TOR-Auxin Connection Upstream Root-Hair Growth | Encyclopedia.pub

TOR-Auxin Connection Upstream Root-Hair
Growth

Subjects: Plant Sciences

Contributor: Katarzyna Retzer

Plant growth and productivity are orchestrated by a network of signaling cascades involved in balancing responses
to perceived environmental changes with resource availability. Vascular plants are divided into the shoot, an
aboveground organ where sugar is synthesized, and the underground located root. Continuous growth requires the
generation of energy in the form of carbohydrates in the leaves upon photosynthesis and uptake of nutrients and
water through root hairs. Root hair outgrowth depends on the overall condition of the plant and its energy level
must be high enough to maintain root growth. TARGET OF RAPAMYCIN (TOR)-mediated signaling cascades
serve as a hub to evaluate which resources are needed to respond to external stimuli and which are available to
maintain proper plant growth. Root hair formation further requires appropriate distribution of the phytohormone
auxin, which primes root hair cell fate and triggers root hair elongation. While TOR activity partially depends on
auxin signaling, auxin distribution to the root tip and the redistribution towards the root hair zone are, on the other
hand, dependent on TOR activity. Together, both signaling cascades are interwoven to orchestrate proper root hair
outgrowth to ensure efficient plant nutrition.

TOR signaling auxin PIN-FORMED 2 root hair growth SnRK1

| 1. Introduction

Plant growth, and, more critically, its adaptation to ever-changing environmental conditions, is maintained by the
ability of plants to perceive exogenous signals, to evaluate the availability of resources, and to initiate signaling
cascades orchestrating changes in growth rate and direction W28 The most crucial aspect of plant fitness is to
keep the potential of balancing the amount of cell division in meristematic regions and elongation processes and
differentiation to mature cells, which depends on environmental conditions and available resources 4. Efficient
growth requires the generation of energy in form of sugars in the leaves of the plant upon photosynthesis, which is
followed by the biosynthesis of the phytohormone and growth regulator auxin RI8. Furthermore, the plant needs to
regulate nutrient and water uptake through the root from the soil &, To enhance uptake efficiency, the root has
the ability to grow tubular structures from specialized epidermis cells, the root hairs 8. Root hair cell priming and
outgrowth are highly dependent on proper auxin distribution and abundance, whereby both are dependent on
environmental conditions and the overall condition of the plant BIRIOLL  Distribution of the phytohormone auxin
through the plant creates auxin gradients, which orchestrate the activity of meristems, adaptational growth via cell
expansion, and differentiation of specialized cells 123114115 pIN-FORMED (PIN) proteins, auxin efflux carriers,

ensure on-point and polar distribution of the phytohormone, whereby auxin signaling underpins the fine-tuning of
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various cellular processes involved in plant growth adaptation under changing environmental conditions 18I[27[18],
The role of the root-specific PIN family member PIN2 during root hair growth adaptation in response to
environmental conditions will be discussed in particular in the scope of this review. The establishment of auxin
gradients is crucial for plant growth from the first asymmetric cell division of the zygote 229 and tissue
organization 2 through fine-tuning cell proliferation and cell elongation [22123](241[25] \whijch in the end ensures that
the shoot will grow above the soil, whereas the root anchors the plant in the soil. Shoot growth is primarily oriented
towards the light (positive phototropic, negative gravitropic) to ensure the most efficient exposure to the sun to
harvest energy, which is converted to sugar and powers plant growth 28, In contrast, the root grows along the
gravity vector (positive gravitropic, negative phototropic) to anchor it in the soil, where it absorbs nutrients and
water. Auxin biosynthesis correlates with the sugar levels produced depending on light quality and quantity
perceived by the leaves and transported to the roots 271281, The available auxin orchestrates the establishment of
root system architecture including, among others, the length of the primary root, the number of lateral roots, and
the outgrowth of root hairs 2811221301 Auxin is actively transported towards the root meristem, where it modulates
root growth depending on the requirements in a balance between environmental stimuli and available resources,
such as carbohydrates, minerals, and water . The information about the energy status and available resources
of the plant are sensed by the TARGET OF RAPAMYCIN (TOR) complex, which then activates cellular responses

