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Adventitious root (AR) formation is a complex developmental process controlled by
a plethora of endogenous and environmental factors. Based on fossil evidence and
genomic phylogeny, AR formation might be considered the default state of plant roots,
which likely evolved independently several times. The application of next-generation
sequencing techniques and bioinformatics analyses to non-model plants provide novel
approaches to identify genes putatively involved in AR formation in multiple species.
Recent results uncovered that the regulation of shoot-borne AR formation in monocots
is an adaptive response to nutrient and water deficiency that enhances topsoil foraging
and improves plant performance. A hierarchy of transcription factors required for AR
initiation has been identified from genetic studies, and recent results highlighted the key
involvement of additional regulation through microRNAs. Here, we discuss our current
understanding of AR formation in response to specific environmental stresses, such
as nutrient deficiency, drought or waterlogging, aimed at providing evidence for the
integration of the hormone crosstalk required for the activation of root competent cells
within adult tissues from which the ARs develop.

Keywords: crown roots, adventitious rooting, waterlogging stress, hormone crosstalk, polar auxin transport,
reactive oxygen species, microRNA regulation

INTRODUCTION

By definition, adventitious roots (AR) originate post-embryonically from tissues other than roots
in response to different environmental signals, in a process that is highly regulated by hormonal
crosstalk (Atkinson et al., 2014; Bellini et al., 2014; Steffens and Rasmussen, 2016; Gonin et al.,
2019; Lakehal and Bellini, 2019). During normal development, many plant species develop ARs to
perform specialized functions, such as increasing soil exploration (e.g., crown roots in monocots),
providing support for aerial organs (e.g., pillar roots in Ficus spp. and mangroves, crown and
brace roots in maize), enhancing water capture (e.g., aerial roots in epiphyte plants), or allowing
vegetative propagation of buried stems (e.g., runners in Fragaria vesca). In many dicots, however,
the postembryonic root system is mainly composed of lateral roots (LRs), which originate from
the pericycle cell layer of already formed roots (Dubrovsky et al., 2006; Péret et al., 2009). In these
species, ARs are also formed, mainly in response to specific stress signals, such as waterlogging and
wounding, the latter being usually applied during stem cutting propagation (Druege et al., 2019).
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AN ANCIENT EVOLUTIONARY ORIGIN
OF ARS

Based on the fossil evidence and the root anatomy of extant
vascular plants, two separate root-evolution events in Lycophytes
(such as Selaginella moellendorffii) and Euphyllophytes (ferns
and seed plants) have been proposed (Pires and Dolan, 2012).
Rhizoid-based rooting systems in lycophytes that preceded the
evolution of true roots in early land plants likely developed from
dormant meristematic regions on aerial axes when in proximity
to the soil, and contributed to water and nutrient absorption,
as in modern bryophytes (Hetherington and Dolan, 2018). The
large variation in root morphology among extant lycophytes
supports the hypothesis of multiple evolution events of roots in
the lycophyte lineage (Fujinami et al., 2017).

True roots also independently appeared in several clades
during the Devonian Period as forest ecosystems evolved
(Kenrick and Strullu-Derrien, 2014). Approximately 385 million
years ago, the extinct Cladoxylales, thought to be intermediate
between early vascular plants and living ferns, were anchored at
their trunk base by many narrow, unbranched, overlapping ARs,
similar to modern palms (Kenrick and Strullu-Derrien, 2014).
Similar to lycophytes, extant ferns usually have a homorhizic
root system (all roots originate from the shoot system and are,
by definition, shoot-borne ARs), while seed plants have primary
roots (PRs) with LRs (i.e., allorhizic root system), which has
been interpreted as a third root-evolutionary event (Liu and Xu,
2018). However, it is currently unknown whether the allorhizic
seed plant root is homologous with the homorhizic fern root
(Augstein and Carlsbecker, 2018).

