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Abstract

In a natural soil environment, nitrogen availability is often limiting and not uniformly
distributed. To ensure sufficient nitrogen supply, many seed plants adapt their root
system architecture in response to nitrogen availability in the substrate, a process
known as foraging response. Nitrogen-dependent root system architectural
adaptations are shoot dependent and integrate the systemic nitrogen status of the
plant. Similarly, the number of root symbiotic nodules in legumes is regulated
according to nitrogen availability in a systemic process called Autoregulation of
Nodulation (AON). We show that the shoot derived micro RNA miR2111 and its root
expressed target TOO MUCH LOVE (TML) regulate both bacterial endosymbiosis and
nitrogen-dependent root system adaptation. miR2111 acts as a mobile shoot signal
translocating to the root in a nitrogen homeostasis-dependent manner to control
lateral root initiation. Intriguingly, this miR2111-TML node is functionally conserved
across plant lineages including the asymbiotic ruderal Arabidopsis thaliana and the
legume model Lotus japonicus, identifying it as an essential, evolutionarily stable factor
facilitating shoot dependent adaptation of root organ formation in response to nitrate

availability in plants of divergent lifestyles.



Zusammenfassung

In einer natiirlichen Bodenumgebung ist die Verfiigbarkeit von Stickstoff oft limitiert
und das Stickstoffvorkommen nicht gleichmafdig verteilt. Um eine ausreichende
Versorgung Zu gewahrleisten, passen viele Samenpflanzen ihre
Wurzelsystemarchitektur als Reaktion auf die lokale Stickstoffverfiigbarkeit im
Substrat an. Dieser Prozess ist auch als "foraging response” bekannt. Anpassungen des
Wurzelsystems an die Verfligbarkeit von Stickstoff im Boden sind sprossabhangig und
beriicksichtigen den systemischen Stickstoffstatus der Pflanze. In dhnlicher Weise wird
die Anzahl der symbiotischen Wurzelknoéllchen in Leguminosen in Abhangigkeit von
der Stickstoffverfligbarkeit durch einen systemischen Prozess reguliert, der auch als
Autoregulation der Nodulation (AON) bezeichnet wird. Wir zeigen, dass die aus dem
Spross stammende micro RNA miR2111 und ihr in der Wurzel exprimiertes Ziel
TOO MUCH LOVE (TML) sowohl die bakterielle Endosymbiose als auch die
Stickstoffabhdngige Anpassung des Wurzelsystems regulieren. miR2111 fungiert
hierbei als mobiles Sprosssignal, das in Abhdangigkeit von der Stickstoffhomodostase in
die Wurzel wandert, um die Bildung von Seitenwurzeln zu steuern. Erstaunlicherweise
ist das miR2111-TML-Regulon in zweikeimblattrigen Pflanzen funktionell konserviert,
so auch in der asymbiotischen Ruderalpflanze Arabidopsis thaliana und dem
Leguminosen-Model Lotus japonicus. Dies identifiziert miR2111-TML als zentralen,
evolutiondr stabilen Faktor bei der sprossabhiangigen Anpassung der
Wurzelorganbildung als Reaktion auf die Nitratverfiigbarkeit in Pflanzen mit

unterschiedlichen Lebensweisen.
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Introduction

Among the key inventions of civilization is the Haber-Bosch process, the dominant
industrial mode of reducing aerial nitrogen to ammonia. Its invention enabled the
production of synthetic nitrogen fertilizer, a crucial element of the "green revolution”
aiming to feed a rapidly growing global population. Today roughly half of the world’s
population is estimated to be "fed" by the Haber-Bosch process (Erisman et al., 2008).

Regardless of its success, the use of Haber-Bosch derived nitrogen fertilizer harbors
fundamental problems. Firstly, it tends to have a relatively low use efficiency, and
runoff can lead to pollution and eutrophication of nearby waters, threatening
biodiversity (Howarth, 2008; Oenema et al., 2009). Secondly, the Haber-Bosch process
is very energy intense. It alone accounts for 1,4% of the annual global CO2 emission, and

1% of global energy consumption (Capdevila-Cortada, 2019).

The implementation of plants able to utilize nitrogen with high efficiency, or to cover
their nitrogen demand via root symbiosis, may be one way of reducing global fertilizer
demand. So far, many commonly used crop varieties exhibit low nitrogen use or, with
respect to legume crops, low fixation efficiency (Phillips, 1980; Liu et al.,, 2022b).
Appropriate breeding strategies to combat these problems will require an
understanding of how plants adapt to different nitrogen regimes, and what strategies

they have evolved to optimize access to available nitrogen resources.

Nitrogen as a key resource of plant growth

Nitrogen is a macronutrient essential for plant development. Even though plants can
use inorganic nitrogen compounds, and the atmosphere mainly consists of nitrogen,
plants are not capable of using aerial di-nitrogen directly. Instead, they are limited to
nitrogen compounds like nitrate, ammonia or urea (Vidal et al., 2020; Bartog et al,,
2022). Nitrogen is frequently the growth limiting nutrient in natural soil environments,

and is extremely unevenly distributed (Jobbagy and Jackson, 2001).

To deal with these limitations, plants have evolved diverse strategies to optimize their

nitrogen intake according to their demand and in balance with other nutrients (Vidal



et al., 2020). The two most common forms of bio available nitrogen are ammonia and

nitrate. This thesis will focus on the latter (Bartég et al., 2022).

The earliest adaptation to nitrogen availability in a plant’s life might be the nitrate
dependent promotion of germination by NIN LIKE PROTEIN 8 (NLP8) (Yan et al., 2016).
From germination on, most plants are dependent on nitrate uptake from soil. The
uptake of nitrate and its cross-membrane transport inside the plant is achieved by a
class of proteins called NITRATE TRANPORTERs (NRTs). They can be categorized into
low, high, and dual affinity NRTs (Vidal et al., 2020).

NRT1.1 is a dual affinity NRT and can switch from high affinity under low nitrate
conditions to low affinity at elevated nitrate supply, depending on its phosphorylation
pattern(Liu and Tsay, 2003). To further optimize nitrate uptake, several NRTs are

regulated by nitrate supply (Vidal et al.,, 2020).

NRT2.1, a high affinity NRT was shown to be regulated by nitrate availability both
locally and systemically (Cerezo et al., 2001; Filleur et al.,, 2001; Ohkubo et al.,, 2021;
Misawa et al., 2022). In addition, NRTZ2.1 is regulated by light (Chen et al., 2016).

Apart from the direct regulation of nitrate transporter abundance and affinity, plants
are able to regulate nutrient uptake via their root architecture. Plants can promote root
growth systemically to enhance the overall root surface area and therefore the zone of
nutrient accessibility, also termed the depletion zone (Giehl and von Wirén, 2014).
Further, root growth is locally responsive to patches of enhanced nitrate
concentrations, enabling the plant to preferentially grow into nitrate-rich soil patches
(Oldroyd and Leyser, 2020). Such root adaption in response to nutrient limitation is

termed foraging.

However, the most conspicuous adaptation to overcome nitrate limitation has evolved
within a plant clade encompassing the dicotyledonous orders Fabales, Fagales,
Cucurbitales and Rosales (FaFaCuRo) (Kistner and Parniske, 2002). Some members of
the FaFaCuRo have evolved the ability to establish a nitrogen fixing endosymbiosis with
bacterial symbionts, which are hosted in root nodules (Griesmann et al., 2018; Roy et
al, 2019). Two forms of nitrogen fixing nodulation symbiosis can be distinguished:
actinorhiza, a symbiosis between members of the Fagales, Cucurbitales or Rosales with

gram-positive Frankia bacteria, and the more specialized rhizobia legume symbiosis
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(RLS) (Griesmann et al., 2018) between members of the Fabales with gram-negative

rhizobia.

The success of a plants' nitrogen uptake strategy and its overall nitrogen status
influences multiple developmental and physiological parameters, such as secondary
growth, production of secondary metabolites and, more importantly for agriculture,
overall biomass production and yield. This makes nitrogen use efficiency a desired

breeding goal (Vidal et al., 2020; Wang et al., 2022).

NRT2.1-a central node in nitrate uptake

Nitrate supply can affect the expression of several NRT genes in Arabidopsis thaliana
(Arabidopsis). A well-studied example is NRT2.1 (Asim et al., 2020; Vidal et al., 2020),
a high affinity nitrate transporter which is expressed in the root epidermis and is
involved in nitrate uptake. NRTZ2.1 is accountable for 75 % of high affinity nitrate uptake
in Arabidopsis (Asim et al., 2020; Vidal et al., 2020).

In Lotus japonicus (Lotus) it was recently shown, that NRT2.1 expression is directly
regulated by NLP1 in a nitrate-dependent manner (Misawa et al., 2022). Besides this
direct regulation, NRTZ2.1 is regulated by a systemic feedback loop involving C-
TERMINALLY ENCODED PEPTIDES (CEPs), CEP DOWNSTREAM (CEPD) and CEPD LIKE
(CEPDL) peptides (Tabata et al., 2014; Ohkubo et al., 2017; Oldroyd and Leyser, 2020;
Ota et al., 2020). At the beginning of this feedback loop, CEPs are expressed in the root
and translocate shootward (Tabata et al, 2014). In Medicago truncatula, CEP
expression was shown to depend on NLPs and is negatively regulated by nitrate supply
(Luo et al., 2022a). In the Arabidopsis shoot, interaction of CEPs and CEP RECEPTOR 1
(CEPR1) activates the expression of CEPDs and CEPDLs (Ohkubo et al., 2017; Ota et al,,
2020). These downstream peptides are mobile too and translocate from shoot to root
(Ota et al., 2020). In the root, CEPD1/2 and CEPDLZ positively regulate NRTZ.1
expression (Ota et al,, 2020). Besides the transcriptional activation of NRT2.1, CEPD1/2
and CEPDLZ2 induce CEPD-INDUCED PHOSPHATASE (CEPH) expression (Ohkubo et al.,
2021). CEPH, a type 2C protein phosphatase, activates NRT2.1 post-translationally by
dephosphorylation (Ohkubo et al., 2021). In Lotus, NRT2.1 was shown to be involved in
NLP signaling, which could close the feedback loop (Misawa et al., 2022). Medicago
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COMPACT ROOT ARCHITECTURE 2 (CRA2), the putative orthologue of CEPR1, can induce
expression of NRT2.1, in a CEP1 dependent manner, suggesting that the CEP/CEPD
pathway might be conserved between dicot lineages (Luo et al., 2022b).

Apart from nitrate dependent regulation, NRTZ.1 transcription is controlled by light via
shoot-derived, phloem-mobile transcription factor ELONGATED HYPOCOTYL 5 (HY5)
(Chen et al.,, 2016). Following translocation to the root, HY5 induces its own expression
in a positive feedback loop (Chen et al., 2016). The amplified HY5 population then
further activates NRTZ2.1 expression (Chen et al., 2016).

In summary, NRT2.1 and therefore nitrate uptake underlies a complex network of
regulatory mechanisms, involving systemic nitrogen demand and local nitrate

availability, but also illumination level translating into carbon (C) availability.

Apart from its role in nitrate uptake, NRTZ2.1 also acts in regulating lateral root
formation, but its exact function therein is not yet clear (Little et al., 2005; van Gelderen

etal., 2021).
Root architecture and development

Angiosperm root architecture is distinct between monocots and dicots. Monocots
develop multiple seminal roots (SR) and crown roots (CR), while the PR is often
transient and difficult to identify at a later developmental stage (Hochholdinger and
Zimmermann, 2008; Atkinson et al.,, 2014). In contrast, a dicot root system typically
consists of a lasting primary root (PR) and lateral roots (LR)s emerging from it,
alongside few stem-borne adventitious roots (AR) (Hochholdinger and Zimmermann,
2008; Atkinson et al., 2014). Furthermore, dicot roots show secondary growth and
periderm formation, which is absent in monocots (Serra et al., 2022). This work focuses
on dicot root systems. Dicot root architecture is mostly determined by PR elongation
and LR formation. Three phases of LR formation can be distinguished: initiation,
emergence, and elongation. Some authors include priming, which precedes initiation,
as a fourth phase (De Smet, 2012; Du and Scheres, 2017a; Laskowski and Ten Tusscher,
2017). Dicot LRs arise from xylem pole pericycle cells (Lavenus et al.,, 2013).

LR priming determines the competence of so-called LR founder cells for LR initiation
(Lavenus et al., 2013; Motte et al., 2019). Priming takes place at pre-branch sites inside

the oscillation zone (Motte et al., 2019), in which auxin levels oscillate pre-branch sites
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are determined by local auxin maxima (Moreno-Risueno et al., 2010; Hobecker et al,,
2017; Motte et al., 2019), where auxin signaling relies on INDOLE-3-ACETIC ACID
INDUCIBLE 28 (IAA28) and multiple AUXIN RESPONSE FACTORs (ARFs). [AA28 and
ARF5,6,7,8,19 activity leads to a founder cell specific expression of GATAZ23 (De Rybel et
al, 2010; Lavenus et al,, 2013).

LR initiation starts with the asymmetric division of LR founder cells. This depends on
polar auxin transport (Lavenus et al, 2013) as well as the transcription factors
LATERAL ORGAN BOUNDARIES DOMAIN16 (LBD16)/ASYMMETRIC LEAVES2-LIKE18
(ASL18) and LBD18/ASL20. The expression of the latter is induced by I1AA14-ARF7-
ARF19 dependent auxin signaling (Okushima et al., 2007; Goh et al., 2012; Lavenus et
al,, 2013). LR initiation in nearby cells is restricted by a pathway involving TARGET OF
LBD SIXTEEN 2, RECEPTOR-LIKE KINASE7 and PUCHI (Motte et al,, 2019; Toyokura et
al.,, 2019).

Further development of the LR primordia involves auxin signaling, and the activity of
several transcriptions factor genes: WUSCHEL-LIKE HOMEOBOX 5 (WO0X5),
SCARECROW (SCR), SHORTROOT (SHR) and several PLETHORAs (PLTs) (Ditengou et al.,
2008; Della Rovere et al., 2013; Goh et al,, 2016; Du and Scheres, 2017a; Motte et al.,
2019). Auxin signaling during primordia outgrowth is regulated by the miR390 and
miR390 derived trans-acting small interfering RNAs (tasiRNAs), negative regulators of

ARFs including ARF2-4 (Marin et al., 2010).

During LR emergence, primordia grow through the overlaying root cell layers, cortex
and epidermis (Péret et al., 2009). The first cell layer that the growing primordium has
to pierce is the endodermis, the innermost cortical cell layer which possesses a highly
lignified cell wall fraction forming the casparian strip (Geldner, 2013). Primordial
piercing of this cell layer is associated with the death of the respective overlaying cell.
Cell death is thought to occur as a consequence of deformation and flattening of the
overlaying cell and finally a fusion of its membranes, rather than by programmed cell
death (Vermeer et al.,, 2014; Vilches-Barro and Maizel, 2015; Stoeckle et al., 2018). The
remaining cortical and epidermal cell layers are less well interconnected than
endodermal cells, making them easier to pass for the LR primordia (von Wangenheim
et al.,, 2016; Stoeckle et al.,, 2018). To cross these cell layers, the primordium pushes

apart the overlaying cells and finds a way through the tissue. This is preceded by cell
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wall modifications in the overlaying tissue, following auxin dependent induction of cell

wall remodeling enzymes (Swarup et al., 2008; Stoeckle et al., 2018).

After emergence, LR growth depends on continuous cell proliferation by the root

meristem stem cell niche (SCN), analogous to PR growth (Yamoune et al., 2021).

Root architectural adaptation to nitrogen levels

For many plants, adaptation of root growth in response to nutrient supply was shown
(Oldroyd and Leyser, 2020). It has been long known that local supply of the
macronutrients phosphate, nitrate or ammonia can lead to a local induction of root
growth (DREW, 1975). More recently deficiency in several macro- and micronutrients
has been shown to impact root plasticity in Arabidopsis as well (Gruber et al., 2013).
These changes in root plasticity have been assumed to depend on internal nutrient
status, leading to a systemic root response (Giehl et al., 2013; Giehl and von Wirén,

2014).

Nutrient dependent adaptation of root architecture, also termed nutrient foraging, can
be divided into a local and a systemic response, where similar concentrations of a
respective nutrient can trigger different root morphological adaptations (Giehl et al,,
2013; Giehl and von Wirén, 2014). This thesis focuses on nitrate. Nitrate is alongside
ammonia, the most important component of nitrogen fertilizer used in agriculture,
furthermore ammonia is reduced to nitrate in soil via a process called nitrification

(Ward, 2013).

In a natural soil system, nutrients including nitrate are unevenly distributed (Podlasek
et al., 2021). Split root growth systems can be used to simulate such conditions. Local
and systemic nitrate responses have been intensively studied in Arabidopsis using split
root setups, supplying high and low nitrate concentrations to separate parts of root
systems, respectively. In such experiments, both local and systemic effects of nitrate on
LR growth can be observed (Ruffel et al.,, 2011; Guan et al., 2014). Local nitrate supply
induces a local promotion and a systemic restriction of LR growth, while partial nitrate
starvation systemically promotes LR growth (Ruffel et al, 2011). This implies the

existence of both a systemic nitrate demand as well as a systemic nitrate supply signal.
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The promotion of LR growth in nitrate-rich soil patches was shown to be at least
partially dependent on ARABIDOPSIS NITRATE REGULATED 1 (ANR1) acting
downstream of NRT1.1 (Remans et al., 2006; Guan et al., 2014). Local control of nitrate
dependent root growth was shown to depend on NLP7, while the systemic foraging
response was dependent on (TCP)-DOMAIN FAMILY PROTEIN 20 (TCP20) (Guan et al,,
2014; Zhang et al., 2021). Further, NRT2.1 was shown to restrict LR initiation in a
nitrate dependent manner (Little et al., 2005). LR emergence is restricted by
CLAVATA3/EMBRYO SURROUNDING REGION-RELATED (CLE)/CLAVATA1 (CLV1)
dependent signaling under nitrate starvation (Araya et al., 2014). Further factors
regulating root growth at different nitrate regimes include BT1/2 or AGAMOUS-LIKE 44
(AGL44) (Giehl and von Wirén, 2014; Liu et al,, 2019a).

Different phytohormones are involved in nitrate foraging. The promotion of LR growth
under systemic nitrogen demand was shown to depend on cytokinin biosynthesis
(Ruffel et al., 2011). Low nitrogen also leads to an accumulation of auxin at LR
primordia, promoted by TRYPTOPHAN AMINOTRANSFERASE RELATED 2 (TAR2) and
resulting in enhanced LR emergence (Ma et al., 2014). Further, auxin plays a role in
nitrate foraging, as NAC DOMAIN CONTAINING PROTEIN 4 (NAC4) regulates LR density
downstream of the auxin receptor AUXIN SIGNALING F-BOX 3 (AFB3). AFB3 in turn is
targeted by the miRNA miR393, which is induced by nitrate metabolites (Vidal et al,,
2010; Vidal et al.,, 2013; Giehl and von Wirén, 2014). Mild nitrogen deficiency also
induces brassinosteroid biosynthesis, leading to an activation of BRII1-EMS-
SUPPRESSOR 1 (BES1) (Chai etal., 2022). BES1 is then able to interact with the negative
regulators of nitrate signaling LBD37/38/39 and prevent them from DNA binding. As a
result, nitrogen responsive genes downstream of these transcriptional inhibitors can

be activated, leading to LR foraging (Chai et al., 2022).

In legumes, the nitrate receptor MtNRT1.3 and the transcription factor MtNLP1 have
been shown to be involved in nitrate foraging (Pellizzaro et al., 2014; Lin et al., 2018).
Apart from local responses to nitrate availability, split root experiments have
demonstrated that systemic factors exist that regulate both NRT-mediated uptake of
nitrate (Gansel et al., 2001; Ota et al., 2020), as well as root growth responses triggered
by nitrogen sufficiency or starvation conditions (Giehl et al., 2013; Gruber et al., 2013;

Guan et al, 2014; Oldroyd and Leyser, 2020). Peptide hormones of the
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CEPs/CEPDs/CEPDLs and CLE groups have been shown to be involved in systemic
regulation of nitrate acquisition (Araya et al.,, 2014; Roberts et al., 2016; Gautrat et al,,
2020; Ota et al., 2020). However, systemically mobile nitrogen demand- and -
sufficiency signals inducing root architectural responses have yet to be identified
(Oldroyd and Leyser, 2020). Both CEPs/CEPDs/CEPDLs (Gautrat et al., 2020; Ota et al,,
2020; Luo et al,, 2021) and CLE peptides (Tsikou et al., 2018; Gautrat et al., 2020;
Moreau et al., 2021) represent promising candidates, as they are known to be nitrate
responsive and involved in systemic signaling processes (Valmas et al., 2023). Apart
from peptide signals, miRNAs represent attractive candidate molecules, as they act
with a high degree of specificity and are capable of shoot-root mobility through the
phloem (Pant et al,, 2009; Skopelitis et al., 2018; Tsikou et al, 2018). miR2111, a
conserved regulator of the F-box Kelch Repeat gene TML/HOLT (Tsikou et al., 2018;
Okuma et al., 2020), shows nitrogen-dependent abundance shifts and systemically
regulates nodulation symbiosis in the legume Lotus japonicus (Tsikou et al., 2018;
Okuma et al., 2020). In this thesis we show that in addition, miR2111 has a conserved
function as a systemic shoot-root signal restricting LR initiation in response to nitrate
supply (Sexauer et al., 2023). The role of peptide hormones as well as miR2111 in
symbiosis regulation is introduced in more detail below (section miR2111 is the shoot-

derived signal in the Autoregulation of Nodulation).
Small RNA dependent gene silencing

RNA silencing is an important mechanism to regulate transcript levels in eukaryotic
organisms. In plants, it is best understood in Arabidopsis, and unless stated otherwise
the following paragraph will focus on SRNA biogenesis and function as described in this
species. RNA silencing is important in many plant developmental processes and crucial
for cell identity determination (Carlsbecker et al., 2010). It regulates hormonal
responses (Fahlgren et al., 2006) and is a key mechanism in plant antiviral defense
(Ding and Voinnet, 2007). Plant small RNA (sRNA) generation depends on DICER-LIKE
(DCL) proteins. In Arabidopsis, four paralogs (DCL1-DCL4) exist (Bologna and Voinnet,
2014). The two most important classes of plant sSRNAs involved in gene silencing are

small interfering (si)RNAs and micro (mi)RNAs (Bologna and Voinnet, 2014).

siRNAs are derived from long dsRNAs of various sources and can be categorized by size.

One class of siRNA are 24 nucleotide (nt) long, DCL3-derived siRNAs which are involved
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in DNA methylation (Nagano et al., 2014; Xie and Yu, 2015). These siRNAs, which are
also called heterochromatic siRNAs, were shown to bind to ARGONAUTE4 (AGO4),
AGO6 and AGO9 and induce transcriptional gene silencing (Matzke et al., 2015). siRNAs
produced by DCL4 and DCL2 are typically 21 nt and 22 nt long, respectively (Bouche et
al,, 2006; Deleris et al., 2006). In contrast to the majority of their 24 nt long relatives,

they are involved in post-transcriptional gene silencing (Bologna and Voinnet, 2014).

Most plant miRNAs are transcribed from their own loci by RNA polymerase II (Lee et
al., 2004). The primary transcripts (pri-miRNAs) contain one or multiple RNA stem-
loops. During maturation, these pri-miRNAs are processed by DCL1, SERRATE (SE) and
HYPONASTIC LEAVES1 (HYL1) in a step where the pri-miRNA loses its 5' cap and polyA-
tail and matures into a pre-miRNA (Kurihara et al., 2006; Dong et al., 2008; Achkar et
al., 2016). In further DCL1-dependent processing, the mature miRNA/miRNA*-duplex
is excised from its pre-miRNA stem-loop (Achkar et al., 2016). The miRNA/miRNA*
duplex then undergoes 2’-O-methylation at its 3’ ends (Yang et al., 2006). This
modification is mediated by HUA ENHANCER1 (HEN1) and protects the miRNAs from
degradation by exonucleases via poly-U tailing (Li et al, 2005; Yu et al., 2005;
Baranauske et al., 2015; Zhang et al., 2015). In plants, both miRNA transcription and
processing are taking place in the nucleus (Achkar et al., 2016). After complete
processing, the miRNA is exported from the nucleus into the cytosol, where it can serve

its purpose in initiating post-transcriptional gene silencing (Achkar et al., 2016).

In mammalian cells, nuclear export of miRNAs is mediated by EXPORTIN 5 (Lund et al,,
2004). For a long time, it was assumed that the putative plant orthologue of EXPORTIN
5, HASTY, similarly mediates nuclear export. However more recently, a new model for
nuclear export of plant miRNAs was proposed, including miRNA shuttling mediated by
AGO1 (Bologna et al.,, 2018). Unloaded AGO1 is translocated to the nucleus via its
nuclear localization signal, where it can bind mature miRNAs. In its loaded form, AGO1
presents a nuclear export signal, which leads to an export of AGO1 and its bound

miRNAs (Bologna et al., 2018).

In the cytosol, miRNAs can be bound by the RNA Induced Silencing Complex (RISC). The
RISC consists of an ARGONAUTE (AGO) protein and multiple cofactors (Fang and Qi,
2016). ARGONAUTEs have differential affinity for different sSRNAs and therefore
mediate distinct biological functions (Liang et al., 2023). ARGONAUTE:s selective sSRNA
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binding is dependent on sRNA length and 5’ nucleotide. AGO4 and AGO6 selectively
load 24 nt siRNAs possessing a 5’ adenine (Liu et al., 2022c), while AGO1, AGO2 and
AGOS5 show affinity for 21nt SRNAs having an uridine (U), adenine (A), and cytosine (C)
5’ nucleotide, respectively(Mi et al., 2008), with AGOS5 also being able to bind 22 & 24nt
sRNAs (Mi et al,, 2008). Recognition of the 5’ nucleotide by AGO1/2/5 was shown to
depend on the MID-domain (Frank et al.,, 2012).

Most miRNAs associate with AGO1 (Fang and Qi, 2016), where the miRNA guide strand
selection is mediated by HYL1 (Eamens et al., 2009). An active RISC can bind an mRNA
possessing a sequence complementary to the miRNA. Silencing is achieved either by

cleavage, leading to degradation of the target mRNA, or by translational repression

(Brodersen et al., 2008; Fang and Qi, 2016).

In a process called transitivity, a cleaved mRNA can get stabilized at its cleaved ends by
SUPPRESSOR OF GENE SILENCING 3 (SGS3) (Mourrain et al., 2000; Fukunaga and
Doudna, 2009). RNA DEPENDENT RNAPOLYMERASE 6 (RDR6) is able to bind the
stabilized, single stranded RNA and transcribe a complementary RNA strand (Dalmay
et al., 2000; Fukunaga and Doudna, 2009). The resulting double stranded RNA gets
released and cleaved by DCL4, which produces 21 nt siRNAs (Dunoyer et al., 2005).
These secondary siRNAs are called trans-acting siRNAs (tasiRNAs) (Vazquez et al,,
2004). tasiRNAs represent a class of secondary sRNAs which are able to silence whole
gene families or act as signal amplifiers. However, the production of secondary siRNA,
from miRNA target mRNA only rarely occurs in plants and its regulation is only poorly
understood (Lu et al.,, 2005). Recently (Vigh et al., 2022) could show that both PELOTA1
(PEL1) and SUPERKILLERZ (SKLZ2) restrict generation of secondary siRNAs via distinct
mechanisms. The authors propose a long RISC dwell time as a key factor in siRNA
generation, and hypothesize that ribosome stalling in pell mutants increases RISC
dwell time while degradation of 5'-cleavage fragments by SKI2/3/8-exosome reduces

it (Vigh etal., 2022).

One prominent example of tasiRNA generation is TRANS-ACTING SIRNA3 (TAS3) which
is targeted by miRNA390 and produces tasiRNAs regulating several ARF genes (Marin
et al.,, 2010). TAS3-derived tasiRNAs are thus referred to as tasiR-ARFs (Marin et al,,
2010).
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Small RNA mobility

One important feature of miR390 dependent tasiR-ARFs is their non-cell-autonomous
mode of action. tasiR-ARFs are able to move from cell to cell and establish a gradient,
crucial for adaxial and abaxial identity (Chitwood et al., 2009). Small RNAs have been
shown to be able to move from one cell to another and therefore act in short or long-
range signaling (Skopelitis et al.,, 2018; Maizel et al., 2020; Chen and Rechavi, 2021).
The cell-to-cell movement of sSRNAs occurs via plasmodesmata (Voinnet, 2005). The
exact mechanism of sRNA mobility has not been deciphered yet, however the
movement of sRNAs through plasmodesmata seems to be regulated and polar
(Skopelitis et al., 2018; Maizel et al., 2020). This polar gating of sSRNA movement is
independent of protein transport and creates unidirectional transport routes like the
phloem, which only allows miRNA efflux, or mobility restricted zones like the quiescent
center (QC) (Skopelitis et al., 2018; Maizel et al., 2020). For long-distance travel of
sRNAs, plants make use of the phloem (Skopelitis et al., 2018; Li et al., 2021). Phloem
sap was shown to be enriched with different species of RNA, including mRNAs and
sRNAs (Buhtz et al., 2008; Notaguchi, 2015). In contrast, Xxylem fluid is devoid of RNA,
as a result of which systemically mobile RNAs are predominantly transported from
shoot to root (Buhtz et al., 2008; Kehr and Buhtz, 2008; Li et al., 2021). While root-to-
shoot transport of mRNAs is weak but traceable, no evidence for a long-distance root
to shoot transport of sSRNAs has so far been found (Brioudes etal., 2021; Li et al,, 2021).
The phloem sap contains a multitude of mobile SRNAs (Buhtz et al., 2008; Pant et al,,
2008; Pant et al., 2009; Tsikou et al., 2018; Okuma et al,, 2020; Li et al., 2021; Valmas et
al, 2023). Some of these mobile signals are nutrient responsive, like miR2111 or
miR399 (Pant et al., 2008; Pant et al., 2009; Tsikou et al., 2018; Okuma et al., 2020;
Valmas et al., 2023).

Movement of sSRNA into the phloem from neighboring cell types is restricted, and it
therefore seems necessary for a systemically mobile miRNA to be expressed in the
phloem (Skopelitis et al., 2018). The mobile miRNA2111, which was shown to travel
from shoot to root, is strongly and predominantly expressed in the phloem of leaf veins,
which strengthens this hypothesis (Tsikou et al., 2018; Okuma et al., 2020). Unloading
of sRNAs from the phloem is not restricted but depends on the LRR-receptor-like
kinases BARELYANY MERISTEM 1 (BAM1) and BAMZ2 (Rosas-Diaz etal., 2018; Skopelitis
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etal., 2018). BAM1 & BAM_Z, targets of the viral protein C4, were more recently shown
to mediate amiR166/165 gradient, which is directed inwards from the endodermis and
crucial for correct xylem patterning (Rosas-Diaz et al., 2018; Fan et al, 2021).
Expression of viral C4 in the endodermis is sufficient for a disruption of the miR166
gradient, which results in impaired xylem development (Fan et al., 2021). These results
hint at a more general role of BAM1/2 in sSRNA movement and therefore sSRNA silencing
and would thus explain the function of C4 as suppressor of (antiviral) silencing (Rosas-
Diaz et al,, 2018; Fan et al., 2021). Another player involved in both cell-to-cell but also
phloem transport of miRNAs is HASTY (Brioudes et al., 2021). HASTY was shown to
regulate the unloading of phloem expressed miRNAs into the surrounding tissue, but
also the long-distance transport into the root (Brioudes et al, 2021). Analysis of
multiple miRNAs revealed a selective role of HASTY in sRNA mobility (Brioudes et al,,
2021). Similar to BAM1/2, HASTY is involved in miR166 movement and xylem
patterning (Brioudes et al., 2021). miRNAs and siRNAs are assumed to travel as AGO-
free mature duplices in a sequence-independent manner, as it was shown for siRNA
that their movement can be restricted by the viral silencing suppressor P19, which
specifically binds 21-22 nt long sRNA duplices (Vargason et al.,, 2003; Devers et al,,
2020). The establishment of SRNA gradients along their movement was shown to be
dependent on consumption of siRNAs by AGOs in the traversed cells (Devers et al,,

2020).

miRNA mobility has been shown to be involved in multiple developmental processes
(Benkovics and Timmermans, 2014; Maizel et al, 2020). In some cases, not only
translocation but also the concentration gradient of miRNAs is crucial for their function
(Benkovics and Timmermans, 2014). One well-studied example is the definition of
adaxial and abaxial cell identity in leaf development, which involves two sRNA
gradients, namely those of tasiR-ARFs and of miR166 (Kuhlemeier and Timmermans,
2016). Although miRNA390 is expressed throughout the leaf, tasiR-ARF production is
restricted to the adaxial leaf side, where AGO7 and TAS3A are expressed (Chitwood et
al., 2009). tasiR-ARFs can translocate cell autonomously, and travel to surrounding
tissue, which results in a small RNA gradient, declining from adaxial to abaxial side
(Chitwood et al., 2009; Benkovics and Timmermans, 2014). The second small RNA
gradient involved in leaf polarity concerns miR166a, which is expressed on the abaxial

and moves to the adaxial leaf side, creating a gradient inverse to that observed for tasiR-
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ARFs (Juarez et al., 2004; Nogueira et al., 2009; Kuhlemeier and Timmermans, 2016).
Interestingly, the mRNA targets of tasiR-ARFs and miR166a, ARF2/3/4 and CLASS Il
HOMEODOMAIN LEUCINE-ZIPPER (HD-ZIPIII), respectively, don’t show an abundance
gradient opposed to that of the respective SRNAs. Instead, they show clear boundaries,
defined by an sRNA threshold, a critical SRNA concentration which is sufficient to fully
silence a mRNA population (Benkovics and Timmermans, 2014; Kuhlemeier and
Timmermans, 2016; Skopelitis et al., 2017). As a result, activity of HD-ZIPIII is restricted
to the adaxial, and that of ARF3 to the abaxial leaf side in clear boundaries, assuring

correct leaf polarity (Kuhlemeier and Timmermans, 2016; Skopelitis et al., 2017).

Beyond the establishment of leaf polarity, miR166 is involved in the radial symmetry
and xylem cell-fate during root development. Again, this is achieved by a miR166
gradient originating from the endodermis, and an inverse HD-ZIPIIl gradient
(Miyashima et al., 2009; Carlsbecker et al., 2010; Benkovics and Timmermans, 2014).
Apart from short-ranged miRNA gradients, miRNAs can act as long-range systemic
signals. Multiple miRNAs have been proposed as long- or short-range signals in nutrient
or symbiotic signaling processes, which we discussed in a review as part of this thesis
(Valmas et al., 2023). One prominent example for this is miR2111, which was identified

as a systemic activator of rhizobial symbiosis as discussed in detail in this thesis (Tsikou

etal., 2018).
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The endodermis as a transport barrier

After acquisition of solutes from the soil, a major fraction of these is transported
towards the stele for further long-distance transport. The transport towards the stele
can be separated into three different modes of transportation, the apoplastic, the
symplastic and a coupled trans-cellular pathway (Barberon and Geldner, 2014;
Andersen et al., 2015). In the apoplastic pathway, solutes diffuse through the apoplast
without being taken up by cells of the traversed tissue. In contrast, in the symplastic
pathway, solutes move from cell to cell through plasmodesmata (Barberon and
Geldner, 2014; Andersen et al,, 2015). The coupled trans-cellular pathway relies on
repetitive influx into and efflux from cells in a polarized manner (Barberon and
Geldner, 2014; Andersen et al., 2015). However, apoplastic movement of solutes from
outer root layers into the central cylinder is restricted by chemical barriers in the
endodermal cell walls, which are established as the endodermis, the innermost cortical

cell layer, matures (Barberon and Geldner, 2014; Andersen et al., 2015).

Both endodermal and remaining cortex cells are derived of a common pool of
cortex/endodermis initials (CEI), which produce CEI daughter cells (CEID) via
anticlinal division (Di Mambro et al, 2019). The CEIDs undergo an asymmetric
anticlinal division to produce endodermal and cortical cell layers, respectively. This
asymmetric division and maintenance of endodermal activity is dependent on the
SHR/SCR complex (Helariutta et al., 2000; Nakajima et al., 2001; Long et al., 2015; Di
Mambro et al, 2019). The resulting endodermal cell initials undergo further cell
divisions, before they start elongating and differentiating (Geldner, 2013). The onset of
endodermal differentiation is marked by MYB36 (MYB transcription factor 36)
expression, which is induced by SCR/SHR (Liberman et al, 2015). In its
undifferentiated state, transport through the endodermis is not restricted. During early
differentiation, casparian bands are generated in the endodermal cell walls, blocking
apoplastic transport. A second differentiation step involves deposition of a suberin
lamella around the endodermal cells, additionally blocking the coupled trans-cellular
pathway into the stele (Geldner, 2013; Andersen et al., 2015). The casparian bands
deposited during the first differentiation phase span the endodermal cells
longitudinally, and mainly consist of lignin (Naseer et al., 2012). The casparian bands

grow via continuous lignin deposition until the bands of neighboring cells fuse, forming
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the casparian strip, which renders the apoplast largely impenetrable at the endodermis
(Geldner, 2013; Fujita et al., 2020). Casparian strip formation is orchestrated by the
central transcription factor MYB36 which induces CASPARIAN STRIP DOMAIN
PROTEINS 1-5 (CASP1-5) expression (Roppolo et al., 2011; Kamiya et al.,, 2015; Emonet
and Hay, 2022).

CASPs localize to the site of casparian band formation in dependence of EXO70A1
(Kalmbach et al,, 2017; Emonet and Hay, 2022). Their correct localization is crucial for
scaffolding the positioning and fusion of the casparian bands to a continuous casparian
strip. Integrity of the casparian strip is assured by the Schengen signaling pathway
(Emonet and Hay, 2022). The Schengen pathway, involves the production of
CASPARIAN STRIP INTEGRITY FACTORS 1&2 (CIF1/2) in the stele (Doblas et al,
2017b). These are then sulphated by SCHENGEN2 (SGN2), which enables them to
diffuse freely through the apoplast (Doblas et al., 2017b; Nakayama et al., 2017; Okuda
et al.,, 2020). Once the casparian strip is closed, CIF1/2 cannot diffuse outside of the
stele. If the casparian strip is not closed, CIF1/2 can diffuse towards the cortex and
reach the SGN1 / SGN3 complex which is localized on the cortex sided cell walls of the
endodermis (Alassimone et al.,, 2016; Emonet and Hay, 2022). CIF1/2 interaction with
the SGN1/3 complex induces the formation of compensatory lignin, closing off the

casparian strip (Fujita et al.,, 2020; Fujita, 2021; Emonet and Hay, 2022).

The second differentiation phase begins with a patchy deposition of suberin around
individual cells, forming a secondary cell wall (Naseer et al., 2012; Geldner, 2013). As
the endodermis matures, its suberization becomes more uniform, as all endodermal
cells suberize with the exception of few cells located in the vicinity of xylem poles,
termed passage cells. Suberin is a hydrophobic biopolymer which prevents trans-
membrane transport into or out of the apoplast by the respective cell (Andersen et al,,
2015; Andersen et al., 2018). Similar to its lignification during the first differentiation
phase of the endodermis, suberization is controlled by MYB transcription factors
(Kamiya et al., 2015; Shukla et al., 2021). So far, MYB39, MYB41, MYB53, MYB92 and
MYB93 have been found to promote suberin formation (Kosma et al., 2014; Cohen et al,,

2020; Wang et al., 2020; Shukla et al., 2021).

Passage cells, which are the only endodermal cells still able to conduct transmembrane

transport in the mature stage Il endodermis are assumed to play a role in nutrient
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uptake (Holbein et al., 2021). Indeed it was shown that the expression of certain
transporters like the phosphate efflux protein PHOSPHATE 1 (PHO1) is associated with
passage cells (Andersen et al., 2018). So far, a direct transport of nutrients through
passage cells has not been shown. Interestingly, suberization itself is modulated by
nutritional cues. In Arabidopsis, iron-, manganese- or zinc- deficiency lead to a
reduction of suberization, while NaCl stress and potassium or sulfur starvation

promotes suberization (Barberon et al.,, 2016; Barberon, 2017; Namyslov et al.,, 2020).