upstream of root hair outgrowth (Figure 1).
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Figure 1. Energy status and resource uptake are orchestrated by an interplay of TARGET OF RAPAMYCIN (TOR)
and SNF1-RELATED KINASE 1 (SnRK1) complexes, which antagonistically modulate root and root hair growth.
High energy status results from sugar synthesis derived from photosynthesis in the leaves, which is followed by
elevated auxin biosynthesis. Auxin signaling enhances RHO-RELATED PROTEIN FROM PLANTS 2 (ROP2) , and
ROP2 binds TOR and promotes its phosphorylation. This results in the activation of the TOR complex, which
further consists of the substrate-presenting subunit REGULATORY-ASSOCIATED PROTEIN OF TOR (RAPTOR)
and the complex stabilizer LETHAL WITH SEC THIRTEEN 8 (LST8). TOR signaling positively correlates with root
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meristem activity and therefore with root length. TOR stabilizes the auxin efflux carrier PIN2 by phosphorylation at
the plasma membrane, and thereby modulates shootward auxin transport. Auxin levels in the meristem enhance
the cell proliferation rate and are involved in root hair cell priming . Furthermore, efficient auxin delivery and
signaling trigger root hair elongation, which is responsible for root surface enlargement, allowing enhanced uptake
of water and nutrients to ensure plant growth and productivity. Under high energy levels, TOR signaling inhibits
autophagy, which would trigger the engulfment and recycling of existing plant material to gain resources, and this is
accompanied by the end of root growth. When the energy levels in the root drop, reduced sugar availability is
sensed over the SNF1-RELATED KINASE 1 (SnRK1) complex, which balances between TOR complex
deactivation and autophagy activation. SnRK1 complex activity results in RAPTOR deactivation by
phosphorylation, and the downregulation of auxin efflux transporters involved in auxin transport from the shoot to
the root, followed by reduced root meristem activity. EZ = elongation zone; TZ = transition zone; DZ =

differentiation zone.

2. Plant Growth is Dynamic and Orchestrated by Interwoven
Signaling Cascades Orchestrated by TOR

Successful plant growth and productivity are highly dependent on the establishment and maintenance of polarity on
the tissue, cell, and subcellular levels233], pPlants evolved a fine-tuned network of intracellular processes to adapt
to environmental changes, leading to fast adaptation responses and manifesting in the structural reorganization of
plant architecture to ensure proper nutrient distribution and growth (B4 Manifold signaling cascades are
simultaneously active along the plant body, which implement exogenous signals and information of available
resources and the energy status of the shoot and the root. TARGET OF RAPAMYCIN (TOR) is a core hub among
signaling cascades to balance cellular responses upon hormonal and nutrient signaling, including root meristem
activity and root hair outgrowth [2I38]37][38]

TOR is a Ser/Thr protein kinase, structurally and functionally conserved among all eukaryotes, and acts as a
master regulator of transition between cell proliferation and elongation. Furthermore, it inhibits autophagy in
nutrient-rich conditions B8 (Figure 1). TOR associates with two other proteins in plants, REGULATORY-
ASSOCIATED PROTEIN OF TOR (RAPTOR), which presents substrate proteins to TOR, and LETHAL WITH SEC
THIRTEEN 8 (LST8), responsible for stabilizing the complex B2 (Figure 1). TOR signaling networks are crucial to
adjusting metabolism rates during plant growth [2Ql41I42I43] As 3 crucial part of the glucose signaling network, the
TOR complex modulates the activity of transcription factors, such as E2Fa, to enhance root meristem activity 441,
TOR signaling positively regulates the energy-demanding protein translation machinery, but is inhibited when the
energy status of the plant drops 3. In elongated starvation, the plant needs to shut down de novo protein
synthesis, and furthermore, the TOR inhibitory effect on autophagy is reversed in Arabidopsis thaliana 48, as well
in the green alga Chlamydomonas reinhardtii “048l49 \When the available resources do not cover the plant's
energy demand anymore, cell material undergoes recycling B2B1, The drop in energy levels of the plant is sensed
by the SNF1-RELATED KINASE 1 (SnRK1) complex, which serves as a plant’s metabolic sensor to keep track of

