiated from 8 DAG 
(Wunderling et al., 2018). In our experiments, periderm formation occurred from 9 DAG onward 
and was delayed to 11 DAG under nitrogen starvation (Figure 5E). When supplied with nitrate 
as the only nitrogen source, plants showed an increased patchy zone of endodermal 
suberization. To account for the effect of primary root elongation we also compared the roots 
at different time points but of comparable root length. This highlighted that indeed plants 
treated with nitrate showed a delay in the onset of both patchy and full endodermal 
suberization. In accordance plants grown under nitrogen starvation showed an earlier onset of 
both patchy and full endodermal suberization (Figure 5E,F). Despite a trend of increased 
passage cell occurrence in nitrate treated plants, the effect of nitrate treatment on passage cell 
occurrence could not be decoupled from endodermal suberization (Figure 5G). Based on these 
results, in the context of endodermal suberization nitrate and ammonium may be perceived 
separately and lead to distinct responses. Supplying the plants with nitrate as the sole nitrogen 
source delayed suberization. Nitrogen starvation consistently leads to an earlier onset of 
suberization. In this context, we wondered how endodermal responses and N-homeostasis are 
integrated during primary root growth. 
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Figure 5: Endodermal suberin deposition in varying nitrogen availability. A Representative images of wild-type 
roots 8 DAG stained with Fluorol Yellow. Epifluorescence values obtained via using an epifluorescence 
stereomicroscope by exciting at 488nm (Lumencor LED) and GFP signal detection using a MF475-35 filter. False 
coloring for GFP signal intensity. B Quantification of endodermal suberization of seedlings grown for 5 DAG (n= 12) 
or 8 DAG (n = 8) in two separate experiments. Error bars indicate bi-directional standard deviation per zone as 
mean plus standard deviation. Statistics are performed as Tukey post-hoc HSD within each experiment and per 
zone as well as on the total root length. Statistics are indicated as: (a) = total root length, a = unsuberized zone, a’ 
= patchy zone and a* = suberized zone. C Quantification of passage cells after 5 DAG (n = 12) or 8 DAG (n = 8). 
Passage cells are defined as unsuberized cells in the fully suberized zone. Statistics are performed as Tukey post-
hoc HSD within each experiment. D-G Sample size: n5 DAG = 4-8, n7 DAG = 8-10, n9 DAG = 7-9, n11 DAG = 5-6 and n13 

DAG = 2-4. D Absolute root length of seedlings grown with different nitrogen sources. Line represents the mean 
value. Ribbon represents the standard deviation. E Subset for periderm and endodermis suberin quantification over 
time for “10mM KNO3 + 10mM NH4NO3”, “0mM N” and “30mM NO3-“ treatments. F Subset for endodermis suberin 
quantification over time for “10mM KNO3 + 10mM NH4NO3”, “0mM N” and “30mM NO3-“ treatments as well as for 
seven, nine and eleven DAG respectively. Tukey post-hoc HSD per zone as well as on the total root length indicated 
as described above. G Quantification of passage cells for “10mM KNO3 + 10mM NH4NO3”, “0mM N” and “30mM 
NO3-“ treatments. Statistics performed as Tukey post-hoc HSD.  

5.2 Translating Ribosome Affinity Profiling (TRAPseq) reveals tissue-specific nitrogen 

responses in the young and mature primary root. 

5.2.1 Immuno-purification of ribosomal-bound mRNA from the meristematic and 
differentiated Arabidopsis thaliana root eight days after germination. 

In order to resolve tissue specific transcriptional patterns of plants grown under nitrogen 
sufficient (1/2 MS, control) or nitrogen starved conditions (1/2 MS-N), we employed Translating 
Ribosome Affinity Purification based RNA sequencing (TRAPseq) (Thellmann et al., 2020). 
This yields profiles of ribosome bound mRNA and albeit no direct conclusion on the amounts 
of translated proteins can be drawn, TRAPseq data will be considered as post-transcriptome 
hereafter. The methodology and data processing of the TRAPseq is further elaborated in “15 
Appendix I: Translating ribosome affinity purification as tool to resolve tissue-specific post-
transcriptional profiles”. 

Next, we set out to probe the translational responses in different root zones. For this, we 
performed TRAP by expressing the TRAP-construct under promoters of genes, which were 
previously reported to be specific to the mature or young endodermis. For the mature 
endodermis we used the promoter of ENDODERMIS LIPID TRANSFER PROTEIN (pELTP, 
AT2G48140) (Barberon et al., 2016) and for the young endodermis we used the promoter of 
SCARECROW (pSCR, AT3G54220) (Mustroph et al., 2009; Vragović et al., 2015) 
respectively. For cortex-specific expression we used the promoter of ENDOPEPTIDASE 
(pPEP, AT1G09750) (Mustroph et al., 2009). Lastly, the tissue specific profiles were compared 
to profiles of mRNA extracted from a construct expressed ubiquitously under the promoter of 
POLYUBIQUITIN 10 (pUBQ, AT4G05320) (Thellmann et al., 2020). To investigate the nitrogen 
starvation responses, we grew plants for eight days under nitrogen starvation (0mM N) or 
control conditions, which led to similar root lengths under all conditions (Figure 5B). We 
isolated GFP-tagged ribosomes from dissected young roots (ca. <0.5cm from the tip) and 
mature roots separately. The usage of a fluorescent protein as ribosomal tag allowed us to 
confirm the presence and localization of the polysomal complexes extracted for TRAP. Indeed, 
fluorescent signal was primarily observed in the nucleoli as well as the cytosol of the respective 
tissues (Supplemental figure 1). 
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5.2.2 Dimensionality reduction reveals gene clusters specific to the dissected root zone, 

tissue and treatment respectively 

First, we assessed the quality of the generated TRAPseq data. After filtering the data for low 
counts across all conditions and trimmed mean of M values (TMM) normalization (Robinson & 
Oshlack, 2010), we performed a dimension reduction in the form of principle component 
analysis (PCA) on the whole dataset. PCA allowed us to reduce the dimensionality of our data 
and to find common vectors, while maintaining its variance (Gower, 1966; Jollife & Cadima, 
2016). Here each vector represents one sample and each gene represents one dimension. To 
reduce the noisiness of the data and to allow for interpretation of the principal components, the 
data was subsetted for the dimensions containing the most variance (ntop = 500) (Love et al., 
2014). These 500 genes represented 2.4% of the total genes that passed the low-count filtering 
but contributed to 14.7% of the total variation across all genes (15 Appendix I: Translating 
ribosome affinity purification as tool to resolve tissue-specific post-transcriptional profiles). 
Here the main difference between the samples could be explained by the root zone, i.e. the 
meristem enriched and mature root parts with the first component explaining 42% of the 
observed variance (Figure 6A,D). The second component, explaining 25% of the variance, can 
be attributed to the different promoters, hence the different tissues from which the mRNA was 
isolated (Figure 6A,B). Next, the third component explaining 13% of the variance can be 
attributed to the treatment, in this case nitrogen starvation (Figure 6B,C). Lastly, the fourth 
component (9% variance) appears to separate the tissues at a higher level. Here cortex, under 
the PEP promoter, the endodermis, under the ELTP, SCR and GPAT promoters and the total 
root, under the UBQ10 promoter, could be clearly distinguished (Figure 6C). Together, these 
first five principal components explain 88% of the variation of the most variable genes. In 
conclusion, PCA resulted in a clear separation of samples according to the experimental 
design and indicates that the obtained post-transcriptomes are tissue-specific. While the 
biggest difference between samples was indeed observable between the young and mature 
root, both young and mature root respond to nitrogen starvation. PCA only allows for limited 
insight into the relationship of the individual samples. Hence, we performed hierarchical 
clustering on the complete set of filtered, normalized and scaled counts (Ma et al., 2021) (15 
Appendix I: Translating ribosome affinity purification as tool to resolve tissue-specific post-
transcriptional profiles). Next, we reduced the dimensionality of our dataset by calculating the 
average library-size normalized count per gene and condition across all replicates, reducing 
the number of vectors from 53 to 14. The z-score of the mean counts was used for visualization 
(Figure 6E,F). We then repeated the hierarchical clustering on the averaged normalized counts 
as before and as expected the conditions now clustered into four levels only, but mimicking 
the previously described hierarchy of tissue dissection, an undescribed subdivision of the 
tissues, the promoter used and lastly the treatment (Figure 6F). Notably, the “pGPAT” samples 
grown under nitrogen starvation clustered as an outgroup closest to the joint cluster of the 
remaining mature endodermal samples (“ELTP” and “GPAT” promoter). In order to identify 
genes with similar behavior across conditions we performed k-means clustering (k = 36) 
(MacQueen, 1967). For easier visualization and to get an impression of the relationship 
between the individual clusters, the average z-score of all genes per cluster and condition was 
determined and used for hierarchical clustering according to the pairwise pearson correlation 
coefficients (Ma et al., 2021) (Figure 6G). This revealed gene clusters specific to the root zone, 
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tissues or treatment. In conclusion, PCA of the most variable genes could clearly divide the 
post-transcriptome according to the experimental design. Moreover, dimensionality reduction 
was sufficient to isolate individual gene clusters sized between 268 (k = 24) and 1445 (k = 4) 
individual genes, while preserving the variability of the dataset across conditions.  

 
Figure 6: Dimensionality reduction of TRAPseq data. A-D Principal component analysis was performed on the 
top 500 most variable genes after low count filtering and TMM normalization. Variance stabilizing transformation 
was performed before PCA. Segments indicate the calculated centroid of data points after PC calculation. A PCA 
plotting PC1 vs PC2. Dissection zones are manually annotated “young root” and “mature root”. B PCA plotting PC2 
vs PC3. Treatments are manually annotated manually as “1/2MS” for control samples and “1/2MS-N” for nitrogen 
starved profiles C PCA plotting for PC3 vs PC4. Tissues are annotated manually as “Cortex” for “pPEP” samples, 
“Endodermis” for “pSCR”, “pELTP”, “pGPAT5” samples and “All” for “pUBQ” samples. D One dimensional PC 
plotting for first four PCs. Dissection zone is added as point outline. E-G Heatmap for all genes after low count 
filtering and TMM normalization (n = 21179) plotted individually as tiles on the y-axis. Color indicates mean gene z-
score per condition. F Hierarchical clustering performed across all conditions on mean gene z-score. Colors indicate 
node determining parameter. G Hierarchical clustering of clusters across all conditions determined by k-means 
clustering across all genes. Numbers indicate k-cluster name. 
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5.2.3 TRAPseq cluster analysis reveals tissue specific nitrogen starvation responses, 
highlighting the mature section of the primary root 

Next, we determined the specificity of the clusters according to different parameters of interest, 
i.e., condition, treatment, tissue and dissection zone. To resolve whether a cluster was 
significantly enriched for a specific parameter of interest, we performed a one-sided student’s 
t-test on the z-scores of all genes within a cluster. For the purposes of the t-test the z-scores 
of all parameters, unequal to the parameter of interest were merged (15 Appendix I: Translating 
ribosome affinity purification as tool to resolve tissue-specific post-transcriptional profiles). 
When comparing our samples according to the first principal component, the dissection, into a 
meristem and mature root enriched section respectively, we saw that most clusters were either 
specific to the meristematic or mature primary root (Figure 7A).When performing a gene 
ontology (GO) enrichment on the conglomerated clusters for the meristem-enriched samples, 
we found that cell cycle processes (k6, k18, k35), DNA replication (k6, k9, k16) as well as root 
morphogenesis (k5, k8, k13, k19, 28) were significantly enriched (Supplemental figure 2A). In 
contrast, in the GO-enrichment analysis of the mature root-enriched samples, we primarily saw 
secondary metabolic process (k2, k12, k15, k17, k21, k23, k33), indole glucosinolate metabolic 
process (k15, k21, k32), but also responses to salicylic acid and immune system processes 
were enriched (k2, k12, k15, k21) (Supplemental figure 2A). Taken together, GO-enrichment 
and cluster-specificity revealed that distinct genetic networks work in concert in different zones 
(Figure 7A) and tissues (Figure 7B) along the root and allows us to investigate tissue specific 
transcriptional regulation upon nitrogen starvation (Figure 7C) that previously remained hidden 
in whole root transcriptomics. 

5.2.4 The cortex and endodermis of the mature root are involved in the response to chronic 

nitrogen starvation 

We next aligned DEGs from previously published TRAPseq datasets for the young endodermis 
and cortex, to the identified k-clusters of the present TRAPseq dataset generated in this study 
(Figure 7D). Across datasets, the clusters k28, k8, k25, k15 and k12 appeared to be robust for 
cortex-specific expression. Cluster k22 was specific for young endodermis post-transcriptome 
data and the clusters k23 and k36 were prominently featured in previous young endodermis 
data while they were assigned to the mature endodermis in the data set generated in this study 
(Figure 7D). Genes related to suberin synthesis and polymerization (Ursache et al. 2020), were 
primarily enriched in cluster k36. Next, we performed differentially expressed gene (DEG) 
analysis for nitrogen starvation induced genes. Fitting to the cluster association suberin 
synthesis genes were mostly represented in the endodermal TRAPseq profiles (“pSCR”, 
“pELTP”, “pGPAT”) (Figure 6E, Supplemental figure 3). In conclusion, upon nitrogen starvation 
suberin synthesis genes are enriched in the young tissues of the root, specifically the 
endodermis. This corroborates our previous observation of a larger suberized zone and an 
earlier onset of suberin biosynthesis.  

Next, we set out to map tissue-specific N-responses. For this we investigated genes induced 
upon nitrogen starvation irrespective of root zone or dissected tissue (Figure 6D). Both t-test 
and DEG analysis of the tissue-unspecific post-transcriptome (“pUBQ”) analysis revealed 
clusters k12, k34, k24, k25, k33 to be responsive to nitrogen starvation (Figure 6D, 
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Supplemental figure 4A). These clusters were also associated to the mature root endodermis 
and cortex (Figure 6A, B). Cortex-associated cluster k12 showed the highest number of 
upregulated genes, while tissue-unspecific cluster k24, showed the highest average 
enrichment. Performing GO-enrichment on the most significantly upregulated genes, by 
adjusted p-value, per cluster (threshold = 25%, n = 127) (Supplemental figure 4A) revealed 
that upon nitrogen starvation genes involved in nitrate response, nitrogen metabolism, sucrose 
and starvation response as well as phenylpropanoid metabolism were upregulated 
(Supplemental figure 4). The response to nitrate was mainly present in cluster k12, starvation 
and carbohydrate response in cluster k24 and phenylpropanoid synthesis in cluster k8 
(Supplemental figure 4). Interestingly, cluster k5, although only the 8th strongest induced 
cluster upon nitrogen starvation, revealed upregulation of transmembrane transport. The 
transmembrane transport gene ontology enrichment was also shared with the aforementioned 
cortex-specific clusters k12, k24 and k25 (Supplemental figure 4D). After identifying clusters 
k12, k24 and k25 to be relevant for the nitrogen starvation in the mature root we investigated 
them in further detail. Cluster k24, only containing 268 genes, showed comparably insignificant 
GO-enrichment, mainly attributed to abiotic stimuli, nutrient metabolism and nitrate response 
(Supplemental figure 4D). Cluster k12 (n = 747) and k25 (n = 627), besides enrichment in 
nitrogen cycle metabolic process and inorganic ion transmembrane transport, primarily 
showed responses associated to biotic factors such as salicylic acid response or immune 
system process (Supplemental figure 4C,E). These results indicate a common regulatory 
network, regulating abiotic responses together with biotic responses in the mature cortex of 
the root under nitrogen starvation. Cluster k12 especially drew our attention as it contains 
genes associated to high affinity ammonium uptake (i.e. AMT1.5), high affinity nitrate uptake 
(i.e.: NRT2.1) but also their regulation (i.e. NLP7 and NRT3.1). Furthermore, we also found 
the coumarin biosynthetic gene S8H in this cluster (Figure 7E). Coumarins, together with 
flavonoids, aromatic lignin-like compounds and suberin, are part of the phenylpropanoid 
pathway and share p-Coumarate, originating from phenylalanine, as an intermediate substrate 
(Shimizu, 2014) (Figure 4). We thus decided to investigate the families of genes found in this 
cluster in greater detail. 
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Figure 7: Cluster preference of TRAPseq data. Cluster name, distribution and y-position corresponds to individual 
gene position as in Figure 6 A,B,C Cluster significance was determined by one-sided t-test by subsetting the filtered, 
normalized, scaled counts of the indicated cluster and parameter of interest compared against all non-subsetted 
counts, i.e. counts which were not from the parameter of interest. Fill color (grey to red) indicates the level of 
significance. Clusters below the significance threshold (p = 10-30) were labelled with the respective k-cluster number. 
A Comparison of all merged profiles from mature roots vs al merged profiles of young roots of 1/2 MS and 1/2 MS-
N treatment. B Comparison of young and mature merged profiles for each tissue of 1/2 MS and 1/2 MS-N treatment 
C Comparison of treatments of young and mature profiles and all promoters. D Comparison of DEGs from previously 
published data sets or within this data set. Data from Mustroph et al. 2009 was provided as tissue and padj. Data 
from Vragović and Leal et al., was provided as raw counts and were analyzed with the same pipeline as TRAPseq 
data of this study. From this study DEG analysis was performed on merged young and mature roots of the pUBQ 
post-transcriptome only. Fill color (yellow to red) indicates significance as calculated individually within each dataset. 
DEGs were defined as padj<0.05 and log2(fold change)>1 if applicable. E Individual annotation of genes of interest. 
Numbers in brackets indicate the respective k-cluster. Dot and line indicate the respective position in the heatmap 
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5.2.5 The synthesis of coumarins and suberin is both upregulated upon nitrogen starvation, 
albeit in different tissues 

Through cluster specific GO-enrichment we found that phenylpropanoid biosynthesis was 
strongly enriched in cluster k8, which in turn was upregulated upon nitrogen starvation. When 
analyzing genes associated to the phenylpropanoid pathway (PPP), we found that those 
associated to clusters k8 and k12 showed the highest expression as well as induction by 
nitrogen starvation across tissues (Supplemental figure 4A, Supplemental figure 5). 
Phenylpropanoid synthesis genes associated to the other clusters were expressed to a lesser 
extent and didn’t follow a clear pattern. When analyzing genes specific to the different branches 
of the PPP we found that genes involved in synthesis of hydroxycinnamates, which can serve 
as suberin monomers, to be strongly induced in the endodermis upon N-starvation. Genes 
involved in coumarin biosynthesis, were strongly upregulated in the cortex (Figure 8). Namely 
FERULOYL-COA 6-HYDROXYLASE1 (F6’H1) and SCOPOLETIN 8-HYDROXYLASE (S8H) 
were strongly induced. F6’H1 catalyzes the production of scopoletin from ferulate, while S8H 
catalyzes the production of fraxetin from scopoletin (Figure 8D). Interestingly, CYP82C4, which 
catalyzes the production of sideretin was primarily expressed in the endodermis and strongly 
downregulated upon nitrogen starvation (Figure 8A,B,C). Preliminary results indicate that the 
upregulation of F6’H1 and S8H, but not CYP82C4 resulted in increased levels of scopoletin 
and fraxetin but not sideretin in the roots (Figure 8E). Moreover, the production and secretion 
of fraxetin by the root has been previously demonstrated to be crucial for iron mobilization and 
iron-starvation dependent beneficial plant-microbe interactions (Harbort et al., 2020). For the 
utilization of fraxetin both the iron transporter gene IRON-REGULATED TRANSPORTER1 
(IRT1) and the Fe3+-Fe2+ iron reductase FERRIC REDUCTION OXIDASE 2 (FRO2) are 
required. However, neither IRT1 nor FRO2 were upregulated upon nitrogen starvation. On the 
contrary both genes were downregulated upon nitrogen starvation (Supplemental figure 6B). 
Together this highlights the tissue specific and distinct regulation of phenylpropanoids, namely 
coumarins, in the mature root upon nitrogen starvation. 
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Figure 8: Tissue specific expression of Coumarin biosynthesis under nitrogen starvation. A,B,C Minecraft-
plots for the indicated gene after bioinformatic processing. One plot represents a young (bottom) and mature (top) 
primary root. Left part of the root depicts the tissue specific profiles for the cortex (pPEP) and endodermis (pGPAT, 
pELTP, pSCR, top to bottom). Right part of the root depicts the expression of UBQ whole root TRAPseq profiles. 
Left plot (gray background) indicates 1/2 MS condition and right plot indicates 1/2 MS-N condition. The colors 
indicate the respective mean normalized counts per conditions. D Biosynthetic pathway for coumarins branching 
off from the PPP. E GC-MS analysis of coumarins and their glycosylated forms, extracted from whole roots grown 
under TRAPseq conditions. 

5.2.6 NLP genes are upregulated upon nitrogen starvation accompanied by a strong increase 

in transcript levels of NRT2 and AMT genes.  

We found that all four of the root-expressed high affinity ammonium transporters (AMT1), as 
well as the low affinity ammonium transporter AMT2 were upregulated upon nitrogen 
starvation. AMT1.2 and AMT1.5 could be found in the previously discussed clusters k24 and 
k12 respectively (Figure 9A,D). AMT1.2 expression followed the previously described 
expression pattern and shows the strongest expression in the mature cortex, followed by the 
young endodermis (Yuan et al., 2007) (Supplemental figure 7A). All AMT transcripts were 
associated with the clusters k12, k24 and k25, whilst AMT1.5 was the only one of cluster k12 
(Supplemental figure 7A).  

Similarly, we investigated the differential expression of the high affinity nitrate transporter 
family NRT2 (Figure 9B,E). We detected five out of the seven described homologues in our 
dataset, NRT2.3 and NRT2.6 were not detected. All NRT2s, besides the vacuolar nitrate 
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transporter NRT2.7 were induced upon nitrogen starvation. Especially in the young 
endodermis, NRT2.7 was significantly downregulated upon nitrogen starvation. Moreover, the 
nitrogen-starvation hallmark-genes NRT2.4 and NRT2.5 were strongly induced in our 
conditions. Notably, NRT2.4 was mostly enriched in the young tissue-unspecific samples 
(“UBQ10”) (Figure 9E). Strikingly and mostly pronounced in the mature root cortex, NRT2.1 
showed the highest expression in chronic nitrogen starvation (Figure 9B). The different NRT2 
genes were distributed across clusters k5, k12, k20, k33, with NRT2.1 being the only one in 
k12, suggesting a distinct regulation (Figure 9D,E). Members of the NPF family associated 
with low affinity nitrogen uptake (NRT1 family) were mostly downregulated, upon chronic 
nitrogen starvation (Figure 9C,F). Upregulated members of NRT1 showed overall weak 
expression in our dataset with the exception of NPF7.2 (NRT1.8) and NPF2.13 (NRT1.7). The 
former was strongly induced in the mature root upon nitrogen starvation and has been 
previously associated with the removal of nitrate from the xylem sap (J. Y. Li et al., 2010), while 
the latter was less strongly expressed overall but showed increased mRNA levels in the 
endodermis and was previously associated with phloem loading (S. C. Fan et al., 2009) (Figure 
9C). Previously, NPF6.3 transcripts have been shown to be decreased upon nitrogen 
starvation (Loqué et al., 2003). In agreement with strong induction of NRT2.1, conversely 
NRT1.1 expression was repressed in the cortex-specific, as well as UBQ10 TRAPseq profiles.  
Additionally, NRT1.1 transcripts were increased in the endodermis (Figure 9C, Supplemental 
figure 7D). This is in line with a lesser increase in NRT2.1 transcripts in the endodermis (Figure 
9B).  