In vascular plants, WUSCHEL RELATED HOMEOBOX
(WOX) genes are associated with stem cell regulation (Dolzblasz
et al., 2016). WOX genes from the intermediate clade (IC-
WOX genes) displayed evolutionary conserved functions in root
organogenesis (Liu and Xu, 2018). In the fern Ceratopteris
richardii, an IC-WOX gene, CrWOXA, was specifically expressed
in root founder cells during LR and AR initiation, which led to
the hypothesis that IC-WOX genes were recruited in the common
ancestor of ferns and seed plants for AR organogenesis and later
evolved into two subclades in seed plants: one was retained in
AR organogenesis (WOX11/12), while the other was recruited for
PR specification during embryogenesis (WOX8/9) (Liu and Xu,
2018). Additional experiments have demonstrated that CrWOXA
could be a direct target of the auxin signaling pathway, which
is sufficient to trigger AR initiation in C. richardii (Yu et al.,
2020). In turn, CrWOXA might directly activate the WUSCHEL-
clade WOX (WC-WOX) gene, CrWUL, similar to the direct
activation of WOX5 expression by WOX11 required for the root
founder cell division that forms the root primordium during
AR initiation in Arabidopsis thaliana (hereafter Arabidopsis)
leaf explants (Hu and Xu, 2016). On the other hand, ectopic
expression of CrWOXA in Arabidopsis leaf explants enhanced
adventitious rooting (Yu et al., 2020). These results are in
agreement with a conserved role of IC-WOX genes in the
regulation of AR initiation in Euphyllophytes in two steps: (i)
establishing the root founder cell downstream of the auxin

signal and (ii) positioning the stem cell niche within the newly
formed root primordia.

We built an evolutionary consensus tree including 34
representative plant species in which the AR system has been
studied in some detail (Figure 1). In most of them, ARs were
induced in the basal region of stem cuttings during vegetative
propagation, normally triggered by exogenous auxin treatment.
However, in some species, ARs are normally repressed in
aerial tissues but might be locally induced by stress signals,
mainly waterlogging, nutrient deficiency and mechanical damage
(Figure 1). ARs are also formed de novo from vascular cells
in adult leaves or stems in dicots after wounding (Figure 1).
In any event, root initiation from non-root (shoot-borne)
tissues might be considered as an ancestral trait, as ARs are
formed by default in lycophytes (S. moellendorfii) and ferns
(C. richardii), while AR formation in many angiosperms might
be repressed through unknown mechanism(s) in the absence of
the specific stress signal.

GENETIC VARIATION OF
EXCISION-INDUCED AR FORMATION

We previously discussed about the contribution of genetic
variation approaches for the molecular understanding of
excision-induced AR formation in stem cuttings of important
woody species such as poplar, Eucalyptus spp., and olive trees
(Druege et al., 2019). In Arabidopsis, excised leaf explants are
able to produce ARs from some vascular associated cells (Liu
et al., 2014; Bustillo-Avendaño et al., 2018), and recent genetic
studies have identified several key regulators that are involved
in this process (Jing et al., 2020). Although many of these
regulators also function during LR development, others, such as
WOX11, are AR-specific (Jing et al., 2020). In a recent study,
an integrative analysis of quantitative trait loci (QTL) mapping
and RNA-Seq data on a full-sib F1 population from a cross
between female Populus deltoides “Danhong” and male Populus
simonii “Tongliao1” resulted in the identification of 14 QTL
clusters and hundreds of candidate differentially expressed genes
affecting several excision-induced AR traits (Sun et al., 2019).
One of the candidate genes identified, PtAAAP19, encoded a
transmembrane protein putatively involved in amino acid uptake
in roots (Sun et al., 2019). In another study in Catalpa spp.,
association mapping for three adventitious rooting traits was
performed on a selected germplasm collection, which resulted
in the identification of a gene, CbNN1, with high expression
levels in accessions with greater adventitious rooting ability
(Wang P. et al., 2019). CbNN1 encodes a WRKY transcription
factor, whose Arabidopsis ortholog modulates the crosstalk
between the salicylic acid and jasmonic acid (JA) pathways in
response to a wide range of biotic and abiotic stimuli (Kloth
et al., 2016). None of these two genes was previously linked
to excision-induced AR formation. Although next-generation
sequencing techniques and bioinformatics analysis provide novel
genes putatively involved in excision-induced AR formation in
different species, their explicit role in AR formation still requires
experimental validation.
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FIGURE 1 | Evolutionary constraints of AR formation. rbcL nucleotide sequences from 34 representative plant species where AR formation has been experimentally
described were retrieved from NCBI (Supplementary Dataset) and aligned by the ClustalW algorithm with MEGA-X (Kumar et al., 2018). The liverwort Marchantia
polymorpha has been used here as an outgroup. The consensus phylogenetic tree was inferred by using the maximum likelihood (ML) method and
Jones-Taylor-Thornton (JTT) model from 500 bootstrap replicates. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap
test are shown next to the branches. Some details of their AR system of each species are provided next to the species name.
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ROLE OF SHOOT-BORNE ROOT
ARCHITECTURE IN NUTRIENT
CAPTURE AND WATER AVAILABILITY