In barley, it was shown that nitrogen starvation leads to an increase in suberin
deposition (Melino et al., 2021). These findings could imply the regulation of suberin
deposition as an adaptation to nutrient availability, to balance uptake capability and

stress resistance (Holbein et al.,, 2021).

Restriction of nutrient flow into the central cylinder might not sound beneficial for the
plant, however the endodermal barriers not only restrict nutrient flow but also act as a
physical barrier against abiotic and biotic stressors (Andersen et al., 2015; Holbein et
al,, 2021). Inrice, for example, suberization was shown to mediate salt stress resistance
(Vishal et al., 2019). In soybean and potato, suberization was associated with enhanced
resistance towards pathogens (Lulai and Corsini, 1998; Thomas et al, 2007;
Ranathunge et al., 2008; Buskila etal., 2011). However, plant roots are not only exposed
to pathogens, but also to beneficial microbes or symbionts. In symbioses like arbuscular
mycorrhiza (AM) or the rhizobium legume symbiosis (RLS) the respective symbionts
colonize cortex or cortex-derived cells, but not the central cylinder (Oldroyd et al,,
2011; Harrison, 2012). This raises the question how the bidirectional nutrient
exchange across the differentiated endodermis is achieved during these interactions,

and what role passage cells play in this process (Holbein et al.,, 2021).
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Rhizobial symbiosis and early symbiotic signaling

The RLS is the best understood form of root nodulation symbiosis (RNS). RNS involves
endosymbiotic associations of plant roots with frankia or rhizobia bacteria, where the
microsymbionts fix aerial nitrogen, supplying the plant with ammonia (Roy et al,,
2019). Nitrogen fixation takes place in specialized root organs, so-called nodules, which
accommodate billions of bacteria. In return for fixed nitrogen, the bacteria are supplied
with photosynthates and mineral nutrients (Roy et al., 2019). While AM symbiosis with
fungi is ancient and widespread among plants, RNS is only found in certain species
within the FaFaCuRo clade (Remy et al., 1994; Parniske, 2008; Griesmann et al., 2018).
Notably, only a subset of FaFaCuRo species are able to establish RNS. It is hypothesized
that RNS was lost multiple times during evolution, which implies a negative selection
bias (Griesmann et al., 2018). This negative selection could be caused by opportunistic
bacteria or ineffective regulation of symbiosis, as these factors can quickly turn a

mutualistic symbiosis into parasitism (Sachs et al., 2018).

Within the FaFaCuRo, RLS is specific to legumes (Fabales), whereas actinorhiza is
established by other members of the clade (Swensen and Benson, 2007; Griesmann et
al,, 2018). Apart from the bacterial symbionts involved, these two types of RNS differ in
the respective infection processes and the structure of nodule organs formed. While
actinorhiza plants have gram-positive Frankia bacteria as symbionts, legumes undergo
a symbiotic relation with gram-negative rhizobia (MacGregor and Alexander, 1971;
Berg, 1999). RLS is established by ecologically diverse, species-rich lineages and
includes some agronomically important herbal crops such as soybean or chickpea,

whereas actinorhiza is almost exclusively found in trees (Griesmann et al., 2018).

Like AM, RNS is a form of endosymbiosis, implying that the microsymbionts can enter
the inside of host cells. Preceding bacterial infection, symbiotic signaling specifically
identifies symbiont partners. Legumes secrete flavonoids, which are recognized by
compatible rhizobia (Peters et al., 1986; Redmond et al., 1986; Lea et al., 2007). This
triggers the production and release of so called Nod factors by the latter (Dénarié and

Cullimore, 1993).

These chito-oligosaccharide compounds are specifically recognized by NOD FACTOR
RECEPTORs (NFRs). In Lotus, NFR1 & NFR5 form heterodimers to recognize Nod factors
of its symbiont Mesorhizobium loti (Madsen et al., 2003; Radutoiu et al., 2003). In
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Medicago truncatula in contrast LYSM-CONTAINING RECEPTOR-LIKE KINASE 3 (LYK3)
and NOD FACTOR PERCEPTION (NFP) recognize Nod factors of Synorhizobium meliloti
(Limpens et al.,, 2003; Arrighi et al., 2006; Smit et al., 2007). The correct pairing of Nod
factors and NFRs is crucial for the selection of compatible symbiotic partners (Radutoiu
et al, 2007). Further, NFR5 was shown to interact with the SYMBIOSIS RECEPTOR
KINASE (SYMRK), which belongs to the group of common symbiosis genes, a set of
genes involved in both AM and RLS (Stracke et al.,, 2002; Antolin-Llovera et al., 2014).
In Medicago, the SYMRK putative orthologue DMI2 was shown to phosphorylate PLANT
U-BOX PROTEIN1 (PUB1), which functions in Nod factor discrimination (Mbengue et
al, 2010; Vernié et al., 2016). Several SYMRK INTERACTING PROTEINS (SIPs) have been
identified in Lotus, whose knockout mutants were shown to be impaired in nodule
development (Zhu et al., 2008; Chen et al.,, 2012; Yuan et al., 2012). Downstream of Nod
factor perception, as well as of Myc factor perception in AM, periodic calcium
oscillations ('spiking') can be traced in and around nuclei of epidermal cells (Ehrhardt
et al,, 1996; Walker et al., 2000; Kanamori et al., 2006; Kosuta et al., 2008; Charpentier
and Oldroyd, 2013). A directrole in the generation of calcium spiking has been assigned
to the calcium channels CYCLIC NUCLEOTIDE GATED CHANNELS a/b/c (MtCNGC)
(Charpentier and Oldroyd, 2013; Charpentier et al., 2016).

Additionally, MtDMI1 or its Lotus homologues LjCASTOR and LjPOLLUX have been
shown to be crucial for calcium spiking (Imaizumi-Anraku et al, 2005; Miwa et al.,, 2006;
Charpentier et al, 2008). (Kim et al., 2019b) could demonstrate that CASTOR acts as a
Ca2*-regulated Ca2* channel in vitro. Further they suggest that all three, MtDMI1,
LjCASTOR and LjPOLLUX, primarily act as calcium channels rather than potassium
channels (Kim et al,, 2019b).

(Liu et al,, 2022a) identified the Medicago mutant spontaneous nodule development 1
(spd1), to be a gain of function mutant of DMI1, which shows calcium spiking in the
absence of rhizobia. Interestingly, the expression of the auto active DMI1 alone was not
sufficient for calcium spiking in HEK293 cells but required co expression with

CNGC15b/c (Liu et al,, 2022a).

Further the nucleoporin subunits LiNUCLEOPORIN85 (LjNUP85) and LjNUP133, as well

as nucleoporin-localized protein LiNENA are defective in calcium spiking and the
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establishment of RLS or AM symbiosis (Kanamori et al., 2006; Saito et al., 2007; Groth
et al., 2010).

The control of calcium influx into the nucleus is essential for the establishment of RLS.
Consistently, brush a Lotus CNGC gain-of-function mutant, expressing a constitutive
permeable CNGC complex (Chiasson et al, 2017), showed temperature dependent

defects in nodule formation (Maekawa-Yoshikawa et al., 2009).

Calcium spiking leads to phosphorylation of LjCYCLOPS/INTERACTING PROTEIN OF
DMI3 (MtIPD3) by the nuclear CALCIUM AND CALMODULIN-DEPENDENT KINASE
(LjCCaMK)/DOES NOT MAKE INFECTIONS 3 (MtDMI3) (Gleason et al., 2006; Tirichine
et al,, 2006; Singh et al., 2014). LjCYCLOPS/MtDMI3 is a transcription factor regulating
the downstream expression of genes involved in infection and nodule organogenesis
like NODULATION SIGNALING PATHWAY1 (NSP1) and NODULE INDUCTION (NIN)
(Delaux et al., 2013; Singh et al., 2014). NIN plays a key role in RLS establishment. It is
sequentially required for infection thread (IT) formation, nodule formation and
Autoregulation of Nodulation (AON) (Schauser et al., 1999), as discussed in more detail
in (Sexauer and Markmann, 2024) and in the later chapter “Root nodule symbiosis

adapted genes from AM and lateral root organogenesis”.

Infection thread formation and nodule organogenesis

Infection of legumes by rhizobial bacteria can be achieved by different mechanisms
namely intercellular infection and intracellular infection via infection threads (ITs)
(Tsyganova et al., 2021). The most evolutionarily derived and dominant form in
terrestrial, herbaceous legumes is the IT-based infection process (Sprent and James,
2007). ITs are tubular, plasma membrane and cell wall lined structures reaching into

and traversing the plant cells (Tsyganova et al., 2021).

In response to Nod factor signaling, and in dependence of the genes involved in it, root
hairs start to curl around rhizobial microcolonies, forming an infection pocket
(Sahlman and Fahraeus, 1963). Following cell wall remodeling this pocket extends into
a tubular IT inside the root hair and progressing towards the root as the bacteria divide
(Fournier et al.,, 2015; Tsyganova et al., 2021). ITs growth is guided by the nucleus and

paralleled by active cytoskeleton remodeling (Tsyganova et al, 2021). Correct
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arrangement of the actin cytoskeleton has been shown to be crucial for IT formation
and progression of intracellular infections (Yokota et al.,, 2009). In Lotus several
members of the SUPPRESSOR OF CAMP RECEPTOR (SCAR)/ WASP FAMILY
VERPROLIN HOMOLOGOUS PROTEIN (WAVE) complex, involved in nucleation of actin
and cell morphology (Qian etal.,, 2009), like NCK-ASSOCIATED PROTEIN 1 (NAP1),121F-
SPECIFIC P53 INDUCIBLE RNA (PIR1) and SCAR-Nodulation (SCARN) have been
identified (Yokota et al., 2009; Qiu et al,, 2015). Mutants of the SCAR/WAVE complex
like nap1, pir1 and scarn all show reduced numbers of epidermal ITs, only rare cortical
IT progression and uncolonized nodules (Yokota et al.,, 2009; Qiu et al.,, 2015). Upon
reaching the inner host cell wall, cell walls and membranes fuse, releasing the rhizobia
into the intercellular space, where growth of a cortical IT can be induced (Dixon, 1964;
Fournier et al., 2015). Interestingly, the formation of endodermal and cortical ITs can
be genetically uncoupled, as the cytokinin receptor LOTUS HISTIDIN KINASE1 (LHK1)

is required for cortical, but not for epidermal IT development (Miri et al., 2019).

An additional factor having distinct roles in epidermal and cortical infection is NIN. The
function of NIN can be differentiated between the cell types it is expressed in. In the
epidermis, NIN mediates IT formation, while its cortical expression in response to
cytokinin is required for the induction of nodule formation (Yoro et al.,, 2014; Liu et al,,
2019b). In the cortex, NIN recruits various genes known from LR organogenesis or
other developmental processes like LBD16, STYLISH (STY), SHR & SCR which induces
cell division and formation of a nodule (Liu et al., 2019b; Schiessl et al., 2019; Soyano
etal, 2019; Dongetal., 2020; Shrestha et al., 2021). The role of NIN and its downstream
signaling in nodule formation is discussed in (Sexauer and Markmann, 2024) in more

detail.

Several phytohormones are involved in infection and nodulation. Apart from cytokinin
(Reid et al., 2017a; Miri et al,, 2019; Lin et al., 2020; Triozzi et al., 2021), auxin plays
multiple roles in rhizobial symbiosis (Lin et al.,, 2020). It was shown that auxin
biosynthesis is already induced prior to and during IT formation (Breakspear et al.,
2014; Nadzieja et al., 2018; Lin et al., 2020). Expression of YUCCAS during nodule
organogenesis is important for proper nodule maturation (Schiessl et al., 2019; Lin et
al,, 2020; Shrestha et al,, 2021). In Medicago a knockout of certain PIN-FORMED (PIN)

genes led to a reduction in nodulation (Huo et al, 2006). In Lotus, Medicago and
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soybean several ARFs were described as regulators of nodulation (Turner et al., 2013;
Li et al,, 2014; Nizampatnam et al., 2015; Wang et al., 2015; Hobecker et al., 2017).
Interestingly, some of these act as positive, some as negative regulators. An example for
this in Lotus are tasiR-ARFs targeting LjARF3A, LJARF3B, and LjARF4 to induce
nodulation (Li et al.,, 2014), whereas in Medicago tasiR-ARFs target MtARFZ2, MtARF3 &
MtARF4 leading to a repression of nodulation (Hobecker et al., 2017).

Additionally, the phytohormone ethylene is known as a negative regulator of RLS.
Mutants of ETHYLENE INSENSITIVE 2 (EINZ2) show a “hypernodulation” phenotype,
while exogenous application of the ethylene precursor ACC is able to restrict symbiotic
signaling as early as calcium spiking (Oldroyd et al., 2001; Penmetsa et al., 2003; Reid
etal.,, 2017b).

Finally, gibberellin biosynthesis is induced during nodule formation, promoting nodule
development and restricting nodule numbers via induction of CLEs in a NIN dependent

manner (Kim et al., 2019a; Akamatsu et al., 2021).
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miR2111 is the shoot derived signal in the Autoregulation of Nodulation

This chapter includes parts of the following publications:

Marios I Valmas, Moritz Sexauer, Katharina Markmann, Daniela Tsikou

Plants recruit peptides and micro RNAs to regulate nutrient acquisition from
soil and symbiosis. Plants (Basel). 2023 Jan 2;12(1):187. doi:
10.3390/plants12010187.

Nodule number and infection is controlled in a systemic process, called the

Autoregulation of Nodulation (AON) (Pierce and Bauer, 1983; Li et al., 2022).

AON is a systemic process regulating rhizobial infection and nodule formation in
response to rhizobia and nitrate supply, to balance nitrogen demand and carbohydrate
as well as mineral nutrient costs (Li et al.,, 2022). AON involves multiple CEP and CLE
peptides, which are root derived peptides that translocate towards the shoot, where
they are assumed to interact with their respective receptor reviewed in (Valmas et al.,

2023) as part of this thesis.

In Medicago, accumulation of MtCEP1,2,12 peptides has been shown to be enhanced
under nitrogen starvation as well as upon rhizobial infection (Zhu et al, 2021).
MtCLE35, LjCLE-RS2 and LjCLE-RS3 expression was shown to be induced by nitrate
supply and rhizobia (Okamoto et al.,, 2009; Nishida et al., 2016; Mens et al., 2021;
Moreau et al., 2021), while expression of MtCLE12, MtCLE13 and LjCLE-RS1 positively
responded to rhizobia, but was independent of nitrate supply (Okamoto et al., 2009;
Mortier et al, 2010; Laffont et al, 2020). Expression analysis revealed that
accumulation of LjCLE-RS1, LjCLE-RS2, MtCLE13 and MtCEP7 transcripts upon rhizobial
inoculation was impaired in nin mutants (Laffont et al., 2019; Yoro et al.,, 2020). For
LjCLE-RS2 and MtCEP1 direct promotor binding by LjNLP4 respectively MtNLP1 was
demonstrated (Nishida et al., 2018; Nishida et al., 2021; Luo et al., 2022a). Further, CLE-
ROOT SIGNAL 3 (CLE-RS3) expression regulation in response to rhizobial inoculation
was shown depend on cytokinin perception by LHK1 (Miri et al, 2019), which is
involved in local and systemic regulation of rhizobial symbiosis (Murray et al., 2007;
Tirichine et al., 2007; Tsikou et al., 2018). For the systemic translocation of CLE-

peptides through the xylem and their function in AON, prior tri-arabinosylation is a
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prerequisite (Okamoto et al., 2013; Imin et al., 2018; Yoro et al,, 2019). For CLE-RS3,
this arabinosylation requires PLENTY (Yoro et al., 2019). Consistently, plenty loss-of-

function mutants show enhanced nodule numbers (Yoro et al,, 2019).

In the shoot, CLE-RS2 binds to the leucine-rich repeat-RLK HYPERNODULATION
ABERRANT ROOT FORMATION1 (HAR1) (Krusell et al.,, 2002; Okamoto et al., 2009;
Okamoto et al.,, 2013). So far, binding was demonstrated only for CLE-RS2-HAR1, but it
is hypothesized that other CLEs likewise act as HAR1 ligands (Okamoto et al., 2013).
HAR1 was described as a negative regulator of symbiosis, with its autoregulatory
activity linked the shoot (Krusell et al., 2002; Nishimura et al., 2002; Penmetsa et al,,
2003). In contrast to symbiosis-related CLE peptides, CEP peptides can act as positive
symbiosis regulators via a HAR1 independent pathway that is instead mediated by the
LRR-RLK CRAZ (Mohd-Radzman et al., 2016; Laffont et al., 2019). Downstream of both
HAR1/SUNN and CRA2, TOO MUCH LOVE (TML), encoding a Kelch repeat-containing F-
box protein, was described as a negative regulator of symbiosis, restricting both
infection and nodule formation in the root (Magori et al., 2009; Takahara et al., 2013;

Gautrat et al., 2020).

It was proposed that shoot-root signaling downstream of CLE peptide perception by
HAR1 and upstream of root TML-mediated restriction of infection and nodulation relies
on shoot-derived mobile cytokinin (Sasaki et al, 2014). Indeed, the expression of
ISOPENTENYLTRANSFERASE 3 (IPT3) was upregulated upon activation of the CLE-
HAR1 signaling node leading to enhanced cytokinin biosynthesis in the leaves (Sasaki
etal, 2014). As an essential mediator of specificity in AON shoot-root signaling, (Tsikou
etal, 2018) identified the micro RNA miR2111 as a HAR1-dependent shoot-root mobile
factor directly regulating root TML mRNA abundance and thereby systemically

controlling symbiotic susceptibility.

miR2111 was shown to be repressed in both shoots and roots upon rhizobial infection
(Figure 1A), as well as upon nitrate supply (Tsikou et al., 2018). Overexpression of
miR2111 leads to an increase in both ITs and nodules (Figure 1B-E). As miR2111
targets TML mRNA for degradation, TML levels are enhanced after rhizobial infection,
complementarily to miR2111 expression (Figure 1F, G). Using a Short Target Tandem
Mimic (STTM) construct, miR2111 levels could be reduced in hairy roots, which

resulted in enhanced TML levels and fewer nodules (Figure 1H-]J).
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In Lotus, there are seven MIR2111 loci, three of which are polycistronic, expressing
three isoforms of miR2111(a-c). Two loci, MIR2111-3 and MIR2111-5, which are
predominantly shoot-expressed, likely account for the bulk of mature miR2111 (Tsikou

etal., 2018; Okuma et al., 2020).
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Figure 1. miR2111 regulates TML post-transcriptionally (Tsikou et al., 2018). A miR2111
abundance in Lotus leaves (dark bars) and roots (light bars) at 1 to 4 dpi with M. loti. Inf,,
infected; uninf.,, uninfected. B Infection thread (IT) (10 dpi) and C nodule (21 dpi) numbers
in pUBQ1:MIR2111-2 (-2) and pUBQ1:MIR2111-3 (-3) roots compared to control (cv) roots. D, E
Nodulation in control (D) and pUBQ1:MIR2111-3 (E) roots (21 dpi). Right-hand panels
visualize M. loti DsRED in nodules. Scale bars, 2 mm. F miR2111 directs TML cleavage. Bold font
marks polymorphisms between miR2111 isoforms a to c (black). Numbers: degradome 5’ ends
at arrowhead/total within TML target region (blue). G TML mRNA in M. loti-infected roots (1
to 4 dpi). H-J miR2111STTM (STTM) expression reduced miR2111, increased TML (H), and
reduced nodulation (I, J) compared to those in control roots (cv). I n = 23/26
(miR2111STTM roots/control roots). Green fluorescence (J, center) shows co-transformation;
red (J, right) indicates nodules with M. loti DsRED. Scale bar, 5 mm. Transgenic roots (B-E &
H-]) were A. rhizogenes induced. A, G & H qRT-PCR analyses. RNA levels are relative to those
for two reference genes. Dashed lines mark 1 as the reference value in ratio graphs. Error bars
(A-C & G-I): SEM of at least three biological replicates. Student’s t-test P values: *P < 0.05; **P <
0.01; ***P < 0.001.
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Using a pMIR2111-3:GUS reporter line, expression of mirR2111 from this locus was
shown to be specific to the phloem of leaf veins and absent from roots (Figure 2A-D).
In contrast, TML expression was previously shown to be limited to roots (Takahara et
al,, 2013), suggesting a long-distance transport of miR2111 to enable target regulation.

In line with this hypothesis, roots of wild-type plants showed decreased miR2111 and

complementarily increased TML levels 3 days after mechanical separation from shoots

(Figure 2E).
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Figure 2. MIR2111-3 expression and translocation to roots (Tsikou et al., 2018). A-D GUS
activity in pMIR2111-3:GUS-expressing plants (2 weeks). A, B GUS activity in phloem (p) cells
of higher-degree veins of mature leaves (A) and cotyledons (B). No GUS was detected in leaf
xylem (x), shoot apices (sa), petioles (pt), and stems (s) (A) or roots (C, D). Co, cortex; e,
epidermis; ml, mature leaflets; vb, vascular bundle; yl, young leaflets. Scale bars, 1 mm (A, D);
50 um (B, C). E qRT-PCR analyses of miR2111 and TML levels in uninfected roots following
root-shoot separation. Error bars: SEM of three biological replicates. **P < 0.01; ***P < 0.001.
F-K TML loss (H, I) or pUBQ1:MIR2111-3 expression (J, K) rescues the asymbiotic phenotype of
shoot-less wild-type roots (G). Nodule counts (F) were at 3 weeks post inoculation with M.
loti expressing DSRED on A. rhizogenes-induced wild-type (wt) (G) ortml-1(H, I) roots
(expressing control vector) and wild-type roots expressing pUBQ:MIR2111-3 (], K). F Error
bars show SEM of two biological replicates (n = 12, 13, and 11 total root systems, respectively).
0x, pUBQ1-mediated overexpression. Scale bars, 1 cm (G); 1 mm (H-K).
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To test whether the observed TML transcript accumulation is sufficient to restrict
nodule formation, shoots from tml-1 or wild-type roots expressing pUBQ1:MIR2111-3
or an empty vector control, respectively, were removed. After inoculation with M. loti,
shoot-less roots of tml-1 or plants overexpressing miR2111 formed several small,
infected nodules, while wild-type empty vector control roots remained devoid of
nodules (Figure 2F-K). This confirms that the presence of shoot derived miR2111 and

the coinciding downregulation of TML levels is required for nodule formation.

Shoot-root translocation of miR2111 was confirmed using grafting and split root
experiments (Okuma et al., 2020; Sexauer et al., 2023). So far it could not be shown in
which form miR2111 travels through the phloem, however it is assumed to be the
mature miRNA duplex (Skopelitis et al., 2018; Devers et al., 2020; Brioudes et al., 2021).
Downregulation of miR2111 upon rhizobial infection was lost in both lhk1-1 and har1-1
mutants (Figure 3A). Both [hk1-1 and har1-1 mutant plants showed increased infection
thread numbers, in line with miR2111 deregulation in these lines (Tsikou et al., 2018).
Interestingly, downregulation of infection was dependent on LHKI dependent
cytokinin signaling in the root rather than in the shoot (Figure 3B). The dependence of
miR2111 abundance regulation on HAR1 and LHK1 suggests the involvement of CLE
peptides upstream of miR2111 regulation and activity. Indeed, infection- and nitrate-
dependent downregulation of miR2111 is dependent on CLE signaling (Tsikou et al,,
2018; Gautrat et al., 2020; Okuma et al,, 2020; Moreau et al,, 2021).

A B Figure 3.Systemic regulation of
1.4 [l wild type 80 a miR2111 (Tsikou et al., 2018). A
| ™ hk-1 Infection-dependent  reduction  of

121 M par-1 701 ap

mature miR2111 levels in wild-type
60 1 leaves and roots depends
50 - on HAR1 and LHK1. Plants were
harvested uninfected or 3 dpi with M.

e

mature miR2111 inf. / uninf.
=
ITs / cm of root
N
o

b loti and were analyzed by qRT-PCR. B

B 207 1 il Infection thread (IT) counts on roots of
' 20 1 grafted wild-type, lhk1-1, and chimeric
0.2 104 plants. n = 3, 5, 6, 8 root systems (left
i 04 to right). A, B Error bars show SEM of

shoot wt Ihk1 Ihk1 wt at least three biological replicates.
root “wt Thk7 wt Jhki Comparisons used Student’sttest

(infected versus uninfected; *P < 0.05,
**P < 0.01) (A) or analysis of variance (ANOVA) and post hoc Tukey testing (B) (P = 0.011),
with distinct letters indicating significant differences.

leaves roots
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However, expression of miR2111 was shown to not only be regulated by HAR1/SUNN
(Tsikou et al., 2018; Okuma et al., 2020; Moreau et al., 2021), but also CRAZ (Gautrat et
al., 2020). While HAR1/SUNN acts as a negative regulator of miR2111 in response to
CLE peptides (Tsikou et al., 2018; Okuma et al., 2020; Moreau et al., 2021), CRA2
functions as a positive regulator and induces miR2111 expression dependent on CEP

peptides (Gautrat et al.,, 2020).

Both CEPs and CLEs involved in the AON are root derived peptides, which are
responsive to various biotic and abiotic signals. Most of the peptides involved in AON
are shown or assumed to translocate towards the shoot, where they interact with their
respective receptor as we reviewed in (Valmas et al., 2023) (Figure 4A-D). Together
they are proposed to balance miR2111 expression and therefore the amount of
symbiosis according to rhizobial infection and nitrogen demand (Gautrat et al., 2020).
Not only the initiation and thus number of nodules is negatively regulated by nitrate,
but also their development is impaired under nitrate sufficiency (Lin et al., 2021). This
process is assumed to be a locally regulated in the roots and depend on NLPs and

cytokinin biosynthesis (Lin et al., 2021).
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Figure 4. Nutrient homeostasis and acquisition mechanisms involve regulation by
peptide hormones and miRNAs (Valmas et al., 2023). CLE and CEP peptides and miRNAs
responding to (A) nitrogen availability, (B) rhizobia, (C) phosphorous availability and (D)
arbuscular mycorrhizal fungi. Molecules that are induced or repressed by a respective stimulus
are displayed in red or blue, respectively. Molecules that are responsive to more than one
stimulus are in bold. Arrows indicate shoot-to-root or root-to-shoot translocation of mobile
molecules. Specific responses are mediated by the shoot localized leucine-rich repeat receptor-
like kinases HAR1/SUNN/NARK and CRAZ2/CEPRI.Lj, Lotus japonicus; Mt, Medicago
truncatula; At, A. thaliana; Bn, Brassica napus; Gm, Glycine max; Pv, Phaseolus
vulgaris; SI, Solanum lycopersicum. NIC, NITRATE INDUCED CLE; RIC, RHIZOBIA INDUCED CLE
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Apart from external nitrate supply, nodulation was shown to be regulated by light
availability (Wang et al., 2021). In soybean it was shown that light exposure of the shoot
leads to increased nodule numbers in the root compared to shaded plants (Wang et al.,
2021). In this context homologs of HY5 and FLOWERING LOCUS T are proposed to act
as systemic signals, promoting NIN expression dependent on CCaMK in roots (Wang et

al, 2021).

Interestingly, several mutants impaired in nitrogen fixation have been reported to have
elevated nodule numbers (Suganuma et al., 2003; Krusell et al., 2005). The molecular

basis for this is yet to be addressed.

In summary, legumes balance the number of nodules they establish according to
nitrogen demand and supply as well as their photosynthetic productivity to maintain a
beneficial carbon to nitrogen ratio for growth and development. This process requires
systemic communication and accordingly involves mobile signals, including both
peptides and RNAs. Of these, factors triggered by nitrate and rhizobia are discussed in
more detail in (Valmas et al.,, 2023). The diversity of mobile signals involved in AON
reflects the importance of a balanced nodule number, even in a complex soil
environment. Interestingly, most of the genes involved in RLS regulation are widely
conserved and have known functions in root development, as we reviewed in (Sexauer

and Markmann, 2024).

Remarkably, the miR2111-TML regulon is conserved in dicot plants, including the non-
symbiotic ruderal Arabidopsis thaliana (Figure 5A-C). In Arabidopsis no function of
miR2111 and TML has yet been described, however miR2111 was already identified in
sequencing approaches and shown to accumulate under phosphate starvation (Pant et

al, 2009).
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Figure 5 TML is a target of miR2111 (Tsikou et al., 2018), modified. A miR2111 directs
endonucleolytic cleavage of L. japonicus TML in vivo. Bold font marks polymorphisms between
miR2111 isoforms. Arrowheads: dominant cleavage site, numbers: cleavage events at this
site/total degradome 5’ ends within miR2111 target region. B, C Alignment of miR2111
isoforms (B) and miR2111 target sites in TML gene homologs (C, black bar) from selected
legume (Lj, Lotus japonicus; Mt, Medicago truncatula; Gm, Glycine max; Phvul, Phaseolus
vulgaris) and other (Potri, Populus trichocarpa; At, Arabidopsis thaliana) eudicotylodenous
plants. Alignments were done using CLC Main Workbench (Qiagen) software and manually
curated. Red background indicates less than 50 % conservation of a particular residue among

aligned sequences.
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Root nodule symbiosis adapted genes from AM and lateral root

organogenesis

This chapter is based on the following manuscript in preparation:

Moritz Sexauer, Katharina Markmann

To the roots of nodules: Nodule organogenesis utilizes lateral root development

processes.

RNS and AM symbiosis share a common set of genes involved in early symbiosis
signaling and establishment of endosymbiont accommodation. These dually required
genes are referred to as common symbiosis (Common Sym) genes (Kistner and
Parniske, 2002; Markmann and Parniske, 2009; Genre and Russo, 2016). Relatively
seen, RNS is phylogenetically young and only found in certain members of the
FaFaCuRo (Soltis et al., 1995; Griesmann et al., 2018), whereas AM likely arose among
the first land plants and is widespread in the plant kingdom. It was thus suggested that
during the evolution of RNS, pre-existing symbiosis genes were adapted to mediate the
recognition and accommodation of bacterial symbionts in addition to fungal ones. The
recruitment of these symbiotic genes from AM can therefore be seen as a key step in
evolution of rhizobial symbiosis, allowing intracellular infection (Markmann et al,,
2008). The Common Sym genes are active in the early stages of symbiotic signaling
immediately downstream of Nod/Myc factor perception, triggering transcriptional
responses specific to the respective type of symbiosis mediated by CYCLOPS (Yano et
al,, 2008; Genre and Russo, 2016).

A gene directly regulated by CYCLOPS is the transcription factor NODULE INCEPTION
(NIN) which has been intensely studied in legumes (Singh et al., 2014; Lin et al., 2018;
Liu etal,, 2019b; Schiessl et al., 2019; Akamatsu et al., 2022; Cathebras et al., 2022). NIN
is dually required for IT formation and nodule organogenesis during rhizobial infection.
Interestingly, these functions can be linked to separate regulatory elements in the NIN
promoter region and sequential, spatially distinct expression activities (Cathebras et
al,, 2022). IT formation depends on epidermal NIN expression (Schauser et al., 1999;
Yoro et al, 2014; Akamatsu et al, 2022; Cathebras et al., 2022), whereas nodule
organogenesis relies on the cortical and, in case of indetermined nodules, pericyclic

expression of NIN (Yoro et al., 2014; Liu et al,, 2019b).
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While NIN is not exclusively present in the nitrogen fixing clade, the presence of an
intact copy of the gene is crucial for successful RNS formation. Notably, the NIN
promoter of RNS forming species features a CYCLOPS binding element (PACE), which is
involved in NIN regulation following Nod factor signaling (Griesmann et al., 2018;
Cathebras et al., 2022). NIN is a homologue of the widely conserved NLPs, which in
contrast to NIN are regulated in a nitrate dependent manner (Suzuki et al., 2013).
NLPs have been described in species of several lineages and shown to be involved in
adapting plant growth to nitrate availability, such as root development and architecture
(Lin et al,, 2018; Zhang et al., 2021), as well as nitrate uptake by regulation of NRTs
(Zhao etal., 2018; Luo et al., 2022b) and control of nodulation via AON (Lin et al., 2018;
Luo et al., 2021; Luo et al,, 2022b). Both NIN and NLPs have further been shown to
control the expression of CLE and CEP peptides, some of which are involved in systemic
signaling during AON (Lin et al., 2018; Laffont et al., 2020; Luo et al., 2021; Nishida et
al,, 2021; Luo et al., 2022a). Besides their function in AON, CLEs and CEPs are involved
in nitrogen foraging, via nitrate uptake control (Araya et al., 2014; Ohkubo et al., 2017;
Ota et al,, 2020). Interestingly, both these functions appear to be conserved between
the asymbiotic Arabidopsis and legumes (Araya et al., 2014; Ohkubo et al., 2017; Ota et
al., 2020; Hayashi-Tsugane and Kawaguchi, 2022; Luo et al.,, 2022b).

Much like during lateral root growth, nodule organogenesis follows a developmental
chronology that in its early phase can be divided in the stages of priming, initiation,
outgrowth and emergence. Legume root nodules which maintain a persistent apical
meristem are termed indeterminate, while determinate nodules only have an active
meristem during their early development (Hirsch, 1992). Like LRs, indeterminate
nodules emerge from pericycle cells (Xiao et al.,, 2014), while determinate nodule
initiation takes place in the root cortex (Hirsch, 1992). Cytokinin signaling and NIN
expression precede and accompany nodule primordium initiation in either nodule type
and may represent the onset of nodule initiation (Liu et al., 2019b; Miri et al., 2019;
Cathebras et al., 2022) (Figure 6A, B). Recent transcriptome analyses suggest that
during nodule organogenesis, NIN recruits various genes associated with lateral root
development (Schiessl et al, 2019). This was experimentally verified for the
transcription factor LOB-DOMAIN PROTEIN 16 (LBD16)/ASYMMETRIC LEAVES 2-LIKE
18 (ASL18), which is directly regulated by NIN through an intronic NIN responsive
element (Schiessl et al., 2019; Soyano et al,, 2019). In Arabidopsis, LBD16 expression is
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induced by IAA14-ARF7-ARF19 dependent auxin signaling in LR founder cells
(Okushima et al., 2007; Goh et al, 2012; Lavenus et al., 2013). The presence of a
functional LBD16 gene is required for both LR and adventious root initiation in this
species (Goh et al,, 2012; Lee et al., 2019), and was further shown to be involved in the
initiation of other root-derived structures such as nematode feeding galls (Liu et al,,

2018).

In both Medicago and Lotus, LBD16/ASL18 was shown to be involved in nodule
formation in addition to a conserved role in LR initiation (Schiessl et al., 2019; Soyano
et al, 2019). In both legume species, LBD16/ASL18 expression is enhanced upon
infection and can be traced in both early stage LR- and nodule primordia (Schiessl et
al,, 2019; Soyano et al,, 2019). Ibd16 mutants showed reduced and delayed formation
of nodule primordia, suggesting a role during initiation of nodules (Schiessl et al., 2019;
Soyano et al., 2019). In Lotus, this function was also dependent on NF-YA & NF-YB ,
while LBD16s function in LR initiation was not (Soyano et al., 2019). Like lateral root
development, nodule organogenesis requires and is paralleled by auxin signaling
(reviewed in (Du and Scheres, 2017a; Lin et al., 2020). The initiation of lateral roots
was intensely studied in Arabidopsis and was shown to involve auxin maxima
dependent priming of pericycle cells, which then develop into LR founder cells (De Smet
et al, 2007; De Smet, 2012). In these cells, LR initiation can occur via asymmetric
anticlinal cell division mediated by LBD16/18 downstream of ARF7/19 (Goh et al,,
2012; Lee etal,, 2017; Lee et al., 2019). After this initial cell division, the LRP grows by
successive periclinal and anticlinal divisions of pericycle-derived cells. Likewise
indetermined nodule primordium (NP) development is initiated with anticlinal
divisions of the pericycle (Xiao et al., 2014). However, during NP development these
are followed by further anticlinal and periclinal divisions in pericycle, inner cortex and

the endodermis (Xiao et al., 2014).

The two transcription factors SHORTROOT (SHR) and SCARECROW (SCR) mediate the
regulation of cell patterning and determination of endodermal identity in Arabidopsis
(Helariutta et al., 2000; Nakajima et al., 2001; Cui et al., 2007). Notably, SCR is also active
in LRPs, where it is proposed to induce periclinal cell divisions (Goh et al., 2016). Its
expression focused in the outer layers of LRPs. This expression pattern was a

prerequisite for the correct activity of the downstream acting transcription factor
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WUSCHEL-RELATED HOMEOBOX 5 (W0X5), and specification of the QC during later
stages of LRP development (Goh et al.,, 2016).
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Figure 6 Nodule organogenesis and lateral root formation follow a similar pattern
(Sexauer and Markmann, 2024). A scheme of nodule development in Medicago based on
(Xiao et al., 2014). B scheme of LR development in Arabidopsis based on (Malamy and Benfey,
1997; Du and Scheres, 2017a). A, B The first step of both indeterminate nodule (A) and lateral
root (B) organogenesis is priming, a transcriptional reprogramming of the founder cells, prior
the first division. B In LR organogenesis, priming depends on auxin oscillation and downstream
signaling. A As for nodule development, nod factor (NF) signaling and downstream Ca2* spiking
could be seen as priming step as they lead to transcriptional reprogramming of respective cells.
B After priming, LR formation continues with ARF7/19 and downstream LBD16/18 dependent
initiation, marked by the first asymmetric anticlinal division. Initiation is followed by
primordial development involving further periclinal and anticlinal divisions. These following
divisions and later primordium development depend on SCR, SHR, PLTs and WOX5. A Nodule
initiation also starts with anticlinal divisions of pericycle cells followed by further divisions of
the pericycle and cortex during NP development. A Initiation of primordia formation is
dependent on cytokinin responsive NIN expression and downstream LBD16 recruitment. SHR,
SCR and PLTs appear to be involved during later cortical cell divisions. A, B The mature nodule
and LR primordium emerge in a STY dependent manner. Black genes are placed based on
functional data, grey genes are based on their expression and analogy to lateral development.
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More recently, the SHR-SCR module was shown to mediate nodule organogenesis
downstream of NIN in Medicago (Dong et al., 2020). The legume specific expression of
SCR in cortical cells was shown to be crucial for cortical cell division during nodule
primordia development (Dong et al., 2020). A role in LRP development in this species
has not yet been described, yet scr-1 mutants showed decreased LR density (Dong et
al., 2020). Beyond SCR, PLETHORA (PLT) transcription factors have been shown to be
involved in QC definition and maintenance of stem cell identity in the root apical
meristem in Arabidopsis (Aida et al., 2004; Shimotohno et al.,, 2018), and plt1 plt2
double mutants show abnormal meristem patterning (Aida et al.,, 2004). These plants
formed more lateral roots than wild-type plants, but mutant roots displayed smaller
apical meristems (Aida et al., 2004). plt3 plt5 plt7 triple mutants showed delayed
periclinal cell division during LR primordia development, which resulted in abnormal
primordium patterning and reduced lateral root density (Du and Scheres, 2017b).
Recently it was shown that during root stem cell maintenance, PLTs restrict WOX5
expression to the QC while WOX5 indirectly promotes PLT expression in surrounding

cell layers (Burkart et al., 2022).

Differential expression of several PLT genes during LR and nodule formation in the
legume Medicago (Franssen et al., 2015; Franssen et al., 2017) suggests a dual role in
root lateral organ development. Indeed Medicago plants transiently expressing RNAi
constructs targeting multiple PLTs showed, reduced nodule numbers and impaired
nodule development (Franssen et al., 2015). Further, WOX5 was also shown to be
strongly expressed during early stages of Medicago nodule primordia development,
however functional data of involvement in nodule formation is still lacking (Osipova et

al, 2012).

The last step during both LR and nodule development is the emergence, a step which
has been shown to be accompanied by auxin signaling (Staldal et al., 2012; Singh et al,,

2020; Shrestha et al., 2021).