One member of the nine genes in the NLP transcription factor family, NLP7, has been shown 
to be at the crossroads of nitrate and ammonium signaling and directly regulate the respective 
high affinity transport systems. NLP7 was demonstrated to directly bind the promoter of the 
high affinity nitrate transporter NRT2.1 and to regulate NRT2.1 expression mediating nitrate 
uptake (Maeda et al., 2018; Marchive et al., 2013). In agreement with the upregulation of NRT2 
genes (Figure 9B), NLP genes were also upregulated under nitrogen starvation (Supplemental 
figure 8). Least changes were observed in NLP6 of cluster k19 (Figure 7). NLP3 and NLP9 
showed the strongest relative induction upon nitrogen starvation. While the former was 
primarily induced in the young cortex, the latter was induced primarily in mautre-root 
associated samples across all tissues and was part of the late-endodermis associated cluster 
k34 (Figure 7). NLP2, NLP5 and NLP7 were part of the previously discussed nitrogen-
starvation clusters k24 and k12 respectively, and the induction of NLP7 was strongest in the 
cortex of the mature root (Supplemental figure 7E). In conclusion, we observed that the high 
affinity uptake systems for ammonium and nitrate are upregulated in the mature cortex of 
primary roots grown under chronic nitrogen starvation. This is accompanied by upregulation of 
NLP genes.  
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Figure 9: Expression of nitrogen uptake related genes: A,B,C Halo-plots. Grey circles indicate the mean, 
normalized counts of TRAPseq profiles from 1/2 MS grown plants. Colored circles indicated the mean, normalized 
counts of TRAPseq profiles form 1/2 MS-N grown plants. Color indicates the log2(FoldChange). Accordingly, larger 
red circles indicate induction upon nitrogen starvation and smaller blue circles indicate repression upon nitrogen 
starvation. The x-axis is facetted for the tissue, then promoters, then young and mature root. The y-axis is facetted 
for the individual k-clusters. Genes are indicated by name and AGI. D,E,F Heatmap. Color indicates 
log2(FoldChange) as above and borders indicated adjusted p-values. A,D Genes of the AMT1 and AMT2 gene 
families. B,E Genes of the NRT2 family. C,F Subset of genes of the NPF family which have been classified as 
family of low affinity nitrate transporters NRT1. Sub plot structure e.g. as in Supplemental figure 3. 
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5.2.7 Upon nitrogen starvation, NIGT1.3 and NPF6.3, repressors of NRT2 expression, are 
specifically induced in the endodermis while being repressed in all other tissues.   

Upon nitrogen supply NLP7-dependent induction of NRT2 is limited by the NLP7-dependent 
expression of the NRT2-repressing transcription factor family NIGT1 (Maeda et al., 2018; Safi 
et al., 2021). The NIGT1 family consists of four homologues in Arabidopsis thaliana. In line 
with elevated levels of NRT2 transcripts, we observed that NIGT1.1, NIGT1.2 and NIGT1.4 
transcripts were strongly reduced across all tissues (Supplemental figure 9). This was not the 
case for NIGT1.3, which maintained its high expression in the cortex and furthermore was 
induced in the endodermis (Supplemental figure 9B, Supplemental figure 7F).  

In conclusion, DEG-analysis showed that under nitrogen starvation, suberization is induced in 
the young endodermis. However, genes of the PPP were strongly induced in the mature part 
of the primary root (Figure 7D,E). Subsequently, genes related to coumarin biosynthesis were 
upregulated, leading to the increased production of scopoletin and fraxetin but not sideretin 
(Figure 8). Moreover, NLP genes and members of the HATS were induced in the mature cortex 
of the root, while most NIGT1 genes and members of the LATS were downregulated (Figure 
9, Supplemental figure 9). However, NRT2.1 induction was weakest in the endodermis and 
concomitantly both NPF6.3 and NIGT1.3 were not downregulated but induced in the 
endodermis upon nitrogen starvation. Taken together, these results indicate that the 
endodermis plays a separate, previously overlooked role in coordinating nitrogen transporter 
regulation during chronic nitrogen starvation. 

5.3 Overexpression of NLP7 in the late endodermis leads to nitrate-dependent 

decrease in suberization 

Nitrogen starvation leads to an earlier onset of the endodermal suberin barrier formation 
(Figure 5, Figure 7). At the transcriptional level, the endodermis and the cortex in the mature 
primary root are distinctly responding to the lack of nitrogen. To further probe this, we 
investigated how specific manipulation of nitrogen signaling in the endodermis, impacts the 
nitrogen signaling network locally and systematically. Here, we used the previously established 
late-endodermis promoter of ELTP to overexpress two representative nitrogen-regulatory 
transcription factors: NLP7 and NIGT1.1.  

We first tested the suberization behavior of plants overexpressing NIGT1.1 (pELTP::NIGT1.1) 
and NLP7 (pELTP::NLS-NLP7) under nitrogen limiting conditions. Two independent lines of 
pELTP::NLS-NIGT1.1 plants showed a similar behavior of endodermal suberin deposition in 
nitrogen limiting conditions when compared to wild-type. In NLP7 overexpressing plants, low 
nitrogen conditions already led to a slightly delayed onset of suberin deposition compared to 
no nitrogen conditions. Furthermore, full supply of nitrogen even further delayed the onset of 
suberization. NLP7 overexpressing plants showed a strong decrease in fully suberized 
endodermis. Passage-cells are a key feature of the fully differentiated endodermis, as they 
represent remaining openings in the otherwise suberized endodermis. (Figure 5C, Andersen 
et al. 2018). In both plants overexpressing either NLP7 or NIGT1.1, passage cell occurrence 
was different from wild-type plants, but also between independent lines. In NLP7 
overexpressing plants passage cell occurrence under 1/2 MS conditions was lower compared 
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to wild-type but increased in nitrogen limiting conditions. In pELTP::NIGT1.1 #1-17 passage 
cell occurrence behaved like wild-type, while in pELTP::NIGT1.1 #6-2 passage cell occurrence 
was unaffected by nitrogen availability and comparable to passage cell occurrence of wild-type 
plants grown under nitrogen limiting conditions (Figure 10B). 

In contrast to lignin deposition, suberin deposition in the secondary cell wall is a dynamic 
process dependent on the plant nutrient status ((Andersen et al., 2018, 2021; Barberon et al., 
2016; Ursache et al., 2020)). In Col-0 suberin deposition was delayed when plants were 
supplied with nitrate only (Figure 5E,F). Similarly, in pELTP::NLS-NLP7 #4-20 endodermal 
suberization is increased under nitrogen limiting conditions, while it was strongly decreased 
under nitrogen sufficient conditions (Figure 10A). Therefore, we investigated whether nitrogen 
supply after a period of starvation would result in a suberin pattern similar to plants 
continuously grown under sufficient nitrogen condition. To do so, plants were grown in on agar 
plates without nitrogen and after six days they were transferred to new plates containing 10 
mM NH4NO3, 10 mM KNO3, plates containing 30 mM KNO3 or, as control, plates containing no 
nitrogen (Figure 10C). In wild-type plants, two days after transfer (2 DAT) from nitrogen 
starvation conditions to the respective treatments the primary root elongation after 8 days on 
nitrogen starvation was comparable to previous experiments (Figure 5B,E, Figure 10A). Wild-
type plants grew to around 20 mm, whilst NLP7 overexpressing plants were shorter only 
growing to ~16 mm (Figure 10D). Transferring wild-type plants to nitrogen-rich plates, 
independent of the nitrogen source, for 48h did not affect the onset of suberin in the patchy or 
fully suberized zone. In contrast, transferring plants overexpressing NLP7 to plates containing 
nitrogen resulted in a reduction of endodermal suberization. When transferred from 1/2 MS-N 
to 1/2 MS plates, containing 20mM nitrate and 10mM ammonium or to plates containing 30mM 
nitrate, the onset of suberin was delayed compared to plants transferred to continued nitrogen 
starvation. Thus, we conclude that suberization is decreased in NLP7 overexpressing plants 
in a nitrate dependent manner after nitrogen resupply. 

Next, we compared the whole root transcriptome of wild-type plants versus pELTP::NLS-NLP7 
#4-20 after nitrate resupply. When performing PCA analysis as before, we saw that the 
respective wild-type lines Col-0 and pGPAT5::Citrine-SYP122 clustered closest together. The 
first principal component, explaining 57% of the variance, separated nitrogen starved samples 
(1/2 MS-N), regardless of genotype from samples grown under continuous nitrogen supply (1/2 
MS, 8 DAG) or grown for two days on 30mM nitrate after six days of nitrogen starvation (30mM 
KNO3 2 DAT). The second principal component, explaining 21% of the variance, separated the 
1/2 MS 8 DAG samples from 30mM KNO3 2 DAT samples but also pELTP::NLS-NLP7 samples 
from wild-type samples. Under the assumption that NLP7 expression leads to an activation of 
nitrate responses, the second principal component explains the nitrate status of the plant 
(Figure 10E).  

When performing DEG analysis we found that, TRAPseq analysis of nitrogen starved plants 
(Supplemental figure 3), suberin synthesis was upregulated in upon nitrogen starvation across 
all genotypes (Figure 10F). This included four of the five genes encoding for GDSL-like 
Lipase/Acylhydrolase (GELP) superfamily proteins (GELP38, 49, 51 & 96), that have been 
previously described to be essential for endodermal suberization (Ursache et al., 2020). The 
same study also identified five members of the GELP family, that are involved in suberin 
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degradation (GELP12, 55, 72, 73, 81). These were either not detected (GELP12, 55, 81) or 
not differentially expressed (GELP72, 73) in our RNAseq dataset (Figure 10F). When 
comparing gene expression after nitrate treatment, we found that despite not showing 
indication of a reduction of endodermal suberin (Figure 10F), suberin synthesis was 
downregulated in all genotypes. In pELTP::NLS-NLP7, GPAT5, GELP51 and GELP96 showed 
a stronger decrease compared to wild-type plants (Figure 10F). Lastly, we observed that, as 
in TRAPseq analysis of nitrogen starved plants (Supplemental figure 9), members of the NIGT1 
family were downregulated upon nitrogen starvation, which was upregulated. However, in 
pELTP::NLS-NLP7 plants NIGT1.3 expression was stronger in 1/2 MS conditions and 
downregulated under nitrogen starvation. Conversely, and as demonstrated before (Maeda et 
al., 2018) all members of the NIGT1 family were upregulated after nitrate resupply. In 
pELTP::NLS-NLP7 plants NIGT1.3 upregulation after nitrate resupply was stronger compared 
to wild-type plants (Supplemental figure 10). Taken together, we report that albeit nitrogen 
regulated suberin synthesis being similar between wild-type and NLP7 overexpressing plants, 
endodermal overexpression of NLP7 is sufficient to delay endodermal suberization under 
nitrogen replete conditions in a dynamic manner. Furthermore, NIGT1.3 is differentially 
regulated in pELTP::NLS-NLP7 suggesting that NLP7 and NIGT1.3 act jointly in the 
endodermis to regulate nitrate dependent suberization responses. 
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Figure 10: Endodermal overexpression of NLP7 leads to nitrate-dependent desuberization. Error bars indicate 
bi-directional standard deviation per zone as mean plus standard deviation. Statistics are performed as Tukey post-
hoc HSD within each experiment and per zone as well as on the total root length. Statistics are indicated as: (a) = 
total root length, a = unsuberized zone, a’ = patchy zone and a* = suberized zone. A Endodermal suberin analysis 
of NLS-NLP7 and NIGT1.1 overexpressing plants. B Passage cell occurrence of NLP7 and NIGT1.1 overexpressing 
plants C Experimental setup for nitrogen transfer experiments D Suberin analysis two days after transfer. Red dots 
indicate the position of the root tip six DAG. Red error bars indicate the standard deviation. n = 8. E PCA analysis 
of RNAseq after transfer. Numbers indicate replicates. F Halo-plot for Suberin synthesis genes (GPAT5, MYB41) 
as well as suberin synthesis (GELP22,38,49,51,96) and degradation (GELP12,55,72,73,81) GELP genes (Ursache 
et al., 2020). Genes not present in the halo plot didn’t pass the filtering process due to low expression. Grey circles 
indicate the base mean, normalized counts of RNAseq profiles from 1/2 MS grown plants 8DAG. Colored circles 
indicated the mean, normalized counts of RNAseq profiles from 1/2 MS-N grown plants 6DAG + 2DAT. Fill color 
indicates the log2(FoldChange). Circle edge color indicates the treatment. The x-axis is facetted for the respective 
DEG analysis. The y-axis is facetted for genotypes. Genes are indicated by name and AGI on the x-axis.  
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5.4 Nitrogen resupply into agricultural soils elicits growth promotion dependent on 

the microbial community and plant endodermal nitrogen signaling 

5.4.1 Resupply of agricultural soil with nitrogen improves plant performance in wild-type 

plants but to a lesser extend in plants altered in endodermal nitrogen signaling 

Despite the fact that nitrate-resupply led to a similar transcriptomic response across all 
genotypes (Figure 10F), it only led to decreased suberization in plants overexpressing NLP7 
in the endodermis (Figure 10A). Hence, we ought to investigate the behavior of NLP7 
overexpressing plants in a greenhouse environment grown on natural soil. As agricultural soils 
are often devoid of nitrogen (Vitousek et al., 2002), extensive fertilizer usage is common. 
Nevertheless, nitrogen remains a limiting resource for plants grown on these soils until 
immediate fertigation. Therefore, a quicker response to nitrogen supply, as observed in 
pELTP::NLS-NLP7 plants, could have an effect on plant performance in agriculturally relevant 
conditions. Therefore, we established an experimental setup in nitrogen poor agricultural soil 
(Harbort et al., 2020). Here plants were supplied with either no fertilizer (rainwater), a fix 
amount of nitrogen-only fertilizer (Calcinite) or a fix amount of full fertilizer (Wuxal). One-week 
old plants were transferred to potting soil (80mg/L N, pH 5.8) versus Cologne Agricultural Soil 
(CAS) (10mg/kg N-NO3, pH 7.5) which was supplied with 10L of rainwater, Calcinite 
(∑N=1000mg) or Wuxal (∑N =1250mg) treatment over the course of 3 weeks (Figure 11A). 
Across all genotypes investigated, plants performed best when grown on potting soil, although 
the NLP7 overexpressing plants were noticeably smaller (Figure 11B). When grown on CAS, 
rosette fresh weight of wild-type plants was reduced by ~94%. Similarly, also NLP7 
overexpressing plants showed even further reduced fresh weight. Furthermore, wild-type 
plants showed a dark-purple color, previously associated with anthocyanin accumulation in 
this soil (Figure 11C)(Rubin et al., 2009; Shen et al., 2023). NLP7 overexpressing plants didn’t 
show purple coloration, but instead occasionally showed signs of early leaf senescence. 
Fertilization with Calcinite led to a significant increase in fresh weight only in wild-type 
compared to untreated soil (Figure 11B). Furthermore, the purple coloration of wild-type plants 
disappeared (Figure 11C). While irrigation with Wuxal led to a further increase in fresh-weight 
in wild-type plants, NLP7 overexpressing plants showed no increase in fresh weight compared 
to Calcinite treatment. Also, two out of the 16 plants investigated in this experiment showed 
severely stunted growth and chlorosis. This was the case for both independent pELTP::NLS-
NLP7 lines investigated (Figure 11B,C). 
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Figure 11: Nitrogen fertilizer resupply to agricultural soil increases growth. A Exemplary experimental setup 
of all soil experiments. 1: Pre-germination and growth on 1/2 MS plates (with nitrogen). 2: Preparation of pots (9cm 
x 9cm, ca 500g soil). 3: Placing pots into trays. 4: Pre-incubate trays lined with capillary mats with respective 
irrigation treatment. 5: Transfer four plants from plate to pot. 6: Irrigate and image. 7: Irrigate and image. 8: Image 
and cut rosettes. 9: Sample required biological material. B Fresh weight of rosettes 4WAG Statistics are performed 
as tukey post-hoc HSD per soil-type. C Exemplary images of plants grown in the respective treatment. Same scale 
within each soil type. B, C Shared x-axis for genotype. 

5.4.2 Shoot growth promotion by nitrogen requires functional plant endodermal nitrogen 

signaling and is not directly connected to shoot nitrate content. 

GELP51 and GELP96 were strongly downregulated and endodermal suberization was 
decreased in NLP7 overexpressing plants upon nitrate resupply. The gelp22 gelp38 gelp49 
gelp51 gelp96 (gelpquintuple) mutant is devoid of endodermal suberization (Ursache et al., 2020). 
Thus, we also included the gelpquintuple mutant and its parental line Col-0 into the following 
experiments. As observed before, pELTP::NLS-NLP7 plants showed a reduction in shoot fresh 
weight, compared to wild-type plants, when grown on CAS and irrigated with deionized water 
(water). The gelpquintuple mutant showed comparable fresh weight to Col-0. Supplying the soil 
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with Calcinite led to a significant increase in fresh weight in both wild-type genotypes. Neither 
gelpquintuple nor pELTP::NLS-NLP7 plants showed a significant increase in fresh weight upon 
Calcinite treatment. When cultivating the plants on sterilized soil, all genotypes grew smaller 
compared to natural soil. Both gelpquintuple and pELTP::NLS-NLP7 mutants showed reduced 
rosette fresh weight compared to their respective wild-types. None of the genotypes benefited 
from Calcinite treatment (Figure 12A). 

Investigating the nitrate content of shoots via ion chromatography coupled mass spectrometry 
(IC-MS), revealed that wild-type plants indeed accumulated more nitrate in the shoot when 
treated with Calcinite compared to water treated plants. This was in agreement with their 
increased shoot fresh weight under these conditions. Despite the fact that the gelpquintuple 
mutant showed similar shoot fresh weight, when treated with water, nitrate content was 
elevated in these plants. The nitrate content of pELTP::NLS-NLP7 plants treated with water 
was comparable to those of their parental line. Neither gelpquintuple nor pELTP::NLS-NLP7 plants 
showed increased shoot nitrate content when treated with Calcinite. With the exception of 
pELTP::NLS-NLP7, shoot nitrate content of plants grown on sterile soil was reduced compared 
to plants cultivated on natural soil. Irrespective of genotype, shoot nitrogen content in plants 
grown on sterile soil was increased upon Calcinite treatment. In conclusion, relative shoot 
nitrate content didn’t appear to be the determining factor for rosette fresh weight in sterile soil. 
In natural soil, an increased shoot nitrate content after Calcinite treatment, compared to water 
treatment, could be observed in plants with increased rosette fresh weight (Figure 12B).  

5.4.3 A microbial community is required for growth promotion by nitrogen application 

It was suggested that the microbial community aids plants in utilizing soil nitrogen effectively 
(Yu et al 2020). Furthermore, the partial leaf senescence and strong variation in rosette growth 
observed in plants overexpressing NLP7 (Figure 12B) could be an indicator for dysbiosis 
induced chlorosis (Chen et al. 2020). To investigate whether the former was the cause for the 
lack of growth promotion in sterilized soil, a soil wash was re-introduced into sterilized 
agricultural soil. Indeed, wild-type plants grown on soil, that was reinoculated with a putative 
natural community showed growth promotion when treated with Calcinite. As before, NLP7 
overexpressing plants were unable to benefit from the Calcinite treatment, irrespective of 
whether a microbial community was present. No growth promotion was observed when the 
plants were inoculated with a 0.22µm sterile-filtered soil wash (mock). In conclusion, the soil 
microbial community appears to be required in facilitating nitrogen fertilizer growth promotion 
(Figure 12D). 
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Figure 12: Nitrogen fertilizer use capacity is microbe dependent and disturbed in plants with modified 
endodermal suberin or nitrogen responses. Sample size is indicated for each individual experiment. X-axis 
position is equal across all panels. A Rosette fresh weight 4WAG. Statistics per soil type as post-hoc tukey HSD. 
B Representative images of plants from the respective treatments. Images are of the same absolute size and scale 
is indicated in the leftmost upper picture. C Nitrate content measured via IC-MS. Statistics across all samples as 
post-hoc tukey HSD. D Rosette fresh weight 4WAG after re-inoculation of sterilized soil with a soil wash or sterile 
filtered soil wash (mock). Statistics across all samples as post-hoc tukey HSD, statistics were performed including 
the f6’h1 mutant used in this experiment (Table 9). 
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5.4.4 Nitrogen treatment reshapes the natural bacterial community and results in shifts 
between the rhizosphere and the endosphere.  

Nitrogen fertilizer induced growth promotion is microbe dependent, while the shoot nitrate 
content appears not to be. This raised the question, whether the quality of the microbial 
communities around the roots plays a role in communicating the soil nitrogen status to the 
shoots. Thus, we sequenced the 16S amplicon diversity of natural bacterial communities in 
and around roots of plants grown on natural and sterilized CAS after Calcinite treatment. 
Indeed, preliminary analysis shows that the soil sterilization procedure led to a decrease of the 
bacterial alpha diversity, observed as a decrease in the Shannon index (Shannon, 1948), in 
both unplanted soil, as well as the rhizosphere and endosphere of Col-0 when compared to 
the respective natural soil (Figure 13A). This is in line with strongly reduced microbial growth 
and diversity in vitro (Supplemental figure 11D). Furthermore, the bacterial alpha diversity in 
sterile soil seems to be mostly unaffected by the nitrogen treatment of the soil (Figure 1A). In 
the rhizosphere of wild-type plants grown on natural soil diversity appeared to decrease after 
nitrogen treatment, which was not the case for neither gelpquintuple, pELTP::NLS-NLP7 nor Col-
0 samples extracted from sterilized soil (Figure 13A). An opposite trend was observable in the 
endosphere where bacterial alpha diversity was increased after Calcinitie treatment. This 
observation was independent of genotype and soil sterilization. Next, we investigated the 
bacterial beta diversity by performing principal coordinate analysis (PCoA) on the Bray Curtis 
dissimilarities (Bray & Curtis, 1957). The first two principal coordinates resolved 15% and 13% 
of the observed dissimilarity respectively and revealed three distinct clusters. First, 
independent of nitrogen treatment, all samples obtained from sterile soil clustered together. 
Second, samples obtained from the endosphere clustered together and third cluster contained 
both soil samples as well as rhizosphere samples (Figure 13B). The effect of the nitrogen 
treatment was less pronounced but clearly visible in rhizosphere samples from natural soil or 
samples obtained from sterile soil irrespective of compartment (Figure 13C). In this preliminary 
analysis, no clear effect of the genotype on the microbial structure was visible albeit 
endopshere samples of gelpquintuple and pELTP::NLS-NLP7 cluster further from the center when 
compared to wild-type plants (Figure 13D). Together these findings allow for the hypothesis 
that nitrogen-treatment results in a targeted modulation of the microbiome and warrant further 
investigation.  
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Figure 13: Diversity of the bacterial community. Bacterial taxa were identified based on their 16S amplicon 
sequence as (Shen et al., 2023; Wippel et al., 2021) A Alpha diversity calculated as Shannon index (Shannon, 
1948), red rectangle indicate samples obtained from sterilized soil. Numbers below the boxplots indicate sample 
size B,C,D Beta diversity as Bray-Curtis dissimilarity. B Beta diversity soil. C Beta diversity treatment. D beta 
diversity genotype.   