carbohydrate level changes 2. The heterotrimeric SnRK1 complex is composed of one catalytic and two
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regulatory subunits (Figure 1). Three isoforms of the catalytic subunit are known to be encoded in the Arabidopsis
thaliana genome, but only SnRK1al/AKIN10/KIN1O is responsible for most of the SnRK1 activity®3. Under
nutrient-rich conditions, SnRK1 activity is kept low, but the reduction of available resources leads to the
transcriptional upregulation of SnRK1 levels 53, SnRK1 complex activity further results in the activation of
autophagy to regain resources 22, Recently, it has been shown that the overexpression of SnRK1al leads to the
downregulation of the TOR/S6K/RPS6 phosphorylation cascade, while ShnRK1al suppression causes the opposite
effect The TOR/S6K/RPS6 phosphorylation cascade is supposed to be involved in high energy-demanding
polysome abundance and protein translation activity as well as stress responses 2455, |t has been shown that
SnRK1al physically interacts with RAPTOR and is able to phosphorylate the TOR complex, thereby potentially
downregulating its activity (Figure 1). When energy levels rise again, as is the case of elevated photosynthetic
activity, rising sugar levels are followed by an enhanced auxin biosynthesis, whereas elevated auxin levels are
connected with the activation of TOR by phosphorylation (Figure 1). Besides sugar levels, the availability of amino
acids underpins TOR activity, like tryptophan, which is an important precursor for the biosynthesis of auxins B453]
BEIS7IB8I59], TOR signaling and auxin abundance and distribution are tightly interconnected, as auxin levels
decrease upon treatment with TOR inhibitors in the root [£2. Among other amino acids, the abundance of cysteine
is critical for plant productivity and is also highly dependent on sufficient sulfur uptake (1. Sulfur depletion is
transduced over TOR signaling, resulting in the downregulation of glucose metabolism and the upregulation of
autophagy, followed by reduced meristem activity 81, Sulfate uptake is tightly coupled with carbohydrate and
nitrogen metabolism 81 and TOR signaling is thereby a centerpiece of the integration and coordination of light,
hormone, and metabolism sensing and signaling upstream of root and shoot architecture adaptation. TOR activity
is also regulated by phosphorylation, which, as described above, correlates with auxin abundance in the presence
of glucose [#2. Enhanced TOR activity is coupled to increased plant growth rate, fitness, and size 3. In the root,
shoot-derived glucose and auxin signaling together activate TOR signaling pathways, leading to the upregulation of
cell proliferation in the meristem, which further positively correlates with root hair growth 4!, Estradiol-inducible tor-
es mutant and raptorlb roots are impaired in glucose-activated root hair elongation 82, Furthermore, TOR inhibitor
treatments also suggest a link to auxin biosynthesis and signaling in root hair development . Auxin activates the
TOR complex over RHO-RELATED PROTEIN FROM PLANTS 2 (ROP2) action 881 (Figure 1). To date, the
interaction between auxin, ROP2, and TOR upstream of TOR signaling on the whole plant level has been well
studied , but how ROP2 activity and polar auxin transport are precisely regulated during root hair growth initiation
depending on TOR signaling must be still determined 2. Auxin distribution to the root tip and the redistribution
towards the root hair zone are, on the other hand, dependent on TOR activity, showing how exogenous and

hormonal signals influence each other .
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