In Arabidopsis, STYLISH (STYs)/SHORT INTERNODES (SHIs) regulate auxin
biosynthesis (Sohlberg et al., 2006) which was shown for STY1 to be achieved via
YUCCA (YUC) induction (Eklund et al., 2010). LATERAL ROOT PRIMORDIUM1 (LRP1), a
member of the STY family, was shown to be involved in lateral root emergence (Singh

et al., 2020). In Lotus, plants stably expressing a dominant negative STY3-SRDX
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(SUBERMAN REPRESSION DOMAIN X) (Hiratsu et al., 2003) construct showed a slightly
reduced number of nodule primordia and failed to produce mature nodules (Shrestha
et al, 2021). Furthermore, Lotus YUCCA expression was shown to be partially
dependent on STY3 (Shrestha et al, 2021), indicating a possible role of STY-YUCCA
signaling in nodule emergence. Functional involvement of STY3 or other STY genes as
well as STY-dependent auxin signaling via YUCCAs in the regulation of lateral roots in
legumes appears likely, as STY expression was shown for both nodule and LR primordia
and plants transiently overexpressing YUCCAs show aberrant LR formation (Shrestha
et al, 2021). However, a direct involvement of STY genes in LR formation in legumes

has yet to be established.

Strikingly, the vast majority of previously discussed genes shows induced expression
after inoculation with rhizobia, which was dependent on either SCR, or LBD16
downstream of NIN (Schiessl et al., 2019; Dong et al., 2020). Transcriptome analysis by
(Schiessl et al., 2019) revealed a major overlap of differentially regulated genes in nin-
1 and Ibd16-1 mutants compared to wild-type plants, including STY, YUC and PLT genes.
In addition, cell cycle associated genes display similar regulation patterns in these two
mutant backgrounds. These observations allow interesting insights into the subset of
NIN-dependent genes requiring downstream factors potentially co-involved in RNS and
root architecture control. Interestingly, (Dong et al., 2020) proposed a feedforward

loop between SCR and LBD16, as their expression depends on each other.

Comparing the regulation and function of previously discussed genes during both LR
and NP development, it appears that LBD16 acts as a key transcription factor in lateral
organ initiation and further recruits a common set of downstream genes involved in
lateral organ development (Figure 7A, B). The transcriptional regulation of LBD16,
however seems to differ between both functions, as during LR initiation LBD16
expression is induced via the auxin dependent IAA14-ARF7/ARF19 module (Okushima
et al.,, 2007) (Figure 7A). During nodule formation LBD16 expression is controlled via
cytokinin induced NIN expression (Schiessl et al., 2019; Soyano et al., 2019) (Figure
7B). Whether an ARF7/19 dependent recruitment of LBD16 is also involved in

nodulation is so far unknown.
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Figure 7 Genetic network involved in nodule and lateral root (LR) formation and nodule
identity (Sexauer and Markmann, 2024). A, B schematic representation of dependencies
between genes involved in nodule (A) and LR (B) formation. Circles indicate protein-protein
interaction, gene color indicates functional data generated by mutant analysis. Arrows between
genes indicate dependencies, colored triangles indicate transcriptional / translational
regulation in response to rhizobial inoculation (A) or during LR formation (B). The Model is
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based on data derived from Medicago truncatula, Lotus japonicus and Arabidopsis thaliana.
leaves next to genes indicate species, in which analysis took place. Central arrow indicates
during which stage of lateral organ formation each gene is active. Pictograms indicate which
lateral organ is produced by the genetic network. A double knockout (k.0.) of the nodule
identity genes NOOT1/2 and LSH1/2 leads to formation of root like nodules. Bracketed numbers
indicate respective citations: [1](Schiessl et al., 2019),[2] (Soyano et al., 2019),[3](Dong et al,,
2020),[4](Shrestha et al., 2021),[5](Magne et al., 2018),[6] (T. Lee et al., 2024),[7](Miri et al,,
2019),[8](Yoro et al,, 2014),[9](]J. Liu et al., 2019),[10](Burkart et al., 2022),[11](Franssen et
al, 2015),[12](Osipova et al, 2012),[13](Hayashi et al, 2010),[14](Liu et al,
2022a),[15](Laskowski and Ten Tusscher, 2017),[16](Fukaki et al.,, 2002),[17](Fukaki et al.,
2005),[18](Okushima et al, 2007),[19](Lee et al, 2019),[20](Okushima et al,
2005)[21](Vanneste et al., 2005),[21](Lee et al., 2017)[22](Fan et al., 2012),[23](Hofhuis et al.,
2013)[24] (Lavenus et al., 2015),[25](Levesque et al., 2006),[26](Goh et al., 2016),[27](Cui et
al, 2007),[28](Du and Scheres, 2017b),[29](Tian et al, 2014),[30](Shimotohno et al,
2018),[31](Singh et al., 2020),[32](Munguia-Rodriguez et al., 2020).

Even though many similarities between lateral root and nodule development exist, they
represent distinct organs. Lateral roots and actinorhiza nodules share the most
features, as actinorhiza nodules resembling lateral root by both having a central
vasculature as well as an apical meristem (Huss-Danell, 1997). Determined and
indetermined nodules differ from LRs as they possess a peripheral vasculature and in
case of determined nodules lack a persistent meristem (Hirsch, 1992). This raises the
question how nodule identity is distinguished from LRs on a genetic basis. In Medicago
MtNODULE ROOT1 (NOOT1) and NOOTZ were described as essential factors for
maintaining nodule identity (Magne et al, 2018). Double mutants of nootl noot2
showed only few functional nodules, instead a high percentage of the nodules showed
a root-like conversion (Magne et al., 2018). More recently in Medicago the expression
of LIGHT SENSITIVE HYPOCOTYL1/2 (LSH1/2) was shown to be strongly induced
during nodule formation (Lee et al., 2024). (Lee et al., 2024) could further show that
overexpression of LSH1 lead to a reduction in LR numbers, while Ish1 knockout plants
showed less functional, and more deformed nodules than wt, which was at least
partially dependent on NOOT1. Further they could show that induction of NOOT1/2
expression upon rhizobial inoculation is impaired in Ish1/2 mutants (Lee et al., 2024).
In both nootl/2 and Ish1/2 mutants the expression of PLTs among other factors
associated with nodule and or lateral root primordia development was deregulated
(Magne et al., 2018; Lee et al., 2024). This suggests that LSH1/2 may act as positive
regulators of nodule identity by promoting the expression of NOOT1/2 and

downstream factors like PLTs (Figure 7B).
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Comparing the genetic bases of nodule organogenesis and root branching reveals
commonalities consistent with the hypothesis that during RLS evolution, existing
genetic pathways of conserved developmental processes were co-opted. This
hypothesis is further backed by a recent study which utilizes a comparative
phylotranscriptomic approach to identify a set of differentially expressed orthogroups
(DEOGs) shared by 9 species of the FaFaCuRo, in response to RLS or actinorhiza
(Libourel et al., 2023). These DEOGs are hypothesized to have evolved RNS-dependent
expression patterns in the most recent common ancestor of all RNS species (Libourel
et al., 2023). Notably, these DEOGs include several genes showing activity patterns
depending on AM or LR formation including SHR, LBDs, STYs, ARFs, YUCCAs, PLTs and
WOX all of which are involved in LR formation (Libourel et al., 2023).

The successful establishment of RNS requires 4 major steps: 1. symbiont recognition 2.
intracellular symbiont accommodation 3. lateral organ formation 4. autoregulation of
nodulation. Taken together, it appears that during evolution of RNS, plants adapted
genes for symbiont recognition and intracellular infection from AM (Markmann et al,,
2008; Libourel et al,, 2023), and further co-opted genes involved in LR development to

establish a new lateral organ, the nodule (Schiessl et al., 2019; Libourel et al., 2023).

Regarding the 4. major step, the AON, a genetic basis was so far not discussed. However,
many of the factors involved in AON show conserved functions involved in nitrate
homeostasis. As the CEP-CEPR1/CRAZ module is involved in regulation of nitrate
uptake via NRT2.1 (Ota et al., 2020; Luo et al., 2022b). While CLV1, the putative HAR1
orthologue was proposed to steer local root adaptation to nitrate availability (Araya et

al, 2014).

So far, miR2111 and its target TML have only be functionally characterized in the
context of nodulation. Their wide conservation among dicots (Tsikou et al.,, 2018),
however hints to an additional conserved function, which we hypothesize might also

be associated with nitrogen homeostasis.
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Aims

Previously, we identified miR2111 as a shoot derived signal regulating the nodule

numbers and infection process in Lotus japonicus.

The wide conservation of the miR2111-TML regulon in dicot plants, including non-
symbiotic species, suggests a conserved function of this node apart from its role in the
Autoregulation of Nodulation. In this thesis we aim to unravel the non-symbiotic

function of the miR2111-TML regulon.

We further want to decipher whether miR2111-TML has a function which is conserved

between non-symbiotic plants and legumes.

For this we choose Lotus japonicus, a model legume species for RLS, where TML was
first described and Arabidopsis thaliana as a non-symbiotic model organism for
physiological experiments, utilizing a series of knockout mutant or overexpression

lines.

Based on the previously described genetic overlaps between LR organogenesis and
nodule development as well as nitrate homeostasis and AON, we hypothesized that
miR2111-TML might be involved in adaptation of root traits to nitrogen availability.
Along this line, we focused our work on root developmental traits such as root

architecture or cell wall modifications.

An important aim is to determine whether AON-independent functions of the miR2111-
TML node equally rely on systemic mobility of miR2111, and whether miR2111 might
represent a postulated, so far unidentified morphogenic signal in systemic nitrate

foraging.

Finally, we want to compare the role of the miR2111-TML/HOLT regulon in different
plant lineages in order to understand its phylogenetic conservation and functional

adaptation.
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Results and Discussion

miR2111 mediates shoot control of root foraging.

This chapter is based on the following submitted manuscript and contains its main

figures and selected supplementary figures:

Moritz Sexauer, Hemal Bhasin, Maria Schoen, Elena Roitsch, Caroline Wall, Ulrike
Herzog, Katharina Markmann.
A micro RNA mediates shoot control of root branching

Nature Communications (2023), 14, 8083. d0i:10.1038/s41467-023-43738-6

Remaining supplementary figures are attached in the manuscript in Appendix 3.4.
In addition, the chapter contains unpublished data, that were prepared by the author

of this thesis.

To investigate whether miR2111 indeed has an impact on Lotus root architecture, we
generated and characterized Lotus plants expressing a pUBQ1:MIR2111-3 transgene
(Figure 8A-F) resulting in overabundance of mature miR2111 (Figure 8A). Indeed,
pUBQ1:MIR2111-3 expressing plants developed less LRs than wild-type plants
(Figure 8B).

miR2111 is primarily produced in shoots and is proposed to translocate to roots via the
phloem (Tsikou et al., 2018; Okuma et al., 2020). Phloem-mobile miRNAs were recently
suggested to translocate as fully processed duplices, rather than as pri- or pre-miRNA
precursors (Devers et al.,, 2020; Brioudes et al., 2021). Consistently, we could trace
plant specific mature miR2111 transcripts in aphids (Planococcus citri) feeding on
Lotus, indicating its presence in the phloem sap (Figure 9A-C). To investigate whether
shoot-derived miR2111 is indeed functional in Lotus roots and sufficient to regulate LR
number, we grafted pUBQ1:MIR2111-3 expressing shoots onto wild-type root stocks
(Figure 8C). Roots of chimeric plants showed enhanced levels of miR2111 (Figure 8D),
and fewer emerged LRs compared to control grafts (Figure 8C, E) confirming that

shoot miR2111 indeed translocates to roots to steer LR numbers.

miR2111 was proposed to directly target TML for posttranscriptional regulation in
Lotus as well as Medicago (Tsikou et al., 2018; Gautrat et al., 2020). Consistently, roots
of pUBQ1:MIR2111-3/wild-type (shoot/root) grafts had significantly lower TML levels
than wild-type/wild-type controls (Figure 8F).
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Figure 8 Shoot-derived miR2111 regulates lateral root (LR) numbers in L. japonicus
(Lotus) (Sexauer et al., 2023), modified. A miR2111 abundance fold change compared to Gifu
wild-type (wt(G)) plants, and B LR count in transgenic pUBQ1:MIR2111-3 (21110x) expressing
lines (#3, 4) compared to wt(G). Line #3 was used for further analysis. C-F 2111ox / wt(G)
(shoot / root) grafts compared to wt(G) / wt(G) control grafts. c Example of grafted plants.
Scale bars equal 1 cm. D miR2111 levels, E LR numbers and F TML levels in roots of respective
grafts. A, F and f gqRT-PCR analyses. RNA levels are relative to those of two reference genes.
RNA was extracted from root (D, F) or shoot samples (A). A Adult plants grown in soil. B-G
Plants were grown at 0 mM nitrate and evaluated or harvested after two weeks of cultivation.
Student’s t-test (**=p<0.01; ***=p<0.001) (D-F) or analysis of variance (ANOVA) and post-hoc
Tukey testing (p < 0.05) (B), with distinct letters indicating significant differences. All
experiments were in ecotype Gifu B-129 (wt(G)). Sample size, replicates and exact p-values are
listed in Appendix Table 2. Dotplots show individual data points and a line indicating their
average value. Boxplot central line shows median value, box limits indicate the 25 th and 75 th
percentiles whiskers extend 1.5 times the interquartile range or to the last datapoint, data are
represented by dots.

tml knockout mutants developed less LRs than wild-type plants (Figure 10A, B), and
were phenotypically indistinguishable from pUBQ1:MIR2111-3 plants (Figure 10A, B),
suggesting that TML is the main target of miR2111 activity in LR control. Interestingly,
this was equally the case when all initiated LRs, including pre-emergence root
primordia and emerged lateral roots, were considered (Figure 10C) (Sexauer et al.,
2023, Supplementary Fig. 2). The combined number of LR primordia and emerged LRs
represents the total number of LR initiations, independent of LR emergence rates
(Sexauer et al,, 2023, Supplementary Fig. 2). LR initiations were also reduced in grafted
plants expressing pUBQ1:MIR2111-3 in their shoots compared to wild-type/wild-type
control grafts (Figure 10D).
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Figure 9 Mature miR2111 can be traced in aphids feeding on L. japonicus (Lotus) phloem
sap (Sexauer et al., 2023), modified. A Planococcus citri on Lotus leaf, scalebar equals 1 cm.
B Simplified sketch of experimental procedure of an aphid feeding experiment. Plants are
grown for four weeks in absence of aphids, then colonized by a small aphid population, which
propagates for two weeks while feeding on phloem sap. During feeding, aphids ingest mobile
small RNAs, which have been suggested to travel through the phloem as mature duplices
(Devers et al., 2020). Possible association of miRNAs with proteins during phloem transfer is
not considered here. Aphids and plant material are harvested separately for RNA extraction
and qRT-PCR based detection of mature plant miR2111. C miR2111 levels in shoot tissue of
Lotus ecotype Gifu wild-type plants and aphids (Planococcus citri) after feeding on respective
plants grown at indicated nitrate conditions. qRT-PCR analyses. miR2111 levels from Lotus
shoot RNA extracts are relative to two endogenous reference genes, miR2111 levels from aphid
RNA extracts are relative to one aphid reference gene. Host and aphid tissues were harvested
after two weeks of aphid feeding and six weeks after plant germination. Dotplots show
individual data points and a line indicating their average value.

Using CRISPR-Cas9 technology, we generated line mir2111-3-1, which possesses a 12
bp deletion in the stem-loop region of the MIR2111-3 locus in immediate proximity to
the mature miRNA2111a sequence (Sexauer et al., 2023, Supplementary Fig. 3a-c)
(Figure 10E, G). mir2111-3-1 plants showed significantly lower miR2111 abundance
than wild-type plants (Figure 11A) and, consistently, higher TML transcript levels
(Figure 11B). In line with the observed reduced primordium formation in miR2111
overexpressors (Figure 10C, D). LR initiation numbers were higher in mir2111-3-1
plants compared to wild-type plants (Figure 10E), and grafts of mir2111-3-1 shoots on
wild-type root stocks equally showed an enhanced LR initiation compared to control
grafts (Figure 10F). This is consistent with a shoot specific expression pattern of the
MIR2111-3 locus (Figure 10G) and confirms that shoot miR2111 is required for LR
initiation control. Taken together, these data suggest a role of miR2111 in modulating
LR initiations systemically via its target TML (Figure 10C-G) (Sexauer et al., 2023,
Supplementary Fig. 3a-c) . Interestingly, this is in addition to the described function of

shoot-derived miR2111 in systemic nodule number control in the context of symbiosis
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autoregulation (Figure 11C) (Tsikou et al., 2018; Okuma et al., 2020). Since root
nodulation symbiosis, a known activity context of miR2111-TML, is an adaptation to
nitrogen limitation, we hypothesized that this regulon may also help to adapt root

architecture to nitrogen availability (Figure 12A-]).
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Figure 10 TML mediates miR2111 control of L. japonicus (Lotus) lateral root (LR)
initiation (Sexauer et al., 2023), modified. A Root phenotype of Gifu wild-type (wt(G)), tml-
6 and pUBQ1:MIR2111-3 plants (21110x). Scale bars equal 1 cm. B Emerged LR numbers in
wt(G), tml-6, tml-5 and 21110x plants. C-E Number of LR initiations (emerged and primordial
stages combined) in wt(G), 2111ox and tml-6 plants (C), on 2111ox / wt(G) (shoot / root)
grafts compared to wt(G) / wt(G) control grafts (D), in mir2111-3-1 compared to wt(G) plants
(E) and on mir2111-3-1 / wt(G) (shoot / root) grafts compared to wt(G) / wt(G) control grafts
(F). Flight grey dots represent data points not considered in the statistical analysis due to
strong divergence of primary root length in the respective plants from the mean. G Plants
expressing pMIR2111-3:GUS show pronounced GUS activity in leaf veins, while roots are free of
visually traceable activity. Scale bar equals 1 cm. we tested 30 more plants with similar
expression pattern. B Datapoints are identical to datapoints at 0 mM nitrate in Fig. 12A. A-E
Plants grown at 0 mM nitrate. Comparisons used Student’s t-test (*=p<0.05; **=p<0.01) (D, E)
or analysis of variance (ANOVA) and post-hoc Tukey testing (p<0.05) (B, C), with distinct
letters indicating significant differences. All experiments were in ecotype Gifu B-129 (wt(G)).
A-G Plants were evaluated or harvested after two weeks of cultivation (A-C, E & G) or grafting
(D, F). Sample size, replicates and exact p-values are listed in Appendix Table 2. Boxplot central
line shows median value, box limits indicate the 25 th and 75 th percentiles whiskers extend
1.5 times the interquartile range or to the last datapoint, data are represented by dots.

Lotus showed enhanced LR numbers under nitrogen starvation (Figure 12A). This was
ecotype-independent (Figure 12A, B) and is consistent with the nitrate foraging
responses reported in other plants (Oldroyd and Leyser, 2020). Notably, this trend was
only apparent for emerged LRs. LR primordia, on the contrary, were more abundant
under nitrate sufficient conditions compared to deficiency. This results in a positively
nitrate-correlated (Figure 12C, D) or nitrate-independent (Figure 13A) sum of
initiated roots. Following a likewise trend, mature miR2111 levels were negatively

correlated with nitrate availability in a dosage-dependent manner in both shoots and
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roots (Figure 12E, F), indicating an involvement in systemic nitrogen response
signaling. The levels of TML transcripts, which were only detected in roots, showed a
complementary, inverse pattern (Figure 12G), suggesting TML suppression by
systemic miR2111 under nitrogen starvation conditions. Here, we could observe
ecotype specific differences, as this pattern was particularly apparent in the Lotus
ecotype MG-20, consistent with a more pronounced responsiveness of LR initiations to

nitrate availability compared to Gifu B-129 (Figure 13A-D).
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Figure 11 Alterations of miR2111 and TML levels influence nodule numbers in
L. japonicus (Lotus) (Sexauer et al., 2023), modified. A, B miR2111 (A) and TML levels (B)
in roots of Lotus ecotype Gifu wild-type (wt(G)) and mir2111-3-1 plants. ¢ Nodule numbers of
wt(G), tml-6, MIR2111-3 ox (21110x) and mir2111-3-1 mutants, tml-6 and 21110x plants. A, B
gRT-PCR analyses. Root RNA levels are relative to those of two reference genes. Tissue was
harvested 14 days after transfer. Plants were grown at 5 mM nitrate. A-C Comparisons used
Student’s t-test (*=p<0.05) (A, B) or (C) analysis of variance (ANOVA) and post-hoc Tukey
testing (p<0.05), with distinct letters indicating significant differences. C plants evaluated three
weeks after inoculation with M. loti, plants grown at 0 mM nitrate. Sample size, replicates and
exact p-values are listed in Appendix Table 2. Dotplots show individual data points and a line
indicating their average value. Boxplot central line shows median value, box limits indicate the
25 th and 75 th percentiles whiskers extend 1.5 times the interquartile range or to the last
datapoint, data are represented by dots.
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Figure 12 Systemic nitrogen status controls lateral root (LR) initiations via the miR2111-
TML regulon in L. japonicus (Lotus) (Sexauer et al.,, 2023), modified. A-B Emerged LRs in
(A) Gifu B-129 wild-type (wt(G)), tml-6, tml-5 and pUBQ1:MIR2111-3 (21110x), and in (B)
MG20 wild-type (wt(M)) and tml-1 plants. C Number of LR initiations (emerged plus primordial
stages) in wt(M) and tml-1 plants. D Simplified model of nitrate dependency of LR initiations in
wild-type and tml mutant plants. E, F Relative mature miR2111 levels in shoots (E) and roots
(F). G Relative TML levels in same wild-type root systems as in F. H Simplified model outlining
nitrate dependency of miR2111 and TML levels, and root architectural responses. I, J Split root
experiments. Relative miR2111 (I) and TML (]J) levels in secondary roots of wt(M) plants. E-G,
I, ] qRT-PCR analyses. RNA levels are relative to those of two reference genes. A, B, E-G, and I,
J Tissue harvest / analysis after two weeks and C 10 days of cultivation. Comparisons used
analysis of variance (ANOVA) and post-hoc Tukey. testing (p<0.05), with distinct letters
indicating significant differences and additional Student’s t-test (I-J) comparing only the split
roots (n.s.=p>0.05). C-H Trendlines are simplified and not to scale. Plants grown at indicated
nitrate concentrations. Sample size, replicates and exact p-values are listed in Appendix Table
2.
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Compared to wild-type plants, both miR2111 overexpressors and tml mutants had a
consistently lower number of LRs, and emerged LR number was independent of nitrate
availability (Figure 12A, B). The same was true for LR initiation, not only in the ecotype
Gifu B-129, but also in MG-20, where a nitrate-dependent increase in LR primordia is
more strongly pronounced than in Gifu B-129 (Figure 12C, D and Figure 13A). Shoot
specific overexpression of MIR2111-3 using heterografting experiments induced a loss
of nitrate responsive LR initiation in chimeric plants with MG-20 root stocks
(Figure 14A, B), suggesting that shoot-derived miR2111 efficiently represses this
response. On this basis, we predicted that nitrate-independent TML transcript levels in
Gifu B-129 (Figure 13D) may prevent adaptive primordia formation in this ecotype.
Indeed, increased TML transcript levels in MIR2111-3 knockout compared to wild-type
plants (Figure 11B) resulted in a positive nitrate response of LR initiation numbers in
the ecotype Gifu B-129 as well (Figure 14C). This indicates that miR2111 mediated TML
control is necessary for the ecotype-specific attenuation of root system response to

nitrate observed in Gifu B-129.

The combined phenotypic and molecular data suggests a role of the miR2111-TML
regulon in LR initiation and adaptive emergence in response to nitrate, with miR2111
systemically repressing TML. Contrasting with their respective roles in symbiosis, our
data identify miR2111, a positive regulator of nodule numbers, as a repressor of root
primordia, and TML as a root primordial activator (Figure 12H). The data further
reveal that nitrate dependent regulation of primordia emergence into full LRs strictly
requires the presence of functional TML (Figure 12A-C), but does not correlate with
TML transcript abundance (Figure 12G, H and Figure 13D). This suggests involvement
of additional factors in regulating nitrate responsive emergence of TML-dependent LR

primordia.
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Figure 13 L. japonicus (Lotus) ecotype Gifu lateral root (LR) initiation numbers and TML
levels are nitrate independent (Sexauer et al,, 2023), modified. A LR initiations in wild-
type Gifu (wt(G)) and tml-6 plants 10 days post transfer. B-D Relative mature miR2111 levels
in shoots (B) and roots (C) and relative TML levels in the same root systems (D) of ecotype Gifu
B-129 wild-type plants after 14 days of cultivation. B-D qRT-PCR analyses. RNA levels are
relative to those of two reference genes. Comparisons used analysis of variance (ANOVA) and
post-hoc Tukey testing (p<0.05), with distinct letters indicating significant differences (A) or
Student’s t-test (*=p<0.05) (B). Sample size, replicates and exact p-values are listed in Appendix
Table 2. Dotplots show individual data points and a line indicating their average value. Boxplot
central line shows median value, box limits indicate the 25 th and 75 th percentiles whiskers
extend 1.5 times the interquartile range or to the last datapoint, data are represented by dots.

Nitrate perception and nitrogen starvation have been found to trigger local and
systemic responses involving physiological and morphological adaptations (Oldroyd
and Leyser, 2020). We thus performed split root assays to identify the trigger
underlying miR2111 regulation under asymbiotic conditions. Roots growing on
nitrogen starvation medium contained low miR2111 levels if other roots of the same
plant experienced nitrate sufficiency (Figure 12I). This suggests that miR2111
accumulation is not triggered by roots experiencing nitrate starvation, but rather
systemically repressed by roots experiencing nitrate sufficiency (Figure 12I), implying
that miR2111 levels are regulated through nitrate supply rather than deficiency. TML
levels in these roots were complementary yet intermediate (Figure 12]). Consistent
with previous observations, TML abundance is thus likely subject to additional

regulatory factors (Tsikou et al., 2018).
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Figure 14 Low miR2111 levels are required and sufficient for enhanced lateral root (LR)
initiation under high nitrate conditions in L. japonicus (Lotus) (Sexauer et al., 2023),
modifed. A-C LR initiations of Lotus ecotype Gifu wild-type (wt(G)) and mir2111-3-1 plants
(A), heterografted plants assembled of Lotus ecotype MG20 wild-type (wt(M)) root stocks and
ecotype Gifu wild-type or MIR2111-3 overexpression (21110x) shoots (B), and ecotype Gifu
wild-type and mir2111-3-1 plants (C). A, B Plants were grown at indicated nitrate
concentrations and analyzed after two weeks of cultivation (A, B) or graft regeneration (C),
respectively. Comparisons used analysis of variance (ANOVA) and post-hoc Tukey testing
(p=<0.05), with distinct letters indicating significant differences. Sample size, replicates and
exact p-values are listed in Appendix Table 2. Boxplot central line shows median value, box
limits indicate the 25 th and 75 th percentiles whiskers extend 1.5 times the interquartile range
or to the last datapoint, data are represented by dots.

Root architecture adaptation to abiotic stimuli is an ancient necessity and a core
developmental feature of land plants that is phylogenetically widespread (Oldroyd and
Leyser, 2020) and thus precedes the evolution of nitrogen-fixing nodulation symbiosis.
Consistently, the miR2111-TML regulon is conserved in non-nodulating plants,
including the nonsymbiotic plant Arabidopsis thaliana (Arabidopsis) (Takahara et al,,
2013; Tsikou et al., 2018). Arabidopsis possesses two MIR2111 precursor loci
generating a single isoform identical to LjmiR2111a (Sexauer et al, 2023,
Supplementary Fig. 8a,b)(Tsikou et al., 2018). Phylogenetic analysis revealed one
putative TML orthologue, which we named HOMOLOGUE OF LEGUME TML (HOLT),
featuringa miR2111 complementary site in the coding sequence (Takahara etal., 2013;
Tsikou et al., 2018) (Sexauer et al., 2023, Supplementary Fig. 9a,b). Thus, we wondered
whether the function of miR2111 as systemic regulator of nitrate foraging is conserved
in Arabidopsis (Figure 15A-L). Consistent with the expression pattern of MIR2111 loci
in Lotus, Arabidopsis pMIR2111a/b:GUS expressing lines showed predominant GUS
activity in leaf vein phloem cells (Figure 15A, B) (Sexauer et al., 2023, Supplementary
Fig. 10a,b), suggesting systemic mobility (Skopelitis et al.,, 2018). These observations
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are in line with organ specific expression data (Sexauer et al., 2023, Supplementary
Table 1). Similar to what has been previously observed for selected Lotus MIR2111
precursor genes (Okuma et al.,, 2020), moderate pMIR2111a/b:GUS activity was evident
in mature root parts of Arabidopsis as well (Figure 15A) (Sexauer et al., 2023,
Supplementary Fig. 10a), although MIR2111a/b precursor transcripts were not
traceable in publicly available RNAseq datasets (Sexauer et al., 2023, Supplementary
Table 1).

Like in Lotus, Arabidopsis LR initiation depends on nitrogen supply, peaking around
1 mM KNOs3 under long day conditions in plate-grown wild-type plants (Figure 15C).
In comparison, plants grown under starvation or saturating conditions show reduced
numbers of LR initiations (Figure 15C). The observed increase of LR numbers under
moderately deficient (1 mM KNOs) as compared to sufficient nitrogen supply
(10 mM KNOs3) has previously been associated with nitrogen dependent root
architectural adaptations commonly referred to as foraging response (Giehl and von
Wirén, 2014). To evaluate a possible role of the miR2111/HOLT regulon in nitrogen
foraging related LR initiation in Arabidopsis, we generated transgenic lines
overexpressing miR2111 under the control of a 35S promoter, showing concomitant
reduction in HOLT levels (Sexauer et al., 2023, Supplementary Fig. 11a,b). All tested
lines showed reduced LR initiation compared to wild-type plants in the T2 generation
(Sexauer et al,, 2023, Supplementary Fig. 11c). We chose a representative line #3 for
further propagation, as it showed stable overabundance of miR2111 and the
corresponding reduction of TML transcript abundance in the T3 generation
(Figure 15D, E). We further isolated Arabidopsis holt-1 and holt-2 mutants lacking a
traceable full-length HOLT transcript (Sexauer et al., 2023, Supplementary Fig. 12a,b).
holt-1, holt-2 and p35s:MIR2111b plants showed significantly reduced LR initiations at
low and moderate nitrate concentrations compared to wild-type plants (Figure 15F).
Notably, they failed to show a traceable foraging response (Figure 15F, G). Wild-type
plants exposed to severe nitrogen limitation repress LR development, a response
known as a survival strategy (Giehl and von Wirén, 2014), which is thought to involve
the nitrate transporter NRT1.1 (Krouk et al.,, 2010) as well as locally induced LR
inhibition through the CLAVATA3/CLAVATA1 signaling module (Araya et al., 2014).
Transcript abundance of NRT1.1 and other NRTs was not significantly altered in holt-1
or p35s:MIR2111b as compared to wild-type plants (Figure 16A-D). Consistent with a
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HOLT independent mechanism, a successive reduction in LR initiation numbers at
nitrate levels <1 mM was retained in holt-1, holt-2 and p35s:MIR2111b in a similar way
as in wild-type plants (Figure 15F, G). In wild-type plants, miR2111 levels correlate
positively with nitrate concentration (Figure 15H), consistent with low HOLT levels at
high nitrate supply (Figure 15I). The integration of phenotypic and molecular data
reveals that, in line with observations in Lotus, HOLT levels positively correlate with LR
initiations (Figure 15]). To investigate whether shoot-derived miR2111 is sufficient to
regulate root architecture in Arabidopsis as observed in Lotus, we analyzed
p35s:MIR2111b/Col-0 (shoot/root) grafts. These had significantly less LR initiations
than Col-0/Col-0 control grafts (Figure 15K), confirming miR2111 as a systemically

acting, mobile regulator of LR initiation across dicot plant lineages.

In line with divergent habitat requirements and ecological strategies of the symbiotic
Lotus (Szczyglowski and Stougaard, 2008; Shah et al., 2020) and the asymbiotic ruderal
Arabidopsis (Pigliucci, 2002), abundance patterns of LR primordia with respect to
external nitrogen supply were distinct in these two species (Figure 15L). Yet,
consistent with a conserved positive role of TML/HOLT in nitrate-dependent LR
initiation, TML/HOLT RNA levels were upregulated in both species under nitrate
conditions triggering abundant LR primordia. Accordingly, in either species, miR2111
levels were low under such conditions, in line with a negative effect on TML/HOLT
levels and LR initiation. The dynamic response pattern of the Arabidopsis root system
reflected in integrating distinct and functionally overlapping regulatory nodes (Krouk
et al,, 2010; Araya et al., 2014; Sexauer et al., 2023) indicates its capacity to populate a
wide variety of soils (Pigliucci, 2002).

Our data suggests that Lotus, as a pioneer lineage that is primarily competitive on
nitrogen poor soils (Griesmann et al,, 2018), lacks differentiation between starvation
and foraging response, and initiates additional root primordia upon nitrate supply,
lacking root system optimization at sufficient nitrate supply (Figure 15L). The lack of
a strong nitrogen starvation response in Lotus could be explained by the nitrogen fixing
symbiosis, which supplies nitrogen and prevents nitrogen-starvation even on N limited

soils.

59



lw]
[ ]
m
-
IS
[ ]
m
o

w
=]
=]

e e

Y]

J K Te L | W A thaliana [O]o.1 mm
nitrate deficiency i | Eoporins | o

@

& ing [@]10mm
- KNO;

3 . I:>
[} ® v ®
. 7 % 400 ° "
¥ roy = > 1.0{—=— «n | @b e be e
e T B %o o, @ a @,
3 - [ b4 g | |
E, 300 Jos =
2 2 2|00 ]
e DE: e |T o L4 =L e
2 3 o0
I o 200 = 5 cr.Lm- HJ Llljlll u
| = 8 04
{_“ 100 9 " ® 2 o aD co®
u € 02{ _a| |/ '
N 0 |-ean- 00 & o
i 01025051 2 5 10 Col-0 21110x " Cal-0 21110x Col-0 holt-2 holt-1 21110x
/) mM KNOs
°
5
b
o

(o]
a
Y miR2111
HOLT

.
8
&
b | dosage dependent: o
a 2 (5}
o %) []
o 1| & LR initiation o
2. o -
10 mM 01 1 10 01 Col-0 21110x

o 1mM 1
Nitrate supply mM KNOs mM KNOa Col0 Col-D

=
LR initiations

LR initiations

w

LR initiations

relative HOLT levels

relative miR21111 levels
~
@b 2 o

-

31@|

o

TML/HOLT levels

Nitrate supply

[e]

Figure 15 The A. thaliana (Arabidopsis) miR2111-HOLT regulon controls lateral root
(LR) initiation at moderate nitrate starvation (Sexauer et al,, 2023), modified. A-B Stably
transformed A. thaliana (Arabidopsis) plants expressing pMIR2111b:GUS show predominant
GUS activity in the phloem of leaf veins. B Leaf cross section of pMIR2111b:GUS plants. ph,
phloem and xy, xylem. C Numbers of LR initiations at different nitrate concentration in
Arabidopsis wild-type (Col-0) plants. D-E miR2111 (D) and HOLT (E) levels in Col-0 and
p35s:MIR2111b expressing plants (21110x) at 1 mM nitrate. F LR initiations in holt-1, holt-2 and
21110x plants compared to Col-0. G Schematic model of nitrate responsiveness of Arabidopsis
lateral root initiations. holt-1 and 21110x plants lack a foraging response at moderate nitrate
starvation. H, I miR2111 (H) and HOLT (I) levels of Col-0 at varying nitrate concentrations. ]
Simplified model outlining nitrate dependency of miR2111 and HOLT levels, and of root
architectural responses in Arabidopsis between 1 and 10 mM nitrate. K Number of LR
initiations on 21110x / Col-0 (shoot / root) grafts compared to Col-0 / Col-0 control grafts at 1
mM KNOs. L Combined simplified model of Arabidopsis and L. japonicus (Lotus) root responses
to varying nitrate supply. HOLT positively correlates with LR initiations in both species, but
nitrate dependent abundance patterns of both LR initiations and TML/HOLT levels are
opposite. D-E, H, I qRT-PCR analyses. RNA levels are relative to those of two reference genes,
whole plant tissue harvested 10 days after germination. C, F, K Analysis seven days after
germination (C, F) or after graft regeneration (K). Comparisons used analysis of variance
(ANOVA) and post-hoc Tukey testing (p<0.05), with distinct letters indicating significant
differences (C, F, H, I) or Student’s t-test (*=p<0.05) (D, E, K). A, B Scale bars equal 200 pm (A)
or 100um (B). A, B all 21 tested plants of 3 independent lines showed same expression pattern.
Analysis of three independent lines showed similar results. C, F, H, I plants were grown at
indicated nitrate concentrations using %: strength MS media free of other nitrogen sources.
C, F-], L Trendlines are simplified and not to scale. Sample size, replicates and exact p-values
are listed in Appendix Table 2.

An important role of the miR2111-TML/HOLT regulon in adapting plant root systems
to their natural habitat is in line with the observed differences in LR abundance
patterns between Lotus MG-20 and Gifu-129 ecotypes (Figure 12A-C, Figure 13A and
Figure 14A-C). Lotus japonicus underwent intense diversification during evolution and

encompasses more than 130 ecotypes that have adapted to a wide range of

60




environmental conditions on the Japanese Islands (Shah et al., 2020). A time course
experiment revealed an increasing difference between wild type and tml-1 in LR
numbers over time. Here, tml-1 plants showed significantly less biomass production in
both below- and aboveground tissues compared to wild type (Sexauer et al., 2023,
Supplementary Fig. 14a,b), suggesting that root architecture adaption plays an
important role in plant productivity and fitness. We have no evidence for a direct
involvement of the miR2111-TML/HOLT regulon in nitrate uptake or mRNA levels of
nitrate transporter genes. NRT1.1, NRT1.5, NRT2.1 and NRT3.1 accumulation levels are
unaltered in holt-1 and p35s:MIR2111b lines compared to wild-type controls
(Figure 16A-D). This is in contrast to CEP/CEPD/CEPDL2 mediated regulation of
nitrate uptake via NRT2.1 (Ohkubo et al,, 2017; Ota et al., 2020; Ohkubo et al,, 2021),
and suggests an indirect role of the miR2111-TML/HOLT regulon in nutrient uptake

regulation by altering the extent of the root surface area (Figure 16).
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Figure 16 mRNA abundance of A. thaliana NRT genes is wild-type-like in holt-1 or
MIR2111b overexpression plants (Sexauer et al., 2023), modified. A-D Relative levels of
NRT1.1 (A), NRT1.5 (B), NRT2.1 (C) and NRT3.1 (D) in holt-1 and p35s:MIR2111b (21110x)
plants compared to ecotype col-0 wild-type plants. Plants grown for ten days on 1 mM nitrate.
A-D gRT-PCR analyses. RNA levels are relative to those of two reference genes. Comparisons
using analysis of variance (ANOVA) identified no significant differences of mRNA abundances
between lines. Sample size, replicates and exact p-values are listed in Appendix Table 2.
Dotplots show individual data points and a line indicating their average value.
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In addition to quantitative evaluation of LR initiation and emergence, we analyzed the
positioning of LRs along the primary root. We defined the LR zone as the relative
position of the most distal LR along the primary root. The initiation zone was
respectively defined as the relative position of the most distal initiated LR / LR
(Figure 17A), and evaluated in tml-6 and pUBQI1:MIR2111-3 plants and
pUBQ1:MIR2111-3 grafts in comparison to wild type (Figure 17B-D). tml-6 and
pUBQ1:MIR2111-3 expressing plants showed significantly reduced LR and initiation
zones compared to wild-type plants (Figure 17C, D), indicating a role of the TML-
miR2111 regulon in LR zone control. To test whether systemic miR2111 is sufficient to
alter the LR zone, we generated pUBQ1:MIR2111-3 / wild-type and wild-type / wild-
type control grafts. Chimeric plants resulting from grafting of pUBQ1:MIR2111-3
expressing shoots on wild-type root stocks (Figure 8C) showed a significantly shorter
LR zone than wild-type / wild-type control grafts (Figure 17B). We hypothesized that
the TML-miR2111 module regulates nitrate supply-triggered LR zone control. Indeed,
wild-type plants showed a reduced LR zone upon nitrate supply, while tml-6 and
pUBQ1:MIR2111-3 expressing plants showed a nitrate independent zone (Figure 17C).