5.4.5 Coumarin biosynthesis is required to facilitate microbe-nitrogen fertilizer utilization 

Our previous experiments revealed that upon nitrogen starvation specific genes associated to 
secondary metabolism are upregulated in the cortex of the mature root (Figure 8). Namely, the 
scopoletin synthesis gene F6’H1, and the fraxetin synthesis gene S8H. The gene for sideretin 
synthesis CYP82C4 and the ferrous iron importer IRT1 are downregulated in nitrogen 
starvation (Figure 8, Supplemental figure 6, Supplemental figure 15). Moreover, manipulation 
of nitrogen signaling by overexpressing of NLP7 in the endodermis leads to a delayed onset 
of suberization and a hypersensitivity towards nitrate resupply. Further, glucosinolates have 
been shown before to be involved in the maintenance of microbial commensalism and 
dysbiosis (Wolinska et al., 2021). Based on this we selected an array of mutant lines deficient 
in coumarin biosynthesis (f6’h1), indole glucosinolates (cyp79b2cyp79b3), a combination of 
both (f6’h1cyp79b2cyp79b3), high affinity ferrous iron uptake (irt1), high affinity ammonium 
uptake (amt1.2), high affinity nitrate uptake (nrt2.1) and lastly the mutant lacking the 
transcription factor NLP7 (nlp7). We tested those mutants for their ability to utilize supplied 
nitrogen fertilizer. Mutant plants deficient in either ammonium, nitrate or iron uptake showed 
no impairment in nitrogen fertilizer utilization (Figure 14A). Mutant plants deficient in indolic 
glucosinolate synthesis still displayed growth promotion, albeit weaker. Both mutants impaired 
in coumarin production and NLP7-dependent nitrogen signaling were unable to benefit from 
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the supplied nitrogen. Moreover, coumarin biosynthesis mutant plants showed impaired growth 
in sterilized soil, regardless of nitrogen treatment. None of the investigated plants was able to 
benefit from nitrogen fertilizer supply in the sterilized soil. Furthermore, as previously shown 
the coumarin biosynthesis mutant f6’h1 showed strong chlorosis under nitrogen-starved 
conditions, when only treated with water (Harbort et al., 2020). In conclusion this suggest that 
both nitrogen-signaling and coumarin biosynthesis are required to integrate the soil nitrogen 

status resulting in growth promotion.  

Figure 14: Nitrogen fertilizer use capacity is dependent on plant coumarin production and nitrogen 
signaling. A Rosette fresh weight 4WAG. Statistics per soil type as post-hoc tukey HSD. B Representative images 
of plants from the respective treatments. Images are of the same absolute size and scale is indicated in the leftmost 
upper picture.  
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6 Discussion 
The root systems of vascular plants are essential for nutrient-acquisition from surrounding soil, 
and therefore form a nexus between soil and above-ground growth. In roots, the formation of 
lignified or suberized diffusion barriers is essential for selective nutrient-uptake. To date, three 
such diffusion barriers have been described. The first is the endodermis, which consists of an 
inner skin surrounding the central vascular cylinder (Geldner, 2013). The second is the 
exodermis, which consists of an additional outer cell layer (Hose et al., 2001). The third is the 
periderm, a structure which forms during secondary growth and surrounds the expanding root 
(Serra et al., 2022). The endodermis is the most prevalent of these diffusion barriers, as not 
all vascular plants form an exodermis, and the monocotyledons do not undergo secondary 
growth and therefore lack periderms. Indeed, formation of an endodermis appears ubiquitous 
amongst Angiosperms, and arguably all vascular plants (Yang et al., 2023). It is believed that 
the endodermis is crucial for the success of modern land plants (Raven, 1994) and today 
vascular plants dominate the planet contributing between 80-90% of the total biomass.(Bar-
On et al., 2018; Erb et al., 2017). In the present study we expand our understanding on the 
endodermal barrier in the primary root and its implications for plant nitrogen homeostasis, and 
provide new insights into the importance of spatial N-signaling in the root for mounting of 
physiological N-responses in natural environments. 

6.1 Regulation of endodermal suberin deposition may control the loss of soluble 

nitrogen out of the vasculature. 

The endodermis undergoes two steps of differentiation. First, the lignified Casparian Strip (CS) 
is deposited between endodermal cells (Caspary, 1866; Naseer et al., 2012). Second, 
suberization occurs around endodermal cells (Krömer, 1903; Peterson & Enstone, 1996). A 
study based on the mutant sgn3, which has a defective CS but normal onset of suberization, 
revealed that the lack of a functional CS consistently led to a distinctive reduction in shoot 
potassium (K+) (Pfister et al., 2014). In a separate study, the same group investigated the effect 
of the suberin barrier on nutrient homeostasis by overexpressing the suberin-degrading 
enzyme CUTICLE DESTRUCTION FACTOR1 (CDEF1) in the endodermis. The resulting 
ablation of endodermal-suberin resulted in a similar reduction in K+ (Barberon et al., 2016). In 
both studies, the abundance of nitrogen in the shoot could not be measured for technical 
reasons. Moreover, the experiments were conducted in nutrient replete hydroponic conditions. 
The work of Andersen et al., 2018; Barberon et al., 2016, as well as the present study show 
that nutrient availability impacts endodermal suberin deposition. Specifically, Potassium 
starvation has been shown to result in endodermal oversuberization, while the deprivation of 
other nutrients leads to desuberization (Barberon et al., 2016), suggesting a shared function 
of suberin deposition in these cases. Here, we have demonstrated that nitrogen starvation, like 
potassium starvation, leads to endodermal oversuberization. Similar to potassium, nitrate is a 
highly mobile nutrient (Tinker & Nye, 2000), and comprises at least part of a plant’s internal 
nitrogen stores (Figure 12C). Accordingly, endodermal suberin deposition and the CS may 
play a vital role in maintaining plant nitrogen stores by prevent leakage of this nutrient from the 
vasculature. The upregulation of SGN3 in nitrogen starved plants (Figure 7E) may indicate a 
crosstalk between endodermal barriers and nitrogen homeostasis. However, further studies 
are required to explore this potential connection. In this study, we investigated the performance 
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of the gelpquintuple, a mutant devoid of endodermal suberin (Ursache et al., 2020) and 
pELTP::NLS-NLP7, a mutant overexpressing the transcription factor NLP7 in the endodermis, 
resulting in nitrate-dependent reduction in suberization (Figure 10). However, compared to 
their respective wild-types, both gelpquintuple and pELTP::NLS-NLP7 mutant plants showed no 
significant increase in shoot nitrate content when nitrogen fertilizer was applied to natural soil, 
which could account for the lack of growth promotion in these conditions (Figure 12C). 

6.2 High affinity nitrogen transport is upregulated in nitrogen starvation: Controlling 

soil nitrogen uptake or nitrogen rectification? 

Tissue-specific post-transcriptome analysis points towards high affinity nitrogen uptake being 
regulated in the cortex of the mature primary root under chronic nitrogen starvation. 
Interestingly, high affinity transport systems were upregulated in both the young and mature 
primary root (Figure 9A,B). Specifically, we also observed the high affinity ammonium 
transporter AMT1.5, high affinity nitrate transporter NRT2.1, and the PNR regulatory 
transcription factor NLP7 in this cluster (Supplemental figure 7E).  

During the early stages of seedling development, young roots depend on seed-stored nitrogen 
for their growth, and seed nitrogen content has been previously shown to correlate to soybean 
(Glycine max) performance under nitrogen limiting conditions (Naegle et al., 2005). In the 
conditions used for TRAPseq analysis, plants were grown for 8 days on media devoid of 
nitrogen. In these conditions, root growth cessation occurred between 11 and 13DAG (Figure 
1E), which indicates that this is the limit of Arabidopsis survival solely based on seed N-
supplies. Under the assumption that increased suberin is a mechanism to prevent the leakage 
of nutrients from the vasculature into the rhizosphere, this prompts the question of why high 
affinity transport is upregulated in the cortex of the mature root, while the endodermis 
underneath is increasing its suberization. Interestingly, NPF7.2 (NRT1.8) and NPF2.13 
(NRT1.7), previously associated with xylem nitrogen unloading (J. Y. Li et al., 2010) and 
phloem loading (S. C. Fan et al., 2009) respectively, were amongst the members of the NPF 
family to be upregulated in nitrogen starvation conditions (Figure 9C,F). Thus, high affinity 
nitrogen transporters in the plasma membrane could serve to recover nitrogen, that leaked out 
of the root and this could be a mechanism to survive longer on seed nitrogen. Following 
differentiation, root cells don’t move. Therefore, nitrogen delivered to the root meristem through 
the vasculature must pass through vascular cells, and pass by undifferentiated endodermal 
cells. To my knowledge, it is poorly understood whether nutrient supply of the meristem occurs 
through symplastic transport via plasmodesmata, active cell-to-cell-coupled transport, or 
passive apoplastic diffusion. In either case, leaking nitrate could be taken up by NRT2.2 and 
NRT2.4 in the meristematic zone itself and as cortical cells mature by cortex localized NRT2.1.  

Another possible explanation for the upregulation of high affinity nitrogen transporters in the 
cortex could be the preparation of the root for increasing nitrogen levels in soil. Accordingly, 
the levels of locally available nitrogen fluctuate, even in n-deplete soils, and local nitrate levels 
can rapidly and locally increase (e.g. through the input of new organic matter through forest 
fires, animal droppings or decaying organisms themselves, or through changes in pH leading 
to an oxidation of NH4

+ to NO3
- increasing the solubility of nitrogen). Here the expression of 

high affinity nitrate transporters like NRT2.1 would allow for the uptake of nitrogen into the 
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symplast, where it could be stored or symplastically transported into the vasculature. On one 
hand, it has been suggested that the transport of nutrients across the suberized endodermis 
could occur through plasmodesmata (Barberon, 2017; Ramakrishna & Barberon, 2019). On 
the other hand, endodermal suberization is reversable through the application of ethylene 
(Barberon et al., 2016) which could be facilitated by members of the GELP family (Ursache et 
al., 2020). In this study we were able to show that pELTP::NLS-NLP7 plants are able to 
drastically reduce endodermal suberin deposition, if nitrate is resupplied after a previous period 
of nitrogen starvation (Figure 10D). Transcriptomic analysis indeed revealed that the 
downregulation of suberization was accompanied by upregulation of suberin degrading 
members of the GELP family (Figure 10F). Albeit, wild-type plants did not show a nitrate-
dependent suberin reduction suggesting that another mechanism likely prevents N-dependent 
desuberization after nitrate-resupply. PCA of the whole root transcriptomics revealed that after 
NO3

- resupply, profiles of both wild-type and pELTP::NLS-NLP7 clustered closer to profiles of 
plants continuously grown on nitrogen sufficient media (1/2 MS) compared to profiles of plants 
grown continuously on nitrogen starvation (1/2 MS-N) (Figure 10E). Despite the difference in 
endodermal suberization phenotype, this indicates at least partial overlap between 
transcriptional reprogramming of wild-type plants and pELTP::NLS-NLP7 plants. Although 
whether nitrate resupply is able to induce desuberization, and whether this occurs in natural 
conditions, remains to be investigated. 

6.3 NPF6.3 and NIGT1.3 could act as a signaling module in the late endodermis 

integrating internal and/or external nitrogen status 

When analyzing the expression pattern of known nitrogen transport gens (Figure 9C), we found 
that NPF6.3 transcript levels decreased in the whole root, but increased in the endodermis 
(Figure 9C,F, Supplemental figure 7F). Also, we found NIGT1.3 to be upregulated under 
nitrogen starvation, and especially in the endodermis, while the other 3 members of the NIGT1 
family were downregulated (Supplemental figure 9, Supplemental figure 10). Thus, our data 
suggests a specific role of the endodermis in nitrogen signaling where NIGT1.3 plays a distinct 
role in preventing N-responses. Investigations on NPF6.3 have established its role as plasma 
membrane localized dual affinity transceptor (Bouguyon et al., 2015; Fang et al., 2021; Krouk 
et al., 2006; Parker & Newstead, 2014; Rashid et al., 2018; Sun & Zheng, 2015; Tsay et al., 
1993) but also highlighting its function in alleviating ammonium toxicity (Xiao et al., 2022). Less 
is known in respect to the function of NIGT1 genes. Arguing for a shared expression of NPF6.3 
and NIGT1.3/1.4 at the root tip, the Medici et al., 2015suggested that both functions jointly, 
and potentially in coordination with NLP7, as NO3

-/PO4
2- signaling module. A later study then 

highlighted NIGT1.1,1.2,1.3 and 1.4 for this role and showed that the four NIGT1 genes are 
induced by nitrate resupply in an NLP7 dependent manner and subsequently repress high 
affinity nitrogen transporters such as NRT2.1, NRT2.2 but also NPF6.3 (Maeda et al., 2018). 
Moreover, they showed this repression is enforced by PHR during Pi-starvation. Lastly, a 
recent study has shown that NIGT1 genes are crucial to repress the nitrogen starvation 
hallmark HATS transporters NRT2.4 and NRT2.5 after nitrogen is resupplied, and the authors 
suggested that NIGTs could regulate N-starvation responses through the modulation of 
reactive oxygen species (Safi et al., 2021). A distinctive role of NIGT1.3 has not been 
demonstrated so far. Based on previous findings and the observations of this study, we 
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propose that NPF6.3 and NIGT1.3 in the mature endodermis act jointly as a nitrogen signaling 
hub during nitrogen starvation, potentially integrating the systemic N-status through NIGT1.3 
dependent ROS modulation.  

6.4 Passage cells in the otherwise suberized endodermis may form N-sensing hubs 

Suberized endodermal cells are believed to be insulated from both the vascular and the cortical 
apoplast (2019; Krömer, 1903; Peterson & Enstone, 1996, visualized e.g.: Andersen et al., 
2018; Kreszies et al., 2019). This would prevent nitrogen signaling in suberized endodermal 
cells, while an NLP7/NIGT1.3 module still could act as an intracellular module to sense the 
endodermal nitrogen status. NPF6.3 is located at the plasma membrane with the two nitrate 
binding sites located within a transmembrane domain and facing the apoplast respectively 
(Parker & Newstead, 2014). This begs the question why the transcription of NPF6.3 would be 
maintained specifically in the mature endodermis under nitrogen starvation (Figure 9C,F). One 
feature of the suberized endodermis are passage cells, which remain open in the otherwise 
fully suberized endodermis. Since their discovery they have been hypothesized to be 
remaining openings for the “passage” of water and solutes (Krömer, 1903). However, their 
physiological function remained elusive and only recently a distinct regulatory mechanism to 
maintain passage cell aperture has been unveiled (Andersen et al., 2018). Moreover, it was 
shown that passage cells can still undergo suberization trough application of ABA and thus a 
model was proposed in which the suberization of the xylem pole associated endodermis is 
jointly regulated through modifying the threshold for joint ethylene and ABA signaling. In 
agreement with previous research which showed that overall endodermal suberization can be 
increased by ABA application and decreased by ethylene application (Barberon et al., 2016). 
In the study of Andersen et al., 2018, the physiological function of passage cells has been 
proposed to act in concert with the cortical and epidermal cell layers above to funnel nutrients 
into the vasculature or to exchange signaling molecules between the vasculature and the 
rhizosphere. We would like to expand on that model by proposing that NPF6.3 and NIGT1.3 
could integrate nitrate-, and potentially phosphate-, signaling in passage cells. In support of 
this, a family of homologues of the described phosphate transporter PHOSPHATE1 
(PHO1)(Hamburger et al., 2002), PHO1-H1 to PHO1-H10, has been associated with passage 
cells and transcriptional reporter analysis showed the expression of PHO1, PHO1-H3, H5 and 
H8 in passage cells (Andersen et al., 2018, Extended Data Figure 9). Indeed, we also observed 
an enrichment of these four genes in the mature endodermis (“ELTP”) TRAPseq profile 
(Supplemental figure 13A). Furthermore, besides PHO1-H2 and PHO1-H10 which were part 
of the cortex associated clusters k12 and k2 respectively, the remaining members of the PHO1 
family were part of the endodermis associated clusters k32, k23, k 31, k15, k22 and k10 
(Supplemental figure 13B). Moreover, their expression was decreased upon nitrogen 
starvation (Supplemental figure 13B). In this study we also reported a reduction of passage 
cell occurrence and increased suberization under nitrogen starvation conditions (Figure 1C). 
In contrast, phosphate starvation was previously reported to lead to a reduction in suberization 
(Andersen et al., 2018). In nitrogen limiting conditions, the occurrence of passage cells appears 
to be dynamic, and preliminary data on the suberization and passage cell occurrence of four 
Arabidopsis thaliana accessions suggests that the onset of endodermal suberization and 
passage cell occurrence are not directly linked (Supplemental figure 14A,B)Taken together, 
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we are proposing a model in which a passage cell localized NPF6.3/NIGT1.3 module could 
integrate plant nitrogen availability.  

 

Figure 15: Model of endodermal NPF6.3/NIGT1.3 signaling module: Under nitrogen starvation endodermal 
NPF6.3 and NIGT1.3 expression are maintained in mature endodermal cells, putatively in passage cells. NIGT1.3 
represses the expression of high affinity nitrate transporters to prevent uptake of shoot or seed derived nitrate from 
the stele. NPF6.3 remains expressed and localized to the plasma membrane to sense changes in internal and/or 
external nitrogen status. NLP7 and NIGT1.3 monitor cellular N-status and potentially regulate endodermal 
suberization through modulating ABA and ethylene signaling. Created with biorender.com. 

6.5 Endodermal nitrogen signaling and root coumarin production could share an 

overlapping but not exclusive function in microbe elicited nitrogen and iron 

nutrition after nitrogen fertilization.  

In this study we used the promoter of ELTP to overexpress a nuclear-localized version of the 
transcription factor NLP7 in the mature endodermis (pELTP::NLS-NLP7 #4-20) to specifically 
address the role of endodermal nitrogen-signaling in plant responses. This allowed us to 
circumvent direct influences on primary root development. This was in sharp contrast to a 
previously used NLP7 overexpression construct (p35S::NLP7), which ubiquitously 
overexpresses the NLP7 gene (L. H. Yu et al., 2016). pELTP::NLS-NLP7 showed no increase 
in primary root length across our experimental conditions (Figure 10A). However, when nitrate 
was supplied in the agar media, either from germination on or after a period of nitrogen 
starvation, pELTP::NLS-NLP7 plants showed a drastic reduction in endodermal suberin 
deposition. This could be accounted for by both downregulation of suberin synthesis but also 
upregulation of suberin degradation (Figure 10 A, D, F). We hypothesize that the 
overexpression of NLP7 in the endodermis exaggerates the transcriptional response to nitrate. 
This suggested hypersensitivity led to decreased shoot fresh weight when plants were grown 
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on agricultural soil. Furthermore, pELTP::NLS-NLP7 plants could not benefit from supplied 
nitrogen fertilizer to the same extent as wild-type plants (Figure 12B,D). Also, in wild-type 
plants, the increased growth after nitrogen fertilization was dependent on the microbial 
community in the soil (Figure 12B,D). A previous study has shown that maize (Zea mays) 
plants produce specific secondary metabolites, flavones, to enrich the rhizosphere with 
oxalobacteria, aiding in plant nitrogen provision (P. Yu et al., 2021). We hypothesized that a 
similar mechanism would be required to facilitate the observed microbe dependent growth 
promotion after nitrogen resupply.  

TRAPseq analysis revealed that the majority of nitrogen DEG associate to the mature cortex 
(Supplemental figure 12, Figure 7C,E). In addition, nitrogen fertilizer growth promotion was lost 
in pELTP::NLS-NLP7, which modulates nitrogen signaling only in the late endodermis (Figure 
11B, Figure 12A). Moreover, TRAPseq revealed an upregulation of coumarin biosynthetic 
genes (Figure 8). Interestingly the biosynthesis of scopoletin and fraxetin but not sideretin was 
upregulated in the mature root under nitrogen starvation (Figure 8). Root secreted scopoletin 
and fraxetin have been previously shown to be required to shape the microbiome in iron-
limiting condition, facilitating microbe-assisted iron uptake. Sideretin appeared to be 
dispensable for this. In the present study we show evidence, that coumarins are needed to 
facilitate microbe assisted nitrogen uptake as well (Figure 14). Both scopoletin fraxetin were 
shown to be bateria- and fungicidal properties towards certain taxa (Buathong et al., 2019; 
Harbort et al., 2020; Mamatova et al., 2019; Napiroon et al., 2018; Stringlis et al., 2018). 
However, as not all organisms are equally susceptible to secreted coumarins and thus they 
have a selective function in the rhizosphere (Harbort et al., 2020). When analyzing the root 
transcriptome and post-transcriptome of plants grown without nitrogen source (Figure 8), we 
found F6’H1 and S8H to be strongly induced while CYP82C4 expression was repressed. 
Conversely, F6’H1 and S8H were repressed when nitrate was resupplied after a period of 
nitrogen starvation and CYP82C4 expression was increased. The endodermal overexpression 
of NLP7 did not influence this behavior (Supplemental figure 15A,B). Therefore, we suggest 
sideretin to have a special role during nitrogen resupply after starvation. Alternatively, a 
reduction in secreted scopoletin and fraxetin, could allow for the colonization of microbes which 
were inhibited before. Although, the antimicrobial role of sideretin has not been assessed, both 
scopoletin and fraxetin, have selective antimicrobial properties (Harbort et al., 2020). A 
reduction of alpha-diversity in the rhizosphere supports the idea of an antimicrobial action of 
secreted exudates under nitrogen resupply (Figure 13A). Perhaps, when nitrogen limitation is 
alleviated, reduction of rhizosphere diversity would be a means of reducing plant-bacteria 
competition for other - now limiting - nutrients, such as iron, in the soil niche. Although, bacterial 
quantity was not assessed in the present study, it would be interesting to investigate the 
nutrient usage of bacterial extracts from nitrogen fertilized rhizosphere samples versus 
samples of nitrogen starved plants.  

Indeed, the iron reductase FRO2 and the iron transporter IRT1 are upregulated after nitrogen 
resupply (Supplementary Figure 15B). However, while the f6’h1 mutant did not show growth 
promotion after nitrogen fertilization, the irt1 mutant showed the same growth promotion as 
Col-0 wild-type plants. In addition, on the one hand, the upregulation of FRO2 and IRT1, as 
well as the reduction of rhizosphere alpha diversity after nitrate supply was not hampered in 
pELTP::NLS-NLP7 plants (Figure 13A,B). On the other hand, the further upregulation of S8H 
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and NRT2.1, as observed in wild-type plants was not present in pELTP::NLS-NLP7 
(Supplemental figure 15B,D).These results indicate that, there might be an overlapping role of 
coumarins in facilitating microbe elicited nitrogen and iron nutrition. However, preliminary 
results show that joint provision of fraxetin and nitrogen, can’t facilitate growth promotion of the 
f6’h1 mutant but partly restores growth promotion in the pELTP::NLS-NLP7 line (Supplemental 
figure 16B). Moreover, provision of chelated iron to nitrogen limited soil confers a growth 
benefit towards wild-type and f6’h1 mutant plants but not pELTP::NLS-NLP7 plants 
(Supplemental figure 16C). Albeit, joint provision of chelated iron and nitrogen to the soil did 
promote growth also of the pELTP::NLS-NLP7 plants, while further enhancing growth 
promotion in wild-type and f6’h1 mutant plants (Supplemental figure 16B,C). Taken together, 
with the fact that growth promotion was also lost in wildtype plants in sterile soil, when neither 
nitrogen nor iron where limiting (Figure 12, Figure 14), these results imply a shared but not 
completely overlapping function of coumarins in microbe elicited nitrogen and iron provision.  

However, neither the iron uptake machinery after nitrate supply nor the ability of translocating 
nitrate to the shoot, were hampered in pELTP::NLS-NLP7 observed in whole root 
transcriptomics and in sterilized soil grown plants, respectively (Supplemental figure 15B, 
Figure 12). Furthermore we observed that pELTP::NLS-NLP7 grown in natural soil, didn’t show 
purple coloration reminiscent of anthocyanin accumulation during nitrogen starvation (Liang & 
He, 2018; Peng et al., 2008), which has been demonstrated before to be mediated by LBD 
family transcription factors (Rubin et al., 2009). Further, unpublished work has shown a similar 
lack of anthocyanin production in plants with defective or enhanced Casparian Strip (CS) 
formation, highlighting the role of endodermal signaling in regulating shoot nitrogen status. 
(Shen et al., 2023). The usage of tissue specific expression of regulatory proteins allows us to 
address these questions in detail. 
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7 Outlook  
Looking forward, we want to further investigate the cause of lost growth promotion in the plants 
with defective endodermal suberin deposition, gelpquintuple, plants defective in coumarin 
biosynthesis f6’h1 and plants with manipulated endodermal signaling, pELTP::NLS-NLP7.  