Monocots develop a complex root system composed of both
embryonic roots and postembryonic roots, which are named
according to the tissue of origin as seminal roots and shoot-
borne crown roots (CRs); in some species such as maize (Zea
mays), brace roots are also produced from higher internodes
at the stem (Martínez-de la Cruz et al., 2015; Hochholdinger
et al., 2018). CRs play important roles in anchorage and soil
resource acquisition during vegetative growth and reproductive
development (Hochholdinger, 2016). All types of roots produce
secondary roots (i.e., LRs) that originate from the pericycle
of already existing roots. Several reports highlighted the
transcriptomic, anatomical, and physiological complexity of the
different types of roots produced in rice (Takehisa et al., 2012;
Gutjahr et al., 2015) and maize (Zhang et al., 2015; Tai et al., 2016;
Yu et al., 2016).

In rice, both LR and CR formation is controlled by GNOM,
which encodes a guanine-nucleotide exchange factor involved in
polar auxin transport regulation (Liu et al., 2009). Downstream
of auxin, CR formation is positively regulated by CROWN
ROOTLESS1/ADVENTITIOUS ROOTLESS1 (CRL1/ARL1)
and WOX11. CRL1 belongs to the LATERAL ORGAN
BOUNDARIES domain (LBD) transcription factor family
and regulates CR formation downstream of AUXIN RESPONSE
FACTOR1 (ARF1; Inukai et al., 2005; Liu et al., 2005). WOX11
functions in CR initiation by directly repressing the expression of
the type-A negative regulator of cytokinin signaling RESPONSE
REGULATOR2 (OsRR2; Zhao et al., 2009) in cooperation
with ERF3, an APETALA2/ETHYLENE RESPONSE FACTOR
(AP2/ERF) transcription factor (Zhao et al., 2015). CRL5,
another AP2/ERF transcription factor, upregulates OsRR1 and
OsRR2 expression independently of CRL1 (Kitomi et al., 2011).
Hence, CR initiation in rice relies on a direct crosstalk between
auxin and cytokinin signaling through concerted transcription
factor regulation (Figure 2A).

In maize, shoot-borne CR initiation is controlled by
ROOTLESS CONCERNING CROWN AND SEMINAL ROOTS
(RCTS), which encodes an auxin-inducible LBD transcription
factor (Taramino et al., 2007). RCTS and its paralog RCTL
cooperatively act downstream of the auxin response factor
ARF34 during CR development (Xu et al., 2015). CR number
significantly varied among maize genotypes in a quantitative
manner (Burton et al., 2014) and it has been suggested that low
CR numbers improve resource acquisition under drought (Gao
and Lynch, 2016). On the other hand, a recent study found non-
significant genotype× environment (G× E) interaction between
CR number and different water regimes in a recombinant
inbred line (RIL) population of maize (Li et al., 2018). Several
QTLs associated with CR angle and CR length were identified
instead as having antagonistic pleiotropic effects in response
to water deficiency, a result that might be linked to the
partially overlapping function of RCTS and RCTL (Li et al.,
2018). Conversely, maize genotypes with large CR number have

shallower rooting depth and improved phosphate acquisition
from low-phosphate soils (Sun et al., 2018). These results indicate
that topsoil foraging helps to improve plant performance under
suboptimal nutrient availability.