Similar tendencies were observed for the initiation zone (Figure 17D).
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Figure 17. TML mediates miR2111 control of lateral root zonation. A Scheme of LR
positioning; blue arrow indicates most distal emerged LR, red arrow indicates most distal
initiated LR. B, C Relative position of most distal emerged LRs on 2111ox / wild-type
(shoot / root) grafts compared to wild-type / wild-type control grafts (B) and wild-type, tml-6
and pUBQ1:MIR2111-3 plants (21110x) (C). D Relative position of most distal initiated LRs of
wild-type and tml-6 plants. Comparison used Student’s t-test (*=p<0.05) (B) or analysis of
variance (ANOVA) and post-hoc Tukey testing (p<0.05) (C, D), with distinct letters indicating
significant differences. Sample size, replicates and exact p-values are listed in Appendix Table
2. Boxplot central line shows median value, box limits indicate the 25 th and 75 th percentiles
whiskers extend 1.5 times the interquartile range or to the last datapoint, data are represented
by dots.
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This suggests that functional TML is necessary for a nitrate responsive zonation control
of LR initiation and emergence. However, there is no dose dependence between TML
levels and LR (initiation) zone expansion (Figure 12G, H and Figure 17C, D). A
quantification of Arabidopsis LR zones in Col-0 and holt-1 mutants failed to produce

consistent results.

The loss of zonation control in Lotus tml-6 and pUBQ1:MIR2111-3 expressing plants
could thereby be explained by an indirect effect of the low numbers of LR initiations in
these plants, which narrows the zone regardless of nitrate supply (Figure 13A and
Figure 14A). Nevertheless, the function of TML proves to be an essential factor in
determining the positioning of LR initiation and therefore also the location of the roots’

depletion zone in the substrate.

Alteration of the root depletion zone also affects the uptake of other nutrients.
Interestingly, in Arabidopsis, miR2111 was shown to be induced by phosphate
starvation (Hsieh et al.,, 2009), and Arabidopsis is known to adapt its root architecture
to phosphate availability (Williamson et al., 2001). This could hint to a more general

role of miR2111 in adapting root architecture to nutrient availability.

Whether miR2111 functions in systemic foraging responses to further nutrients
beyond nitrate is an interesting topic for further studies. An additional question is the
molecular nature of miR2111 abundance and mobility regulation, which follows
distinct patterns in Arabidopsis and Lotus. The differences of the function of the
miR2111-TML/HOLT regulon between Lotus and Arabidopsis and their ecological
relevance will be discussed in the later chapter “Nitrogen physiology - integrating

different signals and responses.”.
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HAR1z controls LR emergence in nitrate response, independent of miR2111

In Lotus, genetic regulation of miR2111 expression was dissected in the context of
symbiotic signaling during AON. We thus hypothesized that in Lotus, miR2111
regulation in the context of nitrate foraging may be dependent on the same genetic
pathway known from miR2111 regulation in AON. miR2111 regulation in response to
infection with rhizobial bacteria depends on HARI1/SUNN and CRAZ (Gautrat et al,
2020). Apart from a hypernodulation phenotype resembling tml mutants (Krusell et al.,
2002; Magori et al., 2009; Takahara et al., 2013), har1 loss-of-function mutants show
root architectural aberrations (Krusell et al, 2002). Interestingly, the putative
Arabidopsis thaliana HAR1 orthologue CLAVATA1 (CLV1) (Clark et al., 1997; Krusell et
al., 2002; Nishimura et al., 2002) is involved in adapting root architecture to the soil

nitrogen regime (Araya et al., 2014; Araya et al., 2016).

We thus hypothesized that HAR1 may systemically regulate root system architecture
through miR2111 and TML, possibly following perception of CLV3-like CLE-peptides
regulated nitrogen homeostasis (Figure 18A, B) (Nishida et al., 2016). In contrast to
tml and pUBQ1:MIR2111-3 plants, harl mutants showed wild-type-like LR numbers
(Figure 18C), but similarly failed to adapt these to nitrate levels (Figure 18C).
Consistent with a stunted primary root phenotype (Krusell et al., 2002; Nishimura et
al,, 2002; Buzas and Gresshoff, 2007) (Figure 18D), LR density was higher than in wild-
type plants (Figure 18E). Notably, harl mutants developed an expanded LR zone
compared to wild-type controls (Figure 18F).

While both tml-6 and har1-3 mutants show no nitrate responsive LR emergence, the
combined data suggest divergent roles of HAR1 and TML in LR number control and zone
definition. In line with this observation, LR zone adaptation to nitrate levels, which

required TML (Figure 17C-D), was HAR1 independent (Figure 18F).
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represented by dots.
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In contrastto TML, HAR1 was involved in LR emergence rather than initiation, as har1-3
showed wild-type-like LR initiations but no restriction of LR emergence at high nitrate
supply (Figure 19A, B). Grafting experiments suggested a significant contribution of
root HAR1 to root growth control (Buzas and Gresshoff, 2007; Hayashi-Tsugane and
Kawaguchi, 2022) (Figure 19C), and consistently, nitrate-triggered inhibition of shoot
miR2111 levels was HAR1 independent (Figure 19D). These data demonstrate that
miR2111-TML and HARI1, that act in the same genetic pathway in infection-triggered
AON (Krusell et al., 2002; Gautrat et al., 2020), have uncoupled functions in integrating
local and systemic responses in the context of nitrogen-dependent root system control

(Figure 19E) (Hayashi-Tsugane and Kawaguchi, 2022).

HAR1 independence of nitrate-triggered miR2111 abundance regulation implies that
miR2111 abundance is controlled by distinct upstream factors in abiotic and biotic
response contexts. The LRR-RLK CRAZ2/CEPR1, a second shoot regulator of miR2111
abundance in nodulation symbiosis, was similarly dispensable for nitrogen-triggered
abundance limitation of miR2111 levels in Medicago truncatula (Gautrat et al., 2020).
As for HAR1, CRA2 /CEPR1 impact on root development was locally determined and did
not require shoot CRA2/CEPR1 (Huault et al., 2014; Laffont et al., 2019). Putative shoot
factors restricting miR2111 accumulation under nitrate sufficient conditions thus

remain to be determined.
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Figure 19. HAR1 is involved in local LR emergence rather than systemic foraging. A LR
initiations and B emerged LR numbers of wild-type and har1-3 plants. Counts in (A) and (B)
were on the same plants. C LR density in grafted plants of the genotypes Gifu and har1-3. D
Relative mature miR2111 levels in shoots of har1-3 plants. qRT-PCR analysis. RNA levels are
relative to those of two reference genes. E Model of miR2111, TML and HAR1 involvement in
local and systemic LR control and adaptation to nitrate. Dotted line represents dosage
independent effects. blue arrow indicates most distal emerged LR, red arrow indicates most
distal initiated LR. A-D All experiments were in ecotype Gifu B-129 (G). Comparisons used
analysis of variance (ANOVA) and post-hoc Tukey testing (p<0.05), with distinct letters
indicating significant differences (A-C), or Student’s t-test (*=p<0.05) (D). Sample size,
replicates and exact p-values are listed in Appendix Table 2. Dotplots show individual data
points and a line indicating their average value. Boxplot central line shows median value, box
limits indicate the 25 th and 75 th percentiles whiskers extend 1.5 times the interquartile range
or to the last datapoint, data are represented by dots.

The independence of HARI and miR2111-TML in context of root adaptations is
consistent with literature (Buzas and Gresshoff, 2007; Hayashi-Tsugane and
Kawaguchi, 2022). (Hayashi-Tsugane and Kawaguchi, 2022) found that HAR1 has a role
in root architecture control, which functions independently of TML. However, they did
not observe a function of TML in controlling LR foraging. This could be explained by a
function of TML in LR initiation rather than emergence. In contrast to (Hayashi-Tsugane
and Kawaguchi, 2022) we could not see significant effects of the shoot portion of HAR1

on root architecture, which might be due to strong variations caused by graft recovery.

Interestingly, the functions of both the CLE-HARI and miR2111-TML nodes in nitrate
foraging appear to be conserved in Arabidopsis (Araya et al., 2014; Sexauer et al., 2023).
This implies that during evolution of RLS, legumes adapted distinct pathways of nitrate
foraging to a new function in the AON. This is consistent with recent observations of
genes known from LR architecture and nitrate uptake homeostasis being active in

nodule development or AON (Sexauer and Markmann, 2024).
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TML/HOLT impact endodermal suberization

This chapter is based on the following publication:

Moritz Sexauer, Defeng Shen, Maria Schoén, Tonni Grube Andersen, Katharina

Markmann

Visualizing polymeric components that define distinct root barriers across plant
lineages. Development 2021 Dec 1;148(23):dev199820. doi:
10.1242/dev.199820

In addition, the chapter contains unpublished data, that were prepared by the author

of this thesis.

Apart from genes shared between nodule organogenesis and LR development, several
genes involved in developmental processes and cell identity determination in
Arabidopsis roots have been found to also be active during nodule development
(Osipova et al,, 2012; Franssen et al,, 2015; Dong et al,, 2020). Examples include SCR
and SHR, both involved in determining endodermal identity and maturation, including
suberin deposition (Helariutta et al., 2000; Nakajima et al., 2001; Cui et al., 2007; Long
et al.,, 2015; Dong et al., 2020; Wang et al., 2020). Suberin deposition in endodermis
cells is influenced by nutritional cues, including nitrogen status, in several species
(Barberon et al.,, 2016; Barberon, 2017; Namyslov et al., 2020; Melino et al., 2021).

In cooperation with Tonni G. Andersen, who hypothesized a role of HOLT in
endodermal suberization in Arabidopsis based on expression data (T.G. Andersen,
personal communication), we set out to investigate a possible involvement of the L.
japonicus TML-miR2111 regulon in the nitrate adaptation of suberin deposition in the
root endodermis.

Aiming to specifically visualize endodermal suberin depositions in roots of Lotus and
Arabidopsis for comparative analysis, we initially used a well-established lactic acid-
based protocol for fluorol yellow (FY) staining of suberin in Arabidopsis roots and semi-
thin cuts (Lux et al.,, 2005). When applied to Lotus roots, which have a different internal
structure and more cortical cell layers than Arabidopsis roots, this protocol did give rise
to suberin associated signals (Figure 20A, B), but these were weak and difficult to

image due to a low signal intensity in whole mount roots (Figure 20A).
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To improve staining in deeper root tissues, we combined the lactic acid-based FY
staining directly with a previously established ClearSee-based protocol (Kurihara et
al,, 2015), which has been successfully used together with other histochemical dyes
(Ursache et al,, 2018). However, this approach resulted in a precipitation of FY and
almost complete loss of suberin associated signals. To solve this, we tested alternative
solvents for FY, and found that the use of 96% ethanol rendered the staining solution
compatible with ClearSee. A combined treatment with ethanol-dissolved FY and
ClearSee yielded greatly enhanced signals from suberized endodermal cells in Lotus
roots (Figure 20C) compared to the initially tested protocol (Lux et al., 2005)

(Figure 20A). In contrast to the established lactic acid-based protocol, this procedure
can be performed at room temperature, suggesting that it may be compatible with the

imaging of fluorescent proteins.

Figure 20. Staining of endodermal
suberization in L. japonicus (Sexauer et
al.,, 2021). Fluorol Yellow (FY)-stained
L. japonicus whole mount roots (A) and
semi-thin sections (B), using a lactic acid-
based protocol. (C) L.japonicus roots
stained by optimized ClearSee-based
method. * indicate passage cells. A-C Left
panel, FY channel and right panel, merged
FY and transmission light channels. Plants
grew for 10 days. Indicated cell types are
co, parenchymatic cortex; en, endodermis
ep, epidermis; pc, pericycle; ph, phloem
and xy, xylem. Scale bars: 100 um.
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To test this, we employed a DsRED expressing strain of the rhizobacterium
Mesorhizobium loti, which symbiotically infects Lotus roots. This setting further
enabled us to evaluate whether these bacteria remained traceable in FY-stained roots,
and to test the applicability of the protocol for analyzing barriers in a root
endosymbiotic context (Figure 21A, B). Intriguingly, suberized endodermal cells and
DsRED-labelled epidermal and cortical infection threads could be reliably visualized in
the same samples (Figure 21A). Further, a suberized periderm-like layer in colonized
nodules was apparent. In line with earlier observations in Vicia faba nodules
(Hartmann et al., 2002), these suberized cells appeared to connect to the endodermis
of the root tissue and of nodule vascular bundles (Figure 21B). This hints towards an
important function of cell wall barriers in this plant-bacterial interaction and paves the
way for in-depth visual analysis of suberin depositions in the context of nodulation

symbiosis.

In Arabidopsis, endodermal suberization is assumed to be subsequent to lignification of
the Casparian strip (Doblas et al., 2017a). To evaluate if our protocol could distinguish
between these polymers, we combined it with basic fuchsin (BF) based lignin staining
(Kurihara et al,, 2015). In FY/BF co-stained roots, we were able to clearly identify the
lignified Casparian strip and the suberin lamella as separate entities in the Lotus root
endodermis (Figure 21C). The emission signals of both dyes were visually separable
(Figure 21C) (Sexauer etal.,, 2021; Figure 3&4), and we rarely observed co-localization
of FY-stained suberin and BF-labelled lignin in root samples. Moreover, FY signal was
absent from the xylem, while BF stained meta- and protoxylem (Sexauer et al,, 2021;
Figure 3A). This implies specificity of the staining technique, confirms distinct
accumulation patterns and is consistent with independent functions of suberin and
lignin depositions (Barberon et al., 2016). Barrier deposition strategies in roots differ
between plant lineages and species (Holbein et al, 2021). We thus extended the
protocol to other species, aiming to cover a representative set of spermatophytic
lineages (Sexauer et al., 2021; Figure 3&4, Supplementary Figure 1). Extension of the
protocol is part of the manuscript (Sexauer et al., 2021), included in the Appendix 3.2.
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Figure 21. Fluorol Yellow (FY) based suberin staining is compatible with Basic Fuchsin
(BF) staining of lignin and fluorescent protein imaging (Sexauer et al, 2021). A
L. japonicus primordium showing nodule primordia prior to formation of a suberized periderm
(10 days postinoculation), B mature nodule (21 days post inoculation) and (C) uninfected root
10 days post germination stained with FY (A, B) or double-stained with FY and BF (C) using an
optimized ClearSee-based method. Panels (left to right) show FY, DsRED (A, B) or BF (C),
transmission light and merged channel. A, B L. japonicus infected with M. loti expressing DsRED
at 10 / 21 days post inoculation, respectively. (C) Root co-stained with BF. White arrowheads
indicate A, B infection threads C Casparian strip, * indicate passage cells. Indicated cell types
are: co, parenchymatic cortex; en, endodermis; ep, epidermis; xy, xylem; ic, infected nodule
cortex and vb, vascular bundle. Scale bars: 100 um.

Using the optimized protocol, we quantified suberization of Lotus wild-type plants and
tml-6 mutants (Figure 22A). In Gifu wild-type plants, suberization appeared uniform
across different nitrate conditions, showing no significant differences for either patchy
or continuous suberization (Figure 22A). tml-6 in contrast showed reduced
suberization at high nitrate supply (Figure 22A). This effect was significant for patchy
and continuous suberization, albeit more pronounced for the latter (Figure 22A).

Patchy suberization was significantly less in tml-6 compared to Gifu at 5 mM nitrate
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(Figure 22A). The continuous suberization was significantly reduced in tml-6 at all

concentrations compared to wild-type plants (Figure 22A).

Next, we wanted to see if this function is conserved in Arabidopsis. For this we
quantified suberization of the holt-1 mutant in comparison to Col-0 wild-type plants
(Figure 22B). Col-0 shows a significant increased suberization at low nitrate supply,
compared to sufficient nitrate (Figure 22B). Equally, holt-1 shows a negative
correlation of external nitrate supply and endodermal suberization. For both Col-0 and
holt-1 change in suberization is mainly mediated by an increase of continuous suberin,
while the relative length of patchy suberization is constant (Figure 22B). Comparing
holt-1 to Col-0, there are no significant differences in suberization at moderate and high
nitrate concentrations, however holt-1 shows significant more suberin than Col-0 at

100 pM nitrate (Figure 22B).
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Figure 22. tml /holt mutants show altered suberization pattern. A-C show suberization of
L. japonicus (A, C) and A. thaliana (B) roots. (A, B) relative position of fully suberized zone
(orange) or patchy suberized zone (yellow) along the primary root (grey) of tml-6 compared to
Gifu (A) and holt-1 compared to Col-0 (B) at different nitrate conditions. 0 marking the
beginning of the root at the hypocotyl, and 1 marking the root tip. C Whole root mounts of
L. japonicus, Fluorol Yellow stained, showing holes in continuous zone of endodermal
suberization. Comparisons are based on the relative position of the distal end of the according
zone and used analysis of variance (ANOVA) and post-hoc Tukey testing (p < 0.05), with distinct
letters indicating significant differences.

Interestingly, in Arabidopsis the differences between holt-1 and Col-0 in suberization
were only present at low nitrate concentrations, while in Lotus the differences between
tml-6 and Gifu were more pronounced at high nitrate supply. In both Arabidopsis and
Lotus TML / HOLT levels were increased at these conditions (Figure 15G, H and
Figure 121, J). Similarly, in context of LR initiations, enhanced TML levels were shown
to promote LR initiation at high nitrate in Lotus, while in Arabidopsis increased HOLT

levels promote LR initiation at low nitrate (Figure 15H and Figure 12J).
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However, in case of suberization, holt-1 shows increased suberization, while tml-6

shows the opposite, a decrease of suberization compared to wild type (Figure 22A, B).

As TML was predicted to be an F-Box Kelch Repeat protein, assumed to target
transcription factors for degradation (Takahara et al., 2013), this could be explained by
a diversification of TML targets between species. However, this seems unlikely, as TML
/ HOLT is highly conserved in dicots. Moreover, its function in LR initiation is conserved
between Arabidopsis and Lotus (Tsikou et al., 2018; Sexauer et al., 2023). A more likely
scenario seems to be an indirect impact of TML / HOLT on suberization as consequence
of its role in root system adaptation, which could explain the species-specific mutant
phenotypes. To further evaluate this, additional experiments are necessary, including
screenings for TML / HOLT targets and interactors, discussed in more detail in the

outlook.

Interestingly, in Arabidopsis wild-type plants a correlation between nitrate supply and
suberin deposition was apparent, whereas Lotus wild-type plants showed no
differences in endodermal suberization between nitrate concentrations, but a larger
and more variable patchy zone including “passage holes”(Figure 22A, C). This might
reflect the symbiotic competence of Lotus, which under natural conditions renders the

species independent of substrate-derived nitrogen supply.
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Nitrogen physiology —integrating different signals and responses.

This chapter includes parts of the following manuscript:

Moritz Sexauer, Hemal Bhasin, Maria Schoen, Elena Roitsch, Caroline Wall, Ulrike
Herzog, Katharina Markmann.
A micro RNA mediates shoot control of root branching
Nature Communications (2023), 14(1), 8083. doi:10.1038/s41467-023-43738-
6

In addition, the chapter contains unpublished data, that were prepared by the author
of this thesis.

In a natural soil environment, legumes like Lotus usually grow in symbiotic
relationships, rarely relying on soil nitrate alone. However, as uptake of soil nitrate has
a better energy and nutrient balance than the fixation of aerial nitrogen, symbiosis is
strictly regulated by nitrate availability (Lin et al., 2018; Lin et al., 2021; Moreau et al,,
2021; Misawa et al., 2022).

On the other hand, the symbiosis-essential transcription factor NIN represses NRTZ2.1
expression and therefore nitrate uptake (Misawa et al., 2022). Since miR2111 and TML
have dual functions in AON and in nitrate foraging, we wondered how these functions

integrate.

Apart from nitrate, rhizobial infection triggers changes in miR2111 and TML transcript
abundance (Figure 23A-C), and miR2111 acts as a positive regulator of nodule
organogenesis by suppressing the nodulation inhibitor TML (Tsikou et al,
2018)(Figure 11). We thus wondered, how miR2111-TML dynamics affected LR
formation under symbiotic conditions. Interestingly, in both wild-type and tml-6 plants,
symbiotic infection led to a decrease of LR initiations (Figure 23D), implying that an
additional TML-independent regulation of LR initiation overlays miR2111-TML

dependent primordium formation under symbiotic conditions.
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Figure 23 Symbiosis restricts lateral root initiation independent of TML (Sexauer et al.,,
2023), modified. A-C Relative mature miR2111 levels in shoots (A) and roots (B) and relative
TML levels (C) in the same Lotus plants (ecotype Gifu wild type (wt(G))) at 21 days post
inoculation. Plants were cultivated for 3 weeks. D LR initiations in symbiotic and non-symbiotic
wild-type and tml-6 plants at 10 days post inoculation. A-C gRT-PCR analyses. RNA levels are
relative to those of two reference genes. Plants were inoculated with Mesorhizobium loti or
treated with water (mock control). Comparisons used analysis of variance (ANOVA) and post-
hoc Tukey testing (p<0.05) (D), with distinct letters indicating significant differences or
Student’s t-test (*=p<0.05) (A-C). Sample size, replicates and exact p-values are listed in
Appendix Table 2. Dotplots show individual data points and a line indicating their average
value. Boxplot central line shows median value, box limits indicate the 25 th and 75 th
percentiles whiskers extend 1.5 times the interquartile range or to the last datapoint, data are
represented by dots.

In symbiotic plants, TML is required for the regulation of nodule formation. At sufficient
nitrate supply, increased TML levels lead to a decrease in nodulation in the wild type,
while tml-1 plants show unaffected, high nodule numbers (Figure 12G and
Figure 24A). However, apart from quantitative regulation of nodulation by nitrate,
nodule development is also qualitatively regulated by nitrate supply (Lin et al., 2021).
This seemed to be TML independent, as we observed a decrease in nodule size in both
MG20 wild-type and tml-1 plants upon nitrate supply (Figure 24B). Interestingly,
infection thread numbers were lower under high nitrate supply than under nitrogen-
deficient conditions in both Gifu wild-type and tml-6 mutants (Figure 24C), suggesting
that at the stage of initial bacterial infection, nitrogen-triggered quantitative symbiosis

regulation is TML-independent.

Over time, the phenotypic differences between tml mutants and wild-type plants result
in lower biomass of tml mutants (Sexauer et al., 2023, Supplementary Fig. 14a,b).

Consistent with an impaired resource balance of tml mutant plants, tml-6 and tml-1 to
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produce seeds of significantly lower weight compared to wild-type plants of the
respective ecotypes under standard greenhouse conditions (Figure 24D, E). As TML is
only traceably expressed in roots (Takahara et al., 2013), decreased seed weight
probably is an indirect effect of impaired nutrient homeostasis impacting plant growth

and resource partitioning as a whole.
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Figure 24. Nitrogen triggered regulation of symbiosis is only partially regulated by TML.
A Nodule number and B nodule size of MG20 wild-type and tml-1 plants. Counts in (A) and
measurements in (B) were on the same plants 4 weeks post inoculation. B Shows average size
of the three biggest nodules per plant in mm. C Number of total infection threads on Gifu wild-
type and tml-6 plants 10 dpi. D-E Seed weight of greenhouse grown plants, each datapoint
equals the average of 100 seeds of individual mother plants. Comparisons used analysis of
variance (ANOVA) and post-hoc Tukey testing (p<0.05), with distinct letters indicating
significant differences (B-C), or Student’s t-test (*=p<0.05; **=p<0.01; ***=p<0.001) (A, D, E).
Sample size, replicates and exact p-values are listed in Appendix Table 2. Boxplot central line
shows median value, box limits indicate the 25 th and 75 th percentiles whiskers extend 1.5
times the interquartile range or to the last datapoint, data are represented by dots.

Summarizing, we found that TML/HOLT serve multiple functions in the control of root
architecture, and regulation of nitrogen fixing symbiosis. In Lotus, we observed a dose
dependency between miR2111 expression and nodule numbers, indicating a positive
regulatory role of miR2111 on nodule formation in response to infection and nitrate
supply (Figure 12, Figure 11 and Figure 24). Regarding early infection and nodule
development, tml/ mutants show enhanced IT numbers and a decreased nodule
diameter, however IT numbers and nodule development showed a wild-type-like
restriction upon nitrate supply (Figure 24B, C). This implies a miR2111-TML
independent mechanism in restriction of IT formation and nodule development upon

nitrate supply.

With respect to endodermal suberization holt-1 showed an enhanced nitrate

responsive suberin deposition at low nitrate, compared to Col-0 wild-type plants, while
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tml-6 showed a decreased suberin accumulation at high nitrate, compared to the nitrate
unresponsive wild type Gifu. However, comparing the two species Arabidopsis and
Lotus, the mutation in TML / HOLT led to opposed effects, most likely explained by
indirect effects of the TML / HOLT knockout (Figure 22).

In Lotus the LR positioning varied with nitrate availability (Figure 16C, D). This nitrate
dependence was lost in tml-6 and miR2111 overexpression lines (Figure 17C, D).
Nevertheless, there was no dosage dependance between TML levels and LR zonation,
which counter indicates a direct control of LR positioning by the miR2111-TML regulon
(Figure 17). Instead, the loss of the LR zonation response to nitrate conditions could
reflect an indirect impact of the overall low numbers of LR initiations in plants with
reduced TML levels. Similarly, the nitrate independency of emerged LR numbers in tml
mutants may be due to low numbers of primordia in these plants, overlaying possible

effects of nitrate dependent emergence (Figure 124, B).

Our data reveal the miR2111-TML/HOLT regulon as a key factor in systemic control of
LR numbers. In both Arabidopsis and Lotus miR2111 restricts LR initiation in response
to nitrate supply via its target TML in a dose dependent manner (Figure 15I). This
renders miR2111 a systemic signal in both the nitrate foraging response and the

Autoregulation of Nodulation (Figure 25A, B).

Comparing the habitat of Arabidopsis and Lotus, it becomes apparent that regarding
nitrogen availability these plant species tend to be competitive under quite divergent
conditions. While Lotus, a perennial pioneer plant, thrives on soils poor in nutrients,
Arabidopsis grows on nutrient rich, disturbed sites, relying on its short lifecycle.
Therefore, it does not appear surprising that these plants show different responses to
nitrate supply regarding their respective foraging responses (Figure 15I). In both
species, the systemic control of nitrogen foraging depends on miR2111, the regulation
of which in response to nitrate differs strongly between the species, enabling diverse
nitrate foraging responses in plants of different lifestyles. Consistently, different Lotus

ecotypes equally show distinct responses (Figure 12A-C and Figure 13A).

Interestingly, miR2111 regulation does not only differ between species, but also
depends on its respective functional involvement. In rhizobial triggered AON, miR2111
expression regulation is HAR1 dependent, whereas in nitrate foraging, miR2111

regulation is HAR1 independent (Figure 25A). Indeed, both HAR1 and CLV1 appear to
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be mainly involved in local rather than systemic nitrate foraging dynamics
(Figure 25A, B) (Araya et al,, 2014). In contrast, shoot localized CRA2 was suggested
to regulate miR2111 expression upon rhizobial infection (Gautrat et al, 2020),
although miR2111 expression maintained responsiveness to nitrate supply in cra2
mutants (Gautrat et al, 2020), suggesting additional regulatory mechanisms. In
Medicago truncatula, the CRAZ root fraction was shown to inhibit LR formation at low
nitrogen. In Arabidopsis the putative CRAZ orthologue CEPR1 was suggested to locally
inhibit LR formation in dependence of CEP5 as a putative peptide ligand of CEPRI
(Roberts et al., 2016; Zhu et al,, 2020). The combined data suggest that during the
evolution of nodulation symbiosis, legumes adapted genes involved in local nitrate
foraging for the systemic AON, thereby reutilizing pre-established nitrate responsive
pathways. The integration of local and systemic regulatory mechanisms, as well as the
factors involved in the genetic regulation of miR2111 in response to nitrate foraging

remains to be elucidated (Figure 25A, B).
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Figure 25 In context of nitrogen foraging, miR2111 is regulated independent of HAR1
and CRA2/ CEPR1. A Model of miR2111, TML, HAR1 and CRAZ involvement in local and
systemic LR control and adaptation to nitrate and their function in the Autoregulation of
Nodulation in legumes. B Model of miR2111, HOLT, CLV1 and CEPR1 involvement in local and
systemic LR control and adaptation to nitrate, conserved in A. thaliana. Dotted lines resemble
hypothetical pathways concluded from phenotypical observations, with so far unknown
genetic basis.

77



Based on our observations, we propose miR2111 as one of the postulated systemic
nitrogen signals in nitrate foraging (Alvarez et al., 2012; Guan et al., 2014; Oldroyd and
Leyser, 2020). Interestingly, miR2111 can serve as either nitrate sufficiency or nitrate

starvation signal, depending on the species (Figure 151 and Figure 25A, B).

Indeed, in Medicago it was shown that in context of AON miR2111 is regulated via CEP
and CLE peptide signaling under nitrogen starvation as well as nitrate supply and
rhizobial infection (Gautrat et al., 2020; Moreau et al., 2021). This defines miR2111 as
an nitrogen homeostasis signal, which integrates multiple nitrogen signals. Further, in
Arabidopsis, miR2111 was identified to be induced by phosphate starvation (Hsieh et
al,, 2009; Pant et al.,, 2009). If this regulation is conserved or has physiological relevance

needs to be further elucidated.

The nitrate foraging behavior of Arabidopsis has been intensively studied in the past
and was reviewed in (Oldroyd and Leyser, 2020). It was shown that while local supply
of nitrate promotes root growth locally, nitrate sufficiency restricts root growth
systemically, via an unknown systemic signal (Oldroyd and Leyser, 2020). In
Arabidopsis, our findings match previous observations, and identify miR2111 as a
systemic signal, restricting LR initiation at nitrate sufficiency. Systemic control of LR
initiation instead of emergence hereby allows the plant to locally restrict the
emergence of LR primordia at local low nitrate concentrations, a function which most

likely depends on CLV1 (Figure 25A, B) (Araya et al., 2014).

Lotus nitrate foraging has not been described in detail so far. Our data reveal an inverse
foraging behavior, or alack of strong foraging response (Figure 12A-C, Figure 13A and
Figure 14A-C). Considering the second function of miR2111 in Lotus as a positive
regulator of nodule formation, these findings indicate that in their natural habitat,
Lotus plants may rely more on nitrogen supplied by symbiotic nitrogen fixation than
on nitrate uptake by roots. In such a scenario, a tightly controlled AON is of higher

fitness relevance than nitrate foraging.

The presented data identify miR2111 and TML/HOLT as conserved factors in root
architectural control, suggesting that they were evolutionarily co-opted by rhizobial
nodulation symbiosis to regulate root responses to symbiotic bacteria, and
organogenesis of nodule organs (Tsikou et al., 2018). Consistent with this hypothesis,

the transcription factors SCARECROW and SHORTROOT (Dong et al, 2020), as well as
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ASYMMETRIC LEAVES2-LIKE18 (Schiessl et al., 2019; Soyano et al., 2019) and STYLISH
(Shrestha et al, 2021) mediating auxin signaling hold dual roles in nodule
organogenesis and root development, and comparative transcriptome analysis of LR
and nodule primordia further supports genetic ties between these organs (Schiessl et

al,, 2019; Libourel et al., 2023; Lee et al., 2024; Sexauer and Markmann, 2024).

A second pathway that was likely evolutionarily co-opted by RLS is the control of
nitrate uptake via CEP peptides. At least the CEP/CEPRI regulon, known to regulate
NRTZ2.1 expression in response to nitrate availability, was adapted to regulate nodule
formation via miR2111 (Gautrat et al,, 2020; Ota et al., 2020; Luo et al., 2022b). In
summary, it appears that the evolution of the RLS in legumes involved the adaptation
of at least three nodes regulating different pathways of nitrate homeostasis, namely
miR2111-HOLT/TML, CLE-CLV1/HAR1 and CEP-CEPR1/CRAZ, and their integration in
AON. At the same time their ancestral function was conserved, but lost in relevance, as
both nitrate uptake and LR formation are restricted by symbiosis (Figure 23D and
Figure 25A, B) (Arayaetal., 2014; Tsikou et al., 2018; Ota et al., 2020; Hayashi-Tsugane
and Kawaguchi, 2022; Luo et al., 2022b; Misawa et al., 2022; Sexauer et al., 2023).
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Outlook

Our data reveal the miR2111-TML/HOLT regulon as a key factor in systemic control of
root system architecture and LR organ number. An exciting future challenge will be
determining the molecular activity of the TML/HOLT protein, a proposed component
of the E3 Ubiquitin ligase complex in Arabidopsis (Schumann et al, 2011) with a
possible role in mediating degradation of the target transcription factors (Schumann et
al, 2011). To this end, deciphering the downstream signaling of miR2111-TML/HOLT
is a key next step. Determining downstream targets/ possible interactors of TML/HOLT
will help us better understand how the miR2111-TML/HOLT regulon functionally

integrates with hormonal networks and other regulators of root growth.

Addressing the question of downstream targets / possible interactors of TML/HOLT,
we plan on combining targeted and untargeted approaches. For selection of possible
candidates for a targeted approach, transcriptomic datasets published in (Schiessl et
al,, 2019) and (Lee et al.,, 2024) comparing root and nodule initiation could be utilized,
as we expect TML targets to be involved in both. Testing protein-protein interaction for
the chosen candidates could be done via co immunoprecipitation, FRET-FLIM (Forster
Resonance Energy Transfer by Fluorescence Lifetime Imaging) or yeast two hybrid,
using a F-BOX deletion version of TML/HOLT to circumvent proteasomal degradation.
The targeted approach should be complemented by an unbiased approach for
identifying TML/HOLT interactors using TurbolD (Mair et al., 2019). This could identify
additional potential interactors which are not differentially regulated during LR or
nodule organogenesis. All identified candidates should be confirmed by two distinct

methods at least.

Further, it will be interesting to determine whether there is a diversification between
TML and HOLT targets, regarding both general differences between species, but also
between functional context in Lotus or other nodulating legumes. This will elucidate
whether the control of LR and nodule numbers are achieved by overlapping or by
divergent downstream pathways. In addition, it will be exciting to decipher how
regulation of LR and nodule organogenesis intertwine, how legumes achieve a
functional nutrient foraging response while at the same time regulating their nodule

numbers. Identification of TML targets could further lead to insights in control of
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infection thread regulation and progression, as in tml mutants not only nodule numbers

are deregulated, but also IT numbers.

Upstream of the miR2111-TML/HOLT regulon, the regulation of miR2111 remains to
be investigated in more detail. It will be an interesting challenge to identify signaling
components involved in regulating miR2111 expression downstream of HAR1 and
CRAZ, and factors regulating miR2111 expression in response to nitrate supply. Several
additional shoot expressed receptors like CORYNE, CLAVATAZ or KLAVIER (Miyazawa
etal, 2010; Krusell etal.,, 2011; Nowak et al., 2019) have been described to be involved
in AON.

In respective mutant lines miR2111 expression in response to rhizobia or nitrate
supply should be quantified using qRT-PCR, to test for a possible involvement in
miR2111 expression regulation. Further, in collaboration with Dr. Manuel Frank we
identified approximately 35 additional candidate genes for HARI downstream
signaling using comparative single cell sequencing data of Lotus wild-type and har1-1
mutant plants. Complementary, to identify possible negative regulators of miR2111, we
are conducting a pMIR2111:GUS activator screen. For this pMIR2111:GUS has been
crossed into the active LORE1 line to generate mutagenized F3 seeds, homozygous for
pMIR2111:GUS (Fukai et al.,, 2012; Urbanski et al., 2012; Malolepszy et al., 2016). Under
symbiotic greenhouse conditions pMIR2111:GUS shows no signal, because miR2111
expression is suppressed by both nitrate supply and rhizobia (Figure 25). This will be
used to screen for mutants in MIR2111-3 suppressors which in theory should lead to a

gain of signal under greenhouse conditions.

While comparing Arabidopsis and Lotus, the question arises how the divergent
regulation of miR2111 is achieved. It would be interesting to see if miR2111
accumulation patterns are ecotype specific in Arabidopsis as well, and whether this
results in differences in foraging behavior. In Arabidopsis, miR2111 was shown to be
responsive to phosphate starvation. It will be interesting to see whether this regulation
also results in a foraging response involving root system architectural adaptations and
whether miR2111 is responsive to additional biotic or abiotic factors like nutrient
levels or beneficial bacteria. Further the question arises whether the differences in

miR2111 regulation between Arabidopsis and Lotus are a prerequisite for the
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evolution of a beneficial RNS. To this end, it would be exciting to study the miR2111-

TML regulon in additional nodulating and non-nodulating species of the FaFaCuRo.

Another important next step will be, the generation of so called “rescue constructs” for
both tml and holt mutants, as overexpression of TML but also expression of TML under
a native promotor fragment was not sufficient to reduce nodule numbers of tml
mutants to wild-type-like levels. To tackle this problem, we plan to generate a construct
expressing TML by a large promotor fragment, including predicted CIS-regulatory
elements in the 20 kb upstream promotor region. If this approach will be successful,
this promotor fragment could be used to study the expression pattern of TML and
elucidate possible local effects on regulation of TML expression deduced from split root

experiments (Figure 12]).
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Appendix

Appendix 1 Material and Methods

Plant and bacterial resources.

Plants used in this thesis are listed in (Appendix Table 1). For infection Mesorhizobium
loti strain MAFF303099 expressing DsRED was used (Maekawa et al., 2009). Generation
of transgenic lines and prior cloning procedure were described in (Sexauer etal., 2023).
Plant growth procedure.

Plant growth conditions and experimental setup for root phenotyping, including
grafting and split root experiments were described in (Sexauer et al.,, 2023). Growth
conditions and procedure for analysis of endodermal suberization was described in
(Sexauer et al,, 2021). For assessment of nodule numbers, nodule size and It numbers,
plants were pre germinated as described in (Sexauer et al., 2023). After transfer to
plates for growing, plants were inoculated with a fresh M. loti culture ODsoo = 0.01.
Procedure of M. loti culture and infection was described in (Tsikou et al., 2018). Plants
grew for 10 days for IT analysis, 3 weeks for molecular analysis and 4 weeks for analysis
of nodule number and size.

Analysis of transcript levels

Analysis of transcript levels was done via qRT-PCR. cDNA was prepared using a pulsed
RT protocol, RNA was prior DNAse treated. RNA extraction was done using a trizol-
chloroform-RNA extraction protocol. Description of individual steps and a list of
primers used during qRT-PCR and RT reaction can be found in (Sexauer et al., 2023).
Staining, microscopy, and data analysis

For analysis of Its and endodermal suberization, plants were fixed as described in
(Sexauer et al., 2021). ITs were quantified using the fluorescence of MAFF303099
expressing DsRED. Analysis of endodermal suberization used the fluorescent dye FY.
The staining procedure was as described in (Sexauer et al.,, 2021). Suberization was
quantified by the proportion of the root showing suberin stained endodermis. Patchy
zone is defined by the distal position of the first suberized endodermal cell and the
beginning of the continuous zone, which begins at the first complete suberization of the
endodermis and ends at the hypocotyl. GUS staining was carried out as described in

(Sexauer et al., 2023), cell walls of semi-thin sectioned samples were stained using
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0.1% ruthenium red. Microscopy procedure and data analysis was as described in

(Sexauer et al., 2021; Sexauer et al., 2023).

Appendix 2 Tables

Appendix Table 1 Plant resources used in this thesis.

Line name Ecotype Species ID / description Reference
Gifu Gifu B-129 Lotus japonicus (Handberg and
Stougaard, 1992)
MG20 MG-20 Lotus japonicus (Kawaguchi, 2000)
tml-1 MG-20 Lotus japonicus (Magori et al.,, 2009)
tml-5 Gifu B-129 Lotus japonicus line ID 30013998 (Tsikou et al., 2018)
tml-6 Gifu B-129 Lotus japonicus line ID 30094802 (Tsikou et al., 2018)
har1-3 Gifu B-129 Lotus japonicus (Krusell etal., 2002)
MIR2111-3-1 Gifu B-129 Lotus japonicus CRISPR/CAS (Sexauer et al., 2023)
MIR2111-3
miR21110x Gifu B-129 Lotus japonicus pUBQ1:MiR2111-3 (Sexauer et al., 2023)
nfri-1 Gifu B-129 Lotus japonicus (Radutoiu et al., 2003)
nfr5-1 Gifu B-129 Lotus japonicus (Madsen et al., 2003)
lhk1-1 Gifu B-129 Lotus japonicus formerly hit1-1 (Murray et al., 2007)
lhk1-1 har1-1 Gifu B-129 Lotus japonicus (Murray et al., 2007)
Col-0 Columbia-0 | Arabidopsis thaliana (Rédei)
holt-1 Columbia-0 | Arabidopsis thaliana | SALK_044075.49.80 | (Sexauer etal., 2023)
holt-2 Columbia-0 | Arabidopsis thaliana | SALK_140092.27.55 | (Sexauer et al., 2023)
miR21110x Columbia-0 | Arabidopsis thaliana | p35:MiR2111b (Sexauer et al., 2023)
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Appendix Table 2 Sample size, number of biological replicates and results of statistical
tests. Samples = biological replicates, individual cDNA samples derived from individual RNA
extracts of pools of 4-8 plants. Samples derived of x individual independent experiments.

