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Roots are important plant organs for the uptake of water and nutrient elements.

Plant root development is finely regulated by endogenous signals and

environmental cues, which shapes the root system architecture to optimize the

plant growth and adapt to the rhizospheric environments. Carotenoids are

precursors of plant hormones strigolactones (SLs) and ABA, as well as multiple

bioactive molecules. Numerous studies have demonstrated SLs and ABA as

essential regulators of plant root growth and development. In addition, a lot

carotenoid-derived bioactive metabolites are recently identified as plant root

growth regulators, such as anchorene, b-cyclocitral, retinal and zaxinone.

However, our knowledge on how these metabolites affect the root architecture

to copewith various stressors and how they interactwith each other during these

processes is still quite limited. In the present review, we will briefly introduce the

biosynthesis of carotenoid-derived root regulators and elaborate their biological

functionson rootdevelopmentandarchitecture, focusingon their contribution to

the rhizospheric environmental adaption of plants.

KEYWORDS

root development, carotenoids, carotenoid-derived bioactive molecules, root growth
regulators, adaption
Introduction

Roots are important plant organs for the uptake of water and nutrient elements. Most

of the roots grow in soil, constituting the underground part and providing physical

support to the aerial proportion of the plant (Petricka et al., 2012). In addition, roots have

great significance for plants to cope with a variety of environmental stressors (Karlova
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et al., 2021). The dicotyledonous model plant Arabidopsis has a

typical tap root system comprising of primary root, lateral roots,

adventitous roots, and the most recently identified anchor roots.

In Arabidopsis, a primary root is firstly developed from the

radicle of the seed (Petricka et al., 2012). A pair of anchor roots

will immediately initiate at the root-hypocotyl junction and

conditionally emerge later (Jia et al., 2019b). Soon after, the

lateral roots will develop successively in the primary root in a

circadian manner (Moreno-Risueno et al., 2010). Additionally,

the roots produced in the shoot and leaves are collectively

referred to as adventitious roots (Bellini et al., 2014). The

mature zone of all types of roots produces root hairs, which

expands the surface of the root system. In comparison to the tap

root systems in dicotyledons, monocotyledonous plants usually

possess a fibrous root system that is composed of crown roots

and lateral roots (Bellini et al., 2014). Different types of roots

constitute the plant root system architecture (RSA), which

optimizes the growth and adaption of plants (Leftley et al., 2021).

Root development and RSA are finely regulated by a variety of

endogenous regulators. Plant hormones, especially auxin, play key

roles in these processes (Leftley et al., 2021). During the embryonic

root formation, polar auxin transport in quiescent center (QC) is

involved in the basal root pole formation. And auxin participates in

thewhole developmental stage of lateral roots, including positioning,

initiation, outgrowth and emergence (Perianez-Rodriguez et al.,

2021). Moreover, auxin is also involved in the development of

adventitious roots and anchor roots by the interaction with other

regulators (Bellini et al., 2014; Jia et al., 2019b).

In addition to auxin, other phytohormones, such as jasmonic

acid, SLs, and ABA, are also essential to the root development

under specific environmental conditions (Marzec and Melzer,

2018; Mostofa et al., 2018; Zhang et al., 2019; Ramachandran

et al., 2020; Brookbank et al., 2021). Jasmonic acid is a key signal

to initiate the adventitious root formation in wounded non-root

organs to induce plant regeneration (Zhou et al., 2019; Ikeuchi

et al., 2020); SLs shape the plant RSA to make better use of

nutrient elements especially under phosphorus (P)- and

nitrogen (N)-starvation conditions (Marzec and Melzer, 2018;
Abbreviations: SLs, Strigolactones; RSA, Root system architecture; QC,

Quiescent center; N, Nitrogen; P, Phosphorus; ROS, Reactive oxygen

species; AMF, Arbuscular mycorrhizal fungi; RAM, Root apical meristem;

WT, Wild type; ABA, Abscisic acid; GGPP, Geranylgeranyl pyrophosphate;

NAA, 1-naphthlcetic acid; NPA, 1-N-naphthylphthalamic acid; Iso-AR, Iso-

anchorene; PSY, Phytoene synthase; CCD, Carotenoid cleavage dioxygenase;

ZAS, Zaxinone synthase; TIL, Temperature induced lipocalin; RBP4, Retinol

binding protein 4; D27, Dwarf27; CYP450, Cytochrome p450; OsMAX1,

Oryza sativa more axillary 1; HYD, Non-heme diiron oxidase; CYP97A,

Cytochrome p450-type monooxygenase 97a; ZEP, Zeaxanthin epoxidase;