In the C4 model grass Setaria viridis, suppression of CR
growth was a major response to water deficiency. Unlike S. viridis,
cultivated foxtail millet, S. italica, maintained the ability to
produce a small number of CR under water deficiency conditions
(Sebastian et al., 2016). These results suggested that water
availability was locally sensed by the basal stem of S. viridis to
directly regulate CR initiation. To identify the genetic factors
involved in these differential response to water deficiency, a
QTL analysis using a recombinant inbred line (RIL) population
from a cross of S. viridis, and S. italica was performed. As a
result, two major QTLs for CR variation in response to water
availability were identified; of the 380 genes in the confidence
interval of one of these QTLs, 28 were differentially expressed in
the CRs under water deficit conditions, thus identifying potential
candidates for further study (Sebastian et al., 2016). Interestingly,
the water deficiency-induced CR inhibition observed in S. viridis
was confirmed in other Poaceae species: sorghum (Sorghum
bicolor), switch grass (Panicum virgatum), and Brachypodium
distachyon (Sebastian et al., 2016). Based on these results, the
authors proposed that the transition from a PR-dominated
system to a CR-dominated system might be a key adaptation
that allows grasses to rapidly increase root growth in response to
recent precipitation events. CRs of Zea mays and Setaria italica,
domesticated relatives of teosinte and S. viridis, respectively,
showed reduced sensitivity to water deficit conditions, suggesting
that this response might have been influenced by human
selection (Sebastian et al., 2016). On the other hand, sorghum,
which completely abolishes CR growth under water deficiency,
exhibit significant drought tolerance for a crop species. Targeted
breeding approaches for varieties with enhanced water deficiency
responses of CRs in other crops may increase yield when water
availability is compromised.

CONSERVED HORMONAL PATHWAYS
DURING WATERLOGGING-INDUCED AR
EMERGENCE

An adaptive response of many species to waterlogging stress is
the emergence of ARs, which facilitate gas transport and nutrient
uptake. AR primordia can be formed during normal development
and emerge upon flooding, or they can develop de novo in
response to flooding (Steffens and Rasmussen, 2016). Bittersweet
(Solanum dulcamara), which is closely related to waterlogging-
intolerant tomato and eggplant crops, has been proposed as a
model to study waterlogging-induced AR emergence (Dawood
et al., 2014). The activation of preformed AR primordia in
the stem initiates within 24 h of partial submergence, but the
molecular responses begin within 2 h and include activation of
hypoxia-responsive and ethylene signaling genes (Dawood et al.,
2014). Downstream of ethylene, the reduction in abscisic acid
(ABA) levels in dormant AR primordia followed the reactivation
of cell divisions which were directly dependent on the auxin
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FIGURE 2 | Conserved regulatory pathways for AR formation. (A) Early steps during crown root (CR) formation in rice seedlings. (B) Waterlogging-induced AR
formation in bittersweet. (C) Light-stress induced AR formation in Arabidopsis thaliana hypocotyls. (D) Proposed role of miR156 regulation in wound-induced AR
formation in A. thaliana leaf explants. Positive and negative hormonal regulators are shown in blue and red, respectively. Transcriptional regulators are depicted inside
boxes of different colors. Each color represents a given DNA binding domain (see main text for legends).

that was continuously produced in the shoot and actively
transported through the stem (Dawood et al., 2016; Yang et al.,
2018; Figure 2B).

A similar hormone crosstalk induces growth of preformed
ARs (e.g., nodal roots) in deep-water rice when plants become
submerged (Steffens et al., 2006). In non-flooded conditions,
light inhibited AR emergence through an unknown mechanism.
Upon flooding, the growth of the activated AR primordia within
the vasculature induces reactive oxygen species (ROS)-dependent
cell death of the overlying epidermis through local mechanical
sensing (Steffens et al., 2012). In these two examples, the hormone
crosstalk required for AR emergence upon flooding derived from
the redeployment of pre-existing developmental and signaling
pathways controlling seedling germination and shoot branching.
Hence, it is tempting to speculate that orthologs of some of
the genes involved in regulating seed and bud dormancy, such
as ABSCISIC ACID INSENSITIVE5 (Skubacz et al., 2016) and
BRANCHED1 (Wang M. et al., 2019) might also contribute to
AR primordia dormancy in these two species during flooding-
induced AR emergence.