Figure 7 test p-value | x=
Figure 7a

Genotype / 21110x-3 2111ox-4 n.a. n.a.
condition 1
individual

plants n= 4 11

Figure 7b

Genotype / 21110x-3 2111o0x-4 7.99757
condition Gifu Anova | E-10 1
individual

plants n= 20 20 35

Figure 7d

Genotype / 21110x/Gif 0.11748
condition Gifu/Gifu u t-test | 6351 2
individual

samples n= 4 4

Figure 7e

Genotype / 21110x/Gif 3.49E-
condition Gifu/Gifu u t-test | 09 3
individual

plants n= 27 30

Figure 7f

Genotype / 21110x/Gif 0.00463
condition Gifu/Gifu u t-test | 528 2
individual

samplesn= | 4 4

Figure 9 test p-value | x=
Figure 9b

Genotype / Gifu tml-6 tml-5 2111ox Anova | 2.02958
condition E-64 >=3
individual

plants n= 127 128 62 64

Figure 9c

Genotype / Gifu 2111o0x tml-6 Anova | 1.74951
condition E-23 2
individual

plants n= 42 40 35

Figure 9d

Genotype / 21110x/Gif 0.01767
condition Gifu/Gifu u t-test | 4657 3
individual

plants n= 40 24

Figure 9e
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Genotype / Gifu 2111ko 0.00279
condition t-test 4132 3
individual

plants n= 91 51

Figure 9f

Genotype / 0.00567
condition Gifu/Gifu mir2111-3-1/Gifu t-test | 4273 1
individual

plants n= 8 12

Figure 10 test p-value | x=
Figure 10a

Genotype / Gifu 2111ko t-test 0.03229
condition 9453 3
individual

samples n= 6 6

Figure 10b

Genotype / Gifu 2111ko t-test 0.00756
condition 5588 3
individual

samples n= 6 6

Figure 10c

Genotype / miR2111- | Gifu tml-6 21110x Anova | 5.23827
condition 3-1 E-13 >=2
individual

plants n= 16 37 13 15

Figure 11 test p-value | x=
Figure 11a

Genotype / Gifu_0 Gifu_1 mM Gifu_5 tml-6_0 mM | tml-6_1 tml-6_5 Anova | 1.4491E
condition mM mM mM mM -141 >=3
individual

plants n= 127 89 133 128 90 119

Genotype / tml-5_0 tml-5_.1 mM | tml-5_5 21110x_0 21110x.5

condition mM mM mM mM

individual

plants n= 62 63 70 64 61

Figure 11b

Genotype / MG20_0 MG20_1 MG20_5 tml-1.0mM | tml-1_1 tml-1_5 6.11022
condition mM mM mM mM mM Anova | E-57 3
individual

plants n= 68 52 48 69 48 56

Figure 11c

Genotype / MG20_0 MG20_1 MG20_5 tml-1_0 mM tml-1_1 tml-1_5 Anova | 2.57473
condition mM mM mM mM mM E-21 3
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individual

plants n= 36 41 42 38 47 34
Figure 11e

0 1 5 Anova
Genotype / mM_MG2 mM_MG20 mM_MG2 9.04041
condition 0 0 E-06 3
individual
samples n= 6 6 6
Figure 11f

0 1 5 Anova
Genotype / mM_MG2 mM_MG20 mM_MG2 0.00958
condition 0 0 4308 3
individual
samples n= 6 6 6
Figure 11g

0 1 5 Anova
Genotype / mM_MG2 mM_MG20 mM_MG2 0.00967
condition 0 0 1809 3
individual
samples n= 6 6 6
Figure 11i
Genotype / 0 mM 0 mM split 5 mM split | 5mM Anova | 3.00208
condition control control E-08 2
individual t-test | 0.18103
samplesn= | 4 4 4 4 (split) | 262
Figure 11j
Genotype / 0 mM 0 mM split 5mM split | 5 mM Anova | 0.00078
condition control control 9706 2
individual t-test 0.12232
samplesn= | 4 4 4 4 (split) | 2684
Figure 12 test p-value | x=
Figure 12a

0 OmM_tml-6 | 1 1mM_tml-6 | 5 5 Anova
Genotype / mM_Gifu mM_Gifu mM_Gifu mM_tml- 1.68147
condition 6 E-29 3
individual
plants n= 62 42 52 55 53 55
Figure 12b
Genotype / 0 1 mM_Gifu 5 Anova | 0.03982
condition mM_Gifu mM_Gifu 6296 3
individual
samples n= 6 6 6
Figure 12¢
Genotype / 0 1 mM_Gifu 5 Anova | 0.21319
condition mM_Gifu mM_Gifu 3428 3
individual
samples n= 6 6 6
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Figure 12d

Genotype / 0 1 mM_Gifu 5 Anova | 0.88568
condition mM_Gifu mM_Gifu 917 3
individual
samples n= 6 6 6
Figure 13 test p-value | x=
Figure 13a
Genotype / Gifu_0 21110x_0 Gifu_5 21110x.5 Anova | 9.26682
condition mM mM mM mM E-27 >=2
individual
plants n= 42 40 40 31
Figure 13b
Genotype / Gifu/MG2 | 2111ox/MG | Gifu/MG2 | 2111ox/MG Anova | 0.00032
condition 0_.0 mM 20_0 mM 0_5mM 20_5 mM 6578 >=2
individual
plants n= 16 11 6 20
Figure 13c
Genotype / Gifu_0 Gifu_1 mM Gifu_5 2111-3 ko 0 | 2111-3 2111-3 Anova | 0.00011
condition mM mM mM ko_1 mM ko_5 mM 1039 >=3
individual
plants n= 38 34 35 35 36 39
Figure 14 test p-value | x=
Figure 14c
Genotype / 100 uM 250 uM 500 uM 1 mM Anova | 1.96601
condition E-25 2
individual
plants n= 46 45 46 42
Genotype / 2 mM 5 mM 10 mM
condition
individual
plants n= 39 44 36
Figure 14d
Genotype / 0.00082
condition Col-0 2111o0x t-test 7479 >=3
individual
samples n= 5 3
Figure 14e
Genotype / 0.00020
condition Col-0 21110x t-test | 4175 >=3
individual
samples n= 6 4
Figure 14f

0.1 1 mM_Col-0 10 0.1 1 10 Anova
Genotype / mM_Col-0 mM_Col-0 mM_holt-2 mM_holt- | mM_holt- 5.46513
condition 2 2 E-38 >=3
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individual

plants n= 65 73 68 76 77 70

0.1 1 mM_holt- 10 0.1 1 10
Genotype / mM_holt- 1 mM_holt- mM_2111ox | mM_211 mM_211
condition 1 1 lox lox
individual
plants n= 70 75 64 71 61 68
Figure 14h
Genotype / 0.1 1 mM_Col-0 | 10 Anova | 0.01519
condition mM_Col-0 mM_Col-0 2322 >=3
individual
samples n= 4 5 5
Figure 14i
Genotype / 0.1 1mM_Col-0 | 10 Anova | 0.00029
condition mM_Col-0 mM_Col-0 702 >=3
individual
samples n= 5 5 5
Figure 14j
Genotype / 21110x/Gif 0.01675
condition Gifu/Gifu u t-test 1599 3
individual
plants n= 13 13
Figure 15 test p-value | x=
Figure 15a
Genotype / col-0 holt-1 2111ox Anova | 0.99788
condition 6527 >=3
individual
samples n= 6 4 4
Figure 15b
Genotype / col-0 holt-1 2111ox Anova | 0.87320
condition 5604 >=3
individual
samples n= 6 4 4
Figure 15c
Genotype / col-0 holt-1 2111ox Anova | 0.76687
condition 568 >=3
individual
samples n= 6 4 4
Figure 15d
Genotype / col-0 holt-1 2111ox Anova | 0.50345
condition 4319 >=3
individual
samples n= 6 4 4
Figure 16 test p-value | x=
Figure 16B
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Genotype / 21110X/Gif 0.04514
condition Gifu/Gifu u t-test 559 3
individual
plants n= 27 30
Figure 16C
Genotype / Gifu_0 Gifu_1 mM Gifu_5 tml-6_0 mM | tml-6_1 tml-6_5 Anova | 2.92973
condition mM mM mM mM E-28 3
individual
plants n= 103 65 110 104 69 95
Genotype / 21110x 0 21110x_5m
condition mM M
individual
plants n= 64 61
Figure 16D
Genotype / Gifu_0 Gifu_1 mM Gifu_5 tml-6_0 mM | tml-6_1 tml-6_5 Anova | 1.27908
condition mM mM mM mM E-16 3
individual
plants n= 60 51 52 42 55 55
Figure 17 test p-value | x=
Figure 17A
Genotype / 0 1 mM_Gifu 5 Anova | 0.00812
condition mM_Gifu mM_Gifu 5689 2
individual
samples n= 6 6 6
Figure 17B

0 1 5 Anova
Genotype / mM_MG2 mM_MG20 mM_MG2 4.0078E
condition 0 0 -06 2
individual
samples n= 6 6 6
Figure 17C
Genotype / Gifu_0 Gifu_1 mM Gifu_5 har1-3_0 har1-3_1 har1-3_5 Anova | 0.00017
condition mM mM mM mM mM 4994 3
individual
plants n= 65 65 65 48 48 44
Figure 17D
Genotype / Gifu_0 Gifu_1 mM Gifu_5 har1-3_0 har1-3_1 har1-3_5 Anova | 9.45881
condition mM mM mM mM mM E-05 3
individual
plants n= 103 65 110 48 48 44
Figure 17E
Genotype / Gifu_0 Gifu_1 mM Gifu_5 har1-3_0 har1-3_1 har1-3_5 Anova | 2.1548E
condition mM mM mM mM mM -29 3
individual
plants n= 103 65 110 48 48 44
Figure 17F
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Genotype / Gifu_0 Gifu_1 mM Gifu_5 har1-3_0 har1-3_1 har1-3_5 Anova | 4.82973
condition mM mM mM mM mM E-29 3
individual
plants n= ab ac c d de be
Figure 18 test p-value | x=
Figure 18A

0 0mM_harl- | 1 1 mM_harl- | 5 5 Anova
Genotype / mM_Gifu 3 mM_Gifu 3 mM_Gifu mM_harl 2.77647
condition -3 E-51 3
individual
plants n= 42 57 42 54 40 55
Figure 18B

0 0 mM_har1- 1 1mM_harl- | 5 5 Anova
Genotype / mM_Gifu 3 mM_Gifu 3 mM_Gifu mM_har1l 498583
condition -3 E-07 3
individual
plants n= 42 57 42 54 40 55
Figure 18C
Genotype / Gifu/Gifu Gifu/har1-3 | harl- har1- Anova | 2.28942
condition 3/Gifu 3/harl-3 E-27 2
individual
plants n= 40 31 29 28
Figure 18D

0 5 mM_har1- t-test
Genotype / mM_harl- | 3 0.02187
condition 3 0782 2
individual
samples n= 3 3
Figure 21 test p-value | x=
Figure 21a
Genotype / Gifu_OmM | Gifu_1lmM Gifu_5mM | tml-6_0mM tml- tml- Anova | 1.07118
condition 6_1mM 6_5mM E-16 3
individual 1.22169
plants n= 39 28 34 33 33 36 Anova | E-09
Figure 21b
Genotype / col-0_100 col-0_1 mM col-0_10 holt-1_100 holt-1_1 holt-1_10 | Anova | 6.65347
condition uM mM uM mM mM E-15 2
individual 1.31397
plants n= 45 44 36 53 37 35 Anova | E-15
Figure 22 test p-value | x=
Figure 22a
Genotype / mock M. loti t-test 0.02169
condition 6605 1
individual
samples n= 3 3
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Figure 22b

Genotype / mock M. loti t-test 0.04052
condition 0139 1
individual

samples n= 3 3

Figure 22¢c

Genotype / mock M. loti t-test 0.04052
condition 0139 1
individual

samples n= 3 3

Figure 22d

Genotype / Gifu_mock | tml-6_mock | Gifu_ M. tml-6_M. Anova | 2.90646
condition loti loti E-32 3
individual

plants n= 66 50 67 65

Figure 23 test p-value | x=
Figure 23A

Genotype / MG20_0 tml-1_0 uM MG20_5 tml-1_5 mM 7.84085
condition uM mM Anova | E-30 2
individual

plants n= 35 31 18 21

Figure 23B

Genotype / MG20_0 tml-1_0 uM MG20_5 tml-1_5 mM 1.35725
condition uM mM Anova | E-47 2
individual

plants n= 19 24 19 20

Figure 23C

Genotype / Gifu_OmM | Gifu_5mM tml- 1.96442
condition 6_0mM tml-6_5mM Anova | E-30 2
individual

plants n= 25 25 25 25

Figure 23D

Genotype / Gifu tml-6 t-test 0.00459
condition 156 >3
individual

plants n= 11 11

Figure 23E

Genotype / t-test 0.00330
condition MG20 tml-1 3115 >3
individual

plants n= 6 6
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Visualizing polymeric components that define distinct
root barriers across plant lineages

Moritz Sexauer?!, Defeng Shen?, Maria Schén’, Tonni Grube Andersen?* and Katharina Markmann®*#

ABSTRACT

Hydrophobic cell wall depositions in roots play a key role in plant
development and interaction with the soil environment, as they
generate barriers that regulate bidirectional nutrient flux. Techniques
to label the respective polymers are emerging, but are efficient only in
thin roots or sections. Moreover, simultaneous imaging of the barrier
constituents lignin and suberin remains problematic owing to their
similar chemical compositions. Here, we describe a staining method
compatible with single- and multiphoton confocal microscopy that
allows for concurrent visualization of primary cell walls and distinct
secondary depositions in one workflow. This protocol permits efficient
separation of suberin- and lignin-specific signals with high resolution,
enabling precise dissection of barrier constituents. Our approach
is compatible with imaging of fluorescent proteins, and can thus
complement genetic markers or aid the dissection of barriers in biotic
root interactions. We further demonstrate applicability in deep root
tissues of plant models and crops across phylogenetic lineages. Our
optimized toolset will significantly advance our understanding of root
barrier dynamics and function, and of their role in plant interactions
with the rhizospheric environment.

KEY WORDS: Suberin, Lignin, Endodermis, Periderm, ClearSee,
Fluorol Yellow, Basic Fuchsin, Symbiosis

INTRODUCTION

Roots are complex, dynamic organs that facilitate the extraction of
solutes from their surroundings and mediate plant interactions with
the biotic soil environment. In contrast to above-ground plant organs
of most vascular plants, roots feature a central vascular cylinder
known as the stele, which contains conductive xylem and phloem
tissue responsible for bidirectional long-distance transport of water,
minerals and assimilated solutes. The stele is surrounded and
protected by concentric cell files including a highly specialized cell
layer known as the endodermis, as well as outer cortical cell layers
that vary in number between plant lineages. The endodermis directly
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surrounds the stele and serves as a dynamic filter, providing control
over radial transport of solutes to and from the vascular tissues
(Barberon and Geldner, 2014; Geldner, 2013). This sophisticated
function is facilitated by the establishment of diverse polymeric
secondary cell wall depositions. At the periphery of the cortex, often
right underneath the outermost root epidermis, certain plant lineages
feature a cell layer termed the exodermis, which is reminiscent of the
endodermis in structure and function (Enstone et al., 2002).
Arguably, the best-known endodermal barrier is the Casparian
strip, which consists of defined, ring-shaped cell wall depositions of
lignin synthesized autonomously in the endodermis (Andersen et al.,
2021; Naseer et al., 2012). The Casparian strip blocks apoplastic
diffusion to and from the rhizosphere in a manner that is remarkably
similar to tight junctions in animals (Doblas et al., 2017), providing
control of radial flow of water and solutes. As the endodermis matures
in older root parts, hydrophobic suberin is deposited on the entire
surface of most endodermal cell walls, blocking transcellular
transport across the endodermal plasma membrane. In contrast to
the Casparian strip, which consists of phenylpropanoid-derived lignin
monomers (Naseer et al., 2012), suberin contains both aromatic and
aliphatic constituents (Schreiber, 2010).

The deposition of lignin- or suberin-containing barriers in roots is
not limited to the endodermis, they can also be found in the
exodermis or in the periderm. The periderm is a frontier tissue
developed during secondary growth of most eudicots and
gymnosperms (Ragni and Greb, 2018). After it replaces the
epidermis as the outermost tissue, the periderm restricts water and
gas exchange (Lendzian, 2006), and grants resistance to pathogens
(Lulai and Freeman, 2001). The patterning of lignin- or suberin-
containing barriers, in terms of design and extent, is dynamic and
varies between tissues, as well as between lineages and species.
Although much remains to be understood about the genetic control
and dynamics of barriers in roots, emerging evidence suggests that
they play a key role in defining molecular communication with the
underground environment, and also in shaping associated microbial
communities (Salas-Gonzalez et al., 2021).

The spatiotemporal differences in suberin and lignin deposits
suggest that their roles in plant development and adaptation to
environmental factors differ. To investigate this at a functional level, it
is thus fundamental to visualize the individual barrier components
differentially. Currently established methods rely on either
autofluorescence, Raman signal or histochemical dyes (Rydahl
et al., 2018; Wallace and Anderson, 2012) that can specifically
highlight lignin or suberin, such as Basic Fuchsin (BF) and Fluorol
Yellow (FY), respectively. One key limitation is that neither of these
tools allows simultaneous visualization of lignin and suberin because
of overlap in their emission spectra (DeVree et al., 2021) or
incompatibility of the respective histochemical procedures (Ursache
et al., 2018). Approaches based on genetically encoded fluorescent
transcriptional reporters (Andersen et al., 2018; Barberon et al., 2016)
have partially overcome this, but are limited to the underlying
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machinery and to genetically tractable models such as Arabidopsis
thaliana. Moreover, although A. thaliana indeed is an outstanding
model for image analysis and root developmental biology research, it
lacks endosymbiotic associations, such as fungal arbuscular
mycorrhiza formation or nitrogen-fixing nodulation with bacteria.
As the vast majority of land plants form either fungal or bacterial root
symbioses, such interactions are of extensive ecological and
economical significance, and the current limitations therefore
hinder the detailed study of the role of barriers in a biotic context.

Here, we present an improved histochemical staining technique
that can distinguish lignin from suberin with subcellular resolution
and a high degree of specificity. Our method is compatible with
fluorescent markers and widely applicable to roots of varying
thickness and complexity. We use this to highlight differences in
barrier-associated lignin and suberin depositions in roots across
diverse phylogenetic lineages, including both model and crop
species. Compatibility of the toolset with imaging of fluorescent
dyes and microbial markers make it a prime tool for hydrophobic
barrier analysis also in root symbiotic contexts.

RESULTS AND DISCUSSION

Aiming to visualize specifically endodermal suberin depositions in
roots of different model and crop plants for comparative analysis, we
initially used a well-established lactic acid-based protocol for FY
staining of suberin in Arabidopsis thaliana roots and semi-thin cuts
(Lux et al., 2005). When applied to Lotus japonicus roots, which
have a different internal structure and more cortical cell layers than
A. thaliana roots, this protocol did give rise to suberin-associated
signals (Fig. 1A,B), but these were weak and difficult to image
owing low signal intensity in whole-mount roots (Fig. 1A). To
improve staining in deeper root tissues, we combined the lactic acid-
based FY staining directly with a previously established ClearSee-
based protocol (Kurihara et al., 2015), which has been successfully
used together with other histochemical dyes (Ursache et al., 2018).
However, this approach resulted in a precipitation of FY and almost
complete loss of suberin-associated signals. To solve this, we tested
alternative solvents for FY, and found that the use of 96% ethanol
rendered the staining solution compatible with ClearSee. A
combined treatment with ethanol-dissolved FY and ClearSee
yielded greatly enhanced signals from suberized endodermal cells
in L. japonicus roots (Fig. 1C) compared with the initially tested
protocol (Lux et al., 2005) (Fig. 1A).

In contrast to the established lactic acid-based protocol, this
procedure can be performed at room temperature, suggesting that it
may be compatible with imaging of fluorescent proteins. To test
this, we employed a DsRED-expressing strain of the rhizobacterium
Mesorhizobium loti, which symbiotically infects L. japonicus roots.
This setting further enabled us to evaluate whether these bacteria
remained traceable in FY-stained roots, and to test the applicability
of the protocol for analyzing barriers in a root endosymbiotic
context (Fig. 2A,B). Intriguingly, suberized endodermal cells and
DsRED-labelled epidermal and cortical infection threads could be
reliably visualized in the same samples (Fig. 2A). Furthermore, a
suberized periderm-like layer in colonized nodules was apparent. In
line with earlier observations in Vicia faba nodules (Hartmann et al.,
2002), these suberized cells appeared to connect to the endodermis
of the root tissue and of nodule vascular bundles (Fig. 2B). This
hints towards an important function of cell wall barriers in this plant-
bacterial interaction, and paves the way for in-depth visual analysis
of suberin depositions in the context of nodulation symbiosis.

In A. thaliana, endodermal suberization is assumed to be
subsequent to lignification of the Casparian strip (Doblas et al.,

Fig. 1. Staining of endodermal suberization in L. japonicus.

(A,B) FY-stained L. japonicus whole-mount roots (A) and semi-thin sections
(B) using a lactic acid-based protocol. (C) L. japonicus roots stained using the
optimized ClearSee-based method. Asterisks indicate passage cells. Left
panels: FY channel. Right panels: merged FY and transmission light channels.
Plants grew for 10 days. co, parenchymatic cortex; en, endodermis ep,
epidermis; pc, pericycle; ph, phloem; xy, xylem. Scale bars: 100 pm.

2017). To evaluate whether our protocol could distinguish between
these polymers, we combined it with BF-based lignin staining
(Kurihara et al., 2015). In FY/BF co-stained roots, we were able
to clearly identify the lignified Casparian strip and the suberin lamella
as separate entities in the L. japonicus root endodermis (Fig. 2C). The
emission signals of both dyes were visually separable (Figs 3 and 4),
and we rarely observed colocalization of FY-stained suberin and BF-
labelled lignin in root samples. Moreover, FY signal was absent from
the xylem, whereas BF stained meta- and protoxylem (Fig. 4A). This
implies specificity of the staining technique, confirms distinct
accumulation patterns and is consistent with independent functions
of suberin and lignin depositions (Barberon et al., 2016). Barrier
deposition strategies in roots differ between plant lineages and
species (Holbein et al., 2021). We thus extended the protocol to other
species, aiming to cover a representative set of spermatophytic
lineages (The Angiosperm Phylogeny Group, 2016) (Fig. SlI;
Fig. 3A-E). To enhance visualization of cell structures inside roots,
we further implemented concurrent cellulose staining using
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Fig. 2. FY-based suberin staining is compatible with BF staining of lignin and fluorescent protein imaging. (A-C) L. japonicus root showing nodule primordia
prior to formation of a suberized periderm (10 days post-inoculation), (B) mature nodule (21 days post-inoculation) and (C) uninfected root 10 days post-germination
stained with FY (A,B) or double-stained with FY and BF (C) using an optimized ClearSee-based method. Panels (left to right) show FY; DsRED (A,B) or BF (C);
transmission light; and merged channel. (A,B) L. japonicus infected with M. loti expressing DsRED at 10 and 21 days post-inoculation, respectively. (C) Root co-
stained with BF. White arrowheads indicate infection threads (A,B) or Casparian strip (C). Asterisks indicate passage cells. co, parenchymatic cortex; en,
endodermis; ep, epidermis; ic, infected nodule cortex; np, nodule primordia; pd, periderm; xy, xylem; vb, vascular bundle. Scale bars: 100 pm.

Calcofluor White (CW) into the protocol. This allowed for
simultaneous visualization of the primary cell wall of non-lignified,
unsuberized cells, and, in line with the spectral properties of CW, CW
staining did not interfere with suberin and lignin signals (Figs 3 and
4). For most of the tested species, triple staining with CW, FY and BF
allowed a clear differentiation between primary and suberized, or
lignified secondary cell walls such as the Casparian strip (Figs 3 and
4A-F). Standard single-photon confocal imaging techniques were
sufficient to resolve root barrier features in most cases. However, to
increase the depth of imaging in thick roots, we employed a
multiphoton setup in Solanum Ilycopersicum (Fig. 3C) and
Brachypodium distachyon (Fig. 3D). For a better understanding of
the root cell wall composition, and to evaluate imaging limitations
associated with whole-mount analyses, we performed triple CW,
BF and FY staining on root cross-sections of the same species
(Fig. 4A-E). Apart from xylem cell walls within the stele,
L. japonicus (Figs 2C, 3A and 4A) and A. thaliana (Figs 3B and
4B) roots both possessed lignin depositions mainly in form of
classical endodermal Casparian strips, and displayed endodermal
suberin lamellae. The crop tomato (S. lycopersicum ecotype

Moneymaker) showed no suberin deposition in the endodermis and
only hardly detectable Casparian strips (Figs 3C and 4C). The
establishment of a suberized exodermis was only sparsely observed
in both L. japonicus and S. lycopersicum (Figs 3A,C and 4A,C).
Whereas L. japonicus seems to have no continuous exodermis at
all (Figs 3A and 4A), S. lycopersicum showed only rare and weak
suberization but, in line with previous reports (Li et al., 2018),
lignification of the exodermis (Fig. 4C). In the monocot B.
distachyon, structures comparable to Casparian strips were rarely
observed and only evident near the meristematic zone. This suggests
that Casparian strips might be weakly pronounced or absent in
these species, or that its chemical constituents are distinct, and not
stainable by BF. In older developmental regions of B. distachyon
roots, lignification encompassed entire endodermal cells (Figs 3D
and 4D; Fig. S2A-D), indicating that lignin or lignin-based barriers
may be serving distinct roles in this species. Strikingly, in
cross-sections of B. distachyon roots (Fig. 4D), endodermal lignin
depositions were mainly found on inner periclinal cell walls, whereas
suberin predominantly lined outer periclinal cell walls, suggesting a
polarity of lignin and suberin depositions. As in other species, the B.
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Fig. 3. Visualization of root barriers in a broad range of seed plants. (A-E) Whole-root mounts of L. japonicus infected with M. loti showing pre-peridermal
nodule primordia (10 days post-inoculation) (A), A. thaliana (B), S. lycopersicum (C), B. distachyon (D) and P. glauca (E). Roots were stained with BF, FY and CW
(A,B,E only). Panels (left to right) show CW (A,B,E) or transmission light (C,D); FY; BF; and merged channels. White arrowheads indicate Casparian strip.

Asterisks indicate passage cells. Plants grew for 14 (A,E) or 10 (B,C,D) days. co, parenchymatic cortex; en, endodermis; ep, epidermis; ex, exodermis; np, nodule

primordia; xy, xylem. Scale bars: 100 pm.

distachyon endodermis contained unsuberized passage cells (Fig.
S2B.C), and, interestingly, cells lacking lignification were also
observed (Fig. 3D; Fig. S2C). A further remarkable feature of B.
distachyon roots was the existence of an exodermis with lignin and
weak suberin depositions following a pattern reminiscent of
Casparian strips (Fig. 4D; Fig. S2A). Among the species examined

here, roots of the gymnosperm tree Picea glauca showed the highest
degree of both suberin and lignin deposition (Figs 3E and 4E), with
most cortical cell walls of 14-day-old treelets, including those of the
endodermis, lignified and suberized. Notably, P. glauca showed high
variability in cell wall composition depending on the developmental
stage (Fig. S3A,B).
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Fig. 4. Triple staining of cell wall components in semi-thin cross-sections of seed plant roots. (A-E) BF, FY and CW triple-stained cross-sections of

L. japonicus (A), A. thaliana (B), S. lycopersicum (C), B. distachyon (D) and P. glauca roots (E). Panels (left to right) show CW; FY; BF; and merged channels.
White arrowheads indicate Casparian strip in original image and corresponding magnification of the endodermal region (insets). Asterisks indicate passage cells.
Plants grew for 14 (A,E) or 10 (B,C,D) days. co, parenchymatic cortex; en, endodermis; ep, epidermis; ex, exodermis; pc, pericycle; ph, phloem; xy, xylem. Scale

bars: 100 ym.

In summary, different plant species displayed distinct barrier
patterns, ranging from defined endodermal Casparian strips with or
without accompanying suberin lamellae, to near universal
lignification and suberization of the root cortex. The presented
protocol allows qualitative imaging of diverse root barriers,
including both inner (endodermis with Casparian strip) and

peripheral barrier types such as exodermal (Figs 3D,E and 4D,E;
Figs S2A,D and S3B) and peridermal suberization (Figs 2B; Figs S4
and S5). However, reliable quantitative visualization of suberin
seems not to be feasible using FY owing to fast bleaching of this dye
under laser exposure. Further limiting quantitative evaluation of
both lignin and suberin depositions in inner root tissues of whole
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mounts is the clearing efficiency, as in whole-mount tissue,
incomplete clearing will result in compromised signal intensity. In
cross-sections, we did not observe differences in staining efficiency
between previously cleared and fresh tissue (Fig. S6A,B). We also
observed that CW-based staining of primary cell walls in deeper
tissue layers was of limited efficiency in whole-mount samples, but
uncompromised when root sections were stained. Using properly
cleared samples, a 3D reconstruction of endodermal cell wall
modification can be achieved using this protocol (Fig. S7). To
identify optimal settings for specific staining signals, we determined
the multiphoton excitation and emission spectra of FY and BF
(Fig. S8A,B).

How these different strategies respond to environmental triggers
and what their effects are on biotic interactions in the rhizosphere are
exciting questions. We tested our protocol on a broad phylogenetic
range of species inhabiting diverse ecological niches, including
non-models and cultivated crops. In L. japonicus, nodulation
symbiosis triggers the de novo formation of bacteria-filled nodule
organs. This process is accompanied by the establishment of novel
barrier types, such as a suberized periderm surrounding the entire
nodule organ (Fig. 2B; Fig. S5). It will be interesting to examine
further these symbiosis-related barrier structures and their biological
roles. Allowing for co-observation of multiple cell wall components
and fluorescent proteins in the same samples, the presented toolset
represents a valuable advance towards addressing these questions,
and provides an exciting handle for comparative exploration of the
interplay between polymeric root barriers and rhizospheric
composition and interactions.

MATERIALS AND METHODS

Plant and bacterial resources

Plants used in this study were Lotus japonicus ecotype Gifu B-129
(Handberg and Stougaard, 1992), Arabidopsis thaliana ecotype Col-0,
Solanum  lycopersicum  ecotype Moneymaker (Dorffling, 1970),
Brachypodium distachyon ecotype BD-21 (Garvin et al., 2008) and Picea
glauca (la Saatgut; http:/www.la-saatgut.de/). For analysis of symbiotic
roots, L. japonicus plants were inoculated with M. loti MAFF303099
expressing DsRED (Maekawa et al., 2009).

Plant growth and infection

All plants used in this study, except those shown in Fig. S4, were grown
under sterile culture conditions. A. thaliana seeds were sterilized by 30 min
incubation in a solution of 70% ethanol and 0.05% Triton X-100. Seeds of
other species used in this study were sterilized by incubation in sodium
hypochlorite solution containing 10 g/l Cl, then washed six times and
incubated on a shaker in sterile ddH,O at room temperature until imbibed.
Seeds were transferred to sterile growth media on square plastic dishes and
stratified at 4°C in darkness. Following cold treatment, seeds were pre-
germinated at 22°C in darkness, or directly transferred to growing
conditions at 21°C in the light/17°C in the dark (16 h light, 8 h dark).
Detailed growth conditions of individual species are listed in Table S1. For
infection of L. japonicus with M. loti, liquid bacterial cultures were grown
for 2 days at 28°C and pelleted for 10 min at 3000 g. The bacterial pellet was
washed twice and resuspended in quarter-strength B&D (Broughton and
Dilworth, 1971) medium. For inoculations, the optical density at A=600 was
adjusted to 0.01 and 20 pl bacterial suspension were applied to each root.
Roots were harvested after 10-21 days depending on the species (Table S1)
for fixation, cuts or direct staining.

Semi-thin sections of roots and nodules

Sectioning was conducted on either fresh, or previously fixed and cleared,
primary root or nodule tissue. For sectioning, roots were cut into pieces of
about 1 cm length, which contained the region of interest. These root
fragments were embedded in 5-7% agarose. After hardening, small blocks

of agarose including the sample fragments were sectioned by hand using a
fresh razorblade.

Confocal microscopy

Roots were analysed with Leica SP8 inverted (Figs 1 and 2A,B), Zeiss LSM
880 (Figs 3A,B,E and 4; Figs S2-S7) or Leica SP8 FALCON-DIVE
(Figs 2C and 3C,D) confocal microscopes. 2D and 3D reconstructions were
created using Leica LAS X or ZEN Blue software. For single-photon
microscopy, settings for visualization of dyes were: objectives 10%/0.3 dry
or 20%/0.8 dry; excitation (EX) 405 nm, emission (EM) 425-475 nm for
CW; EX 488 nm, EM 520-550 nm for FY; EX 561 nm, EM 600-700 nm for
BF in sequential scans. For multi-photon microscopy, settings for
visualization of dyes were: objective 25x/0.95, water immersion; MP set
at 1045 nm, MP2 (output power 2.24 W) set at 977 nm; fluorescence
collected at 500-535 nm for FY, and 585-605 nm for BF.

Fixation procedure

For fixation, root tissue was immersed in 4% paraformaldehyde in 1x PBS
and gently shaken overnight at 4°C. Alternatively, tissue was immersed in
4% paraformaldehyde in 1x PBS and vacuum infiltrated for 1 h. After
fixation, samples were washed three times in 1x PBS. Fixed samples were
directly used for clearing.

Clearing of fixed samples

We cleared the samples using a ClearSee-based protocol (Kurihara et al.,
2015). ClearSee solution was prepared by dissolving xylitol powder (10%
w/v), sodium deoxycholate (15% w/v) and urea (25% w/v) in water, without
heating the solution. Previously fixed tissue was incubated in ClearSee at
room temperature for 1-14 days until clear. To improve the clearing, the
tissue was gently shaken and the ClearSee solution was regularly exchanged
when discoloured. Clearing duration was highly dependent on plant species,
age and tissue (for details, see Table S1).

Staining procedure

For staining using dye combinations, best results were obtained when dyes
were applied in the order BF, FY and CW. All dyes were successfully used
either directly on thin cuts of fresh tissue, or on whole roots following
clearing. For lignin staining, tissue was immersed in 0.2% BF in ClearSee
forat least 1 h, rinsed once in fresh ClearSee and incubated in a second rinse
for 30 min or longer. For suberin staining, a working solution of 0.01% FY
in ethanol was prepared using a stock of 1% FY in DMSO. Tissue was rinsed
once in ddH,O and immersed in FY working solution for 30 min at room
temperature. For basic staining of cell walls, tissue was immersed in 0.1%
aqueous solution of CW and incubated for 15 min. If thin cuts were used as
starting material, incubation times for all staining and washing steps were
reduced to 10 min.

If only FY staining was applied, roots were optionally counterstained
using 0.5% (w/v) Aniline Blue in ddH,O for 20 min. Counterstaining of
FY-stained samples with Aniline Blue improves contrast in thin samples and
cuts, but is not recommended for imaging of deep tissue such as L. japonicus
nodules to achieve higher signal intensity in optical sections.

Following the final staining, the tissue was washed once in 50% ethanol,
twice in ddH,O and stored in 50% glycerol. When stored cool and dark,
samples could be imaged for up to 3 weeks without significant signal loss.
Note that counterstaining with Aniline Blue is not recommended when FY
staining is combined with BF and/or CW. FY solutions and FY-stained
tissue must be kept in darkness to prevent bleaching.

For a short guide to the triple-staining procedure, see supplementary
Materials and Methods.

Determination of dye spectra

Excitation and emission spectra for BF and FY were determined separately
using a Leica SP8 FALCON-DIVE confocal microscope. L. japonicus Gifu
nodules (21 days post-infection) were fixed, cleared, stained and sectioned
as described. For both dyes, multi-photon excitation spectra were
determined between A=800 nm and 1265 nm, with stepwise increase of
15 nm; emission A=500-550 nm for FY, A=600-650 nm for BF. Emission
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was measured from A=380nm to 750 nm, at a 10 nm step size. For
excitation, previously determined excitation maxima (A=935 nm for FY,
1055 nm for BF) were used. For each of two independent replicates using
sections of different nodules, five regions of interest at the nodule vascular
endodermis were selected to quantify BF or FY signals.
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Supplementary Materials and Methods

Short Guide: Triple staining of cell wall components

This protocol is optimized for fixed and cleared tissue (steps 1-4). Thin samples and tissue
cuts can be stained directly without prior fixation or clearing. In this case start at step 5 of the
protocol.

The procedure is optimized for triple staining of root tissue using Fluorol Yellow (FY), Basic
Fuchsin (BF) and Calcofluor White (CW). If not all three dyes are needed, the respective
steps can be skipped. Additional ClearSee-compatible dyes can potentially be implemented.

The procedure is compatible with imaging of fluorescet proteins and fluorescently labelled
microorganisms.

For more details, see Methods section of the associated manuscript.

Buffers and solutions

A. 1x PBS: Dissolve NaCl [137 mM], KCI [2.7 mM], Na;HPO4 [10 mM] and KH,PO4 [1.8
mM] in ddH20. Adjust pH to 7,4 using 1 M HCI.
Note: Can be prepared as 10x stock.

B. Fixation buffer: Dissolve 4 % (w/v) PFA in 1x PBS, adjust pH to 6.9. Store at -20°C.

C. ClearSee solution: Dissolve xylitol powder [10% (w/v)], sodium deoxycholate [15%
(w/v)] and urea [25% (w/v)] in ddH2O. Do not heat. Store at room temperature.
Note: It can take several hours until components are fully dissolved. Best prepare the
solution in a fume hood using a capped bottle.

D. FY stock solution: 1% FY in DMSO. Store at 4°C in darkness.
Note: Careful heating to 60°C may be required to aid dissolution.

E. FY working solution: Use the FY stock solution (D) to prepare a 0.01% FY solution in
EtOH (96%). Store at 4°C in darkness.

BF working solution: Dissolve 0,2% Basic Fuchsin in ClearSee. Store in darkness.

n

G. CW working solution: Dissolve 0.1% CW in ddH.O. Alternatively, commercially

available staining solutions can be used directly. Store in darkness.
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Staining procedure

1. Fix samples by 1h of vacuum infiltration in fixation buffer.
Alternatively, incubate samples overnight at 4°C in fixation buffer.
Discard the fixation buffer and wash 3 times in 1x PBS.

3. Transfer fixed tissue to ClearSee solution, incubate by gently shaking at room
temperature.

4. Exchange ClearSee solution regularly, until solution remains clear.

Note: The Clearing process is highly dependent on the sample properties, and can
take several days to weeks.

5. Lignin staining: Immerse tissue in BF working solution for at least 1h.

Discard solution rinse twice in ClearSee. Keep in the second wash for at least 30
minutes. Tissue can be stored in ClearSee at this stage.

6. Suberin staining: Briefly rinse tissue once in ddH20, then immerse in FY working
solution and incubate 30 minutes at room temperature, discard FY solution.
Optional: Incubate tissue in 0,5% Aniline Blue in ddH20 for 20 min, discard solution.
Note: Aniline Blue stains cell walls and can be used in combination with FY, to
enhance contrast. It is not recommended to combine it with CW and BF staining, or for
staining of deep tissue layers.

7. Cell wall staining: Immerse tissue in CW working solution and incubate for 15 minutes
at room temperature, discard solution.

Quickly wash once in 50% EtOH and twice in ddH20.

Store at 4°C in darkness. For optimal signal intensity, image within three weeks.
Mount tissue on slides using 50%-70 % glycerol to prevent drying.