VDE, Violaxanthin de-epoxidase; NSY, Neoxanthin synthase; ABA2, Aba-

deficient 2; AAOs, Abscisic aldehyde oxidases; NCED, 9-cisepoxycarotenoid

dioxygenase; PIN, Pin-formed family protein; LAX3, Like aux1 3; TAA1,

Tryptophan aminotransferase of arabidopsisArabidopsis 1; YUC7, Yucca 7.
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Mostofa et al., 2018); while ABA mainly modulates root growth

directions toward favorable surviving environment to avoid the

disadvantageous abiotic stresses in rhizosphere (Harris, 2015;

Emenecker and Strader, 2020; Brookbank et al., 2021). Both SLs

and ABA are derived from carotenoids, which are a class of

isopronoid photosynthesis pigments and act as precursors of a

serial of bioactive molecules (Schwartz et al., 1997; Alder et al.,

2012). Most recently, several endogenous carotenoid-derived

metabolites are identified as new regulators of root growth and

development in plants, such as b-cyclocitral (Dickinson et al.,

2019), anchorene (Jia et al., 2019b), iso-anchorene (Jia et al.,

2021a), zaxinone (Wang et al., 2019) and retinal (Dickinson

et al., 2021). Therefore, it seems that carotenoids and carotenoid-

derived metabolites play intriguingly essential roles in root

development and shaping RSA.
Carotenogenesis and carotenoid
metabolism

Carotenogenesis in plants

Carotenoids are isoprenoid photosynthetic accessory pigments

with significant functions in photosynthesis in plants (Maoka,

2020). They are essential for scavenging free radicals and for

photoprotection to protect the photosystems from singlet oxygen

damage caused by excess exposure to light (Hashimoto et al., 2016).

In addition, carotenoids act as precursors of metabolites with

significant biological functions, such as phytohormones SLs and

ABA. Carotenoids consist of eight isoprene units with a 40-carbon

skeleton (Rodriguez-Concepcion et al., 2018). In plants, they are

synthesized and stored in plastids. The synthesis of carotenoids

starts from the condensation of two geranylgeranyl pyrophosphat

(GGPP) molecules catalyzed by phytoene synthase (PSY) to yield

15-cis-phytoene, which is an important rate-limiting step in

carotenoids biosynthesis (Rosas-Saavedra and Stange, 2016). 15-

cis-phytoene is further catalyzed by two desaturases and two

isomerases to produce lycopene. The cyclization of lycopene is

diverged into a-carotene and b-carotene branch depending on the
catalysis ofdifferent cyclases.Hydroxylationof the two ionone rings

in a-carotene and b-carotene by various hydroxylases leads to

lutein and zeaxanthin, respectively (Fiore et al., 2006; Kim and

Dellapenna, 2006). Lutein and zeaxanthin can be further

isomerized in the double bonds of the chain and modified in the

rings, resulting in the enormousdiversity of this classof compounds

(Von Lintig and Sies, 2013).
Apocarotenoid and carotenoid-derived
bioactive metabolites

Owing to the extended conjugated double bond system in

their structure, carotenoids are prone to be cleaved by carotenoid
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cleavage dioxygenase (CCD) and/or non-enzymatically by

reactive oxygen species (ROS), leading to a diverse family of

important metabolites, apocarotenoids (Walter and Strack,

2011; Beltran and Stange, 2016; Hou et al. , 2016).

Apocarotenoids act as important bioactive molecules in plants,

such as phytohormones ABA and SLs, and various plant growth

regulators b-cyclocitral, anchorene, zaxinone, and so on

(Figure 1) (Felemban et al., 2019; Moreno et al., 2021; Wang

et al., 2021b).

Six major CCD sub-families, main contributors in

carotenoids metabolism, have been identified in plants: CCD1,

CCD4, CCD7, CCD8, 9-cisepoxycarotenoid dioxygenase

(NCED) and zaxinone synthase (ZAS) (Wang et al., 2019;