In wheat (Triticum aestivum), waterlogging induced the
formation of nodal roots with aerenchyma tissues, a response
that was associated with enhanced expression of some ethylene
biosynthetic genes and RESPIRATORY BURST OXIDASE
HOMOLOG (RBOH) genes in the submerged stem (Nguyen
et al., 2018). Indeed, ethylene and ROS production also promote
emergence of nodal roots in wheat under low-oxygen conditions
(Yamauchi et al., 2014). In addition, enhanced expression of
auxin biosynthesis and transport genes in waterlogged stems
directly contributed to higher auxin levels required for nodal
root induction (Nguyen et al., 2018). These results highlight
the importance of auxin–ethylene interplay in regulating the
formation of nodal roots from stem nodes in wheat. On the other
hand, the reduction in the expression levels of ABA biosynthetic
genes and ABA content in stem nodes during waterlogging
supports that ABA acts as a negative regulator of nodal root
formation in wheat (Nguyen et al., 2018).

Maize is sensitive to waterlogging stress and the induction
of CRs is an adaptive response in some genotypes (Zhai et al.,
2013). Genes belonging to group VII of the ethylene response
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factor (ERF) family control flooding responses in several species,
such as rice (Gibbs et al., 2015). The maize genome contains
19 genes encoding ERF-VIIs and a significant association was
found between the allelic variation of one of them, ZmEREB180,
and the survival rate under long-term waterlogging stress at the
seedling stage in a highly diverse maize germplasm collection
(Yu et al., 2019). Indeed, the nucleotide variation in its 5′-
UTR resulted in altered ZmEREB180 expression among different
maize genotypes, which was correlated with their waterlogging-
tolerance, and the ZmEREB180 overexpression enhanced CR
initiation under waterlogged conditions (Yu et al., 2019).
Ethylene is a known signal mediating flooding responses and it
has a relevant role in AR induction (Steffens and Rasmussen,
2016). ERF-VIIs are ethylene-inducible and have been shown to
function as homeostatic sensors of hypoxia (Licausi et al., 2011).
A recent report demonstrated that stem-cell activity in the shoot
apical meristem niche requires low-oxygen levels to sustain leaf
organogenesis (Weits et al., 2019). In addition, ROS homeostasis
has been identified as a factor regulating the transition between
proliferating and arrested cells during LR development in
Arabidopsis (Fernández-Marcos et al., 2017). These interesting
results suggest that ROS might act as an endogenous diffusible
molecule with important signaling functions acting on a dose-
dependent manner. An intriguing possibility is that low-oxygen
conditions in the submerged stems might directly regulate the
observed reactivation of dormant AR primordia, a hypothesis
that now could be experimentally addressed.

In other species, such as tomato (Vidoz et al., 2010)
or cucumber (Xu X. et al., 2016), ARs developed de novo
as a result of waterlogging stress. In cucumber (Cucumis
sativus), the waterlogging tolerant landrace, “Zaoer-N,” adapted
to waterlogging stress by developing a large number of ARs
in the hypocotyl, while almost no ARs were generated in
the waterlogging-sensitive cultivar “Pepino” (Xu X. et al.,
2016). Extensive transcriptome and proteome reprogramming
was observed in these two contrasting cucumber genotypes
during waterlogging, which revealed candidate factors that might
contribute to the AR primordia initiation in the tolerant line
(Xu X. et al., 2016; Xu et al., 2017a). To gain additional insight
into the genetic basis of this response, QTL mapping was
performed in six generations derived from crosses between the
two contrasting lines “Zaoer-N” and “Pepino” (Xu et al., 2017b).
A major QTL involved in AR number variation, ARN6.1, was
narrowed down to a small genomic interval (Xu et al., 2017b).
Further fine mapping of the ARN6.1 locus through bulked
segregant analysis coupled to whole genome sequencing (BSA-
Seq) and the study of haplotype diversity in a wide collection
of cucumber inbred lines identified a causal polymorphism in
the coding region of CsARN6.1 responsible for the dominant
waterlogging tolerance of “Zaoer-N” (Xu et al., 2018). The AAA-
type ATPase family protein of the “Pepino” cultivar encoded
by this gene (CsARN6.1Gly) was not functional, and transgenic
cucumber lines expressing the CsARN6.1Asp allele from “Zaoer-
N” exhibited a significant increase in AR numbers under
waterlogging conditions compared with that of the waterlogging-
sensitive lines (Xu et al., 2018). An indirect link was proposed
between CsARN6.1Asp and H2O2 accumulation, which is a