First, as a functional microbial community appears to be required for conveying nitrogen 
fertilizer usage, we hypothesized that microbiome assembly would be affected in these 
mutants. A first analysis of 16S amplicon sequencing of wild-type plants on fertilized natural 
and sterilized soil conditions revealed structural changes in the rhizosphere of plants after 
fertilization. However, the specific changes of gelpquintuple and pELTP::NLS-NLP7 were not clear 
yet and will require further analysis. From the same samples also ITS amplicon libraries were 
produced to investigate the fungal community as well. Although coumarins have been 
demonstrated to possess antifungal properties (Mamatova et al., 2019; Stringlis et al., 2018) 
and have been implied in aiding plant phosphorus nutrition (Hiruma et al., 2016), the role of 
secondary metabolites in shaping the fungal the community and their respective role in 
nitrogen is not clear yet. However, despite Arabidopsis being unable to form symbiotic 
relationships with arbuscular mycorrhizal fungi (AMF), AMF taxa are enriched in its root 
microbiome (Fernández et al., 2019) and scopoletin has been suggested to play a role in their 
recruitment (Cosme et al., 2021). Further, AMF have been shown to impact plant nitrogen 
acquisition through fungal-bacterial interactions (Govindarajulu et al., 2005; Hestrin et al., 
2019). Analysis of the bacterial and fungal microbiome may allow us to identify keystone taxa, 
aiding plants in nitrogen – and or iron - acquisition from the soil after nitrogen provision. Adding 
these to our repertoire of biofertilizers, soil inoculants or seed inoculants can improve the 
nitrogen use efficiency (NUE) after nitrogen fertilization.  

Second, as discussed above, shoot growth promotion appeared to be not directly linked to 
shoot nitrogen status, as after nitrogen fertilization, nitrate was still translocated to the shoot in 
sterilized soil, where growth promotion was lost (Figure 12). To investigate this, we performed 
transcriptomic analysis on shoots of plants grown under these conditions Preliminary analysis 
of these profiles revealed that as expected photosynthesis and ammonia assimilation are 
strongly upregulated in wild-type plants after nitrogen provision (Supplemental figure 17B). 
Interestingly, gelpquintuple and pELTP::NLS-NL7 plants, which were unable to benefit from the 
supplied nitrogen fertilizer, showed little changes in neither up- nor downregulated genes 
(Supplemental figure 17A,C). Direct, comparison of wild-type plants to pELTP::NLS-NLP7 
plants showed few upregulated genes. However, we observed a strong downregulation of 
defense related genes (Supplemental figure 17D). Regulation defense and growth responses 
has been demonstrated to be critical for microbiome homeostasis (Ma et al., 2021). Our results 
indicate that a key component of nitrogen fertilizer usage efficiency is the switch from defense 
to growth. Whether the inability to do so is cause or result of a dysbiotic community in the 
rhizosphere remains to be investigated. 

Lastly, although our results highlighted the importance of mature root nitrogen signaling and 
coumarin biosynthesis, it remains unclear how biotic and abiotic signals are conducted across 
the suberized endodermis. Across different ecotypes, we found passage cells in Arabidopsis 
thaliana to be a variable trait in nitrogen limiting conditions (Supplemental figure 14A,B). It is 
possible that passage cell occurrence contributes to the observed variability of plant responses 
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to limiting nitrogen (Supplemental figure 14C,D,E,F). New advancements in microscopy 
techniques (von Wangenheim et al., 2017), as well as an ever-expanding repertoire of genetic 
tools to genetically modify plants and microbes (Ordon, Kiel, et al., 2023; Ordon, Thouin, et al., 
2023) will allow us to observe plant microbial interactions in living organisms with high spatial 
resolution. After establishing the core taxa relevant for microbe-elicited nitrogen fertilizer 
usage, key experiments would include; the validation of their sufficiency to elicit nitrogen 
fertilizer usage in gnotobiotic systems, the spatial resolution of the interactions required to do 
so and lastly to test if and which endodermal traits contribute to the recruitment or limitation of 
relevant strains.  

7.1 Conclusion 

The agricultural soil ecosystem is complex. Plants have to adapt to the biotic and abiotic soil 
properties as well as available nutrients. To do so plants have evolved extensive nutrient 
uptake systems (Marschner, 1995). Moreover, plants distinctively regulate their microbiome 
(Wippel et al., 2021). In this work we shed light on the importance of microbes in nitrogen 
fertilizer use efficiency. Moreover, we show that nitrogen signaling and secondary metabolism 
in the mature primary root of Arabidopsis thaliana play a role in the effective usage of available 
soil nitrogen. Together these findings allow us to establish tools to manipulate soil microbial 
communities through genetic modification of plants or bio fertilization, ultimately improving the 
soil fertilizer usage of agricultural systems and preventing leaching and subsequent 
eutrophication. 
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8 Materials and Methods 
8.1 Materials 

8.1.1 Plant material  

All wild-type and mutant plants of the Arabidopsis thaliana ecotypes Col-0 and Van-0 (The 
European Arabidopsis Stock Centre - NASC) as well as Wid1-6 and Teb23-1 (Milena Malisic, 
unpublished) and Camelina sativa cultivars were cultivated and propagated at the Max Planck 
Institute for Plant Breeding Research, Carl-von-Linné Weg 10, Germany (Table 2). Transgenic 
plants for TRAP experiments expressing BLRP-FLAG-RPL18-GFP under the promoter of 
UBQ10 (AT4G05320), PEP (AT1G09750), SCR (AT3G54220) ELTP (EDA4, AT2G48140) and 
GPAT5 (AT3G11430) respectively (Barberon et al., 2016; Leal et al., 2022; Thellmann et al., 
2020) were previously described or were generated in this study (Table 4). The TRAP line 
driven by the SCR promoter contained the FastRed fluorescent seed coat marker and 
fluorescence was confirmed via microscopy. Endodermal overexpression lines of NLS-NLP7 
(AT4G24020) and NIGT1.1 (AT1G25550), expressed under the promoter of ELTP 
(AT2G48140) were transformed into pGPAT5::Citrine-SYP122 (Andersen et al., 2018) and 
selected via the FastGreen seed coat marker (Shimada et al., 2010). T2 lines were selected 
according to a 3:1 Mendelian segregation and fluorescent seeds were cultivated individually 
to obtain homozygous T3 lines. If applicable, seed coat marker presence was confirmed via 
fluorescent stereo microscopy (Zeiss Axio Zoom.V16) before each experiment.  

Table 2: List of plant species and ecotypes used for this study 

Species Ecotype Latitude Longitude Collector 
Source 
(for this work) 

Arabidopsis 
thaliana 

Col-0 38.3 -92.3 Albert Kranz Charles Uhlmann 

Arabidopsis 
thaliana 

Van-0 49.2655 -123.206 Albert Kranz Charles Copeland 

Arabidopsis 
thaliana 

Wid1-6 50.9821 6.8272 
Klaus Schläppi & Nina 
Dombrowski 

Milena Malisic 

Arabidopsis 
thaliana 

Teb23-1 44.292 11.784 Haruhiko Inoue et al. Milena Malisic 

Camelina sativa CAM63 Sweden Sweden IÖF Malchow IPK Gatersleben 

Camelina sativa CAM134 Sweden Sweden 
BAZ, Braunschweig Genetic 
Resources Centre 

IPK Gatersleben 

Camelina sativa CAM220 Sweden Sweden 
BAZ, Braunschweig Genetic 
Resources Centre 

IPK Gatersleben 

Camelina sativa CAM277 Germany Germany Asmus Sören Petersen IPK Gatersleben 

Table 3: List of Arabidopsis thaliana mutant plants used for this study 

Species Ecotype Name Mutated gene(s) AGI 
Source 
(for this work) 

Publication / ID 

Arabidopsis 
thaliana 

Col-0  esb1-1 AT2G28670 Tonni Grube Andersen 
(Hosmani et al., 
2013) 

Arabidopsis 
thaliana 

Col-0 sgn3-3 AT4G20140 Tonni Grube Andersen (Pfister et al., 2014) 
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Species Ecotype Name Mutated gene(s) AGI 
Source 
(for this work) 

Publication / ID 

Arabidopsis 
thaliana 

Col-0 f6’h1 AT3G13610 Milena Malisic (Harbort et al., 2020) 

Arabidopsis 
thaliana 

Col-0 irt1 AT4G19690 Milena Malisic (Harbort et al., 2020) 

Arabidopsis 
thaliana 

Col-0 nlp7-1 AT4G24020 Sandrine Ruffel 
(L. H. Yu et al., 
2016) 

Arabidopsis 
thaliana 

Col-0 
cyp79b2  

cyp79b3 

AT4G39950 
AT2G22330 

Thomas Ryohei Nakano 
(Wolinska et al., 
2021) 

Arabidopsis 
thaliana 

Col-0 

cyp79b2  

cyp79b3  

f6’h1 

AT4G39950 
AT2G22330 
AT3G13610 

Makoto Tsuda unpublished 

Arabidopsis 
thaliana 

Col-0 amt1.2 AT1G64780 NASC 
SALK-202315C 
N690238 
ID:60978 

Arabidopsis 
thaliana 

Col-0 nrt2.1 AT1G08090 NASC 
SALK-035429C 
N662089 
ID60978 

Arabidopsis 
thaliana 

Col-0 

gelp22-c1  

gelp38-c3  

gelp49-c1  

gelp51-c1 

gelp96-c1 

AT1G54000 
AT1G74460 
AT2G19050 
AT2G23540 
AT5G37690 

Robertas Ursache 
(Ursache et al., 
2021) 

Table 4: List of transgenic t-DNA insertion lines overexpressing proteins of interest used in this study 

Donor Species Parental line Name Lines Associated 
gene(s) AGI 

Source 
(For this 
work) 

Publication 

Arabidopsis 
thaliana, Aequorea 
victoria 

Col-0 
pGPAT5:: Citrine-
SYP122 

- 
AT3G11430, 
AT3G52400 

Tonni Grube 
Andersen 

(Andersen et 
al., 2018) 

Arabidopsis 
thaliana, 

Col-0 pCASP1:: CDEF1 - 
AT2G36100 
AT4G30140 

Tonni Grube 
Andersen 

(Naseer et al., 
2012) 

Arabidopsis 
thaliana, Aequorea 
victoria 

pGPAT5:: 
Citrine-SYP122 

pELTP:: NLS-
NLP7-GFP 

#3-1, 
#7-5 

AT2G48140 
AT4G24020 

Tonni Grube 
Andersen 

unpublished 

Arabidopsis thaliana 
pGPAT5:: 
Citrine-SYP122 

pELTP:: NLS-
NLP7 

#4-20, 
#5-15 

AT2G48140 
AT4G24020 

Tonni Grube 
Andersen 

unpublished 

Arabidopsis 
thaliana, 
Aequorea victoria 

pGPAT5:: 
Citrine-SYP122 

pELTP:: NIGT1.1-
GFP 

#1-5, 
#3-7 

AT2G48140 
AT1G25550 

Tonni Grube 
Andersen 

unpublished 

Arabidopsis thaliana 
pGPAT5:: 
Citrine-SYP122 

pELTP:: NIGT1.1 
#1-17, 
#6-2 

AT2G48140 
AT1G25550 

Tonni Grube 
Andersen 

unpublished 

Arabidopsis 
thaliana, 
Aequorea victoria 

Col-0 
pUBQ:: BLRP-
FLAG-GFP-RPL18 

#12, 
#17 

AT1G09750 
AT3G05590 

Marie 
Barberon 

(Thellmann et 
al., 2020) 

Arabidopsis 
thaliana, 
Aequorea victoria 

Col-0 
pPEP:: BLRP-
FLAG-GFP-RPL18 

#4, 
#5 

AT1G09750 
AT3G05590 

Marie 
Barberon 

(Thellmann et 
al., 2020) 
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Donor Species Parental line Name Lines 
Associated 
gene(s) AGI 

Source 
(For this 
work) 

Publication 

Arabidopsis 
thaliana, 
Aequorea victoria 

Col-0 
pSCR:: BLRP-
FLAG-GFP-RPL18 

#2-7-8 
AT3G54220 
AT3G05590 

Tonni Grube 
Andersen 

unpublished 

Arabidopsis 
thaliana, 
Aequorea victoria 

Col-0 
pELTP:: BLRP-
FLAG-GFP-RPL18 

#9, 
#11 

AT2G48140 
AT3G05590 

Marie 
Barberon 

unpublished 

Arabidopsis 
thaliana, 
Aequorea victoria 

Col-0 
pGPAT:: BLRP-
FLAG-GFP-RPL18 

#4, 
#7 

AT3G11430 
AT3G05590 

Tonni Grube 
Andersen 

Leal et al. 
2022 

 

8.1.2 Plant growth media 

If not indicated otherwise, half-strength Caisson MSP01 (1/2 MS) or Caisson MSP21 (1/2 MS-
N) were used. For the 0.11mM N limiting treatment, 0.037mM KNO3 and 0.037mM NH4NO3 

were added to Caisson MSP21 medium.  For the K2SO4 control medium a surplus K+ and SO4
2- 

was supplemented onto Caisson MSP21 with final concentrations of 20mM KNO3 and 5mM 
(NH4)2SO4 mimicking MSP01 in its nitrogen content. Similarly, to control for a surplus K+, 10mM 
KNO3 and 10mM NH4NO3 was added to 1/2 MS-N, mimicking MSP01 in its nitrogen content. 
This medium was referred to as positive control. To all media, 10mM 2-(N-
morpholino)ethanesulfonic acid (MES) was added as a buffering component and pH was 
adjusted to 5.8 using KOH. No sucrose was added to any media. Lastly 1% (w/v) Difco™ 
Granulated Agar was added before autoclaving the media using gravity steam sterilization at 
120°C for 20min. Similarly, as for media containing individual concentrations of nitrogen, 
Caisson MSP21 was supplied with the indicated amount of either KNO3 or (NH4)2SO4 for nitrate 
and ammonium concentration gradients respectively.  

Table 5: Composition of 'Caisson MSP01' medium: Murashige & Skoog Basal Salts, [+] Macronutrients, [+] 
Micronutrients. 2.165g/L of mineral salts were used for the preparation of 1/2 MS medium. Listed concentrations 
correspond to the final concentration in 1/2 MS medium 

1/2 MS 
composition Nutrient salt (name) Nutrient salt 

(formula) 
Molecular 

weight 
[g / mol] 

Final 
concentration 

[µM] 

Final 
concentration [mg 

/ L] 

M
ac

ro
nu

tri
en

ts
 

Magnesiumsulphate 
anhydrous MgSO4 120.37 750.6 90.4 

Potassium dihydrogen 
phosphate KH2PO4 136.09 624.6 85.0 

Ammonium nitrate NH4NO3 80.04 10307.3 825.0 

Potassium sulfate 
anhydrous KH2SO4 136.09 0.0 0.0 

Potassium nitrate KNO3 101.1 9396.6 950.0 

Calcium dichloride 
anhydrous CaCl2 110.98 1496.7 166.1 

M
ic

ro
nu

tr
ie

nt
s 

Cobalt dichloride 
hexahydrate CoCl2 • 6H2O 237.93 0.1 0.025 

Cupric sulfate 
pentahydrate CuSO4 • 5H2O 249.71 0.1 0.025 

Boric acid H3BO3 61.83 50.1 3.1 
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1/2 MS 
composition Nutrient salt (name) Nutrient salt 

(formula) 
Molecular 

weight 
[g / mol] 

Final 
concentration 

[µM] 

Final 
concentration [mg 

/ L] 

Potassium iodide KI 166 2.5 0.4 

Manganese Sulfate 
monohydrate MnSO4 • H2O 169.02 50.0 8.5 

Disodium Molybdate 
dihydrate 

Na2MoO4 • 
2H2O 241.95 1.0 0.25 

Zinc sulfate 
heptahydrate ZnSO4 • 7H2O 136.3 31.5 4.3 

Ferrous sulfate 
heptahydrate FeSO4 • 7H2O 278.02 50.0 13.9 

Disodium-EDTA 
dihydrate Na2EDTA 372.24 50.0 18.6 

Potassium Chloride KCl 74.55 0.0 0.0 

Table 6: Composition of 'Caisson MSP21' medium: Murashige & Skoog Basal Salts, [+] Nitrogen Free, [+] 
Micronutrients [+] Macronutrients [+] Potassium Chloride [+] Potassium Sulfate. 1.565g/L of mineral salts were used 
for the preparation of 1/2 MS medium. Listed concentrations correspond to the final concentration in 1/2 MS 
medium. Fields highlighted in red display a reduction compared to ‘Caisson MSP01’. Fields highlighted in green 
display an increase compared to ‘Caisson MSP01’. 

1/2 MS-N 
composition Nutrient salt (name) Nutrient salt 

(formula) 
Molecular 

weight 
[g / mol] 

Final 
concentration 

[µM] 

Final 
concentration [mg 

/ L] 

M
ac

ro
-n

ut
rie

nt
s 

Magnesiumsulphate 
anhydrous MgSO4 120.37 750.6 90.4 

Potassium dihydrogen 
phosphate KH2PO4 136.09 624.6 85.0 

Ammonium nitrate NH4NO3 80.04 0.0 0.0 

Potassium sulfate 
anhydrous KH2SO4 136.09 6017.7 818.9 

Potassium nitrate KNO3 101.1 0.0 0.0 

Calcium dichloride 
anhydrous CaCl2 110.98 1496.7 166.1 

M
ic

ro
nu

tr
ie

nt
s 

Cobalt dichloride 
hexahydrate CoCl2 • 6H2O 237.93 0.1 0.025 

Cupric sulfate 
pentahydrate CuSO4 • 5H2O 249.71 0.1 0.025 

Boric acid H3BO3 61.83 50.1 3.1 

Potassium iodide KI 166 2.5 0.4 

Manganese Sulfate 
monohydrate MnSO4 • H2O 169.02 50.0 8.5 

Disodium Molybdate 
dihydrate 

Na2MoO4 • 
2H2O 241.95 1.0 0.25 

Zinc sulfate 
heptahydrate ZnSO4 • 7H2O 136.3 31.5 4.3 

Ferrous sulfate 
heptahydrate FeSO4 • 7H2O 278.02 50.0 13.9 

Disodium-EDTA 
dihydrate Na2EDTA 372.24 50.0 18.6 

Potassium Chloride KCl 74.55 4761.3 355.0 

8.1.3 Fertilizer 

For control ‘Water’ treatment de-ionized water (ddH2O) from a tap within the greenhouse cabin 
was used. For ‘Calcinite’ treatment 7mL/L of a 9.3kg/100L stock solution (YaraTerra 
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CALCINIT, Yara GmbH) was used, resulting in an electric conductivity (EC) of 1.4 mS/m. For 
‘Wuxal’ treatment 7mL/L Calcinite stock solution and 3mL/L of WUXAL (WUXAL Super 8-8-6, 
Hauert MANNA Düngerwerke GmbH) were used, resulting in an EC of 2.4 mS/s. The resulting 
nutrient concentrations are listed below (Table 7). The final concentration of ‘Wuxal’ treated 
soil is to be understood as additive value of all concentrations listed below. 

  

Table 7: Fertilizer composition used for the greenhouse experiments. Molarity was calculated using 
selleckchem.com/molaritycalculator.jsp according to the “Formula” given. Final concentration is calculated using 
7mL/L of 9.3kg/100L Calcinite stock solution and 3mL/L of WUXAL respectively. Ingredients were listed in German 
and the formula was constructed according to the translation.  

Fertilizer Ingredient (as listed) Formula Content Final 
concentration [µM] 

Final concentration 
[mg / L] 

C
al

ci
ni

te
 

N Gesamtstickstoff N 15.5% 7 286 101.9 

N Nitratstickstoff N-NO3 14.4% 6 692 93.70 

N Ammoniumstickstoff N-NH4 1.1% 551 7.16 

CaO wasserlösliches 
Calciumoxid 

CaO 26.5% 3 076 172.52 

W
ux

al
 

Gesamtstickstoff N 8% 1 713 24.00 

N als Nitratstickstoff N-NO33 2.3% 492 6.90 

N als Ammoniumstickstoff N-NH4 3.7% 792 11.10 

N als Carbamidstickstoff CH4N2O 2.0% 428 6.00 

Wasserlösliches Phosphat P2O5 100 g/L 2 113 300 

Wasserlösliches Kaliumoxid K2O 75 g/L 2 386 225 

Wasserlösliches Bor B 0.12 g/L 33 0.36 

Wasserlösliches Kupfer als 
Chelat von EDTA 

Cu • 
C10H16N2O8 

0.05 g/L 2 0.15 

Wasserlösliches Eisen als 
Chelat von EDTA 

Fe • 
C10H16N2O8 

0.25 g/L 13 0.75 

Wasserlösliches Mangan als 
Chelat von EDTA 

Mn • 
C10H16N2O8 

0.15 g/L 8 0.45 

Wasserlösliches Molybdän Mo 0.01 g/L 0.3 0.03 

Wasserlösliches Zink als Chelat 
von EDTA 

Zn • 
C10H16N2O8 

0.05 g/L 2 0.15 

8.1.4 Soil 

As indicated, either potting soil (Blumavis, Profisubstrat E078 Deklarationstyp 3, pH 5.8) or 
Cologne agricultural soil (CAS) were used. For all experiments the same batch of soil ‘CAS-
16’, extracted in April 2022 from a local site at the MPIPZ (GPS code : 50.958 N, 6.856 E) was 
used. In order to sterilize the soil, ~10kg soil were placed in an autoclaving bag and sterilized 
for 30min at 121°C in a vacuum autoclave (Systec VX-150). Maximum of five bags were 
autoclaved in one cycle and the vacuum was released once 90°C were reached. Afterwards, 
the soil was stored at 4°C until usage (<12 weeks after sterilization). Around 100kg of soil were 
sterilized in two batches (27. & 28.02.2023). To assess the effectiveness of the sterilization, 
~5cm³ of either autoclaved and untreated soil were plated on 50% tryptic soy agar (Roth, 
CASO-Bouillon, X938, 30g/L) solidified with 1.5% (w/v) bactoagar (BD 214010) without 
antibiotics. Microbial growth was visually assessed 2 and 5 days after plating. The soil 
properties of CAS were previously assessed (Harbort et al., 2020). Additionally, after the 

https://www.selleckchem.com/molaritycalculator.jsp
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experiment to assess “nitrogen fertilizer usage of endodermis mutant lines” (8.2.4.3, CAS III) 
pH, nitrate (NO3

-) and iron (Fe 2+/3+) were assessed before and after fertilizer treatment and 
autoclaving, respectively (Supplemental figure 11).  

 

Table 8 Soil composition of “potting soil”used for the greenhouse experiments. Molarity was calculated using 
selleckchem.com/molaritycalculator.jsp according to the “Formula” given. Ingredients were listed in German and 
the formula was constructed according to the translation. 