Zhang et al., 2021). CCD1 enzymes possess wide substrate and

double-bond specificity to produce a large number of volatiles

and dialdehyde products, indicating a role for them in
Frontiers in Plant Science 03
scavenging destructed carotenoids (Ilg et al., 2009). CCD4

enzymes specifically cleave the C9-C10 or C7-C8 double

bonds in bicyclic carotenoids, which have essential biological

functions in regulating carotenoid contents and pigmentation in

different plant organs and tissues (Zheng et al., 2021). In

addition, it is believed that CCD4 is responsible for the

production of b-cyclocitral (Ilg et al., 2009; Bruno et al., 2016),

even though ROS have also been shown to be involved in this

process, likely by a non-enzymatically cleavage manner

(Figure 1) (Ramel et al., 2012). The biological functions of

CCD7 and CCD8 subfamilies have been widely investigated,

which are key enzymes responsible for the biosynthesis of SLs

(Figure 1) (Alder et al., 2012; Jia et al., 2018). NCEDs are rate-

limiting enzymes in ABA biosynthesis pathway, catalyzing the

stereospecific cleavage of 9-cis-epoxycarotenoids to produce the

key ABA intermediate xanthoxin (Figure 1) (Schwartz et al.,
FIGURE 1

The biosynthesis pathway of carotenoid-derived root regulators. The identified enzymes are marked as green and the presumptive enzyme is
marked as red. “?” indicates that the enzymes responsible for the reaction have not been identified yet. Strigolactone: b-Carotene is first
isomerized into 9-cis-b-carotene by dwarf27 (D27) in a reversible manner; 9-cis-b-carotene is sequentially oxidative cleaved by CCD7 and
CCD8 to produce the key intermediate carlactone, which is further catalyzed by CYP450s (OsMAX1s) to produce strigolactones. ABA: b-
Carotene is hydroxylased by non-heme diiron oxidase (HYD)/CYP97A into zeaxanthin; zeaxanthin and violaxanthin can be interconverted into
each other by zeaxanthin epoxidase (ZEP) and violaxanthin de-epoxidase (VDE), respectively; violaxanthin is transformed into neoxanthin by
neoxanthin synthase (NSY); violaxanthin and neoxanthin are further isomerized by yet unknown enzymes into 9-cis-violaxanthin and 9’-cis-
neoxanthin, respectively, which are further oxidatively cleaved by NCEDs into xanthoxin; xanthoxin is then sequentially catalyzed by aba-
deficient 2 (ABA2) and abscisic aldehyde oxidases (AAOs) to finally produce ABA; recently, an alternative route from b-carotene or zeaxanthin to
xanthoxin has been identified, which uses b-apo-11-carotenals as intermediates, even though the exact enzymes responsible for this route have
not been identified. Zaxinone: ZAS catalyzes the presumptive zeaxanthin oxidative cleavage product, apo-10’-zeaxanthinal to produce zaxinone.
b-Cyclocitral can be produced from b-carotene catalyzed by CCD4 or non-enzymatically by ROS. Principally, retinal, anchorene and iso-
anchorene could be produced from the oxidative cleavage of b-carotene, however, the experimental evidence is still lacking.
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1997; Nambara and Marion-Poll, 2005). ZAS sub-family

members were most recently reported to catalyze the

production of zaxinone, a newly identified plant growth

regulator in rice (Figure 1) (Wang et al., 2019). Need to notice,

ZAS orthologues are only present in genomes of arbuscular

mycorrhizal fungi (AMF) host species, suggesting an important

role of ZAS subfamily in arbuscular mycorrhizal symbiosis

(Wang et al., 2019).

Among these carotenoid-derived bioactive metabolites, SLs

and ABA display significant physiological activities in regulating

root growth and development (Mostofa et al., 2018; Brookbank

et al., 2021). In addition, several newly identified bioactive

apocarotenoids were demonstrated as important plant root

growth regulators. Retinal, which was previously characterized

as key precursor of vitamin A in mammals, is identified as

conserved endogenous signal in Arabidopsis to regulate periodic

oscillatory lateral root initiation (Figure 1) (Dickinson et al.,

2021); anchorene is specifically involved in anchor root

formation in Arabidopsis (Figure 1) (Jia et al., 2019b); b-
cyclocitral and iso-anchorene affect root apical meristem to

regulate primary root growth in Arabidopsis (Figure 1)

(Dickinson et al., 2019; Jia et al., 2021a); while zaxinone was

shown to affects root biomass and nutrient utilization efficiency

in rice (Wang et al., 2019). Obviously, carotenoid-derived

bioactive metabolites play essential roles underground to

regulate root growth and development. In the following part,

we will elaborate how these carotenoid-derived bioactive

metabolites regulate root growth in plants to adapt to the

adverse rhizospheric environments.
Biological functions of carotenoid-
derived root growth regulators

SLs shape root architecture to adapt to P
and N nutrient deficiency

SLs are identified as novel carotenoid-derived plant hormones

that shape plant shoot architecture in 2008 (Gomez-Roldan et al.,

2008; Umehara et al., 2008). Previously, SLs were mainly

characterized as plant secreting rhizospheric signals to promote

AMF hyphal branching and stimulate the germination of parasite

weeds (Al-Babili and Bouwmeester, 2015; Jia et al., 2018).