Note: To avoid bleaching, store FY-stained tissue in darkness whenever possible.

Imaging of cuts should be done using low laser intensity, or fast scanning modes.
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Fig. S1. Phylogenetic context of tested species and cell types visible in representative mature root
section. (A) Phylogenetic relationships are based on the Angiosperm Phylogeny Group (APGIV,
2016). (B) Sketch of a root section showing commonly present cell types of a mature A. thaliana root.
(B) shows a basic cell structure of a root during primary growth with two xylem poles and an
established exodermis. The number of xylem poles varies between species and even within. Also not
every species develops an exodermis. Common suberin and lignin depositions are indicated next to
the cell types.
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Fig. S2. Triple staining of cell wall components in Brachypodium distachyon. (A-D) Basic Fuchsin
(BF), Fluorol Yellow (FY) and Calcofluor-white (CW) triple-stained semi-thin cross sections (A-C) and
whole root mounts (D) of B. distachyon 10 days post germination. Panels (left to right) show CW, FY,
BF and merged channels. (B-D) * indicate passage cells. Cell types indicated are co, parenchymatic
cortex; en, endodermis; ep, epidermis; pc, pericycle; ph, phloem; xy, xylem and ex, exodermis. Scale
bars: 100 pum.
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Fig. S3. Triple staining of cell wall components in Picea glauca cross sections (manual). (A-B) Basic
Fuchsin (BF), Fluorol Yellow (FY) and Calcofluor-white (CW) triple-stained cross sections of P. glauca
(A) 10 days and (B) 14 days post germination. Panels (left to right) show CW, FY, BF and merged
channels. White arrowheads indicate Casparian strip in original image and corresponding
magnification. Indicated cell types are co, parenchymatic cortex; en, endodermis; ep, epidermis; pc,
pericycle; ph, phloem; xy, xylem; ex, exodermis. Scale bars: 100 um.
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Fig. S4. Triple staining of cell wall components in semi-thin cross sections after secondary root
growth. (A-B) Basic Fuchsin (BF), Fluorol Yellow (FY) and Calcofluor-white (CW) triple-stained cross
sections of (A) L. japonicus and (B) A. thaliana. (A-B) cross sections of adult plants grown in pots. (A-

B) Panels (left to right) show CW, FY, BF and merged channels. Suberized periderm (pd) stained by FY.

Scale bars: 100 pum.

[
o
)

©

£
fe
,_9
£

o)

|

]
i)

C

()

£
Q

o

o

>
wn

(]
e

C

()

£

Q
o

()

>

()
(@)



Development: doi:10.1242/dev.199820: Supplementary information

Fig. S5. Triple staining of nodule cross section. (A-B) Basic Fuchsin (BF), Fluorol Yellow (FY) and
Calcofluor-white (CW) triple-stained cross section of a L. japonicus nodule (21 days post infection).
(A) CW, (B) FY, (C) BF and DsRED expressed by M. loti and (D) merged channels. Cell types indicated
are co, parenchymatic cortex; en, endodermis; ep, epidermis; pc, pericycle; ph, phloem; xy, xylem;
pd, periderm; pa, nodule parenchyma; ic, infected cells; nic, non-infected cells; Ic, lenticels; nc,
nodule cortex and vb, vascular bundle. * indicate passage cells. Scale bar: 100 pum.
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Fig. S6. ClearSee treatment does not compromise integrity and visualization of secondary cell wall
components. (A-B) Basic Fuchsin (BF), Fluorol Yellow (FY) and Calcofluor-white (CW) triple-stained
cross sections of (A) previously cleared and (B) fresh A. thaliana root cross sections (manual cuts), 10
days post germination. (A-B) Panels (left to right) show CW, FY, BF and merged channels. White
arrowheads indicate Casparian strips, * indicate passage cells. Indicated cell types are co,
parenchymatic cortex; en, endodermis; ep, epidermis; pc, pericycle; ph, phloem; xy, xylem. Scale
bars: 50 um.
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Fig. S7. 3D reconstruction of triple stained A. thaliana root. Computational 3D reconstruction of
Basic Fuchsin, red; Fluorol Yellow, yellow; and Calcofluor-white, grey triple-stained A. thaliana root
10 days post germination. 3D-image reconstructed using Zen Blue 3.4 and 49 single images.
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Fig. S8. Emission and excitation spectra of Fluorol Yellow (FY) and Basic Fuchsin (BF). (A) Multi
photon excitation and (B) emission spectra of BF and FY in a stained L. japonicus nodule section. (A,B)
The wavelength showing the highest intensity was set as 100%. Dots represent mean intensities at a
given wavelength, error bars show standard deviation. n = 5 independent measurements on different
regions near the nodule vasculature of the same nodule section. Similar results were acquired from
two independent spectrum analyses, each measuring five spots, performed on two different nodules.
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Table S1. Plant Cultivation Procedure. Cultivation procedure of different plant species
used in this study.

Plant species Lotus Arabidopsis | Solanum Brachypodium | Picea glauca

japonicus thaliana lycopersicum | dystachion
Ecotype or Gifu B-129 col-0 Money Maker | BD-21 1a seeds
source
pre treatment scarification* | - - removal of -

husk and
lemma**
Sterilization Bleach Ethanol Bleach Bleach Bleach
Method and treatment treatment treatment treatment treatment
Duration 10 min 30 min 20 min 20 min 20 min
Stratification at | 3 days 2 days 3 days 3 days 4 weeks
4°C
pre Yes, 3 days No No No Yes, 1 week
| germination***

growth medium | 1/4 B&D**** 1/2 MS 1/4 B&D**** 1/4 B&D**** 1/4 B&D****
growth duration | 10-21 Days 10 Days 10 Days 10 Days 10-14 Days
recommended > 3days for > 1 day >3 days >1 week >2 weeks
clearing roots; >1
duration week for

nodules

* seeds scratched with sandpaper prior to sterilization

** seeds soaked in water, lemma and husk removed using forceps prior to sterilization

*** germinated on separate plates for 3 days before growth period

**** (Broughton and Dilworth 1971).

Supplementary Reference

Broughton, W. J. and Dilworth, M. J. (1971). Control of leghaemoglobin synthesis in snake
beans. Biochem J 125, 1075-1080.
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Abstract: Plants engage in symbiotic relationships with soil microorganisms to overcome nutrient
limitations in their environment. Among the best studied endosymbiotic interactions in plants are
those with arbuscular mycorrhizal (AM) fungi and N-fixing bacteria called rhizobia. The mechanisms
regulating plant nutrient homeostasis and acquisition involve small mobile molecules such as pep-
tides and micro RNAs (miRNAs). A large number of CLE (CLAVATA3/EMBRYO SURROUNDING
REGION-RELATED) and CEP (C-TERMINALLY ENCODED PEPTIDE) peptide hormones as well as
certain miRNAs have been reported to differentially respond to the availability of essential nutrients
such as nitrogen (N) and phosphorus (P). Interestingly, a partially overlapping pool of these molecules
is involved in plant responses to root colonization by rhizobia and AM fungi, as well as mineral
nutrition. The crosstalk between root endosymbiosis and nutrient availability has been subject of
intense investigations, and new insights in locally or systemically mobile molecules in nutrient- as
well as symbiosis-related signaling continue to arise. Focusing on the key roles of peptides and
miRNAs, we review the mechanisms that shape plant responses to nutrient limitation and regulate
the establishment of symbiotic associations with beneficial soil microorganisms.

Keywords: CEP/CLE peptide hormones; mobile miRNAs; nutrient homeostasis; root symbiosis

1. Introduction

Plant growth and development depend on the acquisition of a number of mineral
nutrients from the soil. Essential nutrients such as nitrogen (N) and phosphorus (P) have
key roles in agriculture, as their limitation is considered a frequent cause of reduced
crop productivity. Most land plants meet nutrient limitation in terrestrial environments by
associating with beneficial microorganisms. Arbuscular mycorrhizal (AM) associations with
fungi and N-fixing root nodulation of legume plants with rhizobial bacteria improve the
acquisition of mineral elements, such as P and N. Microbial inoculants are increasingly used
as biofertilizers, and tested for their potential to replace cost-intensive and environmentally
harmful synthetic P and N fertilizers in agricultural settings.

This review discusses the role of peptides and micro RNAs (miRNAs) in mediating
the plant responses to N and P availability and the establishment and control of symbiotic
relationships improving N and P acquisition.

2. Plants Associate with Soil Microorganisms to Access Essential Nutrients

Root nodule symbiosis is an endosymbiotic association formed between legumes
and rhizobial bacteria. Under symbiotic conditions, the latter fix aerial N, through the
enzyme nitrogenase, converting it to ammonia (NHj3) (reviewed in [1]). Upon release to
the peribacteroid space that separates symbiotic bacteria from the infected host cell, NHj;
is converted to ammonium (NH4"), which is then released to the plant cytosol [2]. NH,*
transporters have been characterized in legumes, as in soybean (Glycine max) [3] and Lotus
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japonicus [4]. In return for fixed N, plants provide rhizobia with branched amino acids,
sugars and micronutrients essential for bacterial development. Besides that, dicarboxylic
acids, mainly malate, are also provided to bacteria by the plant, and are essential for N
fixation [1].

During the establishment of the symbiotic relationship, communication signals are
exchanged between rhizobia and legumes, involving flavonoids, which are released into the
rhizosphere by the plant root [5,6] and trigger the production of lipochitooligosaccharide
(LCO) nodulation factors (Nod factors) in compatible rhizobia (reviewed in [7]). Nod factor
signaling triggers a response cascade resulting in rhizobial entry into the root epidermis and
cortex, paralleled by the formation of a nodule primordium. Nodules are lateral root organs
where rhizobia are hosted intracellularly and develop into N-fixing bacteroids surrounded
by a plant-derived membrane individually or in small groups, forming organelle-like
symbiosomes (reviewed in [8]).

Arbuscular mycorrhizal symbiosis, the association formed between plants and fungi
of the phylum Glomeromycota, plays a critical role in nutrient acquisition by providing
access predominantly to P, but also to N and other mineral nutrients. AM fungi were found
to possess high-affinity transporters of inorganic phosphate (P) [9], which accumulates as
polyphosphate within arbuscules and is then rapidly translocated to the host plant [10].
N is also taken up by AM fungi from the substrate, and genes involved in the transfer
of NH;* and amino acids to host plants have been identified [11,12]. AM fungi receive
photosynthetic carbon in the form of sugars and lipids (reviewed in [13]) and are obligate
biotrophs, strictly relying on host plant resources for growth and reproduction.

Early chemical communication between AM fungi and host plants involves strigolac-
tones released by plant roots [14], and a cocktail of fungal chitooligosaccharides (COs) and
lipochitooligosaccharides (LCOs) [15,16]. AM fungal entry into the root is achieved through
appressoria that develop on the root epidermal surface [17]. Following hyphal entry, highly
branched fungal arbuscules are formed within cells of the inner root cortex. Like symbio-
somes in nodules, these are surrounded by a plant plasmalemma-derived membrane and
represent the major sites of nutrient exchange between micro- and macrosymbiont [18].
Arbuscules have a limited lifetime, and following their collapse and digestion by the host
cell, the latter can be re-colonized by a new arbuscule (reviewed in [19]).

3. Plant Responses to N Availability and Rhizobial Symbiosis Involve CEP and CLE
Peptide Regulation

Peptide hormones facilitate both cell-to-cell signaling in plant tissues and systemic
communication between organs by long-distance mobility through the vascular system.
Plant genomes encode a variety of small signaling peptides (SSPs), which in their mature
state are post-translationally modified, small (<20 amino acids) peptides cleaved from a
longer precursor protein, and are involved in developmental and physiological processes
and mediating plant responses to environmental stimuli. Several SSP gene families show
differential abundances in response to changes in plant nutrient status, and have roles
in processes controlling root morphogenesis and physiology, as well as macronutrient
uptake [20,21]. The CLE (CLAVATA3/EMBRYO SURROUNDING REGION-RELATED)
and CEP (C-TERMINALLY ENCODED PEPTIDES) families have been studied extensively
in relation to their roles in systemic N signaling. Members of other SSP gene families
including CAPE (CAP-DERIVED PEPTIDE), GLV (GOLVEN/ROOT GROWTH FACTOR),
IDA (INFLORESCENCE DEFICIENT IN ABCISSION), PIP (PAMP-INDUCED SECRETED
PEPTIDE) and TAX (TAXIMIN) encoding genes were similarly suggested to play roles in
nutrient-status-related signaling [20]. In the following paragraphs we discuss the roles of
CLE and CEP peptides in N deficiency and nodulation symbiosis signaling.

3.1. Roles of CLE Peptides in N Homeostasis and Symbiosis Regulation

CLE peptides are 12 to 13 amino acids long and function as secreted peptide ligands
that bind to plasma membrane-localized receptor-like proteins, thereby triggering down-



Plants 2023, 12,187

3of16

stream signaling events. The CLE gene family encodes small proteins with a conserved
CLE domain at the C-terminus, generating the mature CLE peptide following proteolytic
processing [22]. CLE peptides regulate various physiological and developmental processes,
and a number of CLEs were reported to be involved in nutrient homeostasis and to respond
to symbiotic interactions with microorganisms [23].

The Arabidopsis thaliana genome harbors 32 CLE genes [22]. Among them, CLE1, -3,
-4 and -7 show increased activity in N-deficient compared to sufficient roots and were
suggested to regulate lateral root primordia formation through binding to the CLAVATA1
(CLV1) leucine-rich repeat-receptor-like kinase [24]. These CLE genes are expressed in
the root pericycle, and the corresponding CLE peptides are hypothesized to be secreted
from pericycle cells and transported through the apoplastic continuum within the central
cylinder to reach phloem companion cells where CLV1 is localized. The CLE-CLV1 signaling
pathway is a key mechanism regulating the outgrowth of lateral roots and the expansion of
the root system when A. thaliana plants grow under N-deficient conditions, enhancing the
plant survival in N-poor environments [24].

In legume plants, multiple CLE genes have been proposed to be involved in nodu-
lation control. Some legume CLE genes are specifically linked to the rhizobial symbiosis,
while others are regulated by both rhizobia and N availability. A number of CLE peptides
have been reported to negatively regulate nodulation, acting as essential components of
a plant mechanism called autoregulation of nodulation (AON) which balances nodule
numbers with plant needs and resource availability (for a recent review see [25]). CLE
genes related to rhizobial infection or symbiosis include L. japonicus LjCLE-RS1, -2, -3 and
LjCLE40[26,27], M. truncatula MtCLE12, -13 and -35 [28-30], Glycine max GmRICI and -2 [31]
and Phaseolus vulgaris PuRIC1 and -2 [32] (Figure 1, Table 1). Among them, LjCLE-RS1,
MtCLE12, MtCLE13, GmRIC1 and GmRIC2 were reported to specifically show increased ex-
pression activity in roots upon rhizobial infection compared to mock treated roots [27,28,31].
Consistent with root—shoot mobility, LjCLE-RS2 derived peptides, though specifically ex-
pressed in roots, were found in xylem sap collected from shoot tissue of infected plants [26].
LjCLE-RS2 peptides were further found to directly bind to the shoot-localized CLV1-type
leucine-rich repeat receptor-like kinase (LRR-RLK) LjHAR1 (HYPERNODULATION ABER-
RANT ROOT FORMATION 1) [33], a negative regulator of symbiosis [34,35]. Putative
orthologues of LIHAR1 in other legumes, the symbiosis regulators M{SUNN, GmNARK [36]
and PvNARK [32] are likely to similarly act as receptors of rhizobia-induced, xylem-mobile
CLE peptides.

In a process analogous to AON, root nodulation symbiosis is inhibited by high nitrate
concentrations in the environment. LjCLE-RS2 expression is induced by both rhizobial
inoculation and nitrate supply, implying a dual role in rhizobia-induced autoregulation
and nitrate-mediated inhibition of nodulation [26]. Studies on CLE35 in M. truncatula offer
further evidence for an involvement of AON components in nitrate inhibition of nodulation.
MICLES35 is a nitrate-responsive gene, which is also expressed during nodulation [29].
Overexpression of MtCLE35 in transgenic roots of M. truncatula led to reduced root nodule
numbers, in a SUNN- dependent manner [30]. Additionally, downregulation of MtCLE35
through RNAi resulted in increased nodule numbers, even under nitrate conditions where
nodulation was inhibited in wild-type plants [37]. MtCLE34 was also co-induced by nitrate
and rhizobia but turned out to be a pseudogene lacking a functional CLE domain [30].
It was thus proposed that MtCLE34 might have had a role in nodulation, before it was
mutated and lost its function [30].
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Figure 1. Nutrient homeostasis and acquisition mechanisms involve regulation by peptide hormones
and miRNAs. CLE and CEP peptides and miRNAs responding to (A) N availability, (B) rhizobia ,
(C) P availability and (D) arbuscular mycorrhizal fungi. Molecules that are induced or repressed by a
respective stimulus are displayed in red or blue, respectively. Molecules that are responsive to more
than one stimulus are in bold. Arrows indicate shoot-to-root or root-to-shoot translocation of mobile
molecules. Specific responses are mediated by the shoot localized leucine-rich repeat receptor-like
kinases HAR1/SUNN/NARK and CRA2/CEPRL1. Lj, Lotus japonicus; Mt, Medicago truncatula; At, A.
thaliana; Bn, Brassica napus; Gm, Glycine max; Pv, Phaseolus vulgaris; Sl, Solanum lycopersicum.

Biochemical studies revealed that CLE peptides are post-translationally modified. In
the well-studied CLV3 peptide of A. thaliana, a proline residue at position 7 is hydroxylated
and subsequently arabinosylated, a prerequisite for its biological activity and high-affinity
binding to its receptor CLV1 [38]. Hydroxyproline O-arabinosylation is widely observed
in secreted A. thaliana peptides, and Golgi-localized enzymes encoded by three AtHPAT
genes mediate this process [39]. CLE arabinosylation was similarly reported in other plants,
such as L. japonicus [33], M. truncatula [40,41] and P. sativum [42], suggesting that this
modification may be a requirement for receptor binding and functionality in general. In
M. truncatula, the thizobium-induced MtCLE12 was suggested to be arabinosylated by the
Golgi-localized hydroxyproline O-arabinosyltransferase ROOT DETERMINED NODULA-
TION1 (RDN1), as MtCLE12 overexpression did not affect root nodule numbers in rdnl
loss-of-function mutants [40,41]. Interestingly, in contrast to MtCLE12, tri-arabinosylation
of MtCLE13 was RDN1-independent, suggesting that other enzymes are also involved in
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CLE peptide arabinosylation in this species [41]. In L. japonicus, CLE-RS1 and CLE-RS2
tri-arabinosylation was shown to be critical for HAR1 binding and activity in AON [33].
While the enzyme catalyzing glycosylation of these peptides is unclear, a third CLE mediat-
ing HAR1-dependent AON in L. japonicus, LiCLE-RS3, was shown to be arabinosylated
through LiPLENTY, a putative ortholog of M{RDN1/ Pisum sativum NOD3, which are all
homologs of AtHPAT genes [43]. Consistently, PLENTY also localizes to the Golgi complex.
Overexpression of LjCLE-RS1 and -2 in a plenty mutant background retained AON activity,
whereas LjCLE-RS3 mediated repression of nodulation was abolished in plenty mutants [43].
LjCLE-RS1 and -2 are thus likely arabinosylated at least in part by enzymes other than
PLENTY [43].

Table 1. List of selected CLE and CEP peptides responding to nitrogen (N), phosphorus (P) and
microsymbionts (rhizobium and AM fungi).

Predominant Expression

Stimuli Organism Influence Range (Tissue) Refs
AtCLE1
AtCLE3 - . . . /
AtCLE4 N-deficiency induced  A. thaliana systemic roots [24]
AtCLE7
LjCLE-RS1 Rhizobium-induced L. japonicus systemic roots [26]
. Rhizobium- and . . .
LjCLE-RS2 N-induced L. japonicus local and systemic  roots [26]
LjCLE-RS3 Rhizobium- and . . . .
LjCLE40 N-induced L. japonicus roots, nodule primordia [27]
LjCLE19 . . . )
LjCLE20 P-induced L. japonicus roots [44]
MtCLE12 Rhizobium-induced M. truncatula local and systemic ~ nodules [28]
Rhizobium- and nod roots (symbiosis susceptible 28]
MtCLE13 factor-induced, M. truncatula local and systemic  zone), inner cortical cells, [45]
cytokinin-induced nodules N
Rhizobium- and . [29]
MtCLE35 N-induced M. truncatula systemic roots, nodules [30]
MtCLE32 Pi-induced M. truncatula roots [46]
MICLE33 Pi-induced M. truncatula root vascular tissue E;}
MICLE16 MICLE45 ~ AM-induced M. truncatula roots E?}
MICLE53 AM-induced M. truncatula root vascular tissue near  [40]
colonized regions [47]
GmRIC1 o . .
GmRIC? Rhizobium-induced G. max systemic roots [31]
GmNIC1 N-induced G. max local roots [31]
PuRIC1 Rhizobium-induced, P ouloaris systemic roots, pericycle cells of [32]
PuRIC2 P-deficiency increased S8 ¥y Pi-deficient roots [48]
AtCEP1
AtCEP3
AtCEPS mainly roots
AtCEP6 N starvation-induced A. thaliana systemic (but i’ . ial ti ) [49]
AtCEP7 ut also in aerial tissues
AtCEPS8

AtCEP9
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Table 1. Cont.
Stimuli Organism Influence Range Predomma'nt Expression Refs
(Tissue)
MtCEP1 Rhlzob.lum.-mduced, N M. truncatula local and systemic  roots, shoots [50-52]
starvation-induced
MtCEP2 Rhizobium-induced, N .
M{CEP12 starvation-induced M. truncatula mainly roots, shoots [52]
MtCEP4
MtCEP5 . .
MICEDP6 N starvation-induced M. truncatula mainly roots, shoots [52]
MICEPS8
Rhizobium- and nod roots, epidermal cells in
MtCEP7 factors-induced, M. truncatula systemic colonized roots, nodule [45]
cytokinin-induced primordia, mature nodules
SICEP2 AM-reduced S. lycopersicum local roots [53]

3.2. Roles of CEP Peptides in N Homeostasis and Symbiosis Regulation

CEP peptides are a family of SSPs which are 15 amino acids long, secreted peptides re-
leased from a C-terminal conserved domain (the CEP domain) of precursor proteins through
proteolytic processing. Similarly to CLEs, CEPs are also post-translationally modified by
proline hydroxylation and arabinosylation [54]. The accumulation of CEPs was observed to
be highly correlated with plant responses to N starvation. The A. thaliana genome includes
11 CEP genes, 7 of which have been shown to be up-regulated specifically in response to N
starvation [49]. Moreover, 10 out of the 11 CEP genes led to enhanced expression of the
nitrate transporter gene NRT2.1 when overexpressed in A. thaliana seedlings [49].

The well-studied AtCEP1 peptide in A. thaliana was shown to undergo long-distance
root-to-shoot translocation and proposed to mediate plant adaptations to low environ-
mental N availability [49]. CEP1 directly binds to the leucine-rich repeat receptor kinases
CEPR1 and CEPR?2, found to locate in both shoots and roots [49]. The systemic nature of
this mechanism was shown via grafting (cepr1-1 cepr2-1 mutant scions were grafted onto
wild-type rootstocks by hypocotyl-to-hypocotyl grafting) and split root (the root system of
a plant was separated into two parts exposed to different nutrient conditions) studies, and
the translocation of CEP1 was verified by its detection in the xylem sap [49]. Exogenous
application of CEP1 and CEPR1/2 loss of function studies showed that the CEP1-CEPR1/2
signaling pathway regulates N uptake by affecting the expression of genes encoding for
the nitrate transporters NRT1.1, NRT2.1 and NRT3.1 [49].

Similarly to CLE peptides, CEP peptides have been reported to be involved not
only in N-deficiency responses but also nodulation control in legumes. In contrast to the
repressive role of CLE peptides on symbiotic nodule numbers, CEPs have been attributed
a positive regulatory role in nodulation. MtCEP1 in M. truncatula was shown to enhance
nodulation when overexpressed or externally applied to Sinorhizobium meliloti-infected
roots [50]. Exogenous application of MtCEP1 to M. truncatula roots led to significantly
decreased lateral root numbers, while nodule numbers increased [50]. Both effects were
mediated by the LRR-RLK CRA2 (COMPACT ROOT ARCHITECTURE 2), the putative
orthologue of AtCEPR1 in M. truncatula, as they were abolished in cra2 loss-of-function
mutants [51]. In addition to MtCEP1, MtCEP2 and MtCEP12 were N-starvation induced,
and co-regulated lateral root and nodule numbers [52] (Table 1). Grafting studies revealed
that the CRA2-mediated signaling pathway affecting root architecture is locally active in
roots, whereas CRA2-mediated nodulation control is an independent process which is
systemically regulated through shoot-localized CRA2 [55]. The systemic MtCEP1-CRA2
node promotes nodulation under low N conditions by regulating the downstream signaling
components miR2111 and TML (see below) [56].
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MtCEP7, which was reported to be induced by rhizobia, Nod factors and cytokinin [45],
seems to function as positive regulators of symbiosis, as exogenous CEP7 application
reinforced nodulation, whereas CEP7 downregulation led to reduced nodule numbers [45].
Similarly to MtCEP1, MtCEP7 was also seen to control nodulation through a systemic
signaling pathway mediated by the shoot-localized population of the CRA2 receptor [45].

In summary, downstream effects of rhizobium or nitrate-induced CLE and CEP pep-
tides are antagonistic, with CLE peptides mediating restriction, and CEP peptides promot-
ing nodulation. These opposite responses are mediated by partially overlapping signaling
pathways sharing common components. Chromatin immunoprecipitation studies revealed
that the transcription factor NIN co-regulates the expression of MtCLE13 and MtCEP7,
and ectopic expression of MtNIN induced the expression of MtCLE13 and MtCEP?7 in the
absence of external stimuli [45]. Moreover, both MtCLE13 and MtCEP7 were induced by
cytokinin, and the effects of both peptides on nodulation were mediated by the cytokinin re-
ceptor gene MtCREI1 [45]. Studies on the crosstalk between peptide and classical hormones
provide evidence that peptide signaling is interlinked with signaling through cytokinin,
auxin, ethylene and strigolactones (for a recent review see [57]). The concurrent induction
of the antagonistic CLE and CEP pathways may be part of a mechanism that enables the
plant to flexibly adjust rhizobial infection events and the nodule numbers to its needs
based on the endogenous supply status of various nutrients, photosynthetic capacity and
environmental conditions.

4. CLEs and CEPs Respond to Both P and AM Fungal Infection

In contrast to root nodulation symbiosis, where host plants are supplied with bac-
terially fixed aerial N, AM fungi predominantly deliver phosphate extracted from the
surrounding substrate to the host. It was shown that high exogenous phosphate supply
restricts the initiation and development of AM symbiosis. P acts systemically to repress
symbiotic gene expression and AM fungal root colonization [58].

Analogous to CLE-mediated regulation of nodulation symbiosis, this regulation of
AM involves CLE peptides (Table 1, Figure 1). In M. truncatula, expression of MtCLE32
and MtCLE33 was significantly induced in roots grown under high (2 mM) P conditions
compared to P-starved roots [46]. Further, ectopic overexpression of the MtCLE33 in
M. truncatula transgenic roots resulted in reduced AM root colonization [46]. Apart from
peptides, phytohormones and miRNAs have been reported to have key roles in P starvation
and AM symbiosis signaling, regulating the initiation, maintenance, and extent of AM root
colonization (reviewed in [59]).

The development of AM fungi within the root is regulated by the host plant through a
genetic mechanism termed autoregulation of mycorrhizal symbiosis (AOM) [60], a systemic
signaling cascade sharing common elements with AON [61]. Along this line, it was shown
that root-derived CLE peptides and a CLV1-type shoot-localized receptor regulate the
colonization of roots by AM fungi [46,47]. Transcript abundance of specific CLE genes
was found to increase upon AM fungal root colonization [46,47,62]. Certain CLE genes
responding to AM symbiosis were also shown to respond to phosphate availability [47]
(Table 1, Figure 1), reminiscent of the dual regulation of CLE genes by rhizobial infection
and nitrate [26,27]. Ectopic overexpression of the AM-induced MtCLE53 in the roots of
M. truncatula resulted in reduced fungal colonization compared to control roots [46,47],
whereas cle53 mutants showed higher colonization levels than wild-type plants [47]. In-
terestingly, the nodulation-induced MtCLE13 [28] was not induced by AM symbiosis, and
ectopic overexpression of MtCLE13 seems not to have an effect on fungal colonization
levels, implying specificity of the respective CLEs [46].

Similarly to AON, arabinosylation of CLE peptides may also be a requirement for
receptor binding and functionality in AOM. Karlo et al. [47] showed that the hydroxypro-
line O-arabinosyltransferase RDN1 has a role in the control of fungal colonization in M.
truncatula. Mycorrhized roots of rdnl mutants contained more vesicles and arbuscules
than wild-type roots. In line with a requirement for RDN1-mediated arabinosylation of
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MItCLES53, overexpression of the latter in an rdn1 genetic background did not reduce AM
fungal colonization as in wild-type plants [47].

Although CLE peptides may respond to diverse stimuli, the shoot-localized receptor
L/HAR1/MtSUNN/GmNARK/PsSYM29, may be a common component of the respective
signaling mechanisms (discussed in [57]). In M. truncatula, downstream signaling of the
AM-induced MtCLE53, the rhizobium-induced MtCLE13 or the P-responsive MtCLE33 was
dependent on SUNN in overexpression assays, implying SUNN as a common receptor for
all three CLE peptides [45,46]. Components acting downstream of the shoot receptor in
AOM are still unknown, except that it was shown that the control of fungal root colonization
in M. truncatula seems mediated by regulation of strigolactone biosynthesis via M. truncatula
DWARF27 (MtD27) expression [63]. This regulation was shown to be dependent on P levels
and AM signaling, and was mediated by SUNN and CLEs [46].

In addition to CLE peptides, a genome-wide investigation of SSPs in M. truncatula
found CEPs to be responsive to P deficiency [21]. Further, recent findings showed CEP2 to
be downregulated in AM-inoculated S. lycopersicum roots. SICEP2 was proposed to promote
lateral root formation in tomato plants through an auxin-related pathway, which might
be CEPR1-mediated [53]. However, so far, no direct evidence of a functional involvement
of CEPs in AOM has been reported, and a putative function in AM control will be an
interesting subject of future studies.

5. miRNAs Respond to N and P Availability and Symbiosis-Mediated
Nutrient Acquisition

MicroRNAs are small, non-coding RNA molecules, typically 21-24 nucleotides in
length, that exert post-transcriptional gene regulation by homology-based pairing to target
mRNAs, inducing their degradation or translational inhibition.

Several miRNAs have been associated with responses to N availability in different
plant species (Table 2, Figure 1). In A. thaliana, upon N starvation, the expression of one or
more miRNAs of the miR169, miR171 and miR395 families was repressed, while miR160
and miR780 expression was induced [64]. In addition, an A. thaliana miR167 isoform
was the first miRNA to be linked to plant N-responses, and was shown to mediate N
dependent lateral root outgrowth [65]. More studies in A. thaliana, but also other plants,
have shown that the regulation of the plant root architecture is a major function of N-
responsive miRNAs. Interestingly, both miR167 and miR393 influence root architecture
by interfering with auxin signaling through targeting the AUXIN RESPONSE FACTOR
8 (ARFS8) [65] and the AUXIN-SIGNALING F-BOX PROTEIN 3 (AFB3) [66], respectively.
Further, miR169 targets the transcript of NFYA5, which encodes a transcription factor
suggested to regulate N-starvation responses in plants by affecting the expression of the
nitrate transporters AtNRT1.1 and AtNRT2.1 [67]. Interestingly, apart from miRNAs, also
long non-coding RNAs (IncRNAs) have been found to respond to the N status in different
plants (for a recent review see [68]).

Consistent with a general role of miRNAs in maintaining plant nutrient homeostasis,
several miRNAs have further been reported to respond to P availability (Table 2, Figure 1).
Among them, miR399, miR827 and miR2111 isoforms were found to accumulate under
P-starvation conditions in different plant species including A. thaliana and N. benthamiana.
These miRNAs were present in the phloem sap of P-starved B. napus plants, suggesting
organ-to-organ mobility along with long-distance regulation of gene expression [69-71]. A
well-studied P-responsive miRNA is miR399, which undergoes long-distance shoot-to-root
allocation during the onset of P deficiency [69] and is suggested to mediate enhanced P
uptake and translocation [72]. miR399 post-transcriptionally regulates PHO2 (PHOSPHATE
2), a ubiquitin-conjugating E2 enzyme that targets members of the PHT1 (PHOSPHATE
TRANSPORTER 1) family for ubiquitin-mediated degradation [69,72-74].

Phosphate starvation and AM-symbiosis-related signaling networks interlink, and
miRNAs are among the shared components. For example, the miR399-PHO2 node-
regulating P-homeostasis in non-mycorrhizal plants was shown to be acting in AM-
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colonized roots of M. truncatula [75]. Studies in different symbiotic plants have identified
miRNAs that dually respond to P availability and AM fungal infection. For example,
miR393, shown to restrict arbuscule development by targeting auxin receptors involved
in arbuscule formation, is induced by low P-concentrations and repressed by AM [76].
The responsiveness of different miRNAs in the environmental P conditions and their roles
in AM symbiosis are reviewed in [59]. A particularly interesting antagonistic role is re-
ported for miR171 isoforms in M. truncatula AM symbiosis control. Several miR171 family
members negatively regulate root invasion by AM fungi via post-transcriptional control
of the GRAS-type transcription factor LOM (LOST MERISTEMS 1), a positive regulator
of AM [77]. In contrast, miR171b, which specifically accumulates in arbuscule-containing
plant cells, displays a mismatched cleavage site and prevents cleavage of LOM1 transcripts
by other members of the miR171 family [77].

M. truncatula miR171h (L. japonicus miR171c), which targets the GRAS-type transcrip-
tion factor NODULATION SIGNALLING PATHWAY?2 (NSP2) transcripts [78,79], accumu-
lates under both N and P sufficiency and has been reported to be involved in both rhizobial
nodulation and AM symbioses. NSP2 is essential for nodulation in legumes [80,81], and
positively regulates AM fungal colonization [15]. It is further involved in strigolactone
biosynthesis [82]. In line with its roles in symbiosis development, M. truncatula miR171h
accumulation is not only nutrient-status-dependent, but also induced by myc-LCO and nod
factor signaling during AM and nodulation symbioses [78,79,83]. Ectopic overexpression
of pri-miR171h in M. truncatula roots resulted in reduced mycorrhizal root colonization
and nodule numbers compared to controls, when plants were inoculated with AM fungi
and rhizobia, respectively [83]. Thus miR171h seems to have a central role in integrating
plant responses to the essential nutrients N and P, and the acquisition of these nutrients
through symbiotic associations.

Several miRNAs have been reported to respond to rhizobial inoculation (Table 2,
Figure 1) and are presumed to play roles during early stages of the symbiotic interaction,
mostly by targeting transcripts of genes encoding transcription factors. Apart from miR171
family members, these include miR319d in common beans and miR172 in many plant
species (reviewed in [84]). The sequencing of sRNA libraries from nodules alongside a
degradome analysis identified several miRNA-target pairs that show activity in nodules.
In soybeans, combined sRNA and degradome sequencing revealed miR167 targeting the
5UTR of the nuclear cation channel CYCLOPS as well as miR393j-3p targeting of ENOD93
(EARLY NODULIN 93) [85]. The overexpression of miR393 in soybean roots significantly
reduced nodulation [85]. M. truncatula miR167 family members further target auxin re-
sponse factors [86], and L. japonicus miR397 targets a Cu?*-containing LACCASE [79].
The regulation of some miRNAs has been linked to auxin and cytokinin action in the
legume-rhizobium symbiosis, however there are only a few studies on this topic (re-
viewed in [84]). Interestingly, in line with an adaptation of conserved developmental
mechanisms in the genetic regulation of symbiosis, M. truncatula miR166 has a dual role
regulating root and nodule development. miR166 isoforms target HD-ZIPIII (CLASS-III
HOMEODOMAIN-LEUCINE ZIPPER) genes, a family of transcription factors associated
with nodule development, and overexpression of MtMIR166 affected both nodule and
lateral root numbers as well as vascular bundle development [87].

Over the last years, miR2111 has emerged as a key component of root nodulation
control via the AON mechanism (discussed in Section 6 of the current article). miR2111
is a mobile signal undergoing shoot-to-root translocation. It accumulates in shoots under
low N conditions and acts as a positive regulator of nodulation by targeting root-localized
transcripts encoding the F-Box Kelch-repeat protein TML (TOO MUCH LOVE) [88], an
inhibitor of rhizobial infection and nodulation [89,90].

A second miRNA implemented in AON is soybean miR172c [91,92]. miR172c strongly
accumulates in the vicinity of rhizobial invasion and in nodules [91,93] and acts as a positive
regulator of rhizobial infection and nodule formation through regulation of AP2/ERF
transcription factor mRNAs [91,93]. In soybeans, the transcriptional repressor NNC1



Plants 2023, 12, 187

10 of 16

(NODULE NUMBER CONTROL 1) is assumed to be the primary miR172 target [91,92].
NNCl1 is a negative regulator of nodulation and was shown to bind to the promoters of the
early nodulin genes ENOD40-1 and -2, inhibiting their expression. NNC1 further interacts
with NIN (NODULE INCEPTION), inhibiting the transcription of downstream genes
encoding GmRIC1 and GmRIC2 peptides, linking it to AON. Using a nark loss-of-function
mutant, it was shown that miR172c is negatively regulated by NARK, an observation
providing additional evidence for the involvement of the miR172c-NNCI node in AON in
soybeans [91,92].

Table 2. List of selected miRNAs responding to nitrogen (N), phosphorus (P) and microsymbionts
(rhizobium and AM fungi).

Stimuli Organism Influence Tissue Target Refs
miR167 N-repressed A. thaliana local root pericycle cells ARF8 [65]
miR169 N-limitation repressed ? Z;lbzgna and systemic shoots, roots, phloem sap NFYA5 {%}
. N-limitation and .
miR398a P-limitation repressed A. thaliana [70]
miR399 P-limitation induced fﬁ;}glz;’l;us systemic vascular tissues, phloem sap PHO2 gg}
. P-limitation induced A. thaliana and . phloem sap E3 ligase [76]
miR2111 N-repressed, B. napus systemic
L . . leaves phloem, phloem sap ~ TML [88]
rhizobium-repressed L. japonicus
miR397 nodulation-induced L. japonicus i;csiiiﬂj nodules, leaves LACCASE10 [79]
miR171c nodulation-induced L. japonicus nodules NSP2 [79]
expressed in high P roots, arbuscule-containin
miR171h and N, AM-repressed, M. truncatula 1 ! d lc & NSP2 [83]
nodulation-induced cells, nodues
miR171b AM-specific M. truncatula local colonized root cells LOM1 [77]
miR393 fﬁfe;};gg:;ed’ M. truncatula local roots auxin receptors [76]
. low P-induced, .
miR399 AM-induced M. truncatula systemic leaves and roots PHO2 [75]
miR166 nodulation induced M. truncatula local vascular bundles, roots, HD-ZIP III [87]
nodules
miR172c rhizobium-induced, G. max local rhizobium-inoculated roots NNCI [91]
nod factors-induced ’ and nodules
miR156b rhizobium-repressed G. max local roots GmSPL9d [94]

In a recent report, Yun et al. [94] showed that overexpression of miR156b in soybean
roots resulted in reduced expression of NINa, ENOD40-1 and MIR172c. The main target of
miR156b is the GmSPLIA (SQUAMOSA PROMOTER-BINDING LIKE 9d) gene, a positive
regulator of symbiosis that accumulates upon infection. GmSPLI9d affects the expression of
NINa, ENOD40-1 and MIR172c by direct promoter binding [94]. Similarly, in L. japonicus,
ectopic overexpression of miR156a reduced nodulation and affected the expression of early
nodulation genes such as ENOD genes, NFR1, CYCLOPS and NSP1 [95]. These data suggest
that the miR156-SPL node has a key regulatory role in nodulation by directly activating the
expression of core genes in the early stages of nodulation signaling.
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6. CEPs and CLEs and miR2111 Jointly Orchestrate Plant Responses to N and Rhizobia

AON controls rhizobial infection and nodule numbers to ensure a viable balance
between ammonia uptake and carbohydrate as well as nutrient costs. This feedback loop
has been well-described in different plant species and was shown to be systemic, involving
CLE and CEP peptides as root-derived signals moving to the shoot through the xylem,
and micro RNA miR2111 as well as CEPD peptides as shoot-derived, root-active signals
navigating through the phloem [56,88]. miR2111 is mainly expressed in shoot tissues, more
precisely in leaf vein phloem [88,96]. Leaf phloem expression was postulated as prerequisite
for systemic mobility of small RNAs [97], and indeed, miR2111 was shown to translocate
from shoot to root [88,96]. Shoot-derived miR2111 effectively reduces root transcript levels
of TML via endonucleolytic cleavage [88].