known trigger of AR formation in several species (Li et al., 2017).
In a subsequent study, the authors showed that waterlogging
induced ROS accumulation in the cambium of tolerant “Zaoer-
N” hypocotyls, while inhibiting H2O2 production suppressed
AR formation in waterlogging conditions (Qi et al., 2019). In
addition, waterlogging-induced AR formation was stimulated by
ethylene through the early upregulation of ethylene biosynthesis
genes (Qi et al., 2019). In their model, ethylene stimulates the
transport and accumulation of auxin in the submerged hypocotyl;
and that both ethylene and auxin generate ROS, which directly or
indirectly leads to AR formation (Qi et al., 2019).

NOVEL INSIGHTS INTO microRNA
REGULATION OF AR FORMATION

In Arabidopsis, light-stress induced AR formation in the
hypocotyl is regulated by a subtle balance of three activator and
repressor ARF genes (Gutierrez et al., 2009). ARF17, a target of
microRNA160 (miR160), is a negative regulator of AR formation,
while ARF6 and ARF8, targets of miR167, are positive regulators
of adventitious rooting, which function in a complex regulatory
loop at both transcriptional and posttranscriptional level
(Gutierrez et al., 2009). In the presence of high auxin levels, two
F-box proteins from the TRANSPORT INHIBITOR1/AUXIN-
SIGNALING F-BOX PROTEIN (TIR1/AFB) family, TIR1 and
AFB2, promote 26S proteasome-mediated degradation of the
auxin/indole-3-acetic acid (Aux/IAA) corepressors IAA6, IAA9
and IAA17, which in turn allows the transcriptional activity of
ARF6 and ARF8 in the presence of auxin (Lakehal et al., 2019).
As a result, ARF6 and ARF8 upregulate GRETCHEN HAGEN3.3
(GH3.3), GH3.5, and GH3.6 expression, which encode the acyl-
acid-amido synthetases involved in the negative regulation of
active JA levels that inhibit AR formation in the hypocotyl
(Gutierrez et al., 2012; Figure 2C).

An integrated analysis of miRNAs and their target gene
expression has been recently performed in poplar softwood
cuttings to identify the functional miRNA-target modules
involved in AR development at the genome-wide level (Cai
et al., 2019). Among the miRNA-target pairs identified, poplar
miR167a and its targets PeARF6s and PeARF8s were subjected
to functional validation. miR167a negatively regulates AR
formation in poplar, whereas overexpression of a miR167-
resistant form of PeARF8.1 promotes AR formation, suggesting
that the regulatory mechanism of miR167-ARF8 during AR
formation may be conserved (Cai et al., 2019). On the other
hand, PeARF17.1 and PeARF17.2 are targeted by miR160a
in poplar, and the overexpression of their miR160-resistant
versions promote wound-induced AR formation (Liu et al.,
2020), which indicates a highly complex regulatory mechanism
of AR formation in this species. In lotus (Nelumbo nucifera)
seedlings, ARs usually emerge on the hypocotyls or at the
internodes of the rhizome underground. Expression profile of
miRNAs during different stages of AR formation in this species
identified 240 upregulated and 70 downregulated miRNAs at the
induction stage. Several of these miRNAs were related to plant
hormone metabolism, particularly auxin and brassinosteroids
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(BRs; Libao et al., 2019). Three miRNAs (miR157a-5p, miR9748,
and miR2105) were involved in regulating the BR receptor
gene BRASSINOSTEROID INSENSITIVE1, and four miRNAs
regulated auxin transduction elements, such as TIR1 (miR393b-
5p) and ARFs (miR160a and miR9748), as well as auxin target
genes, such as GH3 (miR171d-5p) and SAUR (miR162-3p)
(Libao et al., 2019).