Afterwards, SLs were identified as key regulators in root

architecture in different species (Figure 2A). In rice and

Arabidopsis, SL biosynthesis and signaling deficient mutants

developed more lateral roots and shorter primary roots compared

towild typeplantsunder optimal growthconditions, suggestingSLs

promote the primary root growth but inhibit the lateral root

formation (Koltai, 2011; Ruyter-Spira et al., 2011; Ruyter-Spira

et al., 2013). Consistently, exogenously applied SL analog GR24

restored the lateral- and primary-root phenotypes in SL

biosynthesis mutants but not in SL signaling mutants in both rice
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and Arabidopsis (Koltai, 2011; Ruyter-Spira et al., 2011). Further

studies showed that the enhanced root growth upon SL application

correlates with increased meristem cortical cell number and

transition zone size in primary root. SLs also mediate

adventitious root development even the effects vary in different

species. SLs suppress the formation of adventitious root in

Arabidopsis and pea (Rasmussen et al., 2012), while promote

crown root growth and adventitious root elongation in rice (Sun

et al., 2015). Inaddition, SLshavea significantlypromotingeffect on

the root hair elongation (Kapulnik et al., 2011).

P and N are two of the macro nutrient elements required for

plant growth and development. Under P- or N- starvation growth

conditions, the plants are prone to grow a shallow RSAwith longer

lateral roots andshorterprimary roots,which is believed to facilitate

nutrient absorption efficiency (Marzec andMelzer, 2018; Hu et al.,

2021; Liu, 2021; Pélissier et al., 2021). Although the molecular

mechanism of how P- and N-starvation shape root architecture is

complex, SLs seem play essential roles in the adaptive responses to

P- and N-deficiency of plants. In rice, P- or N-starvation lead to

increased seminal root length and decreased lateral root density in

wild type seedlings, while these effects are largely repressed in SL

biosynthesis and signaling mutants (Figure 2A) (Koltai, 2011;

Ruyter-Spira et al., 2011; Mayzlish-Gati et al., 2012; Sun et al.,

2014). Further studies demonstrate that P- or N-starvation rapidly

induce the expression of SL biosynthesis genes, such as CCD7 and

CCD8, and increase the biosynthesis of SLs (Yoneyama et al., 2012;

Sun et al., 2014). The increased SL contents contribute to the

adaptionof theplants toP-orN-starvation at least in twoaspects. 1)

SLs work together with other signals to shape the RSA (longer

seminal roots and root hairs) for better nutrient utilization

efficiency; 2) Elevated SL biosynthesis in roots will increase the SL

content in root exudates, which will promote the symbiotic

relationship between host plants and AMF by inducing AMF

hyphae branching, and therefore further enhance the adaptive

responses of plants toward nutrient deficiency. The effect of SLs

on nutrient starvation responses has great potential for developing

strategies to improve crop nutrient utilization efficiency and

productivity in unfertile soils.

Auxin is a master regulator on the root development in plants

(Petricka et al., 2012). The root growth is determined by the auxin

concentration gradient along the longitudinal axis of root

meristem, which is mainly maintained by the action of auxin

efflux transporter PIN proteins (Blilou et al., 2005; Paponov et al.,

2005). It has been demonstrated that SL signaling acts upstream of

auxin in regulating primary root growth, as well as lateral root

initiation and emergence (Kapulnik et al., 2011; Koltai, 2011;

Mayzlish-Gati et al., 2012; Sun et al., 2014). The regulation of

lateral root density by SLs could attribute to the change of lateral

auxin reflux in roots (Cheng et al., 2013). Inaddition, SLapplication

onArabidopsis roots declines PIN1, PIN2, PIN3 andPIN7proteins

levels in primary root tips, which enhances the auxin accumulation

inprimary root tips andultimately results in increasedprimary root

growth (Ruyter-Spira et al., 2011; Pandya-Kumar et al., 2014).
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ABA directs root growth to cope with
various abiotic stresses

ABA is another carotenoid derived plant hormone

(Nambara and Marion-Poll, 2005; Jia et al., 2021b). ABA
Frontiers in Plant Science 05
regulates multiple growth and developmental processes

including seed dormancy and germination, stomatal

movement, plant senescence, as well as responses to various

abiotic stresses (Brookbank et al., 2021). In addition, ABA plays

a key role on plant root growth and development (Figure 2B)
A B
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FIGURE 2