Soil Ingredient (as listed) Formula Final concentration 
[µM] 

Final concentration 
[mg / L] 

B
lu

m
av

is
 

Pr
of

is
ub

st
ra

t E
07

8 
D

ek
la

ra
tio

ns
ty

p 
3 

Stickstoff (N) N 5 710 80 

Kaliumoxid K2O 1 220 115 

Phosphat  P2O5 669 95 

Magnesium Mg 3 290 80 

Salzgehalt KCl 13 413 1000 

Spurenelemente Fe, Cu, B, Zn not indicated not indicated 

 

8.2 Methods 

8.2.1 Seed preparation 

Seeds were sterilized via Cl2 gas sterilization. Briefly, seeds were filled into the curved bottom 
of 2mL Eppendorf tubes and placed into a desiccator under the fume hood. To generate Cl2 
gas, 100mL of 13% NaOCl solution (bleach) was placed in a beaker next to it. Then 10mL 37% 
HCl was carefully pipetted into the bleach. The desiccator was closed, and the seeds were 
incubated for 2-4 hours in the gas. Afterwards the desiccator was opened, and the tubes were 
closed underneath the fume hood. At a sterile bench the tubes were opened and incubated for 
5-10min for the remaining Cl2 to dissipate. Lastly, the seeds were suspended in 0.2% Difco™ 
Granulated Agar solution. The seeds were imbibed and stratified for 2 days at 4° in darkness 
before sowing (Lindsey et al., 2017) (16 Appendix II: TRAP protocol”). 

8.2.2 Growth conditions 

8.2.2.1 Pots 
If not indicated otherwise, plants were propagated at 22h light at 21°C with 220 µmol/m²/s light 
intensity followed by 2h darkness at 21°C. If not indicated otherwise, all greenhouse 
experiments were carried out in a semi-closed greenhouse (50°57'24.1"N 6°51'34.1"E) under 
long-day conditions (16h light). The greenhouse chamber was separated from the rest of the 
building by a sluice where a UV-Lamp and fly-traps were installed to prevent infestation.  The 
chamber itself was only entered wearing lab-coats, hairnets, shoe covers and gloves. 
Ventilation through the greenhouse roof was filtered by insect proof nets. To ensure long-day 
conditions the chamber was equipped with additional lamps (80µmol/m²/s) which were turned 
on from 06:00h-09:00h as well as, 18:00h-22:00h every day. The lamps were also activated 
when the intensity outside was measured below 180µmol/m²/s. The air temperature in the 
chamber was controlled between 16.5°C and 24°C (one-time measurement 08.02.2023). 
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8.2.2.2 Plates 
For plate-based experiments, plates were transferred to the referred growth conditions directly 
after sowing. If not indicated differently, the plants were grown vertically at 16h light at 21°C 
with 140 µmol/m²/s light intensity followed by 8h darkness at 19°C (MPIPZ Hall 15, incubator 
15.5.3, Hettich Elbanton PRC1700). Deviating from those conditions; for assessment of 
endodermal suberin (Figure 5B), at 5 DAG, the plants were grown at 50-75 µmol m-2 s-1 (n = 6) 
(H-O 9/10, Sanyo MIR-553) at 100-120 µmol m-2 s-1 or (PSL#3 H-K-17, SANYO MLR351). 
Also, for the assessment of endodermal suberin, 5 to 13 DAG the plants were grown (PSL#3 
H-K-17, SANYO MLR351) at 100-120 µmol m-2 s-1 (Figure 5D,E,F,G). All light measurements 
were performed with a spectrometer (UPRtek, PG100N).  

8.2.3 Plate based experiments 

8.2.3.1 Plate preparation and seeding 
Immediately after autoclaving, the closed media bottles were mixed on a magnetic plate to 
homogenize the agar. Afterwards the media were placed into a 55°C water bath to cool down. 
Immediately before plating the medium was stirred for 5-10minutes on a magnetic plate again. 
Under a laminar flow or downflow clean bench, 50mL of warm medium was filled into a square 
petri dish using a falcon to measure volume (Greiner Bio-One, GB688102). The plates were 
stacked and allowed to cool and solidify for ~1h. Imbibed seeds were then placed with a cut 
200µl tip onto the plates. Depending on experiment, seeds were pipetted individually or in a 
narrow line. The plates were sealed with one layer of micropore tape (3M-ID 7100036504) 

8.2.3.2 Tissue staining, imaging and analysis 
For suberin staining, plants were grown for the indicated time and stained using Fluorol Yellow  
(Lux et al., 2005b). In brief, small customized 3D-printed baskets, designed with Fusion360 
(Autodesk) and printed with “High_Temp_v2” resin using a Form3B (formlabs) 3D printer, were 
placed into 12-well plates (Greiner CELLSTAR M9187-100EA). The wells were filled with 
3.5mL 0.02% (w/v) Fluorol Yellow 088 (Merck, CAS 81-37-8) dissolved in 85% (w/w) lactic acid 
(Merck, CAS 50-21-5). Seedlings were immersed into the solution using forceps and incubated 
at 70°C for 30min – 60min in darkness. Afterwards, new 12-well plates were filled with 3.5mL 
deionized water per well and seedlings were washed three times for 3 – 5min by transferring 
the whole basket with the plants inside between the wells. Another plate was prepared in the 
same way containing 0.5% (w/v) aniline blue (Sigma-Aldrich 415049-50G) for which the 
samples are transferred and incubated for at least another 30min but not exceeding 6h in 
darkness. Just before preparing the microscopy slides, the samples were washed twice as 
described before by transferring them in a 50% glycerol (ROTH Art.Nr.: 3783.1) solution. 
Depending on the experiment up to 6 slides with up to 30 seedlings per slide were imaged at 
a time. Fluorescence was detected using an epifluorescence stereomicroscope (Zeiss Axio 
Zoom.V16) with excitation at 488nm (Lumencor LED) and GFP signal detection using a 
MF475-35 filter. Depending on the seedling age, 3-12 seedlings were imaged within one tile 
using the software autofocus and an exposure time of 200-300ms. The suberization zones 
were measured via the segmented lines tool of Fiji (Schindelin et al., 2012). The unsuberized 
zone was defined from the root tip until the first suberized cell was visible. The patchy zone 
was defined thereafter until the whole endodermal cylinder was suberized for the first time. 
Thereafter, the suberized zone was defined until the root-hypocotyl junction. Passage cells 
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were counted as unsuberized cells within the suberized zone. For expression analysis plants 
were fixed, cleared and, if indicated, stained with Calcofluor White (Ursache et al., 2018). 
Images were obtained via a Zeiss LSM980 CLSM microscope. Calcofluor White (excitation = 
405nm, detection = 425-475nm) and GFP (excitation = 488nm, detection = 510-560nm) signals 
were detected in separate channels. The images were then analysed using the Fiji software 
(Schindelin et al., 2012; Schneider et al., 2012).  

8.2.3.3 Translating Ribosome Affinity purification (TRAP) 
Seeds were prepared as described in 8.2.1 and sown onto pre-cut, autoclaved nylon mesh 
(SEFAR, NITEX 03-100/44, 11cm x 11cm). On each plate, seeds were pipetted in 3 rows 
containing approximately 200 seeds each. Aroud 20 to 40 plates were prepared per treatment 
and genotype (Appendix Figure and table). After eight days, plants were cut below the 
hypocotyl and ca. 3-5 mm above the meristems to enrich for the differentiated root partition. 
The meristem and the differentiated root fractions were collected separately by scraping the 
mesh with a feather-weight forceps and snap freezing the samples in liquid nitrogen. Samples 
were stored at -70°C until extraction. TRAP RNA was obtained as previously described 
(Thellmann et al., 2020). In brief, the protocol was adapted for the following steps: During 
tissue homogenization [(Thellmann et al., 2020) Step 6.2.4] 5mL Polysome Extraction Buffer 
(PEB) was transferred to the homogenizer and the ground sample added directly into the 
homogenizer. The lysate was cleared using an Avanti J-25 centrifuge from Beckman-Coulter. 
Microcentrifuge tubes were autoclaved before each run. GFP-binding (Step 6.6.2) was carried 
out by placing the 15mL Falcon tubes (Falcon™ 352096) containing the samples on a 
horizontal rotator at <30rpm at 4°C. For subsequent bead washes (Steps 6.6.3-6.6.4), the 
samples were placed from the rotator into an ice bucket and the beads were allowed to settle 
down for 10min. Afterwards the Falcon tubes were placed into a 3D-printed rack lined with 
neodymium magnets (Omnicube N35 Neodym Mini Magnete Extra Stark, 5x1mm) along the 
conical part of the Falcon tubes. The rack was designed using Fusion360 and printed with 
“White_v4” resin using a Form3B (formlabs) 3D printer. The beads were precipitated for 10min, 
before removing the supernatant. RNA extraction was carried out as previously described (16 
Appendix II: TRAP protocol”). During the TRAP protocol all surfaces were periodically treated 
with RNAzap (Sigma-Aldrich R2020-250ML). After RNA extraction the samples were sent to 
Novogene Co., Ltd. for quality control and sequenced via Low Input RNAseq 
(https://www.novogene.com).  

8.2.3.4 Plant growth and tissue preparation of NLS-NLP7 overexpressing plants  
One row of ~200 seeds were sown on 1/2 MS plates as described for the TRAP experiment 
(8.2.3.3) and grown vertically for eight days. Three to five roots per genotype were stained with 
Fluorol Yellow as described before to confirm the phenotype of the NLS-NLP7 overexpressing 
line. Afterwards, the root was cut below the hypocotyl and harvested as described for the TRAP 
experiment.  

8.2.3.5 KNO3 transfer experiments 

8.2.3.5.1 Assessing endodermal suberization upon nitrogen re-supply 
Sterilized and imbibed seeds were pipetted individually on plates containing 1/2 MS-N medium. 
Two individual plates were prepared per genotype. The plates were transferred and grown 
vertically for 6 days under standard conditions. Afterwards, the plates were opened under a 

https://www.novogene.com/
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laminar flow clean bench and 6 physiologically similar seedlings were transferred onto a new 
plate containing either 1/2 MS-N, 1/2 MS or 1/2 MS-N + 30mM KNO3. The root tip was marked 
with a pen to assess the growth rate after transfer. All genotypes were placed onto the same 
plate. The experiment was carried out with 3 replicate treatment plates each. Afterwards, the 
plants were grown for additional two days before taking images for root growth measurements. 
Root length measurements were carried out using the segmented line tool of the Fiji software 
(Schindelin et al., 2012). After the pictures were taken, the plants were pooled across all 3 
replicates, jointly stained with Fluorol Yellow and imaged as described above.  

8.2.3.5.2 Plant growth and tissue preparation for RNAseq upon nitrogen resupply.  
One row of ~200 seeds were sown on 1/2 MS-N as described for the TRAP experiment 
(8.2.3.3) and then incubated vertically for six days. Afterwards, the plates were opened under 
a laminar flow clean bench. The nylon mesh was carefully lifted off the plate using two surface 
sterilized coverslip forceps and transferred to a new plate with either 1/2 MS-N or 1/2 MS-N + 
30mM KNO3. Afterwards, the plates were re-sealed with micropore tape and incubated for 
another 2 days, before cutting the root below the hypocotyl and harvesting the root material 
like described for the TRAP. Three to five roots per genotype were stained with Fluorol Yellow 
as described before to confirm the phenotype of the NLS-NLP7 overexpressing line grown on 
the nylon mesh. The experiment was carried out with four replicates. 

8.2.3.6 Coumarin extraction 
Plants were sown, grown, dissected and harvested as described for the TRAP experiment 
(8.2.3.3). Coumarins were extracted from the differentiated root fractions. Frozen tissue was 
homogenized by adding a metal ball for 1min at 30Hz (Qiagen TissueLyser). Samples were 
kept on ice. Then, 1mL of pre-cooled extraction buffer (40% Acetonitrile, 40% Methanol, 20% 
H2O) was added and samples were gently mixed by inverting. Samples were incubated for 
30min at 40°C and 1500rpm and afterwards centrifuged for 10min at 4°C and 21000x g. The 
pellet was used for protein quantification as previously described (Bradford, 1976). The 
supernatant was transferred to a new tube and dried in a CentriVap evaporator (Labconco) at 
10°C and 1000rpm for 6h. The dried pellet was subsequently used for targeted analysis via 
Gas chromatography-Mass spectrometry (GC-MS). For quantification of scopolin, scopoletin, 
fraxin and fraxetin, reference spikes were used to determine the m/z-score and retention time 
specific peaks. For the quantification of sideretin, the m/z score and retention time were 
approximated. 

8.2.4 Greenhouse experiments  

Table 9: Summary of experiments on soil, dates in brackets indicate the date of transfer from plates onto soil 

ID Name Start End Genotypes Soils Treatments Measured 
parameters 

CAS 
I 

Greenhouse setup 

08
.0

6.
20

22
 

(1
5.

06
.2

02
2)

 

25
.0

6.
20

22
 

Col-0 
pGPAT5::Citrine-SYP122 
pELTP::NLS-NLP7 #4-20 
pELTP::NLS-NLP7 #5-15 
pELTP::NIGT1.1 #1-17 
pELTP::NIGT1 #6-2 

Potting soil 
CAS (natural) 

Rainwater Pictures (end) 
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ID Name Start End Genotypes Soils Treatments Measured 
parameters 

CAS 
II 

Fertilization of 
agricultural soil 

20
.0

6.
20

22
 

(2
7.

06
.2

02
2)

 

12
.0

8.
20

23
 

Col-0 
pGPAT5::Citrine-SYP122 
pELTP::NLS-NLP7 #4-20 
pELTP::NLS-NLP7 #5-15 
pELTP::NIGT1.1 #1-17 
pELTP::NIGT1 #6-2 

Potting soil 
CAS (natural) 

Rainwater 
Calcinite 
WUXAL 

Pictures (end) 
Shoot weight 

CAS 
III 

Nitrogen fertilizer 
usage of 
endodermis 
mutant lines 

02
.0

2.
20

23
 

(0
9.

03
.2

02
3)

 

30
.0

3.
20

23
 

Col-0 
pGPAT5::Citrine-SYP122 
pELTP::NLS-NLP7 #4-20 
gelpquintuple 

CAS (natural) 
CAS (sterile) 

ddH2O 
Calcinite 

Pictures 
(weekly) 
Shoot weight 
Shoot 
transcriptome 
Shoot NO3-, 
SO42-,PO43- 

Soil 
microbiome 
Rhizosphere 
Endosphere 
Soil pH, NO3-, 
Fe 

CAS 
IV 

Nitrogen fertilizer 
usage in mutants 
of ion uptake and 
secondary 
metabolism 

29
.0

3.
20

23
 

(0
5.

04
.2

02
3)

 

26
.0

4.
20

23
 

Col-0 
f6’h1 
cyp79b2b3 
cyp79b2b3f6’h1 
irt1 
amt1.2 
nrt2.1 
nlp7 

CAS (natural) 
CAS (sterile) 

ddH2O 
Calcinite 

Pictures 
(weekly) 
Shoot weight 

CAS 
V 

Nitrogen fertilizer 
usage in 
interdependence 
with Fraxetin and 
FeDTPA 

05
.0

5.
20

23
 

(1
2.

05
.2

02
3)

 

02
.0

6.
20

23
 

Col-0 
f6’h1 
pGPAT5::Citrine-SYP122 
pELTP::NLS-NLP7 #4-20 

CAS (natural) ddH2O 
Calcinite 
ddH2O + 50µM 
Fraxetin 
Calcinite + 
50µM Fraxetin 
ddH2O + 35µM 
FeDTPA 
Calcinite + 
35µM FeDTPA 

Pictures 
(weekly) 
Shoot weight 

CAS 
VI 

Microbe re-
inoculation of 
sterilized soil 
before nitrogen 
fertilization 25

.0
5.

20
23

 
(0

1.
06

.2
02

3)
 

22
.0

6.
20

23
 Col-0 

f6’h1 
pGPAT5::Citrine-SYP122 
pELTP::NLS-NLP7 #4-20 

CAS (sterile) Mock 
Soil wash 

Pictures 
(weekly) 
Shoot weight 

 

8.2.4.1 Greenhouse setup  
Besides the first experiments (‘CAS I’ and ‘CAS II’), all experiments were carried out in two full 
factorial replicates, consisting of one tray of each combination of soil and treatment with three 
pots which contained four plants per genotype. This resulted in 24 individual measurements 
per experiment.  

8.2.4.1.1 Pilot experiment 
During a first iteration (experiment ‘CAS I’), we tested the best suitable conditions for our 
experiments. The plants were grown at short day conditions in the semi-sterile greenhouse (8h 
of sunlight). Trays were prepared by placing flat plastic stands into greenhouse trays. An 
oversized capillary greenhouse mat (Vivaplus 3-Layer Capillary Matting, Thorntrees Amenity 
LTD) was placed onto the stand. The tray thus acted as a reservoir to supply the plants with 
irrigation medium throughout the experiment. Twenty four 9*9*9.5 (cm*cm*cm) square pots 
(e.g. growland Artikelnr. 15773, ca. 0.5L) in plastic grids were placed onto the capillary mats.  



  Materials and Methods 

Cologne, 09.2023 PhD thesis, Noah Kürtös 69 / 70 

The plants were then transferred into the dry soil settled with water from the top. Afterwards 
the plants were watered with an initial 2L of rain water from the bottom. 

8.2.4.1.2 Tray preparation 
As described in (8.2.4.1.1), 12 – 24 pots per tray were filled with soil and directly placed into 
plastic trays containing the respective irrigation solution. The soil was then allowed to soak 
from the bottom for one to three hours. After 10-15 minutes, the CAS changed visibly in colour 
as it was saturating with liquid. We used this as visual confirmation of soil moisture saturation. 
Four seedlings per pot were then transferred to the indicated soil condition with either standard 
potting soil (only used for experiment ‘CAS II’) or CAS.  

8.2.4.1.3 Sowing 
Plants were germinated for 7 days on 1/2 MS agar plates as described above. The agar plates 
were opened in the greenhouse cabin. Next, a single seedling was picked up at the hypocotyl-
root junction using a toothpick. The seedlings were carefully laid on top of the soaked soil and 
the roots gently pressed into the substrate with the toothpick.  

8.2.4.1.4 Transfer and tray layout 
Meanwhile, fresh capillary mat trays were prepared as indicated above and labelled for each 
condition. The individual pots were then transferred onto the capillary mat. Three pots with four 
plants per genotype were placed into each tray. Their position was randomly assigned and 
noted. If there was any remaining liquid from the soaking process it was added to the reservoir. 
After all pots were transferred, a picture was taken with a cell-phone camera (Samsung Galaxy 
S10 Lite) for documentation and the trays were covered with a transparent propagator lid for 
seven days. 

8.2.4.1.5 Irrigation regiment 
Upon seedling transfer the pots were initially soaked (7DAG/0DAT). In here, 1/6L was used 
per pot in each tray (e.g.: 24pots/tray = 4L irrigation liquid). After one additional week (14DAG), 
the propagator lid was removed and 1/12L per pot was added to the reservoir of each tray. 
After one additional week (21DAG), another 1/6L per pot was added to the reservoir of each 
tray. The plants were always irrigated with a fix volume and fertilizer concentration. No liquid 
was drained or added otherwise and mineral content can be considered to be cumulative 
throughout the experiments. 

8.2.4.2 Fertilization of agricultural soil 
For this experiment (‘CAS II’), Col-0 plants, two independent lines overexpressing NLS-NLP7 
and NIGT1.1 in pGPAT5::Citrine-SYP122 background as well as their parental line, 
pGPAT5::Citrine-SYP122 were used. Plants were watered with rainwater, collected in a big 
reservoir outside the greenhouse (50°57'28.8"N 6°51'21.6"E). Since the rainwater showed 
visible algae growth, it was not used for following experiments. As fertilizer treatments 
‘Calcinite’ and ‘Wuxal’ were mixed with rainwater as indicated above. The experiment was 
carried out in one tray per condition and four pots per genotype (n = 16). The pot location was 
not traced. Three weeks after transplantation, the trays were transported to the laboratory, the 
rosettes were cut and weighted with a fine scale. 
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8.2.4.3 Nitrogen fertilizer usage of endodermis mutant lines 
For this experiment (‘CAS III’), Col-0, gelpquintuple and pELTP::NLS-NLP7#4-20 in 
pGPAT5::Citrine-SYP122 background as well as its parental line pGPAT5::Citrine-SYP122 
were used. Five pots per genotype were prepared as described above. Additionally, three 
empty pots containing four tooth picks were used as “unplanted” control. Each tray consisted 
of 24 pots The plants were sown onto natural and sterilized CAS and irrigated with de-ionized 
water, as well as Calcinite in de-ionized water. Three weeks after transplantation, soil, plant 
rosettes, and their root and rhizosphere, together with the soil matrix were harvested directly 
outside the greenhouse chamber. To do so, all individual rosettes were cut weighted and 
directly frozen in liquid nitrogen. The samples were stored at -70°C before being further 
processed for shoot transcriptomics and ionomics separately. Afterwards the pots were 
transported to the laboratory and the microbial samples were harvested.  

For soil microbiome samples, ~1cm³ from “unplanted” pots was harvested with a metal spatula 
dispersed into a collection tube containing Lysing Matrix E (FastDNA Spin Kit for Soil, MP 
Biomedicals). For rhizosphere and endosphere samples, the moist soil and roots were taken 
out of the pot and split into two. The roots were then extracted by grasping the hypocotyl-root 
junction with a forceps and removing the majority of the soil, by ejecting ddH2O onto the root 
system. Two root systems extracted that way were pooled and immersed into a 15mL Falcon 
tube containing 10mL deionized water. Thus, the majority of the remaining soil was washed 
off and collected in the tube. The root systems were removed for the endosphere samples and 
the tubes were stored at -20°C. For the rhizosphere samples the tubes were allowed to thaw 
at 4°C for 24h. Afterwards the supernatant was discarded. The sedimented soil was 
resuspended with a 1000µl pipette using a cut tip. Then, 300µl of the resuspension were added 
to a collection tube containing Lysing Matrix E snap frozen in liquid nitrogen and stored at -
20°C until DNA extraction. For the endosphere samples, the two root systems were again 
immersed in a 15mL Falcon tube containing 10mL deionized water. The remaining soil 
particles were gently removed using metal forceps. The roots were then added to a collection 
tube containing Lysing Matrix E snap frozen in liquid nitrogen and stored at -20°C until DNA 
extraction.  

This way, three soil microbiome samples, as well as six rhizosphere samples and six 
endosphere samples were collected per replicate and genotype. For natural soil, samples from 
all genotypes were extracted, while for sterile soil only samples from Col-0 were extracted. 
Microbiome samples of the first replicate of all conditions and genotypes were retrieved on the 
day of harvest. The remaining pots were then stored at 4°C over night before harvesting the 
next day. 

8.2.4.4 Nitrogen fertilizer usage in mutants of ion uptake and secondary metabolism 
For this experiment (‘CAS IV’), the following genotypes were used: Col-0 wild-type plants in 
comparison to mutant plants impaired in f6’h1 coumarin synthesis, cyp79b2b3 indole 
glucosinolate biosynthesis, f6’h1cyp78b2b3 secondary metabolite synthesis, irt1 ferrous iron 
uptake¸ amt1.2 high affinity ammonium uptake mutant, nrt2.1 high affinity nitrate uptake mutant 
and nlp7 nitrate signalling transcription factor. All genotypes were prepared and sown on 
natural and sterilized CAS and irrigated with water. After three weeks (28DAG) the plants were 
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moved to the laboratory and weighted using a fine scale. The individual rosettes were snap 
frozen in liquid nitrogen and stored at -20°C. 