The miR2111-TML node is responsive to both soil nitrate levels and rhizobial signaling,
suggesting a role in balancing nodulation symbiosis with N availability. Nitrate fertilization
or rhizobial inoculation led to decreased miR2111 levels, and accordingly, TML transcript
abundance increased [56,88].

miR2111 expression depends on two peptide receptors, the LRR-RLKs LjHAR1/MtSUNN/
GmNARK and MtCRA2 [37,56,88,96]. Both factors are expressed in the whole plant, how-
ever the regulation of symbiosis is mainly achieved by the shoot fraction. HAR1, a negative
regulator of symbiosis, represses miR2111 levels in rhizobially infected plants, resulting
in TML transcript accumulation and restriction of further infections [88,96]. The second
regulator of miR2111, CRAZ2, is a positive regulator of symbiosis and promotes miR2111
accumulation under low N conditions [56]. The antagonistic regulation of infection through
miR2111 underlines the biological relevance of this node. For the plant, both miR2111 pro-
motion and repression, and a fast switch of these states, seem equally important, allowing
the plant to quickly change from a susceptible status welcoming infection to restriction of
the latter.

Consistent with the divergent effects of activated HAR1/SUNN/NARK and CRA2 on
miR2111 regulation, these two shoot receptors differ in the groups of peptide ligands they
perceive. HAR1/SUNN/NARK interacts with CLE peptides [29,33], and several studies
suggest that the receptor regulates miR2111 depending on root-derived CLE peptide
perception [37,88,96]. For example, nitrate induction of MtCLE35 coincided with reduced
miR2111 levels and, consistently, an accumulation of MtTML2 transcripts downstream
of the SUNN receptor [37]. CRA2, in contrast, perceives CEP peptide ligands, positively
regulating miR2111 depending on the presence of CEPs [56]. Overexpression of MtCEP1,
for example, resulted in increased miR2111 abundance and reduced transcript levels of
both M. truncatula TML1 and TML2 in roots. This was dependent on CRA2, as those effects
were not apparent in cra2 mutants [56]. Both classes of peptides possess several members
regulated by N and/or symbiosis signaling (see Section 3 of the current article) (Table 1,
Figure 1). The combined results indicate that a multitude of CEP and CLE peptide signals
triggering divergent responses converge in the miR2111-TML regulon, shaping a model
of AON as a complex, multilayered network that dynamically integrates infection and
symbiosis development with plant nutritional status and needs.

7. CLE Peptide Involvement in P-Dependent Control of Nodulation

P supply is well known to positively correlate with nodulation and symbiotic N
fixation in legumes [98,99], and consistently, nodule fresh weight and activity are sensitive
to P deficiency [100]. A study in the actinorhizal plant Alnus incana showed that a high
phosphate concentration can reverse the nitrate-induced inhibition of nodulation, leading
to an increase of nodules. The positive effect of P on nodule numbers was found to be
systemically regulated and independent of overall plant growth and development [101].
In common beans, P deficiency reduced the numbers of the bacterially induced root hair
deformations during the initial steps of rhizobial infection [102]. Although a negative effect
of P deficiency on nodulation has been clearly documented, the underlying molecular
mechanisms were unknown until recently.
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In the roots of common beans, P deficiency induced the expression of genes encoding
the AON-related root-to-shoot signals RIC1 and RIC2 in the absence of symbiosis [48]
(Table 1). Moreover, it was shown that, under P deficiency, RIC1 and RIC2 led to a systemic
restriction of nodulation, through the HAR1/SUNN/NARK receptor in both common
beans and soybeans. This effect seems to be mediated by TML, as TML transcripts accu-
mulated in the roots of both plants [48]. These data suggest that CLE peptides negatively
regulate nodule formation under P deficiency conditions via the AON genetic network.

8. Conclusions

Plants have adopted different strategies to control nutrient homeostasis and overcome
nutrient limitation in their environment, such as the adaptation of root system architecture
and the establishment of root symbiotic relationships.

The molecular basis of these response systems has been the subject of intense interest
by the scientific community in the light of reducing dependence on inorganic fertilizers
while securing global food supplies. Studies in model plants revealed conserved processes
that ensure survival and productivity under nutrient deprivation, and there is an increasing
host of knowledge on how plants cope with fluctuations in the availability of important
nutrients such as N and P in the soil. However, more research to this field is not only
important for transferring the knowledge acquired in model systems to a wider range of
species including crop plants, but also to grasp the relevance of these processes in natural
communities, and in adapting plant populations to increasingly challenging environmental
conditions in the face of climate change.
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Plants extract mineral nutrients from the soil, or from interactions with

mutualistic soil microbes via their root systems. Adapting root architecture to
nutrient availability enables efficient resource utilization, particularly in patchy
and dynamic environments. Root growth responses to soil nitrogen levels are

shoot-mediated, but the identity of shoot-derived mobile signals regulating
root growth responses has remained enigmatic. Here we show that a shoot-
derived micro RNA, miR2111, systemically steers lateral root initiation and
nitrogen responsiveness through its root target TML (TOO MUCH LOVE) in the
legume Lotus japonicus, where miR2111 and TML were previously shown to
regulate symbiotic infections with nitrogen fixing bacteria. Intriguingly, sys-
temic control of lateral root initiation by miR2111 and TML/HOLT (HOMO-
LOGUE OF LEGUME TML) was conserved in the nonsymbiotic ruderal
Arabidopsis thaliana, which follows a distinct ecological strategy. Thus, the
miR2111-TML/HOLT regulon emerges as an essential, conserved factor in
adaptive shoot control of root architecture in dicots.

Root systems are the main contact point of land plants with soluble
nutrients. Adapting the root surface area to nutrient availability in the
substrate is thus a key aspect of endogenous resource management in
land plants.

Consistently, the perception of both restrictive and sufficient levels
of nitrate, a frequently limiting macronutrient, induces root archi-
tectural adaptations. To this end, plants can enhance lateral root
growth, and thus root surface area, either under deficient nitrate con-
ditions or within local, nitrogen-rich patches. This process is termed
foraging'. Within a given root segment, several factors have been sug-
gested to be involved in regulating nitrate foraging locally. In Arabi-
dopsis thaliana (Arabidopsis), the nitrate transceptor protein NRT1.1
controls biosynthesis and transport of auxin, thereby mediating local
repression of lateral root development where perceived nitrate levels
are low”. Downstream of NRT1.1, the GRAS transcription factor NIN LIKE
PROTEIN 7 (NLP7) was shown to induce expression of the MADS-box
gene ANRI, mediating further transcriptional changes that specifically

promote lateral root elongation in nitrate rich soil patches’. Signalling
via CLE (CLAVATA3/ESR) peptides and the leucine-rich repeat receptor
kinase CLAVATAL1 (CLV1) was further shown to be involved in nitrate-
dependent local regulation of lateral root emergence in Arabidopsis*. A
similar role has been assigned to the putative CLV1-ortholog HYPER-
NODULATION ABERRANT ROOT FORMATIONI1 (HARI) in Lotus japonicus
(Lotus)’. Balancing need and availability of nutrients is a challenge
concerning the plant as a whole. Adaptations to nutrient stress thus
require communication not only within, but also across plant organs,
suggesting that they involve systemic signalling circuits linking above-
and belowground tissues. Grafting experiments demonstrated that
both shoot and root expression of HARI is required for nitrate-
dependent adaptation of lateral root growth in Lotus’. This suggests a
dual root-specific as well as systemic role of the CLE-HARI signalling
node. Consistently, Lotus CLE-RS peptides were shown to be competent
of xylem-based root-shoot mobility following arabinosylation, and can
directly bind to HAR1®. In addition, both C-terminally encoded peptide
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(CEP) hormones'? as well as cytokinins®* act as systemic root-shoot
factors signalling low or high root nitrate content, respectively. In Ara-
bidopsis, upon CEP perception by the CEP receptors CEPR1/2, shoot-
produced CEP Downstream (CEPD) and CEPD LIKE (CEPDL) peptides
translocate to roots to regulate nitrate uptake via transcriptional as well
as post-translational regulation of NRT2.1’%. In the legume Medicago
truncatula (Medicago), the putative CEPRI1 orthologue COMPACT ROOT
ARCHITECTURE 2 (CRA2) similarly steers NRT2.1 dependent nitrate
uptake by mediating CEPI dependent expression regulation’.

While shoot-root mobile CEPD and CEPDL signals systemically reg-
ulate root nitrate uptake, systemic shoot factors mediating nitrate-
dependent root growth adaptations are so far unknown. We previously
observed that a shoot-derived, phloem-mobile micro RNA, miR2111,
regulates the formation of symbiotic infections and nitrogen-fixing
nodule organs in Lotus japonicus (Lotus) roots inoculated with rhizobial
bacteria'. miR2111 post-transcriptionally targets the root-expressed F-
Box Kelch-repeat gene TOO MUCH LOVE (TML), which represses
symbiosis™". Both CLE-RS/HAR1" and CEP/CRA2 signalling nodes" reg-
ulate miR2111 abundance. Shoot miR2111 accumulation is repressed in the
presence of sufficient nitrate as well as of compatible rhizobia", releasing
TML mRNA from posttranscriptional regulation and restricting symbiosis
progression. Interestingly, miR2111 and 7ML are not restricted to plants
establishing root nodule symbiosis, but are conserved across dicot
lineages. The Arabidopsis genome contains two MIR2111 precursor gene
loci®®, both encoding a single miR2111 isoform that specifically targets the
F-box Kelch-repeat gene At3g27150“, a TML homolog" of unknown
function. In comparison, the Lotus genome contains seven MIR2111 loci
encoding three different isoforms"-. On this basis, we hypothesized that
miR2111 may have a conserved role in regulating lateral organ formation
in roots also in nonsymbiotic settings, and have undergone functional
diversification in nodulating lineages. Our work identifies miR2111 as a
missing link signalling shoot nitrogen status to root organs and regulat-
ing adaptive root growth responses in a nitrate-dependent manner.

Results and discussion

miR2111 is a shoot factor regulating root architecture

To investigate possible conserved, symbiosis-independent functions
of miR2111 in root system architecture control, we analysed root
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Fig. 1| Shoot-derived miR2111 regulates lateral root (LR) numbers in L. japo-
nicus (Lotus). a miR2111 abundance fold change compared to Gifu wild type (wt(G))
plants, and (b) LR count in transgenic pUBQIL::MIR2111-3 (21110x) expressing lines
(#3, 4) compared to wt(G). Line #3 was used for further analysis. c-f 21110x / wt(G)
(shoot / root) grafts compared to wt(G) / wt(G) control grafts. ¢ Example of grafted
plants. Scale bars equal 1 cm. d miR2111 levels, (e) LR numbers and (f) TML levels in
roots of respective grafts. a, d, f qRT-PCR analyses. RNA levels are relative to those
of two reference genes. RNA was extracted from root (d, f) or shoot samples (a).
a Adult plants grown in soil. b-g Plants were grown at 0 mM nitrate and evaluated

systems of plants mis-expressing the miRNA. Indeed, Lotus plants
expressing a pUBQI::MIR2111-3 transgene resulting in overabundance
of mature miR2111 (Fig. 1a) generated less lateral roots than wild type
plants (Fig. 1b). miR2111 is produced primarily in shoots, and is pro-
posed to translocate to roots via the phloem™". Phloem-mobile miR-
NAs were recently suggested to translocate as fully processed
duplices, rather than as pri- or pre-miRNA precursors'®. Consistently,
we could trace plant specific mature miR2111 transcripts in aphids
(Planococcus citri) feeding on Lotus, indicating its presence in the
phloem sap (Supplementary Fig. 1a—c). To investigate whether shoot-
derived miR2111 is indeed functional in Lotus roots and sufficient to
regulate lateral root number, we grafted pUBQI::MIR2111-3 expressing
shoots onto wild type root stocks (Fig. 1c). Roots of chimeric plants
showed enhanced levels of miR2111 (Fig. 1d), and fewer emerged lateral
roots compared to control grafts (Fig. 1c, e), confirming that shoot
miR2111 indeed translocates to roots to steer lateral root numbers.

miR2111 regulates lateral root initiation through its target TML
miR2111 was proposed to directly target TML for posttranscriptional
regulation in Lotus as well as Medicago™". Consistently, roots of
pUBQI::MIR2111-3/wild type (shoot/root) grafts had significantly lower
TML levels than wild type/wild type controls (Fig. 1f). tml knockout
mutants developed less lateral roots than wild type plants (Fig. 2a, b),
and were phenotypically indistinguishable from pUBQI::MIR2111-3
plants (Fig. 2a, b), suggesting that TML is the main target of miR2111
activity in lateral root control. Interestingly, this was equally the case
when all initiated lateral roots, including pre-emerged root primordia
as well as emerged lateral roots, were considered (Fig. 2c, Supple-
mentary Fig. 2). Lateral root initiations were also reduced in grafted
plants expressing pUBQI::MIR2111-3 in their shoots compared to wild
type/wild type control grafts (Fig. 2d). Using Crispr-CAS9 technology,
we generated line mir2111-3-1, which possesses a 12 bp deletion in the
stem-loop region of the M/R2111-3 locus in immediate proximity to the
mature miRNA2111a sequence (Supplementary Fig. 3a-c). mir2111-3-1
plants showed significantly lower miR2111 abundance than wild type
plants (Supplementary Fig. 4a) and, consistently, higher TML transcript
levels (Supplementary Fig. 4b). In line with the observed reduced pri-
mordium formation in miR2111 overexpressors (Fig. 2c, d), lateral root
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or harvested after two weeks of cultivation. Student’s t-test (*p < 0.01; ***p < 0.001)
(d-f) or analysis of variance (ANOVA) and post-hoc Tukey testing (p < 0.05) (b),
with distinct letters indicating significant differences. All experiments were in
ecotype Gifu B-129 (wt(G)). Sample size, replicates and exact p-values are listed in
the Source Data file. Dotplots show individual data points and a line indicating their
average value. Boxplot central line shows median value, box limits indicate the 25th
and 75th percentile. Whiskers extend 1.5 times the interquartile range, or to the last
datapoint. Individual datapoints are represented by dots.
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Fig. 2 | TML mediates miR2111 control of L. japonicus (Lotus) lateral root (LR)
initiation. a Root phenotype of Gifu wild type (wt(G)), tml-6 and pUBQI::MIR2111-3
plants (21110x). Scale bars equal 1 cm. b Emerged LR numbers in wt, tml-6, tml-5 and
2111ox plants. c-e Number of LR initiations (emerged and primordial stages com-
bined) in wt(G), 2111ox and tml-6 plants (c), on 21110x / wt(G) (shoot / root) grafts
compared to wt(G) / wt(G) control grafts (d), in mir2111-3-1 compared to wt(G)
plants (e) and on mir2111-3-1 / wt(G) (shoot / root) grafts compared to wt(G) / wt(G)
control grafts (f). f light grey dots represent data points not considered in the
statistical analysis due to strong divergence of primary root length in the respective
plants from the mean. g Plants expressing pMIR2111-3:GUS show pronounced GUS
activity in leaf veins, while roots are free of visually traceable activity. Scale bar
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equals 1cm. A total of 30 tested plants showed a similar expression pattern.

b Datapoints are identical to datapoints at 0 mM nitrate in Fig. 3a. a-e Plants grown
at 0 mM nitrate. Comparisons used Student’s t-test (*p < 0.05; *p<0.01) (d, e) or
analysis of variance (ANOVA) and post-hoc Tukey testing (p < 0.05) (b, ¢), with
distinct letters indicating significant differences. All experiments were in ecotype
Gifu B-129 (wt(G)). a-g Plants were evaluated or harvested after two weeks of
cultivation (a—c, e & g) or grafting (d, f). Sample size, replicates and exact p-values
are listed in the Source Data file. Boxplot central line shows median value, box limits
indicate the 25th and 75th percentile. Whiskers extend 1.5 times the interquartile
range, or to the last datapoint. Individual datapoints are represented by dots.

initiation numbers were higher in mir2111-3-1 plants compared to wild
type plants (Fig. 2e), and grafts of mir2111-3-1 shoots on wild type root
stocks equally showed an enhanced lateral root initiation compared to
control grafts. This is consistent with a shoot specific expression pat-
tern of the MIR2111-3 locus (Fig. 2f, g), and confirms that shoot miR2111
is required for lateral root initiation control. Taken together, these data
suggest that shoot-derived miR2111 is both sufficient and necessary for
modulating lateral root initiations via TML (Fig. 2c-e, Supplementary
Fig. 3a-c). Interestingly, this is in addition to the described function of
shoot-derived miR2111 in systemic nodule number control in the
context of symbiosis autoregulation (Supplementary Fig. 4c)"".

The miR2111/TML regulon controls root branching in response
to nitrate levels

Since root nodulation symbiosis, a known activity context of miR2111-
TML, is an adaptation to nitrogen limitation, we hypothesized that this
regulon may also help adapting root architecture to nitrogen
availability.

Lotus showed enhanced lateral root numbers under nitrogen
starvation (Fig. 3a). This was ecotype-independent (Fig. 3a, b) and is
consistent with the nitrate foraging responses reported in other
plants”. Notably, this trend was only apparent for emerged lateral
roots. Lateral root primordia, on the contrary, were more abundant
under nitrate sufficient conditions compared to deficiency. This
results in a positively nitrate-correlated (Fig. 3c, d) or nitrate-
independent (Supplementary Fig. 5a) sum of initiated roots.

Following a likewise trend, mature miR2111 levels were negatively
correlated with nitrate availability in a dosage-dependent manner in
both shoots and roots (Fig. 3e, f), indicating an involvement in sys-
temic nitrogen response signalling. The levels of TML transcripts,
which were only detected in roots, showed a complementary, inverse
pattern (Fig. 3g), suggesting TML suppression by systemic miR2111
under nitrogen starvation conditions. Indicating ecotype specific dif-
ferences, this pattern was particularly apparent in the Lotus ecotype
MG-20, consistent with a more pronounced responsiveness of lateral
root initiations to nitrate availability compared to Gifu B-129 (Supple-
mentary Fig. 5a-d).

Compared to wild type plants, both miR2111 overexpressors and
tml mutants had a consistently lower number of lateral roots, and
emerged lateral root number was independent of nitrate availability
(Fig. 3a, b). The same was true for lateral root initiation, not only in the
ecotype Gifu B-129, but also in MG-20, where a nitrate-dependent
increase in lateral root primordia is more strongly pronounced than in
Gifu B-129 (Fig. 3¢, d and Supplementary Fig. 5a). Shoot specific over-
expression of MIR2111-3 using heterografting experiments induced a loss
of nitrate responsive lateral root initiation in chimeric plants with MG-20
root stocks (Supplementary Fig. 6a, b), suggesting that shoot-derived
miR2111 efficiently represses this response. On this basis, we predicted
that nitrate-independent 7ML transcript levels in Gifu B-129 (Supple-
mentary Fig. 5d) may prevent adaptive primordia formation in this
ecotype. Indeed, increased TML transcript levels in mir2111-3-1 com-
pared to wild type plants (Supplementary Fig. 4b) resulted in a positive
nitrate response of lateral root initiation numbers in the ecotype Gifu
B-129 as well (Supplementary Fig. 6¢), indicating that miR2111 mediated
TML control is necessary for the ecotype-specific attenuation of root
system response to nitrate observed in Gifu B-129. The combined phe-
notypic and molecular data suggests a role of the miR2111-TML regulon
in lateral root initiation and adaptive emergence in response to nitrate,
with miR2111 systemically repressing TML. Contrasting with their
respective roles in symbiosis, our data identify miR2111, a positive reg-
ulator of nodule numbers, as a repressor of root primordia, and TML as a
root primordial activator (Fig. 3h). The data further reveal that nitrate
dependent regulation of primordia emergence into full lateral roots
strictly requires the presence of functional TML (Fig. 3a—c), but does not
correlate with TML transcript abundance (Fig. 3g, h, Supplementary
Fig. 5d). This suggests involvement of additional factors in regulating
nitrate responsive emergence of TML-dependent lateral root primordia.

Nitrate perception and nitrogen starvation have been found to
trigger local and systemic responses involving physiological and
morphological adaptations”. We thus performed split root assays to
identify the trigger underlying miR2111 regulation under asymbiotic
conditions. Roots growing on nitrogen starvation medium contained
low miR2111 levels if other roots of the same plant experienced nitrate
sufficiency (Fig. 3i). This suggests that miR2111 accumulation is not
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triggered by roots experiencing nitrate starvation, but rather is sys-
temically repressed by roots exposed to nitrate sufficiency (Fig. 3i),
implying that miR2111 levels are regulated through nitrate supply
rather than deficiency. TML levels in these roots were complementary
yet intermediate (Fig. 3j). Consistent with previous observations, TML
abundance is thus likely subject to additional regulatory factors".
Apart from nitrate, rhizobial infection triggers changes in miR2111
and TML transcript abundance (ref. 11; Supplementary Fig. 7 a-c), and

0mM 0mM 5mM 5mM

0mM 0mM 5mM 5mM

control control  split  control

miR2111 acts as a positive regulator of nodule organogenesis by
repressing the nodulation inhibitor TML". We thus wondered how
miR2111-TML dynamics affect lateral root formation under symbiotic
conditions. Interestingly, in both wild type and ¢ml-6 mutant plants,
symbiotic infection led to a decrease of lateral root initiations (Sup-
plementary Fig. 7d), implying that an additional TML-independent
regulation of lateral root initiation overlays miR2111-TML dependent
primordium control under symbiotic conditions.
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Fig. 3 | Systemic N status controls lateral root (LR) initiations via the miR2111-
TML regulon in L. japonicus (Lotus). a, b Emerged LRs in (a) Gifu B-129 wild type
(wt(G)), tml-6, tml-5 and pUBQI::MIR2111-3 (21110x), and in (b) MG20 wildtype
(wt(M)) and ¢tml-1 plants. ¢ Number of LR initiations (emerged plus primordial
stages) in wt(M) and tml-1 plants. d Simplified model of nitrate dependency of LR
initiations in wt and tml mutant plants. e, f Relative mature miR2111 levels in shoots
(e) and roots (f). g Relative TML levels in same wild type root systems as in (f).

h Simplified model outlining nitrate dependency of miR2111 and TML levels, and
root architectural responses. I, j Split root experiments. Relative miR2111 (i) and
TML (j) levels in secondary roots of wt(M) plants. e-g, i, j QRT-PCR analyses. RNA
levels are relative to those of two reference genes. a, b, e-g, i, j Tissue harvest /

analysis after two weeks and (c) 10 days of cultivation. Comparisons used analysis
of variance (ANOVA) and post-hoc Tukey. testing (p < 0.05), with distinct letters
indicating significant differences and additional Student’s t-test (i, j) comparing
only the split roots (n.s. p >0.05). c-h Trendlines are simplified and not to scale.
Plants grown at indicated nitrate concentrations. Sample size, replicates and exact
p-values are listed in the Source Data file. Dotplots show individual data points and
a line indicating their average value. Boxplot central line shows median value, box
limits indicate the 25th and 75th percentile. Whiskers extend 1.5 times the inter-
quartile range, or to the last datapoint. Individual datapoints are represented

by dots.
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Fig. 4 | The A. thaliana (Arabidopsis) miR2111-HOLT regulon controls lateral
root (LR) initiation at moderate nitrate starvation. a, b Stably transformed A.
thaliana (Arabidopsis) plants expressing pMIR2111b:GUS show predominant GUS
activity in the phloem of leaf veins. b Leaf cross section of pMIR2111b:GUS plants.
ph, phloem and xy, xylem. ¢ Numbers of LR initiations at different nitrate con-
centration in Arabidopsis wild type (Col-0) plants. d, e miR2111 (d) and HOLT (e)
levels in Col-0 and p35s:MIR2111b expressing plants (21110x) at 1 mM nitrate. f LR
initiations in holt-1, holt-2 and 21110x plants compared to Col-0. g Schematic model
of nitrate responsiveness of Arabidopsis lateral root initiations. holt-1 and 21110x
plants lack a foraging response at moderate nitrate starvation. h, i miR2111 (h) and
HOLT (i) levels of Col-O at varying nitrate concentrations. j Simplified model out-
lining nitrate dependency of miR2111 and HOLT levels, and of root architectural
responses in Arabidopsis between 1 and 10 mM nitrate. k Number of LR initiations
on 21110x / Col-0 (shoot / root) grafts compared to Col-0 / Col-O control grafts at
1mM KNOs. I Combined simplified model of Arabidopsis and L. japonicus (Lotus)
root responses to varying nitrate supply. HOLT positively correlates with LR

initiations in both species, but nitrate dependent abundance patterns of both LR
initiations and TML/HOLT levels are opposite. d, e, h, i qRT-PCR analyses. RNA levels
are relative to those of two reference genes, whole plant tissue harvested 10 days
after germination. ¢, f, k Analysis seven days after germination (c, f) or after graft
regeneration (k). Comparisons used analysis of variance (ANOVA) and post-hoc
Tukey testing (p < 0.05), with distinct letters indicating significant differences

(c, f, h, i) or Student’s t-test (*p < 0.05) (d, e, k). a, b Scale bars equal 200 um (a) or
100 um (b). a, b all 21 tested plants of 3 independent lines showed a similar
expression pattern. Analysis of three independent lines showed similar results.

¢, f, h, i Plants were grown at indicated nitrate concentrations using V2 strength MS
media free of other nitrogen sources. ¢, f-j, I Trendlines are simplified and not to
scale. Sample size, replicates and exact p-values are listed in the Source Data file.
Dotplots show individual data points and a line indicating their average value.
Boxplot central line shows median value, box limits indicate the 25th and 75th
percentile. Whiskers extend 1.5 times the interquartile range, or to the last data-
point. Individual datapoints are represented by dots.

Systemic root control by miR2111/TML is phylogenetically
conserved

Root architecture adaptation to abiotic stimuli is an ancient necessity
and a core developmental feature of land plants that is phylogeneti-
cally widespread"” and thus precedes the evolution of nitrogen-fixing
nodulation symbiosis. Consistently, the miR2111-TML regulon is con-
served in non-nodulating plants, including the nonsymbiotic plant
Arabidopsis thaliana (Arabidopsis)™'*. Arabidopsis possesses two
MIR2111 precursor loci generating a single isoform identical to
LjmiR2111a (Supplementary Fig. 8a, b)". Phylogenetic analysis revealed
one putative TML orthologue, which we named HOMOLOGUE OF
LEGUME TML (HOLT), featuring a miR2111 complementary site in the
coding sequence™* (Supplementary Fig. 9a, b). Consistent with the

expression pattern of MIR2111 loci in Lotus, Arabidopsis
PMIR2111a/b:GUS expressing lines showed predominant GUS activity in
leaf vein phloem cells (Fig. 4a, b and Supplementary Fig. 10a, b), sug-
gesting systemic mobility'®. These observations are in line with organ
specific expression data'® (Supplementary Table 1). Similar to what has
been previously observed for selected Lotus MIR2111 precursor
genes"”, moderate pMIR2111a/b:GUS activity was evident in mature root
parts of Arabidopsis as well (Fig. 4a and Supplementary Fig. 10a),
although MIR2111a/b precursor transcripts were not traceable in pub-
licly available RNAseq datasets® (Supplementary Table 1). Like in
Lotus, Arabidopsis lateral root initiation numbers depend on nitrogen
supply, peaking around 1 mM nitrate under long day conditions in
plate-grown wild type plants (Fig. 4c). In comparison, plants grown
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under starvation or saturating conditions show reduced numbers of
lateral root initiations (Fig. 4c). The observed increase of lateral root
numbers under moderately deficient (1mM nitrate) as compared to
sufficient (10 mM nitrate) nitrogen supply has previously been asso-
ciated with nitrogen dependent root architectural adaptations com-
monly referred to as foraging response’. To evaluate a possible role of
the miR2111/HOLT regulon in nitrogen foraging related lateral root
initiation in Arabidopsis, we generated transgenic lines overexpressing
miR2111 under the control of a Cauliflower Mosaic Virus 35 s promoter
fragment, showing a concomitant reduction in HOLT levels (Supple-
mentary Fig. 11a, b). All tested lines showed reduced lateral root
initiation compared to wild type plants in the T2 generation (Supple-
mentary Fig. 11c). We chose a representative line, #3, for further pro-
pagation, as it showed stable overabundance of miR2111 and a
corresponding reduction of TML transcript abundance in the T3 gen-
eration (Fig. 4d, e). We further isolated Arabidopsis holt-1 and holt-2
mutants lacking a traceable full-length HOLT transcript (Supplemen-
tary Fig. 12a, b). holt-1, holt-2 and p35s::MIR2111b plants showed sig-
nificantly reduced lateral root initiations at low and moderate nitrate
concentrations compared to wild type plants (Fig. 4f). Notably, they
failed to show a traceable foraging response (Fig. 4f,g). Wild type
plants exposed to severe nitrogen limitation repress lateral root
development, a response known as a survival strategy', which is
thought to involve the nitrate transporter NRTL1?® as well as locally
induced lateral root inhibition through the CLAVATA3/
CLAVATAL signalling module®. Transcript abundance of NRTLI and
other NRTs was not significantly altered in holt-1 or p35s:MIR2111b as
compared to wild type plants (Supplementary Fig. 13a-d). Consistent
with a HOLT independent mechanism, a successive reduction in lateral
root initiation numbers at nitrate levels <1 mM was retained in holt-1,
holt-2 and p35s:MIR2111b in a similar way as in wild type plants
(Fig. 4f, g). In wild type plants, miR2111 levels correlate positively with
nitrate concentration (Fig. 4h), consistent with low HOLT levels at high
nitrate supply (Fig. 4i). The integration of phenotypic and molecular
data reveals that, in line with observations in Lotus, HOLT levels posi-
tively correlate with lateral root initiations (Fig. 4j). To investigate
whether shoot-derived miR2111 is sufficient to regulate root archi-
tecture in Arabidopsis as observed in Lotus, we analysed
p35s:MIR2111b/Col-0 (shoot/root) grafts. These had significantly less
lateral root initiations than Col-0/Col-O control grafts (Fig. 4k), con-
firming miR2111 as a systemically acting, mobile regulator of lateral
root initiation across dicot plant lineages.

In line with divergent habitat requirements and ecological stra-
tegies of the symbiotic Lotus?»* and the asymbiotic ruderal
Arabidopsis®, abundance patterns of lateral root primordia with
respect to external nitrogen supply were distinct in these two species
(Fig. 41). Yet, consistent with a conserved positive role of TML/HOLT in
nitrate-dependent lateral root initiation, TML/HOLT RNA levels were
upregulated in both species under nitrate conditions triggering
abundant lateral root primordia. Accordingly, in either species,
miR2111 levels were low under such conditions, in line with a negative
effect on TML/HOLT levels and lateral root initiation. The dynamic
response pattern of the Arabidopsis root system reflected in inte-
grating distinct and functionally overlapping regulatory nodes
(refs. 4,20, this study) indicates its capacity to populate a wide variety
of soils?. Our data suggests that Lotus, as a pioneer lineage that is
primarily competitive on nitrogen poor soils*, initiates additional root
primordia under starvation conditions that have a limiting effect on
Arabidopsis root architecture (Fig. 41). The lack of a strong nitrogen
starvation response in Lotus could be explained by the formation of
nitrogen fixing symbiosis, which prevents nitrogen starvation even on
nitrogen poor soils.

An important role of the miR2111-TML/HOLT regulon in adapting
plant root systems to their natural habitat is in line with the observed
differences in lateral root abundance patterns between Lotus MG-20

and Gifu ecotypes (Fig. 3a-c, Supplementary Fig. 5a, Supplementary
Fig. 6a-c). Lotus japonicus underwent intense diversification during
evolution and encompasses more than 130 ecotypes that have adapted
to a wide range of environmental conditions on the Japanese Islands”.
A time course experiment revealed an increasing difference
between wild type and tml-1 in lateral root numbers over time. Here,
tml-1 plants showed significantly less biomass production in both
below- and aboveground tissues compared to wild type (Supplemen-
tary Fig. 14a, b), suggesting that root architecture adaption plays an
important role in plant productivity and fitness. We have no evidence
for a direct involvement of the miR2111-TML/HOLT regulon in nitrate
uptake, and mRNA levels of nitrate transporter genes NRT1.1, NRTLS,
NRT2.1 and NRT3.1 are unaltered in holt-1 and p35s::MIR2111b lines
compared to wild type controls (Supplementary Fig. 13). This is in
contrast to CEP/CEPD/CEPDL2 mediated regulation of nitrate uptake
via NRT2.Iregulation”®, and suggests an indirect role of the miR2111-
TML/HOLT regulon in nutrient uptake regulation by altering the extent
of the root surface area (Supplementary Fig. 13).

Alteration of the root depletion zone also affects the uptake of
other nutrients. Interestingly, in Arabidopsis, miR2111 was shown to be
induced by phosphate starvation”, and Arabidopsis is known to adapt
its root architecture to phosphate availability*®. This could hint to a
more general role of miR2111 in adapting root architecture to nutrient
availability.

The presented data identify miR2111 and TML/HOLT as conserved
factors in root architectural control, suggesting that they were evolu-
tionarily co-opted by rhizobial nodulation symbiosis to regulate root
responses to symbiotic bacteria, and organogenesis of nodule
organs'. Consistent with this hypothesis, the transcription factors
SCARECROW and SHORTROOT?, as well as ASYMMETRIC LEAVES2-
LIKE18*** and STYLISH* mediating auxin signalling hold dual roles in
nodule organogenesis and root development, and comparative tran-
scriptome analysis of lateral root and nodule primordia further sup-
ports generic ties between these organs®.

Our data reveal the miR2111-TML/HOLT regulon as a key factor in
systemic control of root system architecture and lateral root organ
number. An exciting future challenge will be determining the mole-
cular activity of the TML/HOLT protein, a proposed component of the
E3 Ubiquitin ligase complex in Arabidopsis® with a possible role in
mediating degradation of target transcription factors®. Determining
downstream effectors will help us better understand how the miR2111-
TML/HOLT regulon functionally integrates with hormonal networks
and other regulators of root growth.

Methods

Plant and bacterial resources

Plants for root architecture analyses, qPCR assays and GUS stainings
were Lotus japonicus L. ecotype Gifu B-129 (wild type, tml-5 (line ID
30013998), tml-6 (line ID 30086992) and pMIR2111-3:GUS"**) and
ecotype MG-20 (wild type and tml-1%*). Generation of stable transgenic
plants expressing pUBQI:MIR2111-3* and MIR2111-3 knockout lines
followed a published procedure based on callus regeneration** and
made use of Agrobacterium tumefaciens AGL1 and L. japonicus ecotype
Gifu B-129.

Further, A. thaliana Col-0 wild type, holt-1 (line ID
SALK_044075.49.80.x) and holt-2 (line ID SALK_140092.27.55.x) were
used. Generation of p35:MiR2111b expressing plants as well as
PMIR2111a/b:GUS lines was done via floral dipping using A. tumefaciens
GV310L1. Cloning approaches made use of E. coli strains TOP10 or DB3.1.
Plants were infected with M. loti MAFF303099°° expressing DsRED
bacteria.

Construct generation
For p35s driven miRNA overexpression, the transcription start site
upstream of the MIR2111b stemloop was predicted using the publicly
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available Softberry toolset with standard settings (http://www.
softberry.com/berry.phtml?topic=tssplant&group=programs&subgro
up=promoter). The entire precursor gene, including 80-100 bp
downstream of the miRNA stem loop, was amplified from A. thaliana
Col-0 genomic DNA using primers carrying overhangs for subsequent
cloning into the gateway vector PGWB602. For the pMIR2111a/b:GUS
lines, a three kb region upstream of the precited stem loop was cloned
into the vector PMDC163 using gateway cloning. For Golden Gate
technology-based generation of CRISPR/Cas9 constructs targeting the
MIR2111-3 locus a codon optimized Cas9 endonuclease from the
Streptococcus pyogenes containing the potato IV2 intron driven by a
minimal 35s promotor was used. Two gRNAs GGTAATCTGCATCCTG
and GAGTCGGTATATATTGGGTC were predicted using CLC Main
Workbench 8 (Qiagen). Primers can be found in Supplementary
Table 2.

Lotus plant growth

For plant growth and phenotyping, L. japonicus seeds were surface
scarified, sterilized using sodium hypochloride solution containing
1g/l NaClO, imbibed in ddH,O and transferred to sterile V4-strength
B&D medium® with 1% (w/v) phyto agar (Duchefa Biochemie). Fol-
lowing stratification for three days at 4 °C, seeds were germinated at
21°C in constant darkness for two (MG-20) or three (Gifu B-129) days.
For growth on plates, seedlings were transferred to 12 x 12 cm square
plastic dishes containing 50 ml V4-strength B&D / 1% (w/v) phyto agar
medium supplemented with KNO; at indicated concentrations. Plants
were grown at long day conditions (16 h light, 21°C / 8 h dark, 17 °C).
Roots were shaded from direct light. For root architecture evaluation
and quantification of molecular miR2111 and 7ML levels, plants were
grown for twoweeks. For quantification of lateral root initiations plants
were grown for ten days.

Arabidopsis plant growth

For plant growth and phenotyping, A. thaliana seeds were sterilized by
30 minutes incubation in a solution of 70% (v/v) ethanol and 0.05%
(v/v) Triton X-100. Sterile seeds were transferred to 12x12 cm square
plastic dishes containing 50 ml V2-strength MS medium® without
nitrogen / 1% (w/v) phyto agar medium supplemented with KNO; at
indicated concentrations and stratified for three days at 4 °C. Plants
were grown at long day conditions (16 h light, 21°C / 8 h dark, 17 °C).
Roots were shaded from direct light. For quantification of molecular
miR2111 and HOLT levels, plants were grown for ten days. For quanti-
fication of lateral root initiations plants were grown for seven days.

Lotus grafting

Plants were treated and germinated as described above. After germi-
nation plants were transferred to V4-strength B&D / 1mM KNO; / 1%
(w/v) phyto agar medium. Plates were kept in darkness for two days,
then eight days in long day conditions. For graftings, seedlings were
cut near the lower end of the hypocotyl, and immediately submerged
in water. New shoots were transplanted onto root stocks and arrested
using silicone tubing (& 0.64 mm). Grafted plants were transferred to
fresh medium and covered with filter paper soaked in ddH,O, then
grown at long day conditions for two to three weeks. Prior to pheno-
typing or tissue harvest, tubing was removed from chimeric plants to
determine grafting success. Lotus hetero-grafting involving two dis-
tinct ecotypes followed a different procedure.

Lotus hetero grafting

Plants were treated and germinated as described above. After germi-
nation plants were transferred to V4-strength B&D / 1mM KNO; / 1%
(w/v) phyto agar medium. Plates were kept three days in long day
conditions. For graftings, seedlings were cut near the middle of the
hypocotyl, and immediately submerged in water. New shoots were
transplanted onto root stocks and arrested using silicone tubing (&

0.5mm, -3 mm long). Grafted plants were transferred to fresh med-
ium, then kept at 26 °C 22 h light for five days to enable graft site
regeneration. Afterwards grafted plants were incubated for two more
weeks at long day conditions (16 h light, 21 °C/ 8 h dark, 17 °C). Prior to
phenotyping or tissue harvest, tubing was removed from chimeric
plants to determine grafting success.

Arabidopsis grafting

Plants were treated and germinated as described above (section ‘Ara-
bidopsis plant growth’), and grown for five days on V2-strength MS / 1%
(w/v) phyto agar medium medium with full nitrogen content®®. Graft-
ing followed a published protocol, utilizing sterile precision forceps
and a sapphire blade®. For grafting one cotyledon of Arabidopsis
plants was removed and cut at the hypocotyl. Cut Arabidopsis plants
were reassembled on a sterile nitrocellulose membrane on sterile
water soaked Whatman paper. After grafting, plants left to recover at
26 °C for four days, then grown for seven more days on %/2-strength MS
medium containing 100 uM KNO; at long day conditions before
evaluation.