The biological functions of carotenoid-derived metabolites on plant root development and adaption to rhizospheric environments. (A) SLs
enhance the length of the primary root, seminal roots and root hairs, but inhibit lateral root density in rice under normal growth condition;
under P starvation growth condition, wild type (WT) rice plants grow longer seminal roots and root hairs, and less lateral roots, which is not
observed in SL biosynthesis and signaling mutants (sl mutants); WT rice plants establish more arbuscular mycorrhizal symbiosis than sl mutants
under P starvation. AMF are marked as orange. (B) Low concentrations of ABA promote the length of primary root and lateral roots, while high
concentrations of ABA inhibit them; under drought and salinity soil growth conditions, the WT but not the ABA biosynthesis and signaling
mutants (aba mutants) plants possess hydrotropism and negative halotropism manners to grow toward higher water potentials and escape from
salty environment. “H2O” indicates higher water potentials and “Na+” indicates higher salt concentrations. (C) Retinal determines the spatial
distribution of lateral root prebranch sites in a periodic oscillation transcriptional mechanism in Arabidopsis; til mutant has significantly
decreased-lateral root capacity and -root clock amplitude due to the decreased sensitivity to retinal. (D) Anchorene promotes the formation of
anchor roots, while iso-anchorene (iso-AR) mainly inhibits the growth of primary root. Anchor roots are marked as red and the partial hypocotyl
is marked as light green. (E) b-Cyclocitral enhances primary root growth and lateral root branching by promoting root stem cell divisions; under
salinity growth condition, exogenous applied b-cyclocitral could promote the root growth and therefore increase the tolerance to salt stress.
(F) Zaxinone promotes the root growth and enhances the root biomass in rice; the zas mutant displayed decreased root biomass which can be
restored by zaxinone application. “-” indicates no treatment and “+” indicates exogenous carotenoid-derived metabolites treatments. “Ctl”
indicates plants grow under normal condition.
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(Harris, 2015). During seed dormancy, the presence of

endogenous ABA causes the arrest of root apical meristem

(RAM) which will resume functioning upon the removal of

ABA (Lopez-Molina et al., 2001). During seedling development,

ABA promotes the maintenance of stem cells in the RAM by

maintaining the quiescence of QC; at the same time, ABA could

increase the differentiated cell size in the RAM (Zhang et al.,

2010; Takatsuka and Umeda, 2019). Therefore, low

concentrations of ABA promote the primary root growth, and

reduced primary root length was observed in the ABA

biosynthesis- and signaling-mutants due to a smaller

differentiated cell size (Rosales et al., 2019); while application

of high concentrations of exogenous ABA inhibits primary root

growth by inhibiting the stem cell division in the RAM

(Figure 2B) (Rosales et al., 2019). ABA has a similar effect but

different sensitivity on lateral roots in comparison to the primary

root (De Smet et al., 2003). ABA also stimulates the production

of root hairs by reducing the length of root hairs but increasing

their density (Salazar-Henao et al., 2016; Rymen et al., 2017).

Thus, appropriate ABA content is necessary for the normal

development of plant root system.

Drought and salinity are two widespread abiotic stressors for

plants, which provoked water deficit and nutrient imbalance.

ABA signaling mediates the root architecture and morphology

to cope with these stressors. Drought stress could promote the

primary root growth but inhibit the lateral root growth by

enhancing the accumulation of ABA in roots (Pierik and

Testerink, 2014; Rosales et al., 2019). Therefore, under drought

stress plants accumulate ABA in the roots which results in fewer

axial/lateral roots and a deeper root to allow for efficient water

capture and thereby ameliorates drought stress. It was believed

that the accumulation of ABA in roots is mainly transported

from aboveground part under drought stress condition

(McAdam et al., 2016; Xie et al., 2020). While challenged with

salt stress, the growth of primary roots and lateral roots will be

arrested, which likely requires the fast ABA biosynthesis in the

roots (Chen et al., 2012). The ABA accumulation in the roots

under salt stress will inhibit the cell differentiation in the QC,

and therefore protect the RAM. Furthermore, it was found that

lateral roots are more sensitive to salinity compared with

primary roots (Duan et al., 2013; Geng et al., 2013). On the

other hand, ABA mediates root growth directions to cope with

various stress signals. Hydrotropism and negative halotropism

are representatives of root responses to drought and salt stresses,

respectively, which enable guided root growth in soil

(Figure 2B). Hydrotropism is the bending of the root to grow

toward higher water potentials, which depends on the core ABA

signal transduction pathway in cortical cells of the root

elongation zone in Arabidopsis (Pierik and Testerink, 2014;

Miao et al., 2021). In contrast, ABA synthesis or ABA

signaling defective mutants have a significantly reduced

hydrotropic response (Karlova et al., 2021; Miao et al., 2021).
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Negative halotropism means root bending away from salty

environment, which is a key strategy for plant root to avoid

high salinity stress. As mentioned above, high salinity stress can

arrest the growth of primary- and lateral-roots due to the

accumulation of ABA (Pierik and Testerink, 2014; Karlova

et al., 2021). Therefore, negative halotropism will guide the

root grow away from areas of high salinity environment.