8.2.4.5 Nitrogen fertilizer usage in interdependence with Fraxetin and FeDTPA 
For this experiment (‘CAS V’), Col-0, f6’h1 and pELTP::NLS-NLP7#4-20 in pGPAT5::Citrine-
SYP122 background as well as its parental line pGPAT5::Citrine-SYP122 were used. All 
genotypes were prepared and sown on natural and sterilized CAS. A tray consisted of 12 pots 
for this experiment. As control, the plants were irrigated with either ‘Calcinite’ or ddH2O as 
indicated above.  Additionally, the plants were supplicated with either 50µM Fraxetin 
(10.4085mg/L, Merck CAS 574-84-5) or 35µM Fe-DTPA (291.84µl/L IJzerchelaat DTPA 6%, 
Van Iperen International). Both chemicals were dissolved in either water or ‘Calcinite’. The 
treatment was applied during each irrigation cycle. Two days before harvest (26DAG), each 
tray was supplied with an additional 2L of water only to keep the plants hydrated. After three 
weeks (28DAG) the plants were moved to the laboratory and weighted using a fine scale. The 
individual rosettes were snap frozen in liquid nitrogen and stored at -20°C. 

8.2.4.6 Microbe re-inoculation of sterilized soil before nitrogen fertilization 
A soil wash was generated from a new batch of CAS (‘CAS-17’) extracted from the same soil 
sampling-site in April 2023, removing the first 30cm of top soil (Durán et al., 2022; Harbort et 
al., 2020). The soil wash was obtained by modifying a previously established procedure (Durán 
et al., 2022) using 10kg of ‘CAS-17’ to generate 90mL of soil wash. First, the soil was 
transferred to a big open plastic container (620mm*360mm*320mm, polypropylen). 
Afterwards, 15L of extraction buffer consisting of 10mM tris(hydroxymethyl)aminomethane 
(TRIS, Sigma-Aldrich E201-064-4) pH 7.5, 0.1mM ethylenediaminetetraacetic acid disodium 
salt dihydrate (Na2EDTA, Sigma-Aldrich E6635-100G) and 0.1% Triton X-100 (Sigma-Aldrich, 
CAS 9002-93-1) were added. To release the soil microbes, the soil and extraction buffer were 
continuously stirred for 45min using a metal shovel. Afterwards, the large soil particles were 
allowed to settle down for 15min. The supernatant was transferred into 400mL centrifugation 
tubes using a soup ladle and a plastic funnel which resulted to 9.6L of harvested extract. To 
eliminate the remaining soil particles, the extract was centrifuged for 5min at 300g (Beckman-
Coulter, Avanti J-25, JA-10 Rotor). The supernatant, still turbid, was transferred to fresh 400mL 
centrifugation bottles. To obtain the microbial pellet, the samples were centrifuged for another 
20min at 2000g. The supernatant was discarded. 80mL of 10mM MgCl2 (sterile filtered, particle 
size <22µm) were added to one bottle and resuspended by shaking the bottle for ~1-3min. The 
resuspension was then transferred to the next bottle and the process repeated until all 24 
pellets were resuspended in 10mM MgCl2 into a total volume of 90mL. Lastly, the soil wash 
was split into two aliquots of 45mL. One aliquot was used as soil inoculum and the other one 
was passed again through a 0.22µm filter, using a vacuum pump, and served as a mock 
treatment. To confirm the presence of microorganism and the effective filtering of the mock 
treatment we then plated the solution onto TSB plates (see  8.1.4). Using inoculation loops, 
we streak-plated 5µl of the mock treatment as well as 5µl of a 1:1, 1:103, 1:106, 1:109 dilutions.  

For this experiment (‘CAS VI’), the same genotypes; Col-0, f6’h1 and pELTP::NLS-NLP7#4-
20 in pGPAT5::Citrine-SYP122 background as well as its parental line pGPAT5::Citrine-
SYP122 were used. We modified the 9cm*9cm*9.5cm plastic pots by cutting them, effectively 
reducing their height by half. We then distributed the remaining 20kg of sterilized soil into eight 
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trays with 12 pots each, resulting in ~200g of soil per pot. We then placed them in a tray and 
added 1/6L per pot of ‘Calcinite’ or ddH2O as described above. Additionally, we added 10mL 
of either soil wash or mock treatment to each tray. The trays were then covered with propagator 
lids and incubated overnight before continuing with the transplantation as described 
(8.2.4.1.4). The microbe inoculation was only performed once at the start of the experiment.  

After three weeks (28DAG), the shoots were harvested and stored as described for previous 
experiments. Additionally, soil microbiome samples and rhizosphere and endosphere were 
collected from Col-0 plants as described above (8.2.4.3). 

8.2.5 Nucleic acid extractions 

8.2.5.1 Plant DNA extraction 
 Plant DNA was extracted using hexadecyltrimethylammonium bromide (CTAB) (adapted from 
Porebski et al., 1997). In brief, sampling material was collected (leaf, root, flower etc.) in 1.1 
micro dilution tubes with a metal ball-bearing inside. Samples were frozen in liquid N2 and were 
ground with homogenizer (Qiagen TissueLyser II Bead Mill) for at 30Hz for 45s. Samples were 
thawed on ice for 15min then 200µl of CTAB buffer were added into each tube and incubated 
at 70°C for 1h. Samples were cooled down for 10min at room temperature before adding 200µl 
of Chloroform and vortexing. Debris was precipitated by centrifugation at 3900rpm for 10min 
(or 6000rpm for 5min, depending on the centrifuge used). After centrifugation 125µl of the 
upper aqueous phase was transferred into the new microfuge tube containing 125µl 
isopropanol and were pipette mixed. Samples were centrifuged at 3900rpm for 25min (or 
6000rpm for 15min) to pellet out the DNA. The supernatant was discarded and 150µl of 70% 
EtOH was added to wash the pellet with another centrifugation at 3900rpm for 10min (or 
6000rpm for 5min). Supernatant was removed and the pellets were air-dried for 30min under 
a fume hood. DNA was resuspended in 100µl Tris-EDTA buffer and dissolved by incubating 
for 30min at 37°C whilst shaking. 

Table 10: CTAB extraction buffer 

Chemical Concentration For 400 mL Remark 
Cetyl-trimetyl-ammonium bromide 
(CTAB) 

2% (w/v) 8g Toxic, use fume hood 

NaCl 1.4 M 32.72g  

Tris-HCl (pH 8) 100 mM 4.85g / 40mL (40mL 1M) 
Add some HCl to 
dissolve 

EDTA-NaOH (pH 8) 20mM 2.978g / 16mL (16mL 0.5M)  

Table 11 TE buffer (pH 8.0) 
Chemical Concentration For 100 ml Remark 

TRIS 10mM 1mL 1M TRIS-HCl (pH 8.0) 
Add some HCl to 
dissolve 

EDTA 1mM 
0.2mL 0.5M EDTA-NaOH (pH 
8.0) 

 

 

8.2.5.2 Microbial DNA extraction  
Microbial DNA was isolated following the user manual for the FastDNA™ SPIN Kit for Soil (MP 
Biomedicals) 
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8.2.5.3 RNA extraction  
For the TRAP experiments RNA was extracted using a TRIzol™ (Invitrogen Cat. No.15596-
026) and chloroform-based extraction (122 Appendix II: TRAP protocol”). Total RNA was 
extracted adapted from the user manual for the ReliaPrep™ RNA Tissue Miniprep System 
(Promega, Z6112). Here the tissue lysis and RNA extraction was performed using a TRIzol™ 
(Invitrogen Cat. No.15596-026) and chloroform-based extraction (122 Appendix II: TRAP 
protocol”). After incubation the precipitation, wash and DNase I treatment were performed as 
per user manual (ReliaPrep™ RNA Tissue Miniprep System (Promega, Z6112). 

8.2.6 DNA amplification 

8.2.6.1 Plant genotyping 
We used polymerase chain reaction (PCR) (Schochetman et al., 1988). Transgenic lines 
overexpressing either NLP7 or NIGT1.1 were previously generated. We confirmed the 
insertion by amplifying a sequence from the promoter region of ELTP into the coding sequence 
of either NLP7 or NIGT1.1 (Table 12). Amplification of a PCR product is only possible if the 
construct is present (Figure 15).  

Table 12: Primers used for genotyping in this study 

Nr.  Name Sequence 5´-->3´ Size Annealing 
temp 

Description By  

TGA_363 NLS_For CCAAAGAAGAAGAGGAAGGTT 21 54 Full At "nucleus 
localization signal" (NLS) 
sequence 

Tonni 
Grube 
Andersen 

TGA_364 NLS_Rev AACCTTCCTCTTCTTCTTTGG 21 54 Full reverse At "nucleus 
localization signal" (NLS) 
sequence 

Tonni 
Grube 
Andersen 

TGA_567 GFP_QPCR_For CCTGAAGTTCATCTGCACCA 20     Federica 
Locci 

TGA_568 GFP_QPCR_Rev GGTCTTGTAGTTGCCGTCGT 20     Federica 
Locci 

TGA_780 Gt_pELTP_FOR tcatgtctacgtggcgttgt 20 59 Genotyping_close to ATG Noah 
Kürtös 

TGA_781 Gt_gNLP7_REV CGGAAAGAAGGAACACCGGA 20 57 Genotyping_ first exon Noah 
Kürtös 

TGA_782 Gt_gNIGT1_REV AGGGAGCTCACGTTGAAAGA 20 56 Genotyping_ first exon Noah 
Kürtös 

TGA_868 Gt_pCASP1_For TTTTTGTTTGGGCTGGCGCT 20 61 Genotyping Noah 
Kürtös 

TGA_869 Gt_CDEF_CDS_Rev AAACACGAAGTAACACGGCG 20 59 Genotyping Noah 
Kürtös 

TGA_870 Gt_pELTP_For_v2 TCTTCCGGTGACGATGCTTTA 21 58 Genotyping early pELTP 
promotor region 

Noah 
Kürtös 
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Figure 15: Vectormaps for endodermal overexpression constructs and PCR validation of the insertion in 
the T3 lines used in this study:  

8.2.6.2 16S and ITS amplification 
The amplification of bacterial 16S rRNA and internal transcribed spacer (ITS) was performed 
as previously described (Harbort et al., 2020; Shen et al., 2023; Wippel et al., 2021) using 
primers designed for the NovoSeq pipeline. In brief, after isolation (8.2.5.2), DNA was 
quantified using SYBR® Green I nucleic acid gel stain (Merck, 163795-75-3) and DNA was 
diluted to <1ng/µl. The 16S or ITS DNA from individual microbial samples was amplified in a 
first PCR (PCR1). Residual primers and enzymes were then digested using antarctic 
phosphatase (New England Biolabs, M0289L). DNA quantity was estimated via agarose gel 
electrophoresis and the input for the next PCR adjusted to 5-10µl. In the second PCR (PCR2) 
individual barcodes were added to each sample (multiplexing). Lastly the samples were pooled 
and the 16S amplicon was purified via a second agarose gel electrophoresis followed by gel 
purification (Gel and PCR Clean-up, MACHERY-NAGEL GmbH & Co. KG, 74060.50). PCR2 
products were then concentrated using AMPure XP (Beckman Coulter, A63882) magnetic 
beads. Pooled DNA was stored at -20°C before sending for sequencing by Novogene UK Ltd. 
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8.2.7 Shoot and soil ion concentration measurements 

After harvest, soil and shoot material used for ionomic analysis was freeze-dried using a 
lyophilizer for 2-4 days (CHRIST, Alpha 1-4 LSC, Ser.No.14492). Soil was then analysed for 
pH, nitrate (NO3

-) content and iron (Fe2+/3+) content by the Mediterranean Agronomic Institute 
of Chania, Greece (CIHEAM). Dried shoots were analysed for shoot nitrate (NO3

-), sulphate 
(SO4

2-) and phosphate (PO4
3-) content via IC-MS by Dr. Sabine Metzger at the University of 

Cologne (UoC) 

8.2.8 Bioinformatics 

Sequencing data was processed in a Linux shell environment on a local processing unit 
(MPIPZ, dell-node-11). Sequencing results were trimmed using trimmomatic (Bolger et al., 
2014) and aligned to the Arabidopsis thaliana genome [Araport11 genome release, (Cheng et 
al., 2017)] via HISAT2 (Kim et al., 2019) and count tables were generated using HTSeq 
(Anders et al., 2015). Differentially expressed gene (DEG) analysis was carried out in an R 
environment using DESeq2 (Love et al., 2014) and edgeR (Y. Chen et al., 2014). As indicated, 
the reads were filtered for minimum counts per million (cpm) across all samples (threshold = 
3*n) and a minimum cpm within all samples per condition (threshold = 10) to account for 
outliers and non-expressed genes (DeSEQ2_TMM.R, Table 13). To determine top DEGs, a 
score was calculated by combining the adjusted p-value and the log2(fold change). The 
detailed analysis of TRAPseq data is highlighted in (15 Appendix I: Translating ribosome 
affinity purification as tool to resolve tissue-specific post-transcriptional profiles). Further 
processing of the data is indicated in the respective figures generated and in the scripts used 
to generate them (Table 13). 

Table 13: List of R scripts and functions created for this work and the packages used within 

Name Type Packages used Usage  Contributors 
DeSEQ2_TMM.R  
DeSEQ2_TMM_NT3.R 
DeSEQ2_TMM_CAS3.R 

script edgeR, glue, stringr, 
dplyr, DESeq2, sva, 
tibble 

TRAPseq 
RNAseq 

Noah Kürtös 
Niklas Kiel 

k-means_clustering_analysis_cluster_abundance.R 
k-means_clustering_analysis_heatmap.R 

script 'readr', 'magrittr', 'tibble', 
'tidyr', 'dplyr', 'glue', 
'dynamicTreeCut', 
'DESeq2', 'cluster’, 
'gplots, 'dendextend', 
'ggplot2', 'ggtree', 
'ggdendro', 
‘RColorBrewer', 
'gridExtra' 
'grid', 'scales', 'ggrepel' 

TRAPseq Noah Kürtös 

DeSEQ2_gene_expression_v2.R 
DEG_HeatmapsNT3.R 

script 'readr', 'magrittr', 'tibble', 
'tidyr', 'dplyr' 
'glue', 'dynamicTreeCut', 
'DESeq2' 
'cluster', 'gplots', 'ggh4x', 
'ggplot2' 
'ggdendro', 
'RColorBrewer', 
'gridExtra' 
'grid', 'scales', 'ggrepel', 
patchwork 

TRAPseq 
RNAseq 

Noah Kürtös 
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Name Type Packages used Usage  Contributors 
geom_volcanoplot_v7.R function ggplot2, ggrepel, glue, 

DESeq2, dplyr 
TRAPseq 
RNAseq 

Noah Kürtös 

plotPCA_modified.R function DESeq2 TRAPseq 
RNAseq 

Michael Love  
Noah Kürtös 

counts_roots_heatmap.R function glue, DESeq2, cowplot TRAPseq Noah Kürtös 
dend_data_custom.R function None TRAPseq Noah Kürtös 
geom_counts.R function DESeq2, tidyverse glue TRAPseq Noah Kürtös 
tidy_suberin_df_v2.R 
 

function None Suberization 
plots 

Noah Kürtös 
 

ggplot_suberin_df_v5.R function tidyverse Suberization 
plots 

Noah Kürtös 
 

Tukey_Segami_v2.R 
tukey_df_v1.R 
tukey_suberin_df_v2.R 

function Glue, dplyr, multcomp Suberization 
plots 

Shoji Segami 
Noah Kürtös 
 

geom_suberin_abs_v4.R 
geom_suberin_rel_v3.R 

function Tidyverse,   
scales 

Suberization 
plots 

Noah Kürtös 
 

empty_map.R function ggplot2 tidyverse maps, 
dplyr 

GWAS 
analysis 
Katz et al., 
2022 

Noah Kürtös 
 

GWAS_raw_performance.R 
GWAS_no3_preference.R 

function tidyverse  ggrepel GWAS 
analysis 
Katz et al., 
2022 

Noah Kürtös 

 

8.2.8.1 Statistics 
The data was tested for normal distribution using a variance test for normality (Shapiro & Wilk, 
1965). If not stated otherwise, statistical differences were calculated as indicated by the post-
hoc Tukey's HSD (honestly significant difference) test (Tukey, 1949) using the multcomp 
package in R (Hothorn et al., 2008). 

8.2.8.2 Data visualisation 
All plots were generated using the packages of the tidyverse library (Wickham et al., 2019) or 
their extensions (Table 13). in R studio (rstudio.com) using R (https://cran.r-project.org/). 

8.2.8.3 Data availability 
All raw data and scripts and stl designs used in this study are available on request and will be 
published on GitHub at the same time of respective peer reviewed article(s) emerging from 
this study. 

  

https://cran.r-project.org/
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(IMPRS). The project was supervised by Prof. Dr. Paul Schulze-Lefert (PSL), TGA as well as, 
Dr. Ruben-Garrido Oter (RGO) and coordinated by Dr. Stephan Wagner (SW). Dr. Eliza Loo 
(EL) provided valuable input. Vector construction and cloning was carried out by TGA. 
Phylogenetic analysis of NRT and NPF genes was carried out by Oliver Johandrees (OJ). The 
protocol for total RNA extraction was adapted by Dr. Julia Holbein (JH). The RNAseq pipeline 
was established jointly with Niklas Kiel (NiK). Coumarin extraction was done together with 
Silvina Perin (SP). GC-MS and subsequent analysis was done by SP. During ‘CAS III’ Bart 
Boesten (BB) and TGA assisted with plant rosette harvesting and Dr. Sebastian Samwald (BS), 
Swati Mahiwal (SwM) and BB assisted with the acquisition of the microbial samples. Dr. Sabine 
Metzger (SaM) measured the shoot ion content of the ‘CAS III’ experiment. Lioba Rüger (LR) 
helped during the setup, irrigation and harvest of the experiments ‘CASIV’, ‘CAS V’ and ‘CAS 
VI’. Dr. Stéphane Hacquard (SH) and Dr. Paloma Duran (PD), provided information on the soil 
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ASV table generation from 16S amplicons was performed by LR using a pipeline from Dr. 
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parameters were obtained by Aristeidis Stamatakis (AS).  

10 Corrigendum 
Between the submission of this work (25.09.2023) and its publication on the Kölner 
UniversitätsPublikationsServer (KUPS, https://kups.ub.uni-koeln.de/, 29.01.2024), some 
grammatical erros and typos were corrected in the monograph. The scientifically non-relevant 
sections 11 “Acknowledgments” and 12 “PhD Metadata” were extended. Moreover, there was 
an error in the design file used to plot the data in Figure 13 leading to missannotation of some 
data points and wrong colour assignment in panel C. The figure was corrected but the original, 
faulty figure was attached as Supplemental figure 18.  

  

https://kups.ub.uni-koeln.de/
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12 PhD Metadata  

Total cups of coffee consumed:  1816 

Liters of coffee consumer:  218L 

Grams Caffeine consumed:   87g 

Money spent on coffee:   454€ 



  List of abbreviations 

Cologne, 09.2023 PhD thesis, Noah Kürtös 85 / 86 

13 List of abbreviations 
Abbrevi-

ation Description 

4CL 4‐COUMARATE‐COA LIGASE 
AA amino acid 
AAP AMINO ACID PERMEASE 
ABA abscisic acid 
ABCG ATP-BINDING-CASSETTE transporter G-family PROTEIN 
ABI2 ABA-INSENSITIVE 2 
AGI Arabidopsis thaliana gene identifier 
AGT ALANINE:GLYOXYLATE AMINOTRANSFERASE 
AHC ALKYL HYDROXY CINNAMATE 
AIC Akaike information criterion 
Ala Alanine, amino acid 
AMT1 AMMONIUM TRANSPORTER 1 
AMT2 AMMONIUM TRANSPORTER 2 
ANS ANTHOCYANIDIN SYNTHASE 
AON autoregulation of nodulation 
Arg Arginine, amino acid 
ASFT ALIPHATIC SUBERIN FERULOYL TRANSFERASE 
BIC Bayesian information criterion 
bp base pairs 
BR Brassinosteroid 
BSK1 BR-SIGNALLING KINASE 1, BRASSINOSTEROID SIGNALLING KINASE 1 
BT1 BTB DOMAINE CONTAINING PROTEIN 1 
BT2 BTB DOMAINE CONTAINING PROTEIN 2 
C3H COUMARATE 3‐HYDROXYLASE 
C4H CINNAMIC ACID 4‐HYDROXYLASE 
CAD CINNAMYL ALCOHOL DEHYDROGENASE 
CAP1 [Ca2+]cyt-ASSOCIATED PROTEIN KINASE 1 
CBL CALCINEURIN-B LIKE PROTEIN 
CCoAOMT CAFFEOYL CoA3‐O‐METHYLTRANSFERASE 
CCR CINNAMOYL‐COA REDUCTASE 
CDEF1 CUTICLE DESTRUCTION FACTOR ! 
CEP C-TERMINALLY ENCODED PEPTIDE 
CEPR CEP-RECEPTOR 1, C-TERMINALLY ENCODED PEPTIDE RECEPTOR  
ChIP-seq Chromatin ImmunoPrecipitation DNA-Sequencing 
CHS CHALCONE SYNTHASE 
CIPK CBL-INTERACTING PROTEIN KINASE 
CIPK2 CALCINEURIN B-LIKE PROTEIN-INTERACTING PROTEIN KINASE 2 
CK  Cytokinin 
Cl- chloride 

CLE CLAVATA/ESR-RELATED 
CLSM confocal laser scanning microscope 
CLV1 CLAVATA1 (CLV1) 
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Abbrevi-
ation Description 

CoA CoenzymeA 
COMT CAFFEATE/5‐HYDROXYFERULATE3‐O‐METHYLTRANSFERASE 
CPK CALCIUM DEPENDENT KINASE 
CPL3 RNA POLYMERASE II C-TERMINAL DOMAIN PHOSPHATASE-LIKE 3 
CS  Casparian Strip 
CST CAST AWAy 
CTAB hexadecyltrimethylammonium bromide 
CW Calcufluor white 
CYP86A1 CYTOCHROME P450 ENZYME 86A1, HORST 
CYP86B1 CYTOCHROME P450 ENZYME 86B1, RALPH 
DAG  Days after germination 
DAT Days after transfer 
DEG Differentially expressed gene 
DFR FIHYDROFLAVONOL 4‐REDUCTASE 
DNA Desoxyribonucleic acid 
DUR DEGRADATION OF UREA 
EDTA ethylenediaminetetraacetic acid disodium salt dihydrate 
ELTP ENDODERMIS LIPID TRANSFER PROTEIN, LTPG16 
ER endoplasmatic reticulum 
F3'H FLAVANONE 3'‐HYDROXYLASE 
F5H FERULATE 5'‐HYDROXYLASE 
F6'H1 FERULOYL-COA 6-HYDROXYLASE1 
FACT FATTY ALCOHOL:CAFFEOYL-CoA CAFFEOYL TRANSFERASE 
FAD Flavin adenine dinucleotide 
FAR FATTY ACYL REDUCTASE  
FRO2 FERRIC REDUCTION OXIDASE 2 
FY Fluorol Yellow 088 
GA gibberellin 
GELP GDSL-TYPE ESTERASE/LIPASE 
GFP GREEN FLUORESCENT PROTEIN 
Gln Glutamine, amino acid 
GLR GLUTAMATE LIKE RECEPTORS 
Glu Glutamate, amino acid 
Gly Glycine, amino acid 
GO gene ontology 
GOGAT GLUTAMINE OXOGLUTARATE AMINOTRANSFERASE, GLUTAMATE SYNTHASE 
GPAT GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE 5 
GSL glucosinolates 
H His, histidine, amino acid 
H2 elemental hydrogen 

ha-1 per hectare 

HATS High Affinity Transport System  
HCT  HYDROXYCINNAMOYL‐COA SHIKIMATE/QUINATE HYDROXYCINNAMOYL 

TRANSFERASE 
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Abbrevi-
ation Description 