Split root assay

Plants were treated and germinated as described above (section ‘Lotus
plant growth’). After germination, root tips were cut off and plants
transferred to Y4-strength B&D/0.5mM KNOs/1% (w/v) phyto agar
medium. After 10 days at long day conditions, plants which had gen-
erated two secondary roots were selected for onward processing and
transferred to plates containing slices of Y4-strength B&D/1.5% (w/v)
phyto agar medium. Plants were positioned in a way that secondary
roots were placed on separate agar patches not in physical contact
with each other and containing KNO5 concentrations as indicated.
Plants were grown for 13 more days under long day conditions until
phenotypic evaluation or tissue collection.

Root phenotypic analysis

Plate grown plants were scanned using a conventional scanning system
(CanoScan 8800 F, Canon). Image processing made use of OpenCV
(https://opencv.org/) functions. Root architectural traits were mea-
sured using an in-house Python script. The script was optimized to
recognize Lotus roots by color contrast and relied on manual
confirmation.

RNA extraction and quantitative PCR (qQRT-PCR) assays

For total RNA extractions, plant or aphid tissue was shock frozen in
liquid N. Total RNA was extracted by a modified Lithium Chloride-
TRIzol LS (ThermoFisher) protocol*°. Plant RNA was extracted from
tissue of at least ten independent plants per biological replicate. RNA
was eluted in DEPC-treated water, RNA concentration was determined
using a Nanodrop device (ThermoFisher). RNA was DNAse treated
using DNAsel (ThermoFisher) according to manufacturer guidelines.
cDNA was prepared using SuperScriptlV (ThermoFisher) or RevertAid
(ThermofFisher) reverse transcriptase following a previously optimized
pulsed protocol*., Briefly, RNA and primers (2 uM odT, 0,5 uM specific
primers) were mixed and incubated for 5 min at 65 °C. The remaining
reaction mix was assembled and incubated at 16 °C for 30 mins fol-
lowed by 60 cycles (30 °C for 30's, 42 °C for 30 s and 50 °C for 1s) and
5Smin at 85 °C for enzyme inactivation. Stemloop primers for reverse
transcription of small RNAs were designed such that the six basepairs
at the 5" end of the stemloop primer were complementary to six
nucleotides at the 3’ end of the small RNA, for reverse transcription of
Lotus mRNAs oligo dT primer was used, for A. thaliana RNA only locus
specific primers were used for reverse transcription (Supplementary
Table 3). The RT-reaction was assembled according to manufacturer’s
guidelines using 500 ng of total RNA. qRT-PCRs were assembled using
SensiFAST™ SYBR® No-ROX mastermix (Bioline) at 10 ul reaction size
and 500nM primer concentration. Levels of target genes were
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normalized to levels of two independent reference genes, Lotus ATP
SYNTHASE2 and Lotus PROTEIN PHOSPHATASE2a or Arabidopsis
PROTEIN PHOSPHATASE2a and Arabidopsis UBIQUITIN EXTENSION
PROTEIN 2 or U6 (Supplementary Fig. 11a). qRT-PCR reactions were
executed in a BioRad CFX384 lightcycler (BioRad). Primers are listed in
Supplementary Table 4. Data analysis made use of LinRegPCR*.,

Aphids

For aphid experiments, we used Planococcus citri**, which could be
propagated on L. japonicus as sole host plant. Lotus plants were
infected with aphids by placing an infested host stem with a small
aphid population onto young, four week-old plants growing in a 3:1
clay granule (2-5mm, Lamstedt): vermiculite (3-6 mm, Isola Vermi-
culite GmbH) mixture saturated with Y4-strength B&D medium. After
two weeks, aphids were collected and snap frozen in liquid nitrogen.
RNA extraction, as well as DNAse treatment, cDNA synthesis and qRT-
PCRs, were performed as described. For qRT-PCR experiments on
aphid RNA extracts we used aphid a-Tubulin as normalization
reference™.

Staining and microscopic analysis
GUS staining and fixation was performed as described". Plants were
fixed by incubation in 1x phosphate buffer (50 mM NaH,PO,, 50 mM
Na,HPO,, pH 7.0) supplemented with 4% Paraformaldehyde, followed
by 3 washing steps using 1x phosphate buffer. For GUS staining, sam-
ples were incubated overnight at 37 °C in X-Gluc buffer (0.5 mg/ml X-
Gluc, 1mM K, (Fe(CN)g), 1mM K;(Fe(CN)g), 0,05% Triton X-100 in 1x
phosphate buffer). After 3 more washing steps in 1x phosphate buffer,
plants were incubated in a buffer containing acetic acid, glycerol and
ethanol (ratio 1:1:3) at 60 °C until tissue was cleared from chlorophyll.
Whole plant phenotypes were monitored, and photographs taken
using a Leica MZ FLIII stereomicroscope. For analysis of semithin
sections, fixed, GUS-stained roots or leaves were further dehydrated
and embedded in resin (Kulzer Technovit 7100). Sections were pre-
pared using a Leica RM2065 microtome, then analyzed and docu-
mented using a Zeiss Imager M2 microscope. For quantification of
lateral root initiations, roots were separated from shoots and fixed
using 4% Paraformaldehyde in 1x PBS buffer, cleared using ClearSee
(10% Xylitol, 15% sodium deoxycholate and 25% Urea in ddH,0) and
stained with Fluorol Yellow (0.01% in 96% Ethanol) as described®.
Stained roots were scanned using a Leica SP8 confocal microscope,
and images were used for phenotypic analysis. Fluorol yellow was
imaged at A =488 nm excitation and A=520-588 nm emission, and
additionally, transmission white light was observed. The resulting
integrated images of whole roots allowed quantification of lateral root
primordia at early, pre-emergence stages. Lateral root initiations
include pre-emergence primordia as well as emerged lateral roots
irrespective of the developmental stage (Supplementary Fig. 2).

Data analysis and graphical representation

Data analysis made use of Python 3.7.x using the libraries Statsmodels
and Pandas. Plots were generated with the python libraries Matplotlib
and Seaborn. Boxplot center lines show the medians, outer box limits
indicate the 25th and 75th percentiles. Whiskers extend 1.5 times the
interquartile range from the 25th and 75th percentiles, or the last data
point. Data points are represented as dot. Dotplots center lines indi-
cate the average value of all data points. All statistical tests used were
two-sided. For pairwise comparison we used t-tests for multi-
comparison we used ANOVA and post hoc Tukey-HSD testing.
Results of ANOVA or t-test analyses, biological replicate numbers and
individual datapoints are listed in the Source Data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All primary data and images analysed in the context of this study are
available from the corresponding author upon request. Source data
are provided with this paper.
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Supplementary Tables

Supplementary Table 1. Relative transcript abundances of MIR21111a/b and HOLT in

A. thaliana tissues. Data retrieved from RNAseq based developmental transcript profiling using
two biological replicates'. Numbers represent relative expression values, with the maximum
normalized read number observed for a particular locus set =1. Only an excerpt of the original
dataset is represented. Expression foci are in bold.

MIR2111a (AT3G09285) MIR2111b (AT5G02035) HOLT (AT3G27150)
root apex 0 0 0.5
root without apex 0 0 1
mature leaf, blade 0 0.11 0.01
mature leaf, petiole 0.45 0.11 0
mature leaf, vein 0 0.21 0
senescent leaf, petiole 0 0.13 0
senescent leaf, vein 1 0.36 0.01
dry seeds 0 1 0

Supplementary Table 2. Oligonucleotide sequences used in cloning and genotyping.

Target Orientation | Sequence (5'-3')

Gateway cloning of At MIR2111b GGGGACAAGTTTGTACAAAAAAGCAGGCTCATAACCTTTCCCTCTCATG

overexpression fragment forward

Gateway cloning of At MIR2111b GGGGACCACTTTGTACAAGAAAGCTGGGTTGGTTTTCGTTAACCAAAGG
overexpression fragment reverse

ity g 6l AR MR GGGGACAAGTTTGTACAAAAAAGCAGGCTGTTAATGGAGTTATTTATAG
promoter fragment forward

Gateway cloning of At MIR2111a GGGGACCACTTTGTACAAGAAAGCTGGGTTCACCCCCCATAATGCGCGC
promoter fragment reverse

ity g ali AR (MPAAIE GGGGACAAGTTTGTACAAAAAAGCAGGCTCATAACCTTTCCCTCTCATG

promoter fragment forward

Gateway cloning of At MIR2111b GGGGACCACTTTGTACAAGAAAGCTGGGTTTGTTTTATGTTAATGGTGA
promoter fragment reverse

iy e forward CTTCCAAGAGTTTGCATTTGC

Genotyping holt-1 reverse ATCAAATCGGTAGAATTGGGG

Genotyping holt-2 forward TTTTTAGCCTCTCAAGAATTTGG

Genotyping holt-2 reverse TAGCTGGTGGGTTGAAAATTG

Genotyping holt-1/2 insertion reverse ATTTTGCCGATTTCGGAAC
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Supplementary Table 3. Oligonucleotide sequences used in reverse transcription.
Nucleotides complementary or reverse complementary to small RNA sequences are in bold.

Target

Orientation

Sequence (5’-3’)

PolyA signal

reverse

TTTTTTTITTTTTTTTTV

Lj miR2111a/b

reverse

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTACACC

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTAAACC

At miR2111 reverse

AtHOLT reverse TAACCCACAATAGCACCGT

AtUBQ2 reverse CAGATGAATAATGGGGCTC

AtPP2A reverse CGCCCAACGAACAAATCACA

us reverse GTGCAGGGTCCGAGGTTTTGGACCATTTCTCGAT

Supplementary Table 4. Oligonucleotide sequences used in quantitative PCR.
Nucleotides complementary or reverse complementary to small RNA sequences are in bold.

Target Orientation Sequence (5'-3')

miR2111a/b stemloop primers reverse AGTGCAGGGTCCGAGGTATTC

Lj miR2111a/b and At miR2111 forward GCGCGTAATCTGCATCCTGAG

LML forward GCCAACAATTGCCTGAAACCAGATG
reverse CTTTATGGTGTTTCTCTCTATGAATGCTG

LjPP2a forward GTAAATGCGTCTAAAGATAGGGTCC
reverse ACTAGACTGTAGTGCTTGAGAGGC

LiATPs forward CAATGTCGCCAAGGCCCATGGTG
reverse AACACCACTCTCGATCATTTCTCTG

AtPP2A forward GGTAATAACTGCATCTAAAGACAGAGTTCC
reverse CCACAACCGCTTGGTCG

AtUBQ2 forward CCAAGATCCAGGACAAAGAAGGA
reverse TGGAGACGAGCATAACACTTGC

AtHOLT forward TTCTGTCCAATCTCCACCGCTC
reverse ACTTAAACGCAACGCCCCATC

AtNRT1.1 forward GAGAGGCTGACGACGTTAGGT
reverse ATTGCGGCGAATATAGCAATCG

AtNRTLS forward CGCAAAATGTCTTGCCTAGAG
reverse CATAGTAATCCACTGTCCCATCTCTT

AtNRT2.1 forward GAAATCGAGCTACCTTGGAGAA
reverse TTGTAACGGCATACCACAGAA

AtNRT3.1 forward TGGGTCTAAAAGAGAGGCTGA
reverse GCCATGGTCGGTCAACTT

aTubulin forward GGTTCGACAACAGCGGTAGA
reverse GTGGCACCGGATCAGGATTT

U6 forward GGAACGATACAGAGAAGATTAGCA
reverse GTGCAGGGTCCGAGGT
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Supplementary Table 5. Oligonucleotide sequences used in mutant characterization.

Target Orientation Sequence (5'-3')
HOLT 3' of holt-1 insertion | forward ATGTTGACGCTAGGAGAAGA

reverse ATAGTCCGCGTCTTTCGGCTTCAAACATGTACTGCTCAGAGCCTTAG
HOLT full length forward ATGTTGACGCTAGGAGAAGA

reverse

TTACGCAATCATTACACAACAG




34

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Supplementary Figures
gsman RNAs ¢ 100 % e :::io;
sugars _‘l
¢ water
phloem %) L]
[ -
xylem 1>) 10-1
S
x
E10-?
[}
=
©
= o o
\ 10-3 0 —
4
huug
1mM 5mM
l A KNO,4

Supplementary Fig. 1. Mature miR2111 can be traced in aphids feeding on L. japonicus
(Lotus) phloem sap. a Planococcus citri on Lotus leaf, scalebar equals 1 cm. b Simplified
sketch of experimental procedure of an aphid feeding experiment. Plants are grown for four
weeks in absence of aphids, then colonized by a small aphid population, which propagates for
two weeks while feeding on phloem sap. During feeding, aphids ingest mobile small RNAs,
which have been suggested to travel through the phloem as mature duplices’. Possible
association of miRNAs with proteins during phloem transfer is not considered here. Aphids and
plant material are harvested separately for RNA extraction and qRT-PCR based detection of
mature plant miR2111. ¢ miR2111 levels in shoot tissue of Lotus ecotype Gifu wild type plants
and aphids (Planococcus citri) after feeding on respective plants grown at indicated nitrate
conditions. qRT-PCR analyses. miR2111 levels from Lotus shoot RNA extracts are relative to
two endogenous reference genes, miR2111 levels from aphid RNA extracts are relative to one
aphid reference gene. Host and aphid tissues were harvested after two weeks of aphid feeding
and six weeks after plant germination. Sample size, replicates and exact p-values are listed in
Supplementary Data 1. Dotplots show individual data points and a line indicating their average
value.
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Supplementary Fig. 2. Schematic representation of lateral root initiations encompassing
both emerged lateral roots and lateral root primordia. Insets show schematic representation
of lateral root primordia, with different colors indicating root cell types as indicated.
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Supplementary Fig. 3. Characterization of the L. japonicus MIR2111-3 CRISPR/Cas9-
mediated knockout deletion. a Alignment of the MIR2111-3 sequence and the 12 bp deletion in
the mir2111-3-1 allele. b-¢ Predicted hairpin structures of MIR2111-3 without (b) and with the
deletion indicated in a (¢). b-¢ Secondary structure was modelled using the MaxExpect algorithm

with default settings®.
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Supplementary Fig. 4. Alterations of miR2111 and TML levels influence nodule numbers in
L. japonicus (Lotus). a, b miR2111 (a) and TML levels (b) in roots of Lotus ecotype Gifu wild
type (wt(G)) and mir2111-3-1 plants. ¢ Nodule numbers of wt(G), tml-6, MIR2111-3 ox
(21110x) and mir2111-3-1 mutants, tml-6 and 21110x plants. a-b qRT-PCR analyses. Root RNA
levels are relative to those of two reference genes. Tissue was harvested 14 days after transfer.
Plants were grown at 5 mM nitrate. a-c Comparisons used Student’s #-test (*=p<0.05) (a-b) or
(¢) analysis of variance (ANOVA) and post-hoc Tukey testing (p<0.05), with distinct letters
indicating significant differences. ¢ plants evaluated three weeks after inoculation with M. loti,
plants grown at 0 mM nitrate. Sample size, replicates and exact p-values are listed in
Supplementary Data 1. Dotplots show individual data points and a line indicating their average
value. Boxplot central line shows median value, box limits indicate the 25" and 75" percentile.
Whiskers extend 1.5 times the interquartile range, or to the last datapoint. Individual datapoints
are represented by dots.
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Supplementary Fig. 5. L. japonicus (Lotus) ecotype Gifu lateral root (LR) initiation
numbers and 7ML levels are nitrate independent. a LR initiations in wild type Gifu (wt(G))
and fml-6 plants 10 days post transfer. b-d Relative mature miR2111 levels in shoots (b) and
roots (¢) and relative TML levels in the same root systems (d) of ecotype Gifu B-129 wild type
plants after 14 days of cultivation. b-d qRT-PCR analyses. RNA levels are relative to those of
two reference genes. Comparisons used analysis of variance (ANOVA) and post-hoc Tukey
testing (p<0.05), with distinct letters indicating significant differences (a) or Student’s t-test
(*=p<0.05) (b). Sample size, replicates and exact p-values are listed in Supplementary Data 1.
Dotplots show individual data points and a line indicating their average value. Boxplot central
line shows median value, box limits indicate the 25" and 75" percentile. Whiskers extend 1.5
times the interquartile range, or to the last datapoint. Individual datapoints are represented by
dots.
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Supplementary Fig. 6. Low miR2111 levels are required and sufficient for enhanced lateral
root (LR) initiation under high nitrate conditions in L. japonicus (Lotus). a-¢ LR initiations
of Lotus ecotype Gifu wild type (wt(G)) and mir2111-3-1 plants (a), heterografted plants
assembled of Lotus ecotype MG20 wild type (wt(M)) root stocks and ecotype Gifu wild type or
MIR2111-3 overexpression (21110x) shoots (b), and ecotype Gifu wild type and mir2111-3-1
plants (¢). a-b Plants were grown at indicated nitrate concentrations and analyzed after two
weeks of cultivation (a, b) or graft regeneration (c), respectively. Comparisons used analysis of
variance (ANOVA) and post-hoc Tukey testing (p<0.05), with distinct letters indicating
significant differences. Sample size, replicates and exact p-values are listed in Supplementary
Data 1. Boxplot central line shows median value, box limits indicate the 25" and 75" percentile.
Whiskers extend 1.5 times the interquartile range, or to the last datapoint. Individual datapoints
are represented by dots.
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Supplementary Fig. 7. Symbiosis restricts lateral root (LR) initiation in a TML-

O mock
@ M. oti

independent manner in L. japonicus (Lotus). a-c Relative mature miR2111 levels in shoots (a)

and roots (b) and relative TML levels (¢) in the same Lotus plants (ecotype Gifu wild type
(wt(G))) at 21 days post inoculation. Plant were cultivated for 3 weeks. d LR initiations in
symbiotic and non-symbiotic wild type and #m/-6 plants at 10 days post inoculation. a-¢c qRT-
PCR analyses. RNA levels are relative to those of two reference genes. Plants were inoculated
with Mesorhizobium loti, or treated with water (mock control). Comparisons used analysis of
variance (ANOVA) and post-hoc Tukey testing (p<0.05) (d), with distinct letters indicating

significant differences or Student’s #-test (*=p<0.05) (a-c). Sample size, replicates and exact p-

values are listed in Supplementary Data 1. Dotplots show individual data points and a line

indicating their average value. Boxplot central line shows median value, box limits indicate the

25" and 75 percentile. Whiskers extend 1.5 times the interquartile range, or to the last

datapoint. Individual datapoints are represented by dots.
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125  Supplementary Fig. 8. The A. thaliana genome contains one miR2111 isoform at two
126  distinct loci. a-b, MIR2111a (a) and MIR2111b (b) transcripts are predicted to form hairpin
127 structures. Secondary structure was modelled using the MaxExpect algorithm with default
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miR2111 target site . Kelch repeats

b miR2111: 5 UAAUCUGCAUCCUGAGGUUUA

HOLT: 3 AUUAGACGUAGGAAUCCAAAG

Supplementary Fig. 9. A. thaliana HOLT is an F-Box Kelch Repeat protein with a
conserved miR2111 complementary site. a HOLT gene and predicted protein features
including the miR2111 target site as indicated, and position of the t-DNA insertion in holt-Iand
holt-2 (black arrowheads). The t-DNA insertion positions were confirmed by Sanger sequencing.
Red and blue boxes indicate predicted protein domains as indicated. b Alignment of miR2111
and HOLT mRNA at the target site. Colons indicate A/U and G/C base pairing.
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Supplementary Fig. 10. A. thaliana MIR2111a is predominantly expressed in leaf vein
phloem.

a Five day-old stably transformed A. thaliana seedlings expressing pMIR2111a:GUS show GUS
activity in leaf veins and root vasculature. b GUS expression is strongest in leaf phloem. a,b
Scale bar equals 500 pm (a) or 100 um (b). a-b Analysis of three independent lines showed
similar results. All 34 tested plants of 3 independent lines showed a likewise expression pattern.
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HOLT levels compared to wild type plants. a-c miR2111 (a) and HOLT (b) levels and lateral
root initiation (c¢) of independent 21110x lines. Line #3 was selected for further propagation and
experiments. ¢ Plants were grown for seven days on 1 mM nitrate. a, b qRT-PCR analyses. RNA
levels are relative to those of two reference genes (b) or relative to U6 (a). ¢ Comparisons used
analysis of variance (ANOVA) and post-hoc Tukey testing (p<0.05). Sample size, replicates and

exact p-values are listed in Supplementary Data 1. Dotplots show individual data points and a

line indicating their average value. Boxplot central line shows median value, box limits indicate

the 25" and 75" percentile. Whiskers extend 1.5 times the interquartile range, or to the last
datapoint. Individual datapoints are represented by dots
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Supplementary Fig. 12. A. thaliana holt-1 and holt-2 are putative knockout mutant lines
showing no full-length HOLT transcript. a,b Molecular characterization of the holt-1 and holt-
2 mutants. a Amplicon of HOLT truncated transcript fragment 3' of the respective insertions, and
3' of F-Box as well as part of the Kelch-Repeat domain (Supplementary Fig. 8). b Fragments 5'
of the insertion in holt-1 cannot be generated from cDNA either of the Aolt-1 or holt-2 mutant
lines, indicating absence of full-length HOLT transcripts in these mutants. a-b, Agarose gel
electrophoresis of RT-PCR reactions. Col-0, wild type DNA positive control (ecotype Col-0);
H»0, negative control with water instead of DNA template added to reaction; 21110x,
p35s::MIR2111b plants. Two independent replicates showed the same results. All primers used
for amplification are listed in Supplementary Table 5.
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Supplementary Fig. 13. mRNA abundance of A. thaliana NRT genes is wild type-like in
holt-1 or MIR2111b overexpression plants. a-d Relative levels of NRT1.1 (a), NRT1.5 (b),
NRT2.1 (¢) and NRT3.1 (d) in holt-1 and p35s::MIR2111b (21110x) plants compared to ecotype
col-0 wild type plants. Plants grown for ten days on 1 mM nitrate. a-d qRT-PCR analyses. RNA
levels are relative to those of two reference genes. Comparisons using analysis of variance
(ANOVA) identified no significant differences of mRNA abundances between lines. Sample
size, replicates and exact p-values are listed in Supplementary Data 1. Dotplots show individual
data points and a line indicating their average value.
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Supplementary Fig. 14. Root growth differences between L. japonicus (Lotus) tml-1 and
wild type increase over time. a Lateral root (LR) numbers of Lotus #m/-1 and wild type
(ecotype MG20; wt(M)) plants at different timepoints between 7 and 21 days of cultivation. b
Shoot and root weight of the same plants after four weeks of cultivation. Plants were grown at

1 mM nitrate. Comparisons used analysis of variance (ANOVA) and post-hoc Tukey testing
(p=0.05), with distinct letters indicating significant differences. Sample size, replicates and exact
p-values are listed in Supplementary Data 1. Boxplot central line shows median value, box limits
indicate the 25" and 75™ percentile. Whiskers extend 1.5 times the interquartile range, or to the
last datapoint. Individual datapoints are represented by dots.
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To the roots of nodules: Nodule organogenesis utilizes lateral root

development processes.

RNS and AM symbiosis share a common set of genes involved in early symbiosis signaling
and establishment of endosymbiont accommodation. These dually required genes are
referred to as common symbiosis (Common Sym) genes (Kistner and Parniske, 2002;
Markmann and Parniske, 2009; Genre and Russo, 2016). Relatively seen, RNS is
phylogenetically young and only found in certain members of the FaFaCuRo (Soltis et al.,
1995; Griesmann et al., 2018), whereas AM likely arose among the first land plants and is
widespread in the plant kingdom. It was thus suggested that during the evolution of RNS,
pre-existing symbiosis genes were adapted to mediate the recognition and
accommodation of bacterial symbionts in addition to fungal ones. The recruitment of
these symbiotic genes from AM can therefore be seen as a key step in evolution of
rhizobial symbiosis, allowing intracellular infection (Markmann et al, 2008). The
Common Sym genes are active in the early stages of symbiotic signaling immediately
downstream of Nod/Myc factor perception, triggering transcriptional responses specific
to the respective type of symbiosis mediated by CYCLOPS (Yano et al., 2008; Genre and
Russo, 2016).

A gene directly regulated by CYCLOPS is the transcription factor NODULE INCEPTION
(NIN) which has been intensely studied in legumes (Singh et al., 2014; Lin et al., 2018; Liu
et al.,, 2019; Schiessl et al., 2019; Akamatsu et al., 2022; Cathebras et al., 2022). NIN is
dually required for IT formation and nodule organogenesis during rhizobial infection.
Interestingly, these functions can be linked to separate regulatory elements in the NIN
promoter region and sequential, spatially distinct expression activities (Cathebras et al.,
2022).IT formation depends on epidermal NIN expression (Schauser et al., 1999; Yoro et
al., 2014; Akamatsu et al., 2022; Cathebras et al., 2022), whereas nodule organogenesis
relies on the cortical and, in case of indetermined nodules, pericyclic expression of NIN

(Yoro etal., 2014; Liu et al,, 2019).

While NIN is not exclusively present in the nitrogen fixing clade, the presence of an intact
copy of the gene is crucial for successful RNS formation. Notably, the NIN promoter of

RNS forming species features a CYCLOPS binding element (PACE), which is involved in
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NIN regulation following Nod factor signaling (Griesmann et al., 2018; Cathebras et al,,
2022). NIN is a homologue of the widely conserved NLPs, which in contrast to NIN are

regulated in a nitrate dependent manner (Suzuki et al.,, 2013).

Much like during lateral root growth, nodule organogenesis follows a developmental
chronology that in its early phase can be divided in the stages of priming, initiation,
outgrowth and emergence. Legume root nodules which maintain a persistent apical
meristem are termed indeterminate, while determinate nodules only have an active
meristem during their early development (Hirsch, 1992). Like LRs, indeterminate
nodules emerge from pericycle cells (Xiao et al, 2014), while determinate nodule
initiation takes place in the root cortex (Hirsch, 1992). Cytokinin signaling and NIN
expression precede and accompany nodule primordium initiation in either nodule type
and may represent the onset of nodule initiation (Liu et al, 2019; Miri et al,, 2019;

Cathebras et al., 2022) (Figure 6A,B).

Recent transcriptome analyses suggest that during nodule organogenesis, NIN recruits
various genes associated with lateral root development (Schiessl et al., 2019). This was
experimentally verified for the transcription factor LOB-DOMAIN PROTEIN 16
(LBD16)/ASYMMETRIC LEAVES 2-LIKE 18 (ASL18), which is directly regulated by NIN
through an intronic NIN responsive element (Schiessl et al., 2019; Soyano et al., 2019). In
Arabidopsis, LBD16 expression is induced by IAA14-ARF7-ARF19 dependent auxin
signaling in LR founder cells (Okushima etal., 2007; Goh et al., 2012; Lavenus et al., 2013).
The presence of a functional LBD16 gene is required for both LR and adventious root
initiation in this species (Goh et al., 2012; Lee et al., 2019), and was further shown to be
involved in the initiation of other root-derived structures such as nematode feeding galls

(Liuetal, 2018).

In both Medicago and Lotus, LBD16/ASL18 was shown to be involved in nodule formation
in addition to a conserved role in LR initiation (Schiessl et al., 2019; Soyano et al., 2019).
In both legume species, LBD16/ASL18 expression is enhanced upon infection and can be
traced in both early stage LR- and nodule primordia (Schiessl et al., 2019; Soyano et al.,,
2019). Ibd16 mutants showed reduced and delayed formation of nodule primordia,
suggesting a role during initiation of nodules (Schiessl et al., 2019; Soyano et al., 2019).
In Lotus, this function was also dependent on NF-YA & NF-YB , while LBD16s function in

LR initiation was not (Soyano et al, 2019). Like lateral root development, nodule



organogenesis requires and is paralleled by auxin signaling (reviewed in (Du and Scheres,
2017a; Lin etal., 2020). The initiation of lateral roots was intensely studied in Arabidopsis
and was shown to involve auxin maxima dependent priming of pericycle cells, which then
develop into LR founder cells (De Smet et al., 2007; De Smet, 2012). In these cells, LR
initiation can occur via asymmetric anticlinal cell division mediated by LBD16/18
downstream of ARF7/19 (Goh et al., 2012; Lee et al,, 2017; Lee et al., 2019). After this
initial cell division, the LRP grows by successive periclinal and anticlinal divisions of
pericycle-derived cells. Likewise indetermined nodule primordium (NP) development is
initiated with anticlinal divisions of the pericycle (Xiao et al.,, 2014). However, during NP
development these are followed by further anticlinal and periclinal divisions in pericycle,

inner cortex and the endodermis (Xiao et al,, 2014).

The two transcription factors SHORTROOT (SHR) and SCARECROW (SCR) mediate the
regulation of cell patterning and determination of endodermal identity in Arabidopsis
(Helariutta et al., 2000; Nakajima et al., 2001; Cui et al., 2007). Notably, SCR is also active
in LRPs, where it is proposed to induce periclinal cell divisions (Goh et al., 2016). Its
expression focused in the outer layers of LRPs. This expression pattern was a prerequisite
for the correct activity of the downstream acting transcription factor WUSCHEL-RELATED
HOMEOBOX 5 (W0X5), and specification of the QC during later stages of LRP development
(Goh etal., 2016).
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Figure 1 Nodule organogenesis and lateral root formation follow a similar pattern
(Sexauer and Markmann, 2024). A, scheme of nodule development in Medicago based on (Xiao
et al,, 2014). B, scheme of LR development in Arabidopsis based on (Malamy and Benfey, 1997;
Du and Scheres, 2017a). A, B The first step of both indeterminate nodule (A) and lateral root (B)
organogenesis is priming, a transcriptional reprogramming of the founder cells, prior the first
division. B In LR organogenesis, priming depends on auxin oscillation and downstream signaling.
A As for nodule development, nod factor (NF) signaling and downstream Ca?+ spiking could be
seen as priming step as they lead to transcriptional reprogramming of respective cells. B After
priming, LR formation continues with ARF7/19 and downstream LBD16/18 dependent initiation,
marked by the first asymmetric anticlinal division. Initiation is followed by primordial
development involving further periclinal and anticlinal divisions. These following divisions and
later primordium development depend on SCR, SHR, PLTs and WOX5. A Nodule initiation also
starts with anticlinal divisions of pericycle cells followed by further divisions of the pericycle and
cortex during NP development. A Initiation of primordia formation is dependent on cytokinin
responsive NIN expression and downstream LBD16 recruitment. SHR, SCR and PLTs appear to be
involved during later cortical cell divisions. A, B The mature nodule and LR primordium emerge
ina STY dependent manner. Black genes are placed based on functional data, grey genes are based
on their expression and analogy to lateral development.

More recently, the SHR-SCR module was shown to mediate nodule organogenesis
downstream of NIN in Medicago (Dong et al., 2020). The legume specific expression of
SCR in cortical cells was shown to be crucial for cortical cell division during nodule

primordia development (Dong et al., 2020). A role in LRP development in this species has
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not yet been described, yet scr-1 mutants showed decreased LR density (Dong et al,,
2020). Beyond SCR, PLETHORA (PLT) transcription factors have been shown to be
involved in QC definition and maintenance of stem cell identity in the root apical
meristem in Arabidopsis (Aida et al., 2004; Shimotohno et al., 2018), and plt1 pit2 double
mutants show abnormal meristem patterning (Aida et al., 2004). These plants formed
more lateral roots than wild type plants, but mutant roots displayed smaller apical
meristems (Aida et al,, 2004). plt3 plt5 plt7 triple mutants showed delayed periclinal cell
division during LR primordia development, which resulted in abnormal primordium
patterning and reduced lateral root density (Du and Scheres, 2017b). Recently it was
shown that during root stem cell maintenance, PLTs restrict WOX5 expression to the QC
while WOX5 indirectly promotes PLT expression in surrounding cell layers (Burkart et

al, 2022).

Differential expression of several PLT genes during LR and nodule formation in the
legume Medicago (Franssen etal.,, 2015; Franssen et al., 2017) suggests a dual role in root
lateral organ development. Indeed Medicago plants transiently expressing RNAI
constructs targeting multiple PLTs showed, reduced nodule numbers and impaired
nodule development (Franssen et al., 2015). Further, WOX5 was also shown to be strongly
expressed during early stages of Medicago nodule primordia development, however

functional data of involvement in nodule formation is still lacking (Osipova et al.,, 2012).

The last step during both LR and nodule development is the emergence, a step which has
been shown to be accompanied by auxin signaling (Staldal et al., 2012; Singh et al., 2020;
Shrestha et al., 2021).

In Arabidopsis, STYLISH (STYs)/SHORT INTERNODES (SHIs) regulate auxin biosynthesis
(Sohlberg et al.,, 2006) which was shown for STYI to be achieved via YUCCA (YUC)
induction (Eklund et al., 2010). LATERAL ROOT PRIMORDIUM1 (LRP1), a member of the
STY family, was shown to be involved in lateral root emergence (Singh et al., 2020). In
Lotus, plants stably expressing a dominant negative STY3-SRDX (SUBERMAN
REPRESSION DOMAIN X) (Hiratsu et al, 2003) construct showed a slightly reduced
number of nodule primordia and failed to produce mature nodules (Shrestha etal., 2021).
Furthermore, Lotus YUCCA expression was shown to be partially dependent on STY3
(Shrestha et al., 2021), indicating a possible role of STY-YUCCA signaling in nodule

emergence. Functional involvement of STY3 or other STY genes as well as STY-dependent
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auxin signaling via YUCCAs in the regulation of lateral roots in legumes appears likely, as
STY expression was shown for both nodule and LR primordia and plants transiently
overexpressing YUCCAs show aberrant LR formation (Shrestha et al., 2021). However, a

direct involvement of STY genes in LR formation in legumes has yet to be established.

Strikingly, the vast majority of previously discussed genes shows induced expression
after inoculation with rhizobia, which was dependent on either SCR, or LBD16
downstream of NIN (Schiessl et al,, 2019; Dong et al.,, 2020). Transcriptome analysis by
(Schiessl et al., 2019) revealed a major overlap of differentially regulated genes in nin-1
and [bd16-1 mutants compared to wild type plants, including STY, YUC and PLT genes. In
addition, cell cycle associated genes display similar regulation patterns in these two
mutant backgrounds. These observations allow interesting insights into the subset of
NIN-dependent genes requiring downstream factors potentially co-involved in RNS and
root architecture control. Interestingly, (Dong et al., 2020) proposed a feedforward loop

between SCR and LBD16, as their expression depends on each other.

Comparing the regulation and function of previously discussed genes during both LR and
NP development, it appears that LBD16 acts as a key transcription factor in lateral organ
initiation and further recruits a common set of downstream genes involved in lateral
organ development (Figure 7A,B). The transcriptional regulation of LBD16, however
seems to differ between both functions, as during LR initiation LBD16 expression is
induced via the auxin dependent I1AA14-ARF7/ARF19 module (Okushima et al., 2007)
(Figure 7A). During nodule formation LBD16 expression is controlled via cytokinin
induced NIN expression (Schiessl et al., 2019; Soyano et al.,, 2019) (Figure 7B). Whether
an ARF7/19 dependent recruitment of LBD16 is also involved in nodulation is so far

unknown.
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Figure 2 Genetic network involved in nodule and lateral root (LR) formation and nodule
identity (Sexauer and Markmann, 2024). A, B schematic representation of dependencies
between genes involved in nodule (A) and LR (B) formation. Circles indicate protein-protein
interaction, gene color indicates functional data generated by mutant analysis. Arrows between
genes indicate dependencies, colored triangles indicate transcriptional / translational regulation
in response to rhizobial inoculation (A) or during LR formation (B). The Model is based on data
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derived from Medicago truncatula, Lotus japonicus and Arabidopsis thaliana. leaves next to genes
indicate species, in which analysis took place. Central arrow indicates during which stage of
lateral organ formation each gene is active. Pictograms indicate which lateral organ is produced
by the genetic network. A double knock out (k.0.) of the nodule identity genes NOOT1/2 and
LSH1/2 leads to formation of root like nodules. Bracketed numbers indicate respective citations:
[1](Schiessl et al., 2019),[2] (Soyano et al.,, 2019),[3](Dong et al, 2020),[4](Shrestha et al,,
2021),[5](Magne et al, 2018),[6] (T. Lee et al.,, 2024),[7](Miri et al, 2019),[8](Yoro et al,
2014),[9](J. Liu et al,, 2019),[10](Burkart et al., 2022),[11](Franssen et al., 2015),[12] (Osipova et
al, 2012),[13](Hayashi et al.,, 2010),[14](Liu et al.,, 2022),[15](Laskowski and Ten Tusscher,
2017),[16](Fukaki et al., 2002),[17](Fukaki et al., 2005),[18](Okushima et al., 2007),[19](Lee et
al,, 2019),[20](Okushima et al,, 2005)[21](Vanneste et al., 2005),[21](Lee et al., 2017)[22] (Fan et
al, 2012),[23](Hofhuis et al, 2013)[24] (Lavenus et al, 2015),[25](Levesque et al,
2006),[26](Goh et al.,, 2016),[27](Cui et al., 2007),[28](Du and Scheres, 2017b),[29](Tian et al.,
2014),[30](Shimotohno et al., 2018),[31](Singh et al., 2020),[32](Munguia-Rodriguez et al,
2020).

Even though many similarities between lateral root and nodule development exist, they
represent distinct organs. Lateral roots and actinorhiza nodules share the most features,
as actinorhiza nodules resembling lateral root by both having a central vasculature as
well as an apical meristem (Huss-Danell, 1997). Determined and indetermined nodules
differ from LRs as they possess a peripheral vasculature and in case of determined
nodules lack a persistent meristem (Hirsch, 1992). This raises the question how nodule
identity is distinguished from LRs on a genetic basis. In Medicago MtNODULE ROOT1
(NOOT1) and NOOTZ were described as essential factors for maintaining nodule identity
(Magne et al,, 2018). Double mutants of noot1 noot2 showed only few functional nodules,
instead a high percentage of the nodules showed a root-like conversion (Magne et al,
2018). More recently in Medicago the expression of LIGHT SENSITIVE HYPOCOTYL1/2
(LSH1/2) was shown to be strongly induced during nodule formation (Lee et al., 2024).
(Lee et al., 2024) could further show that overexpression of LSH1 lead to a reduction in
LR numbers, while Ish1 knock out plants showed less functional, and more deformed
nodules than wt, which was at least partially dependent on NOOT1. Further they could
show that induction of NOOT1/2 expression upon rhizobial inoculation is impaired in
Ish1/2 mutants (Lee et al., 2024). In both noot1/2 and Ish1/2 mutants the expression of
PLTs among other factors associated with nodule and or lateral root primordia
development was deregulated (Magne et al.,, 2018; Lee et al,, 2024). This suggests that
LSH1/2 may act as positive regulators of nodule identity by promoting the expression of

NOOT1/2 and downstream factors like PLTs (Figure 7B).



Comparing the genetic bases of nodule organogenesis and root branching reveals
commonalities consistent with the hypothesis that during RLS evolution, existing genetic
pathways of conserved developmental processes were co-opted. This hypothesis is
further backed by a recent study which utilizes a comparative phylotranscriptomic
approach to identify a set of differentially expressed orthogroups (DEOGs) shared by 9
species of the FaFaCuRo, in response to RLS or actinorhiza (Libourel et al., 2023). These
DEOGs are hypothesized to have evolved RNS-dependent expression patterns in the most
recent common ancestor of all RNS species (Libourel et al., 2023). Notably, these DEOGs
include several genes showing activity patterns depending on AM or LR formation
including SHR, LBDs, STYs, ARFs, YUCCAs, PLTs and WOX all of which are involved in LR

formation (Libourel et al., 2023).

The successful establishment of RNS requires 4 major steps: 1. symbiont recognition 2.
intracellular symbiont accommodation 3. lateral organ formation 4. autoregulation of
nodulation. Taken together, it appears that during evolution of RNS, plants adapted genes
for symbiont recognition and intracellular infection from AM (Markmann et al., 2008;
Libourel et al,, 2023), and further co-opted genes involved in LR development to establish

a new lateral organ, the nodule (Schiessl et al,, 2019; Libourel et al., 2023).
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