It has been shown that ABA mediated root growth is related

to various hormone signals and ROS (Verma et al., 2016;

Emenecker and Strader, 2020; Brookbank et al., 2021). ROS

functions as a secondary messenger for root cell division and

elongation. ROS accumulation inhibits the elongation of

primary roots. ABA stimulates the root elongation rate by

reducing ROS accumulation (Yang et al., 2014). In addition,

ABA have been shown to interact with auxin signaling in

controlling hydropatterning which directs lateral roots grow

toward higher water availability (Bao et al., 2014; Robbins and

Dinneny, 2018; Emenecker and Strader, 2020). The

accumulation of ABA under low water potential decreases the

local auxin biosynthesis, therefore inhibits lateral root formation

(Emenecker and Strader, 2020). This mechanism may also

explain how meristems are maintained and protected under

stress conditions or during dormancy.
Retinal is an endogenous
carotenoid-derived metabolite
involved in the lateral root clock

The formation of lateral roots plays a decisive role in the root

architecture. Lateral roots initiate from the determined xylem

pole pericycle cells which were called lateral root founder cells

along the root axis (Banda et al., 2019). Lateral root founder cells

undergo a stereotypic division patterning to form lateral root

primordia which will emerge to form lateral roots later

conditionally (Banda et al., 2019). The emergence of lateral

root primordia is influenced by various environmental cues,

such as nutrient status, temperature, water availability (Muller

et al., 2019); whereas, the establishment of lateral root pre-

patterning along the root axis has been reported to be

determined by a periodic oscillation transcriptional

mechanism in Arabidopsis, which is known as the root clock

(Moreno-Risueno et al., 2010). The root clock establishes lateral

root prebranch sites through oscillating gene expression

approximately every 6 hours. The root clock and primary root

growth jointly determine the spatial distribution of lateral root

prebranch sites (Moreno-Risueno et al., 2010; Van Norman

et al., 2013).

It was believed that the developmental pre-patterning of

lateral roots requires a carotenoid-derived metabolite signal,

because repression of the carotenoid biosynthesis through either

chemical inhibitors or genetic manipulation results in the
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depletion of the root clock (Van Norman et al., 2014). Further

evidence indicates the putative b-carotene derived signal is rather

than ABA or SLs. Therefore, an uncharacterized apocarotenoid

likely serves as a regulator for lateral root prebranch sites and

coordinates the lateral root clock with the development of

primordia (Van Norman et al., 2014). Using biochemistry and

genetic techniques, Dickinson et al., ambiguously demonstrated

that retinal, which could be produced from the cleavage of b-
carotene, acts as a root clock signal in Arabidopsis (Figure 2C)

(Dickinson et al., 2021). Dickinson et al., further identified

temperature induced lipocalin (TIL) as a specific retinal binding

protein in Arabidopsis. Interestingly, TIL shows significant

homology with a vertebrate retinal binding lipocalin, retinol

binding protein 4 (RBP4). Consistently, retinal also works on

the occupational somitogenesis clock in vertebrate, which suggests

a potential conserved biological role of retinal in plants and

vertebrate. TIL expression well overlaps the root clock signal in

spatial and temporal patterns (Dickinson et al., 2021). Moreover,

Arabidopsis til mutant has significantly decreased-lateral root

capacity, -root clock amplitude and -sensitivity to retinal

(Figure 2C). Moreover, TIL specifically binds to retinal in a

heterologous system. In addition, TIL was previously identified

as a protein involved in heat stress tolerance, which suggests the

root clock might be mediated by temperature. Indeed, heat shock

stress significantly decreases the amplitude of the root clock, and

the temperature sensitivity of the root clock is suppressed in the til

mutant, indicating TIL is important for proper response to heat

stress during lateral root organogenesis (Dickinson et al., 2021).