HHO HOMOLOGUE OF HRS1 
HNO3 nitric acid 

HRS HYPERSENSITIVE TO LOW PI-ELICITED PRIMARY ROOT SHORTENING 
HY5 ELONGATED HYPOCOTYL5 
IAA indole-3-acetic acid 
IC-MS ion chromatography couple mass spectrometry  
ICP-MS inductively coupled plasma mass spectrometry  
IOS1 IMPAIRED OOMYCETE SUSCEPTIBILITY 1 
IRT1 IRON-REGULATED TRANSPORTER1 
ITS internal transcribed spacer 
JA jasmonate 
K potassium 
KCS2  ΒETA-KETOACYL-COA SYNTHASE2, DAISY 
KCS20  ΒETA-KETOACYL-COA SYNTHASE20 
KIN7 KINASE 7 
LACS  LONG-CHAIN ACYL-COA SYNTHETASE 
LATS Low Affinity Transport System  
LBD LATERAL BOUNDARY DOMAIN 37 
LHT LYS/HIS TRANSPORTER  
LR lateral root 
MAP PUTATIVE MITOGEN-ACTIVATED PROTEIN KINASE 
Mg Magnesium 
miR micro RNA 
mM millimole, 10-3 M 

Mo-MPT molybdenum-molybdopterin  
mRNA messenger RNA 
MS Murashige and Skoop 1962 plant media 
MYB MYB DOMAIN PROTEIN 
N nitrogen 
N2 elemental dinitrogen 

NAR1.1 NUCLEAR ARCHITECTURE RELATED homologue 
NAR2.1 NITRATE ASSIMILATION RELATED 2.1 
NEK6 NEVER IN MITOSIS GENE A-RELATED KINASE 6 
NFC nitrogen fixing clade 
NH3 ammonia 

NH4
+ ammonium 

NIA1 NITRATE REDUCTASE 1, NR1 
NIA2 NITRATE REDUCTASE 2, NR2 
NIGT1.1 NITRATE-INDUCIBLE, GARP-TYPE TRANSCRIPTIONAL REPRESSOR 1.1, HRS1 

HOMOLOGUE 1, HHO3 
NIGT1.2 NITRATE-INDUCIBLE, GARP-TYPE TRANSCRIPTIONAL REPRESSOR 1.2, HRS1 

HOMOLOGUE 1, HHO2 
NIGT1.3 NITRATE-INDUCIBLE, GARP-TYPE TRANSCRIPTIONAL REPRESSOR 1.3, HRS1 

HOMOLOGUE 1, HHO1 
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Abbrevi-
ation Description 

NIGT1.4 NITRATE-INDUCIBLE, GARP-TYPE TRANSCRIPTIONAL REPRESSOR 1.4, HRS 
NiR NITRITE REDUCTASE, NiR1 
NLP NIN-LIKE PROTEIN 1, NODULE-INCEPTION-LIKE PROTEIN  
NO  nitric oxide 
NO2 nitrogen dioxide 

NO2
- nitrite 

NO3
- nitrate 

NPF NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY 
NPF1.1 NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY 1.1, 

NRT1.12 
NPF1.2 NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY 1.2, 

NRT1.11 
NPF2.12 NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY 2.12, 

NRT1.6 
NPF2.13 NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY2.13, 

NRT1.7 
NPF2.3 NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY 2.3 
NPF2.7 NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY 2.7, 

NITRATE EFFLUX 1 
NPF2.9 NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY 2.9, 

NRT1.9 
NPF4.6 NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY 4.6, 

NRT1.2 
NPF5.5 NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY 5.5 
NPF6.2 NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY 6.2, 

NRT1.4 
NPF6.3 NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY 6.3, 

NRT1.1 
NPF7.2 NRT1/PTR FAMILY, NITRATE TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY 7.2, 

NRT1.8 
NR  NITRATE REDUCTASE 
NRE nitrate responsive cis-element 
NRT1 NITRATE TRANSPORTER 
NRT2 NITRATE TRANSPORTER 2 
NRT3 NITRATE TRANSPORTER3, Chlamydomonas rheinhardtii NAR2.1 homologue 
NUE nitrogen use efficiency 
PAL PHENYLALANINE AMMONIALYASE 
PC Passage Cells 
PC Principal component 
PCA Principal component analysis 
PCD programmed cell deat 
PCoA Principil Coordinate Analysis 
PCR polymerase chain reaction 
PDLP PLASMODESMATA-LOCATED PROTEIN 
PEP ENDOPEPTIDASE 
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Abbrevi-
ation Description 

pH power of hydrogen, potential of hydrogen, pondus hydrogenI 
PHO1 PHOSPHATE1 
Pi inorganic phosphorus 

PM plasma membrane 
PNR PRIMARY NITRATE RESPONSE 
PPP phenylpropanoid pathway 
ProT PROLINE TRANSPORTER 
RIN RNA integrity score 
RNA Ribonucleic acid 
ROS reactive oxygen species 
RPL18 RIBOSOMAL PROTEIN L18 
RSA root system architecture 
S8H SCOPOLETIN 8-HYDROXYLASE 
SCR SCARECROW 
scRNAseq single cell RNA sequencing 
SNRK2.4 SUCROSE NONFERMENTING 1-RELATED KINASE 2.4 
SSS SODIUM-SOLUTE SYMPORTERS 
SynCom synthetic microbial community 
TGA1 TGACG SEQUENCE-SPECIFIC BINDING PROTEIN 1 
TGA4 TGACG SEQUENCE-SPECIFIC BINDING PROTEIN 4 
TM transmembrande domain 
TMM trimmed mean of M values 
TOR TARGET OF RAPAMYCIN 
T-PMT  transmitted detection module with a photon counting module 
TRAP Translating Ribosome Affinity Purification 
TRAPseq Translating Ribosome Affinity Purification sequencing 
TRIS tris(hydroxymethyl)aminomethane 
UMAMIT USUALLY MULTIPLE ACIDS MOVE IN AND OUT TRANSPORTER 
WRKY53 WRKY DNA-BINDING PROTEIN 53 
WSS within sum of squares 
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16 Supplementary figures 

 Supplemental figure 1: Expression of the TRAP construct under tissue-specific promoters: Ubiquitous 
(pUBQ), cortex-specific (pPEP), young endodermis (pSCR), mature endodermis (pELTP) and suberizing cells 
(pGPAT). Plants were grown for 8 days on 1/2 MS. A, C, E, Whole root was imaged as tiled scan using CLSM. 
Magnifications show an overlay of the T-PMT and GFP channel. A, C Arrowheads indicate nucleoli. C, E White 
rectangles indicate magnified area if applicable. G Seedlings stained with calcofluor white (CW) before imaging. 
Image depicts an overlay of CW and GFP. I Image of whole root was taken with an epifluorescence stereo 
microscope. Magnification shows airy scan of a root from a different experiment. B, D, F, H, J Minecraft-plots for 
the indicated gene itself after bioinformatic processing. Left plot indicates 1/2 MS condition and right plot indicates 
1/2 MS-N condition. 
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Supplemental figure 2 Gene ontology term analysis performed with Metascape: (Zhou et al., 2019): A-B GO 
terms determined for all genes across clusters specific to the root zones. Color indicates significance of enrichment. 
Grey colour indicates that the GO-term was not significantly enriched in that cluster. A GO analysis of young root. 
B Go analysis of mature root. C GO enrichment for all genes in cluster k12. D GO enrichment for all genes in cluster 
k24. E GO enrichment for all genes in cluster k125. 
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Supplemental figure 3 Expression halo-plot of suberin synthesis genes: Grey circles indicate the mean, 
normalized counts of TRAPseq profiles from 1/2 MS grown plants. Colored circles indicated the mean, normalized 
counts of TRAPseq profiles form 1/2 MS-N grown plants. Color indicates the log2(FoldChange). Accordingly, larger 
red circles indicate induction upon nitrogen starvation and smaller blue circles indicate repression upon nitrogen 
starvation. The x-axis is facetted for the tissue, then promoters, then young and mature root. The y-axis is facetted 
for the individual k-clusters. Genes are indicated by name and AGI. 
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Supplemental figure 4 Tissue unspecific nitrogen starvation cluster gene ontology term analysis performed 
with Metascape (Zhou et al., 2019): A DEG analysis of “UBQ” post-transcriptome grown on 1/2 MS-N vs “UBQ” 
post-transcriptome grown on 1/2 MS. Genes are facetted per cluster and the top 25% of each cluster are highlighted. 
The colors indicated the cluster. These genes (n=127) were then used for GO-enrichment analysis. B Bulk GO 
terms across clusters. C GO-enrichment across clusters. D Overlap of gene ontologies across clusters.  
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Supplemental figure 5 Expression halo-plot of phenylpropanoid pathway (PPP) genes: Grey circles indicate 
the mean, normalized counts of TRAPseq profiles from 1/2 MS grown plants. Colored circles indicated the mean, 
normalized counts of TRAPseq profiles form 1/2 MS-N grown plants. Color indicates the log2(FoldChange). 
Accordingly, larger red circles indicate induction upon nitrogen starvation and smaller blue circles indicate 
repression upon nitrogen starvation. The x-axis is facetted for the tissue, then promoters, then young and mature 
root. The y-axis is facetted for the individual k-clusters. Genes are indicated by name and AGI.  
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Supplemental figure 6 Expression Coumarin biosynthesis and related Fe2+-uptake genes: A Halo-plot. Grey 
circles indicate the mean, normalized counts of TRAPseq profiles from 1/2 MS grown plants. Colored circles 
indicated the mean, normalized counts of TRAPseq profiles form 1/2 MS-N grown plants. Color indicates the 
log2(FoldChange). Accordingly, larger red circles indicate induction upon nitrogen starvation and smaller blue 
circles indicate repression upon nitrogen starvation. The x-axis is facetted for the tissue, then promoters, then young 
and mature root. The y-axis is facetted for the individual k-clusters. Genes are indicated by name and AGI. B 
Heatmap. Color indicates log2(FoldChange) as above and borders indicated adjusted p-values 
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Supplemental figure 7 Minecraft-plots for genes related to nitrogen transport or transcriptional regulation: 
Minecraft plots were done after bioinformatic processing. Left plot indicates 1/2 MS condition and right plot indicates 
1/2 MS-N condition. A AMT1.2 expression. B AMT1.5 expression. C NRT2.1 expression. D NPF6.3 expression. E 
NLP7 expression. F NIGT1.3 expression.  
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Supplemental figure 8 Expression NLP genes: A Halo-plot. Grey circles indicate the mean, normalized counts of 
TRAPseq profiles from 1/2 MS grown plants. Colored circles indicated the mean, normalized counts of TRAPseq 
profiles form 1/2 MS-N grown plants. Color indicates the log2(FoldChange). Accordingly, larger red circles indicate 
induction upon nitrogen starvation and smaller blue circles indicate repression upon nitrogen starvation. The x-axis 
is facetted for the tissue, then promoters, then young and mature root. The y-axis is facetted for the individual k-
clusters. Genes are indicated by name and AGI. B Heatmap. Color indicates log2(FoldChange) as above and 
borders indicated adjusted p-values.  
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Supplemental figure 9 TRAPseq Expression NIGT genes: A Halo-plot. Grey circles indicate the mean, normalized 
counts of TRAPseq profiles from 1/2 MS grown plants. Colored circles indicated the mean, normalized counts of 
TRAPseq profiles form 1/2 MS-N grown plants. Color indicates the log2(FoldChange). Accordingly, larger red circles 
indicate induction upon nitrogen starvation and smaller blue circles indicate repression upon nitrogen starvation. 
The x-axis is facetted for the tissue, then promoters, then young and mature root. The y-axis is facetted for the 
individual k-clusters. Genes are indicated by name and AGI. B Heatmap. Color indicates log2(FoldChange) as 
above and borders indicated adjusted p-values.  
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Supplemental figure 10 RNAseq Expression NIGT genes: Halo-plot. Grey circles indicate the base mean, 
normalized counts of RNAseq profiles from 1/2 MS grown plants 8 DAG. Colored circles indicated the mean, 
normalized counts of RNAseq profiles from 1/2 MS-N grown plants 6 DAG + 2 DAT. Fill color indicates the 
log2(FoldChange). Circle edge color indicates the treatment. Fill color indicates the log2(FoldChange). Circle edge 
color indicates the treatment. Larger red filled circles indicate induction and smaller blue circles indicate repression. 
The x-axis is facetted for the respective DEG analysis. The y-axis is facetted for genotypes. Genes are indicated 
by name and AGI on the x-axis.  
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Supplemental figure 11 Soil properties measurements: Parameters either after 3weeks of plant cultivation under 
the respective treatment or without treatment A pH. B Nitrate. C Dissolvable iron. D plates after soil sterilization 
(before plant transfer) 
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Supplemental figure 12 Cluster distribution of DEGs upon nitrogen starvation: DEG analysis was performed 
on UBQ TRAPseq profiles of 1/2 MS-N grown seedlings versus 1/2 MS grown seedlings. Young and mature root 
samples were merged per treatment, sum(nDEG = 546). 
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Supplemental figure 13 TRAPseq PHO1 genes expression A Minecraft plots were done after bioinformatic 
processing. Left plot indicates 1/2 MS condition and right plot indicates 1/2 MS-N condition. B Halo-plot. Grey circles 
indicate the mean, normalized counts of TRAPseq profiles from 1/2 MS grown plants. Colored circles indicated the 
mean, normalized counts of TRAPseq profiles form 1/2 MS-N grown plants. Color indicates the log2(FoldChange). 
Accordingly, larger red circles indicate induction upon nitrogen starvation and smaller blue circles indicate 
repression upon nitrogen starvation. The x-axis is facetted for the tissue, then promoters, then young and mature 
root. The y-axis is facetted for the individual k-clusters. Genes are indicated by name and AGI 

 

Supplemental figure 14 Natural variation in passage cell occurrence and nitrogen preference: A Endodermal 
suberization in limiting nitrogen conditions and absolute root length. Quantification of endodermal suberization of 
seedlings grown for 8 DAG (n = 8). Error bars indicate bi-directional standard deviation per zone as mean plus 
standard deviation. Statistics are performed as Tukey post-hoc HSD within each experiment and per zone as well 
as on the total root length. Statistics are indicated as: (a) = total root length, a = unsuberized zone, a’ = patchy zone 
and a* = suberized zone. B Quantification of passage cells after 8 DAG (n = 8). Passage cells are defined as 
unsuberized cells in the fully suberized zone. Statistics are performed as Tukey post-hoc HSD C Preference of 
individual lines towards nitrate when exposed to low nitrate or ammonium conditions (Katz et al., 2022) D Relative 
performance of accessions in individual conditions of low and intermediate nitrate and ammonium supply B 
Preference of accession to nitrate in combined low and high concentrations D Formulas used to evaluate nitrogen 
preference of individual accessions. 



  Supplementary figures 

Cologne, 09.2023 PhD thesis, Noah Kürtös 106 / 107 

Supplemental figure 15 Halo plots of whole root transcriptomic analysis: A,B coumarin biosynthesis and iron 
uptake genes C,D NRT2 high affinity nitrate transporters A,C: Nitrogen starvation. Grey circles indicate the base 
mean, normalized counts of RNAseq profiles from 1/2 MS grown plants 8DAG. Colored circles indicated the mean, 
normalized counts of RNAseq profiles from 1/2 MS-N grown plants 6DAG + 2DAT. Fill color indicates the 
log2(FoldChange). Circle edge color indicates the treatment. B,D Halo-plot. Grey circles indicate the base mean, 
normalized counts of RNAseq profiles from 1/2 MS-N grown plants 6DAG+2DAT. Colored circles indicated the 
mean, normalized counts of RNAseq profiles from 1/2 MS-N+30mMKNO3 grown plants 6DAG + 2DAT. Fill color 
indicates the log2(FoldChange). Circle edge color indicates the treatment. Larger red filled circles indicate induction 
upon nitrogen starvation and smaller blue circles indicate repression upon nitrogen starvation. The x-axis is facetted 
for the respective DEG analysis. The y-axis is facetted for genotypes. Genes are indicated by name and AGI on the 
x-axis 
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Supplemental figure 16: Iron and fraxetin resupply to natural soil: A Control plants grown without additional 
treatment and were irrigated weekly with either water or Calcinite B Plants were irrigated with 50µM fraxetin weekly 
dissolved in water or Calcinite irrigation medium C Plants were irrigated with 35µM Fe-DTPA weekly dissolved in 
water or Calcinite irrigation medium. Statistics were performed as Tukey HSD across all conditions.  
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Supplemental figure 17 Preliminary analysis of shoot transcriptomics of nitrogen fertilized plants: A Venn 
diagram showing the overlap of upregulated DEGs in natural soil after nitrogen fertilization versus unfertilized soil 
B GO-terms of core wild-type nitrogen fertilizer response (Zhou et al., 2019)C Venn diagram showing the overlap 
of downregulated DEGs in natural soil after nitrogen fertilization versus unfertilized soil D Volcano plot of wild-type 
pGPAT5::Citrine-SYP122 versus pELTP::NLS-NLP7 DEG analysis 
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Supplemental figure 18: CORRIGENDUM this figure was originally figure 13 and replaced upon error correction 
Diversity of the bacterial community. Bacterial taxa were identified based on their 16S amplicon sequence as 
(Shen et al., 2023; Wippel et al., 2021) A Alpha diversity calculated as Shannon index (Shannon, 1948), red 
rectangle indicate samples obtained from sterilized soil. Numbers below the boxplots indicate sample size B,C,D 
Beta diversity as Bray-Curtis dissimilarity. B Beta diversity soil. C Beta diversity treatment. D beta diversity 
genotype.   
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17 Appendix I: Translating ribosome affinity purification as tool to 

resolve tissue-specific post-transcriptional profiles 
Currently, there are two methods to assess tissue specific transcriptional profiles of plants 
cells: Single cell transcriptomics (scRNAseq) and translating ribosome affinity purification 
(TRAPseq). Recently, scRNAseq has traction to investigate regulatory networks in the young 
root meristem (Denyer et al., 2018, 2019; Jean-Baptiste et al., 2019; Ryu et al., 2019; Shulse 
et al., 2019; Zhang et al., 2019). Less well established are TRAPseq approaches (Fröschel et 
al., 2021; Leal et al., 2022; Mustroph et al., 2009; Thellmann et al., 2020; Vragović et al., 2015), 
as they require the knowledge of tissue specific promoters and the establishment of transgenic 
material. Here, I want to highlight the methodology of the TRAPseq approach used for this 
study, the performed bioinformatic analysisas well as compare it to a whole root RNAseq 
dataset acquired during this study. 

17.1 Spatial separation of nitrogen responses requires tissue-specific sequencing 

approaches in order to expose/investigate specific regulatory mechanisms 

TRAPseq uses tissue specific promoters to express the 60S ribosomal subunit protein RPL18 
connected to an antigen, in our case GFP (11 List of abbreviations) which allows to purify the 
polysome-bound mRNA through magnetic beads, and thus retrieve transcriptomes exclusively 
from the tissue of interest (Mustroph et al., 2009; Thellmann et al., 2020; Zanetti et al., 2005). 
In contrast to the alternative method to assess tissue-specific transcriptional profiles, single-
cell RNAseq (scRNAseq), TRAPseq is not dependent on protoplasting and sorting the root 
material. This has two advantages; on the one hand, individual tissues protoplastelyse/degrate 
at different rates dependent on their cell-wall digestibility by the protoplasting enzyme cocktail 
(Birnbaum et al., 2005). The endodermis, as the primary root barrier tissues, thus is notoriously 
difficult to protoplast and requires long/prolonged enzyme treatments. In fact, previous 
scRNAseq datasets do not capture genes involved in suberization (Ryu et al. 2019). On the 
other hand, long protoplasting treatment is altering the transcriptional profile of the isolated 
cells, potentially masking treatment and/or cell-type specific transcriptional profiles. For 
TRAPseq the root material is immediately frozen after harvesting and individual profiles are 
thus preserved. 

For this study, we selected promoters allow us to understand the observed phenotype of the 
ground tissue in response to the applied nitrogen starvation stress. We chose the promoters 
of SCR and ELTP which were shown to be expressed in the young and late endodermis 
respectively (Barberon et al., 2016; Di Laurenzio et al., 1996; Koizumi & Gallagher, 2013). Late 
endodermal cells undergo suberization selectively (Andersen et al. 2018), which appears to 
be influenced by the nitrogen status of the plant (Figure 1). Thus, we included the promoter for 
the acyltransferase GPAT5 which is required for Suberin synthesis (Beisson et al. 2005). 
Lastly, we used the promoter of the endopeptidase PEP, which was shown to be cortex specific 
and was used for TRAPseq before (Fröschel et al., 2021). To account for biases, introduced 
to our dataset due to our experimental conditions or RNA purification, we also extracted RNA 
from GFP-tagged polysomes expressed under a ubiquitously active promoter (UBQ10). Thus, 
we generated a dataset comprising 14 different conditions with 3-6 replicates. Each condition 
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represents a combination of the dissected root zone, the promoter under which the TRAP-
construct is expressed, and the treatment under which the plants were grown (Table 14) 

Table 14: Design table for samples used for TRAPseq in this study. Quality assessment of RNA integrity values 
(RIN), library preparation and sequencing were performed by Novogene UK Ltd. 
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D16 5376 UBQ_0 1 mature root UBQ10 12 1_2MS 0 1 1 02.12.2021 20 1183 1372.6 9.8 

E16 5376 UBQ_N_0 1 mature root UBQ10 12 1_2MS-N 0 1 1 02.12.2021 20 1564 990.31 9.9 

G16 5376 PEP_0 1 mature root PEP 5 1_2MS 0 1 1 02.12.2021 20 1365 715.25 9.8 

D16 5407 UBQ_1 1 mature root UBQ10 12 1_2MS 1 2 2 17.01.2022 20 923.8 448 8.6 

E16 5407 UBQ_N_1 1 mature root UBQ10 12 1_2MS-N 1 2 2 17.01.2022 20 829.2 340 9.3 

F16 5407 PEP_1 1 mature root PEP 5 1_2MS 1 2 2 17.01.2022 20 1504.4 136 8.1 

G16 5407 PEP_N_1 1 mature root PEP 5 1_2MS-N 1 2 2 17.01.2022 20 665.2 112 9.1 

H16 5407 ELTP_1 0 mature root ELTP 9 1_2MS 1 2 2 17.01.2022 20 1012.8 17 5.5 

A17 5407 ELTP_N_1 0 mature root ELTP 9 1_2MS-N 1 2 2 17.01.2022 20 1165.8 75 1.6 

B17 5407 GPAT_1 0 mature root GPAT5 4 1_2MS 1 2 2 17.01.2022 20 1562.2 34 1.5 

C17 5407 GPAT_N_1 1 mature root GPAT5 4 1_2MS-N 1 2 2 17.01.2022 20 874.7 476 9.6 

A01 5452 UBQ_2 1 mature root UBQ10 12 1_2MS 2 3 3 06.02.2022 15 675.4 255 8.9 

B01 5452 UBQ_N_2 1 mature root UBQ10 12 1_2MS-N 2 3 3 06.02.2022 15 852.4 72 6.8 

C01 5452 PEP_2 1 mature root PEP 5 1_2MS 2 3 3 06.02.2022 19 1290.8 68 7.6 

D01 5452 PEP_N_2 1 mature root PEP 5 1_2MS-N 2 3 3 06.02.2022 20 678.3 51 7.5 

E01 5452 ELTP_2 1 mature root ELTP 9 1_2MS 2 3 3 06.02.2022 20 793.1 34 6.8 

F01 5452 ELTP_N_2 0 mature root ELTP 9 1_2MS 2 3 3 06.02.2022 20 1039.4 68 1.6 

G01 5452 GPAT_2 0 mature root GPAT5 4 1_2MS 2 3 3 06.02.2022 25 1441.6 17 1 

H01 5452 GPAT_N_2 0 mature root GPAT5 4 1_2MS-N 2 3 3 06.02.2022 25 811.9 17 1 

A02 5452 UBQ_3 1 mature root UBQ10 12 1_2MS 3 4 4 17.02.2022 14 626.5 391 8.7 

B02 5452 UBQ_N_3 1 mature root UBQ10 12 1_2MS-N 3 4 4 17.02.2022 20 675.7 323 8.8 