The increase in AR formation and the decrease in shoot
growth are a general response of plants to a mineral deficiency.
Several miRNAs were differentially expressed under mineral
deficiency (N, P, K, and S) conditions in rice root and shoot
tissues (Grewal et al., 2018). Based on previous experimental
evidence, the regulatory interactions that connect molecular
events to phenotypic changes were anticipated. Some members
of OsmiR167 were downregulated in the shoot but were
upregulated in the root under phosphate deficiency. OsmiR167
targets and degrades OsARF8 that, in turn, lowers OsGH3.2
function and increases the active auxin levels in the root,
which might indirectly enhance CR formation (Grewal et al.,
2018). On the other hand, sulfur deficiency induced OsmiR394
expression, which targets and degrades the F-box protein
OsFBX32 that in turn stabilizes the Aux/IAA auxin repressors
OsIAA3 and OsAXR3, leading to CR growth inhibition
(Grewal et al., 2018).

In Arabidopsis, miR156 acts by repressing the expression of
11 SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL)
genes (Xing et al., 2013). A role for miR156 in AR formation has
been proposed based on the reduced number of wound-induced
ARs of plants transformed with 35S::MIM156, which blocks the
activity of miR156 and causes an increase in SPL expression,
providing a plausible explanation for the observation that rooting
capacity declines along with plant age (Xu M. et al., 2016;
Massoumi et al., 2017). Recent data indicated a more complex
scenario for SPL regulation during wound-induced AR formation
(Ye et al., 2020). Here, the authors used the Arabidopsis leaf
explant experimental system to provide a mechanistic model
for de novo AR formation where the wound signal activates
a subset of AP2/ERF transcription factors that induce auxin
biosynthesis, such as ABR1, ERF109, ERF115, and RAP2.6L,
among others. In older leaves, SPL2, 10, and 11 directly bind to
the promoters of these AP2/ERFs and attenuate their induction,
thereby dampening auxin accumulation at the wound (Ye et al.,
2020; Figure 2D).

Recently, additional evidence for the key role of miRNAs in
regulating AR formation came from the molecular identification
of the crown root defect1 (crd1) mutant in rice (Zhu et al.,
2019). CRD1 encodes the functional ortholog of Arabidopsis
HASTY (HST), known to be important in miRNA biogenesis,
function and transport (Mee et al., 2005). The altered crown
root development of crd1 was phenocopied by target mimicry
of miR156, which upregulates several genes of the SQUAMOSA
PROMOTER BINDING PROTEIN-LIKE (SPL) transcription
factor family (Zhu et al., 2019). Based on the complementary
root system architecture of hst and crd1 mutants, it is tempting
to speculate that the miR156-SPL module play important roles in
the development of the dicot taproot vs. the monocot fibrous root
systems, which deserve further study.

CONCLUDING REMARKS

Based on the fossil record and phylogenetic evidence, we propose
AR formation as the default state of root development in
plants. Recent molecular approaches using different species led
to the identification of some of the conserved gene regulatory
networks involved in the early steps of AR formation. The
basic module for AR initiation consists of a hierarchy of
transcription factors belonging to the ARF and WOX families,
which act downstream of local auxin gradients and, in turn,
regulate the activity of LBD and AP2/ERF transcription factors.
Downstream regulation results in altering endogenous hormone
homeostasis, particularly that of auxin and cytokinins, which
reinforce signaling toward the reactivation of resident root stem
cells, likely through controlling the local concentration of ROS.
The environmental information is then integrated into these
developmental modules through additional hormonal regulation
(ethylene, ABA, and JA) and miRNA regulation. Despite all the
recent advances in this field, little is known about the molecular
mechanisms controlling the early specification of resident stem
cells within adult tissues and the signals that maintain them
in a quiescent state until their reprogramming is required
for AR initiation.
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