Taken together, retinal is a new carotenoid-derived bioactive

metabolite that specifically mediates oscillatory lateral root

initiation through a potential TIL regulated signaling pathway

in Arabidopsis, which is essential for heat stress mediated lateral

root organogenesis.
Anchorene specifically promotes anchor
root formation in Arabidopsis

Anchor roots were recently identified as a new kind of roots

that grow just in the root hypocotyl junction site in Arabidopsis

(Figure 2D) (Jia et al., 2019b; Pérez-Pérez, 2020). Different from

lateral roots and adventitious roots, anchor roots initiate from

the xylem pole pericycle cells as early as 3 days post germination

of Arabidopsis seeds. In Arabidopsis Col-0 ecotype, the seedlings

have very little frequency (< 5%) to grow anchor roots under

optimal growth condition. However, when grown in poor

nutrient sandy soil or primary root tips are excised, the

seedlings have much higher frequency (>50%) to grow anchor

roots, suggesting anchor roots are important for primary root

replacement and nutrient acquisition (Jia et al., 2019b).

Jia et al., further demonstrated that a carotenoid-derived

metabolite is required for the anchor root formation, because
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chemical inhibitors or genetic manipulation suppresses anchor

root formation. By screening a serial of apocarotenoids

theoretically derived from carotenoids, Jia et al., identified

anchorene as a specific regulator of anchor root formation.

Exogenous anchorene application fully restored the anchor

root formation in carotenoid biosynthesis deficient plants

(Figure 2D). Moreover, anchorene can be detected in plants,

and its amount was significantly reduced in carotenoid

biosynthesis repression plants, indicating anchorene is an

endogenous carotenoid-derived metabolite (Jia et al., 2019b;

Mi et al., 2019). In addition, under N starvation growth

condition, the Arabidopsis seedlings grew more anchor roots

and accumulated more anchorene, suggesting anchorene is

important for the plants to adapt to N starvation (Jia et al.,

2019b). Need to notice, iso-anchorene is another carotenoid-

derived metabolite which is a structural isomer of anchorene.

However, iso-anchorene specifically inhibits the primary root

growth, which provides an interesting example that chemicals

with similar structures have quite different physiological

functions (Figure 2D) (Jia et al., 2021a).

Auxin plays an essential role in anchor root development,

since anchor root formation is strongly induced by the auxin

analog NAA, but impeded by the auxin transport inhibitor NPA

(Jia et al., 2019b). Further studies demonstrate that anchorene

regulates anchor root development mainly through the

modulation of auxin homeostasis. Anchorene application

significantly enhances the auxin signaling in both anchor root

primordia and their surrounding tissues. Consistently,

anchorene treatment resulted in a significant increase of PIN3

and LAX3 proteins, which are the auxin efflux and influx

transporters, respectively. In addition, anchorene application

increased the transcript levels of several auxin biosynthetic

genes, including two key genes involved in tryptophan-

dependent auxin biosynthesis, TAA1 and YUC7. Therefore, Jia

et al., demonstrates anchorene as an important carotenoid-

derived bioactive metabolite that regulates anchor root

formation and N starvation adaption in Arabidopsis.

Interestingly, anchorene can be detected in other species, such

as rice, tomato and pepper; moreover, anchorene can promote

crown root growth in rice, suggesting anchorene is a conserved

root growth regulator in higher plants (Jia et al., 2019b; Mi et al.,

2019). However, the precise physiological functions of

anchorene in other species are still need to be investigated.
b-Cyclocitral enhances root
growth and branching to adapt
to various abiotic stresses

b-Cyclocitral was previously characterized as an oxidized by-
product of b-carotene cleaved by CCD1 or CCD4, mediating an
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important protective retrograde response that reduces the levels

of toxic ROS under oxidative stress (Ramel et al., 2012; Havaux,

2020). Later, b-Cyclocitral was identified as an efficient root

growth regulators in different plant species, which was found to

enhance primary root growth and lateral root branching by

promoting root stem cell divisions (Figure 2E) (Dickinson et al.,

2019). While the Arabidopsis ccd1ccd4 biosynthesis mutants

displayed reduced root stem cell divisions, which could be

restored by the application of b-Cyclocitral, indicating CCD1

and CCD4 are likely involved in b-Cyclocitral mediated root

growth (Dickinson et al., 2019). In rice and tomato, b-cyclocitral
displayed a conserved effect on the promotion of root growth

(Figure 2E). Moreover, b-cyclocitral treatment enhanced plant

vigor in rice when exposed to salt-contaminated soil, which has

important implication potentials in agriculture (Figure 2E)

(Dickinson et al., 2019). In addition, the potential b-cyclocitral
derivative b-cyclocitral acid was shown to be involved in drought
stress responses in Arabidopsis (D'Alessandro et al., 2019;

Havaux, 2020). This proves b-cyclocitral as a broadly effective

root growth promoter in both monocots and dicots and a

valuable tool to enhance crop vigor under environmental stress.