C02 5452 PEP_3 1 mature root PEP 5 1_2MS 3 4 4 17.02.2022 19 1455.2 160 8.4 

D02 5452 PEP_N_3 1 mature root PEP 5 1_2MS-N 3 4 4 17.02.2022 20 599.6 208 8.8 

E02 5452 ELTP_3 1 mature root ELTP 9 1_2MS 3 4 4 17.02.2022 20 774.4 128 9 

F02 5452 ELTP_N_3 0 mature root ELTP 9 1_2MS-N 3 4 4 17.02.2022 20 1111 17 1.6 

G02 5452 GPAT_3 0 mature root GPAT5 4 1_2MS 3 4 4 17.02.2022 25 1849.9 48 1 

H02 5452 GPAT_N_3 0 mature root GPAT5 4 1_2MS-N 3 4 4 17.02.2022 24 732.3 80 1 

A01 5528 ELTP_4 1 mature root ELTP 9 1_2MS 4 5 5 03.05.2022 40 1643.1 51 7.9 

B01 5528 GPAT_4 0 mature root GPAT5 4 1_2MS 4 5 5 03.05.2022 40 1963.6 51 1 

C01 5528 GPAT_5 0 mature root GPAT5 4 1_2MS 5 5 5 03.05.2022 40 2236.4 17 1.2 

D01 5528 GPAT_6 0 mature root GPAT5 4 1_2MS 6 5 5 03.05.2022 40 2067.4 32 1.1 

E01 5528 ELTP_N_4 1 mature root ELTP 9 1_2MS-N 4 5 5 03.05.2022 40 2178.6 17 1 

F01 5528 ELTP_N_5 1 mature root ELTP 9 1_2MS-N 5 5 5 03.05.2022 40 2194.4 17 1.7 

G01 5528 ELTP_N_6 1 mature root ELTP 9 1_2MS-N 6 5 5 03.05.2022 40 2034.9 16 2.5 

H01 5528 GPAT_N_4 1 mature root GPAT5 4 1_2MS-N 4 5 5 03.05.2022 40 2336.4 68 1.4 

A02 5528 ELTP_N_7 1 mature root ELTP 9 1_2MS-N 7 6 6 07.07.2022 22 1503.2 36 1 

B02 5528 ELTP_N_8 1 mature root ELTP 9 1_2MS-N 8 6 6 07.07.2022 22 1618.3 54 1 

C02 5528 ELTP_N_9 1 mature root ELTP 9 1_2MS-N 9 6 6 07.07.2022 22 1795.4 18 1 

D02 5528 GPAT_7 1 mature root GPAT5 4 1_2MS 7 6 6 07.07.2022 27 1728.8 9 1 

E02 5528 GPAT_8 1 mature root GPAT5 7 1_2MS 8 6 6 07.07.2022 27 1717.7 36 1 

F02 5528 GPAT_9 1 mature root GPAT5 7 1_2MS 9 6 6 07.07.2022 27 1687 36 6 

G02 5528 GPAT_N_5 1 mature root GPAT5 4 1_2MS-N 5 6 6 07.07.2022 27 2023.7 72 1 

H02 5528 GPAT_N_6 0 mature root GPAT5 7 1_2MS-N 6 6 6 07.07.2022 27 1588.3 54 1 

A01 5828 Meri_MS_PEP_0 1 Meristem PEP 5 1_2MS 0 1 7 26.01.2023 20 221 34 9.2 

B01 5828 Meri_MS_PEP_1 1 Meristem PEP 5 1_2MS 1 2 7 26.01.2023 19 245.9 11 8.9 

C01 5828 Meri_MS_PEP_2 1 Meristem PEP 5 1_2MS 2 3 7 26.01.2023 19 470 99 9.9 

D01 5828 Meri_MS_PEP_3 1 Meristem PEP 5 1_2MS 3 4 7 26.01.2023 19 231.2 5 8.4 

E01 5828 Meri_N_PEP_0 1 Meristem PEP 5 1_2MS-N 0 1 7 26.01.2023 20 267 11 7.7 

F01 5828 Meri_N_PEP_1 1 Meristem PEP 5 1_2MS-N 1 2 7 26.01.2023 20 289 4 6.5 

G01 5828 Meri_N_PEP_2 1 Meristem PEP 5 1_2MS-N 2 3 7 26.01.2023 20 408.3 24 9 

H01 5828 Meri_N_PEP_3 1 Meristem PEP 5 1_2MS-N 3 4 7 26.01.2023 20 251.5 13 8.9 

A02 5828 Meri_MS_UBQ_0 1 Meristem UBQ10 12 1_2MS 0 1 8 27.01.2023 20 85 14 9.3 

B02 5828 Meri_MS_UBQ_1 1 Meristem UBQ10 12 1_2MS 1 2 8 27.01.2023 15 331.9 26 9.3 

C02 5828 Meri_MS_UBQ_2 1 Meristem UBQ10 12 1_2MS 2 3 8 27.01.2023 15 332.8 28 9.1 

D02 5828 Meri_MS_UBQ_3 1 Meristem UBQ10 12 1_2MS 3 4 8 27.01.2023 14 278.8 28 9.2 

E02 5828 Meri_N_UBQ_0 1 Meristem UBQ10 12 1_2MS-N 0 1 8 27.01.2023 20 168 54 9.7 

F02 5828 Meri_N_UBQ_1 1 Meristem UBQ10 12 1_2MS-N 1 2 8 27.01.2023 15 306.4 23 9.3 

G02 5828 Meri_N_UBQ_2 1 Meristem UBQ10 12 1_2MS-N 2 3 8 27.01.2023 15 234.7 14 9.2 

H02 5828 Meri_N_UBQ_3 1 Meristem UBQ10 12 1_2MS-N 3 4 8 27.01.2023 20 302.6 16 8 

A03 5828 Meri_MS_SCR_a 1 Meristem SCR 2_7_8 1_2MS 0 7 9 28.01.2023 10 190 79 9.1 
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B03 5828 Meri_MS_SCR_b 1 Meristem SCR 2_7_8 1_2MS 1 7 9 28.01.2023 10 192.2 60 9.5 

C03 5828 Meri_MS_SCR_c 1 Meristem SCR 2_7_8 1_2MS 2 7 9 28.01.2023 9 184.7 16 9.3 

D03 5828 Meri_MS_SCR_d 1 Meristem SCR 2_7_8 1_2MS 3 7 9 28.01.2023 8 140.9 46 9.3 

E03 5828 Meri_N_SCR_a 1 Meristem SCR 2_7_8 1_2MS-N 0 7 9 28.01.2023 11 231 52 9 

F03 5828 Meri_N_SCR_b 1 Meristem SCR 2_7_8 1_2MS-N 1 7 9 28.01.2023 12 223.6 77 8.9 

G03 5828 Meri_N_SCR_c 1 Meristem SCR 2_7_8 1_2MS-N 2 7 9 28.01.2023 8 156.2 72 8.4 

 

17.2 Unequal cell- and consequently, ribosomal density, across the longitudinal axis of 

the root, implies biases in whole root transcriptomic analysis 

The 60S ribosome, of which we used the subunit RPL18 tagged to GFP for TRAPseq, is 
assembled in the nucleolus of the cell. It migrates into the cytoplasm in an inactive state and 
becomes activated through a second step of cytosplasmic maturation (Panse & Johnson, 
2010). Due to this maturation delay, only ribosomal pull-downs from cells with cytoplasmic 
RLP18-GFP signal will contribute mRNA to the TRAPseq.  Moreover, in the putative 
ubiquitously and cortex-specifically expressing lines (Supplemental figure 1), we also observed 
a much stronger signal closer to the root tip, associated to the higher cell density there. To 
address this experimental bias, we decided to cut the root during harvesting approx. 0.5cm 
above the meristem line (Appendix Figure 1). Next, we extracted the polysome-bound RNA 
from the meristem-enriched and mature-root-enriched fractions, separately. Interestingly, this 
observation was not reflected in the amount of yielded RNA per unit of root material. In the root 
tip, irrespective of treatment, approx100 pg of RNA could be extracted per mg of root material, 
while in the mature root 400 pg could be extracted per mg of root material (Table 14). This 
could be either due to a delay between BLRP-FLG-RPL18-GFP expression and 60S ribosome 
assembly and/or retention at the nucleosome (Fromont-Racine et al., 2003). This observation 
highlights the differences between cellular transcriptional and translational activity depending 
on the cellular maturation. Thus, we factored in the root zone into our subsequent analyses. 

  

Translating Ribosome 
Affinity Purification (TRAP) 

Illustration by Tonni Grube Andersen 
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Appendix Figure 1: Visual explanation of TRAP seq approach: A Cartoon explaining the process of obtaining 
tissue-specific posttranscriptional profiles (“translatomes”) B Exemplary picture of plate grown seedlings of 
Arabidopsis thaliana 8 DAG. The top picture show 1/2 MS grown plants the bottom picture shows plants grown on 
1/2 MS-N. Dotted lines indicate the height of dissection for obtaining “mature” and “young” root samples 
respectively.  

17.3 Data processing and cluster analysis 

17.3.1 PCA and choice of genes included for variance assessment. 

Frist, we removed genes with low counts. Here, we excluded genes that had below 10 counts 
in all samples of all conditions, i.e., if one condition featured more than 10 counts across all its 
replicates, the gene was kept. To improve the detection of DEGs (Sha et al., 2015), we 
additionally filtered genes that had below 159 (53*3) absolute counts, independent of count 
distribution within conditions. All following analyses were performed on the filtered counts. To 
analyse the principal components of the dataset, we chose the top 500 most varying genes 
(ntop = 500) (Appendix Figure 1A). Here, the first principal component explained 42% of the 
variance (Figure 6A,B,C,D). While increasing the number of included genes reduced the 
amount of explained variance by the first component (Appendix Figure 2B), it did not strongly 
affect the ordination of our samples along the first two principal components (Appendix Figure 
2, Figure 6A), indicating that the top 500 most variable genes explained the sample behaviour 
to a similar extent as the full 21179 genes. PCA revealed clear distinctive profiles for the 14 
conditions probed (n = 3-6). 

 

Appendix Figure 2 Choice of genes for variance analysis: A Variance of individual genes post filtering B 
Contribution of the first principal component to the explained variance depending on the choice of included genes. 
C PCA plot of the first and second principal component including all genes regardless of variance 

17.3.2 Hierarchical clustering of individual samples and sample merging 

In agreement with our conclusion from the PCA, the cluster hierarchy could be divided into 
different levels according to the physical dissection of the root, i.e., the tissue they were 
extracted from, the promoter used, and the treatment (Figure 6F). Interestingly, in young roots, 
the cortex (PEP) samples cluster separate from the endodermis-specific (SCR) and unspecific 
(UBQ) samples. In the mature root seems to be a subdivision between endodermis-specific 
samples (ELTP and GPAT5) apart from the cortex and the unspecific samples (PEP and UBQ). 
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On the first level samples clustered according to root zone. On the second level according to 
the tissue. On the third level, the samples cluster according to the different promoters under 
which the TRAP-construct was expressed. On the fourth level, the samples separated 
according to the nitrogen-starvation treatment. Lastly, on the fifth level, the samples separated 
into the individual replicates, indicating distinctive RNA abundance profiles for the different 
experimental conditions. We did not observe any clear clustering according to individual 
replicates, indicating that the biological variation with the conditions imposed in our experiment, 
is larger than the technical variation. Notably, one sample of the mature root under nitrogen 
starvation, expressing the TRAP-construct under the cortex-specific promoter, “PEP_N_1” did 
cluster closer to the unspecific samples (UBQ) under nitrogen starvation. Moreover, samples 
that were expressing the TRAP-construct under the “GPAT5” promoter and were grown under 
nitrogen starvation, GPAT_N, did not cluster together. Instead, GPAT_N_1 grouped together 
with samples of the late endodermis (ELTP) under nitrogen starvation. GPAT_N_4 grouped 
together with non-starved samples of the same promoter and GPAT_N_5 was grouped 
together with the unspecific mature root samples, irrespective of nitrogen status. This 
clustering poses a limitation to the interpretability of these specific samples. However, as the 
individual groupings are consistent with the premise of suberization, and thus GPAT5 
expression, being primarily active in the late endodermis and suberization being increased 
upon nitrogen starvation. Altogether, the hierarchical clustering is consistent with the 
conclusions drawn from PCA, but highlights the higher variability of the data associated to 
suberizing cells under nitrogen starvation (“GPAT_N”) (Appendix Figure 3). 

 

Appendix Figure 3: Hierarchical clustering of samples after filtering The normalized counts were clustered using 
hclust() and the distances between the samples, according to spearman correlation, were plotted. 

17.3.3 K-means cluster determination based on Within Sum of Squares (WSS), Akaike 
Information Criterion (AIC) and Bayesian Information Criterion (BIC) 

Next, we aimed to determine which genes behave similar in our dataset. Therefore, we chose 
to perform k-means clustering on our dataset. As indicated above, hierarchical clustering is an 
iterative but deterministic process in which the minimal distance between each node, across 
all dimensions, will be determined. In the first iteration each instance, i.e., a gene or a sample, 
represents a node. Then, the closest nodes are merged into a new node containing all 
dimensional information of its lower-level nodes and the process is repeated until all nodes are 
merged. In contrast, k-means clustering assigns a predetermined number of random vectors, 
so-called “centers” (MacQueen, 1967). Then, each data point is assigned to each nearest 
center and the center is redefined as centroid of all data points assigned to it. Again, all data 
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points are then assigned to the updated centers and the process is repeated/iterated until 
updating the centers does not change the data point assignment anymore. Accordingly, k-
means cluster assignment is only semi-deterministic as it depends on the number and position 
of the initial centers. Because of the latter, it can happen that the algorithm converges early, in 
a local minimum, or doesn’t converge at all, i.e., constant reassignment of data points. To 
combat convergence limitations, multiple random set of starting points are tested, in our case 
two. To determine the optimal number of k-centers, we assess the Within cluster Sum of 
Squares (WSS), which measures the distance between a center and all its assigned datapoints 
(Equation 2). The Akaike Information Criterion (AIC, Equation 3) and Bayesian Information 
Criterion (BIC, Equation 4) are derivatives of WSS and factor in the number of compared 
groups (AIC) or the number of compared groups as well as the number of observations (BIC) 
(Vrieze, 2012). The optimal number of k-centers is defined as the number where the addition 
of more centers does not further decrease the WSS, or the AIC and BIC reach a global 
minimum. Next, we tested our dataset for those criteria and for k-values between 2 and 150. 
We did not observe a minimum for AIC within these margins but found a minimum of k ≈ 100 
(Appendix Figure 4A). However, selecting this many clusters would complicate the 
downstream analysis as well as the biological interpretation. Another controversial k-center 
selection method is the so-called “elbow-method”, where the graphical representation of the 
WSS per k is used to determine the inflection point or in other words where the 2nd derivative 
equals 0 (Appendix Figure 4C). Additionally, we checked at which k the changes in WSS, AIC 
or BIC, so their first derivatives, were reduced by 99% (Appendix Figure 4C). Depending on 
the random start of the centers these values lay between k≈35-45. Subsequently, we chose to 
cluster gene similarity with k-means (k=36) for the analyses. For easier visualization and to get 
an impression of the relationship between the individual clusters, we determined the average 
z-score of all genes per cluster and condition and used these scores for hierarchical clustering. 
The distances between all individual samples were then calculated using the pairwise 
Pearson’s correlation coefficient (Ma et al., 2021) (Figure 6G) 

Equation 2 Within cluster Sum of Squares 

𝑊𝑊𝑊𝑊𝑊𝑊 =  �� (𝑘𝑘𝑖𝑖 − 𝑥𝑥𝑖𝑖)2
𝑛𝑛

1
� 

Equation 3: Akaike Information Criterion 

𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 = 𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡 𝑆𝑆𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 2 ∙ 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
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Equation 4 Bayesian Information Criterion 

𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖 = 𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑆𝑆𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑙𝑙𝑙𝑙(𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ) ∙ 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖 = (∑ (𝑘𝑘𝑖𝑖 − 𝑥𝑥𝑖𝑖)2𝑛𝑛

1 ) + 𝑙𝑙𝑙𝑙(𝑛𝑛) ∙ �𝑘𝑘 ∙ (𝑗𝑗 +  1)�
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Appendix Figure 4: k-value evaluation A computation of wss, aic and bic for the indicated k-values B first derivative 
of the wss, aic and bic values C second derivative of the wss, aic and bic values 

17.3.4 Comparison between clusters determined with hierarchical clustering and k-means 

clustering and cluster significance determination. 

Hierarchical clustering and k-means clustering can be considered two distinct approaches to 
determine sample similarity across a large number of dimensions (n_genes = 21179). Thus, 
we also performed hierarchical clustering on the z-scores of all individual genes. The distances 
were calculated using Pearson correlation (Ma et al., 2021). Hence, the resulting tree had a 
maximum height of 2, as the maximum distance between perfect positive correlation (1) or 
perfect negative correlation (-1) (Appendix Figure 5). Next, we compared the genes that share 
similar behavior across conditions (hierarchical clustering) or shared a common center across 
conditions (kmeans). To obtain a comparable number of 36 clusters we cut the resulting tree 
at a height of 1.62 (Appendix Figure 5). Plotting the association of each gene between its 
respective clusters determined by kmeans or hierarchical clustering allowed us to assess the 
cluster stability. Clusters with a strong correspondence between h1.62 and k can be 
considered stable, i.e. k-cluster 4, 21 and 33, while clusters with a weaker correspondence 
can be considered less stable, i.e. k-cluster 7, 31 and 29. This should be considered when 
assessing the contents of these clusters respectively (Appendix Figure 6). 

Lastly, we investigated the uniqueness of each cluster for our input parameters, being as stated 
above the condition (Appendix Figure 7A) promoter (Appendix Figure 7B), treatment or 
dissected root zone (Appendix Figure 7C). To see whether a cluster was significantly enriched 
for a specific condition, we performed a one-sided student’s t-test on the z-scores of all genes 
within a cluster. For the purposes of the t-test, the z-scores of all parameters, that were not our 
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parameter of interested, were merged. Merging the samples this way produced vastly different 
sample sizes depending on cluster size. For this reason, p-values can be only compared within 
each cluster and parameter comparison respectively (Equation 5). However, comparing p-
values generated this way indicates whether genes of a certain cluster are enriched for a 
certain condition of interest. This analysis allowed us to assign different gene clusters to the 
young and mature root and individual tissues, respectively. Indeed, when compared to 
previously published data, we saw a strong overlap of genes associated to the endodermis 
(pSCR and pELTP, k22, k36, k23, k34) (Figure 7D), albeit with varying stringency (Mustroph 
et al., 2009; Vragović et al., 2015).The overlap of cortex-associated genes (pPEP, k28, k13, 
k8, k25, k 15, k12), was less pronounced (Mustroph et al. 2009.). 

 

Appendix Figure 5: Hierarchical clustering of all genes post filtering: The distances between all individual 
samples were then calculated according to the pairwise pearson correlation coefficients (Ma et al., 2021). 
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Appendix Figure 6: Cluster comparison of clusters determined by hierarchical clustering or kmeans 
clustering The kmeans clusters (x-axis) were associated to the respective hierarchical clusters (y-axis) by 
determining the highest percentage of k-cluster genes associated to the respective hierarchical cluster (blue dot). 
Similarly mean (green) and median (red) abundance were determined. Grey dots represent individual genes. 
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B 

 

C 

 

Appendix Figure 7: Evaluation of cluster uniqueness via one sided t-test.  A,B Subset of individual parameters 
(in red) versus the remaining samples unequal to the parameter of interest (blue). Exemplary the three most unique 
clusters as well as the two least unique clusters are shown per parameter A Cluster uniqueness for each of the 14 
conditions B Cluster uniqueness for each of the five promoters C Cluster uniqueness for the two treatments, and 
for the the two zones respectively. Here only the two parameters were mutually exclusive.  

Equation 5:Determination of cluster significance between individual parameters of interest: 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖=𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑖𝑖=𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙𝑛𝑛𝑛𝑛𝑛𝑛_𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝_𝑁𝑁(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶24)= 268 ∗1=268
𝑛𝑛𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡24)=268∗13=3484

 

17.4 Comparison of TRAPseq and whole root RNAseq highlights core nitrogen 

starvation genes but also differences between transcribed and translated mRNA. 

In this study, we obtained a second transcriptional dataset the same growth conditions as used 
for the TRAPseq (8 Materials and Methods). Here RNAseq was performed on whole root total 
RNA. Besides the transfer of plants to a fresh 1/2MS-N plate 6DAG, the conditions for the 
RNAseq experiment were directly comparable to the setup used for TRAPseq. First, we 
investigated the robustness of our data. We individually processed both datasets and 
compared the counts present in both datasets. Despite the individual filtering, the differentially 
expressed genes in the final count tables were largely overlapping. Thus, we performed PCA 
on the remaining 20712 genes, representing 98% of the RNAseq (n=211332) dataset and the 
TRAPseq dataset (n=21179) respectively. The first principal component resolved the nitrogen 
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starvation treatment, while the second differentiated the differently dissected tissues the RNA 
was harvested from (Appendix Figure 8, Left). Despite the fact, that nitrate-resupply did not 
revert the suberization in wild-type plants 2 days after transfer (Figure 10D), the transcriptome 
of all genotypes after nitrate re-supply was clustering closer to transcriptomes of samples 
continuously grown under 1/2 MS (sufficient nitrogen) conditions. When performing DEG (list 
of abbreviations) analysis on the TRAPseq and the RNAseq data individually we found that 
362 genes were upregulated in both TRAPseq and RNAseq, representing 66% (n=546) and 
34% (n=1070) of the upregulated DEGs respectively (Appendix Figure 8, Right). We concluded 
that this the core nitrogen starvation response. GO-enrichment revealed that this primarily 
included the response to nitrogen compounds including amino acid-, nitrogen- and secondary 
metabolism such as nitrogen starvation (data not shown). However, we also found distinct 
DEGs for the TRAPseq and RNAseq, respectively. E.g., the previously observed 
phenylpropanoid metabolism was increased in nitrogen starvation regulation of programmed 
cell-death only in the TRAPseq data. While the response to hypoxia, the response to oxidative 
stress but also ureide metabolic processes are only visible in the RNAseq. Only S8H 
(AT3G12900) is upregulated in the TRAPseq but downregulated in the RNAseq. However, 
performing Gas Chromatography coupled to Mass Spectrometry (GC-MS) on extracts of whole 
roots grown under the same conditions as the TRAPseq, we found that indeed Scopoletin and 
Fraxetin levels were elevated, while Sideretin levels were not (Figure 8E). These preliminary 
results are in line with the elevated transcript levels of F6’H1, synthesizing Scopoletin, elevated 
levels of S8H, synthesizing Fraxetin and decreased levels of CYP82C4, synthesizing Sideretin 
(Figure 8A). This indicates that coumarins are indeed regulated as indicated by the TRAPseq. 
The differential regulation of S8H in the transfer RNAseq could be due to the different 
experimental procedure, i.e. the transfer to a fresh plate, or alternatively due to the difference 
between assessing the plant transcriptome or post-transcriptome (“translatome”).  

 

Appendix Figure 8: Comparison of whole root transcriptomics with TRAPseq data: Left PCA analysis of 
TRAPseq data using the UBQ promoter. Right Venn diagram showing the overlap of DEGs when comparing the 
1/2MS-N vs the 1/2MS condition within the individual experiments. 
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