The molecular mechanism of how b-cyclocitral regulates
root development is still not clear. However, it seems that b-
cyclocitral mediated root growth is independent of auxin,

brassinosteroid, and ROS signaling pathways (Dickinson

et al., 2019).
Zaxinone promotes root growth and
controls arbuscular mycorrhizal
colonization in rice

ZAS, a member of the least characterized CCD subfamily,

can specifically cleave the apo-10’-zeaxanthinal to yield a novel

apocarotenoid metabolite zaxinone in vitro (Wang et al., 2019).

A rice loss-of-function zas mutant contained less zaxinone in

root tissues, displaying reduction in the main crown root length

and number of crown roots. The root phenotype of zas mutant

can be restored by the application of zaxinone, indicating a

specific role of zaxinone and ZAS on the root growth of rice

(Figure 2F) (Wang et al., 2019). Further examination at the

cellular levels of the root supplied by zaxinone demonstrates that

zaxinone increases in apex length, diameter, and the number of

cells and cortex cell layers in rice (Wang et al., 2021a). ZAS

subfamily members are not present in mustard family species

according to the phylogenetic analyses; therefore Arabidopsis

does not have a ZAS homolog. Interestingly, zaxinone can be

detected in Arabidopsis plants and exogenous application of

zaxinone on Arabidopsis seedlings inhibits the primary root

growth, suggesting a different effect of zaxinone on root

development in Arabidopsis compared with rice (Ablazov

et al., 2020). However, due to the lack of ZAS homologs in
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Arabidopsis, these different effects might result from the dosage

effect of zaxinone.

Further studies show that zas mutant has elevated

expression of SL biosynthesis genes and increased levels of

SLs (Wang et al., 2019). Application of zaxinone can decrease

SL content in roots and root exudates. Moreover, the root

growth promoting effect of exogenously applied zaxinone was

not observed in SL deficient mutants, suggesting the bioactivity

of zaxinone likely requires functional SL biosynthesis and

signaling. SLs are essential for the germination of parasitic

weeds, such as Striga and Phelibanche, severe threats to global

food security (Ruyter-Spira et al., 2013; Jia et al., 2019a);

therefore, the repression of SLs in root exudates by zaxinone

could relieve the infection of Striga. In addition, zaxinone

seems play an important role in arbuscular mycorrhizal

symbiosis, since ZAS orthologues are absent in genomes of

non-AMF host species (Fiorilli et al., 2019). Recently, reduced

arbuscular mycorrhizal colonization was observed in the zas

mutant in rice, which could not be rescued by the application

of zaxinone (Votta et al., 2022). Further evidence demonstrated

that ZAS acts in a regulatory network that involves SLs activity,

which leads to a different effect on arbuscular mycorrhizal

symbiosis from that of exogenous zaxinone application (Votta

et al., 2022). Taken together, zaxinone and ZAS play important

roles in root development and biotic interactions, which has

great potentials for increasing crop growth and combating

parasitic weeds.
Conclusions and perspectives

Carotenoids are important source of known and postulated

hormones and signaling molecules in plants. Carotenogenesis is

also essential for normal plant root growth and development.

Indeed, a lot studies have unraveled the molecular mechanism of

how carotenoid-derived plant hormones SLs and ABA regulate

root development and shape RSA to adapt to the rhizospheric

environments. However, more carotenoid-derived root

regulators have recently been identified and investigated, such

as anchorene, retinal, zaxinone and b-cyclocitral. And our

knowledge on how these metabolites are produced and affect

the root architecture is still quite limited. In addition, even

though all these metabolites originate from the same metabolic

pathway, the relationships between all these molecules and their

interaction with other hormones known to be involved in the

root development are largely elusive. In the future, the

characterization of genes responsible for the production and

modification of these metabolites, and for the signaling

transduction of them will largely expand the understanding of

the molecular mechanism of these metabolites in regulating root

development, which will also push forward the potential

application of them in agriculture.
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On the other side, several carotenoid-derived metabolites,

such as SLs, ABA and zaxinone, have also been reported or

suggested to be released into rhizosphere to play essential

communication signals with other organism. The study on the

biological functions of root released carotenoid-derived

metabolites will open another gate for the significance of these

metabolites in the future.
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