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ARTICLE INFO ABSTRACT

Plants are sessile photo-autotrophic organisms continuously exposed to a variety of environmental stresses.
Monitoring the sugar level and energy status is essential, since this knowledge allows the integration of external
and internal cues required for plant physiological and developmental plasticity. Most abiotic stresses induce
severe metabolic alterations and entail a great energy cost, restricting plant growth and producing important
crop losses. Therefore, balancing energy requirements with supplies is a major challenge for plants under un-
favorable conditions. The conserved kinases target of rapamycin (TOR) and sucrose-non-fermenting-related
protein kinase-1 (SnRK1) play central roles during plant growth and development, and in response to en-
vironmental stresses; these kinases affect cellular processes and metabolic reprogramming, which has physio-
logical and phenotypic consequences. The “yin-yang” model postulates that TOR and SnRK1 act in opposite ways
in the regulation of metabolic-driven processes. In this review, we describe and discuss the current knowledge
about the complex and intricate regulation of TOR and SnRK1 under abiotic stresses. We especially focus on the
physiological perspective that, under certain circumstances during the plant stress response, the TOR and SnRK1
kinases could be modulated differently from what is postulated by the “yin-yang” concept.
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abiotic stressors and respond with metabolic changes that negatively
impact their growth and development [6]. Plants adjust their metabo-

1. Introduction

One of the greatest global challenges today is satisfying the needs of
a growing population in an environmentally and socially sustainable
manner [1]. The dependence on plants for human food, animal feed,
and fuel poses major challenges to our agricultural production systems,
including climate change, limitation of arable land, desertification,
environmental degradation, changes in water quality and quantity, and
increased protein demands [2-4]. Therefore, the need for agricultural
adaptation is clear, and advances in plant research must provide new
technologies and knowledge to face these issues [3,5].

As sessile organisms, plants are subjected to a diverse array of

lism under stresses through transient, sustained, early/late and/or
tissue specific responses [7,8]. One of the changes induced by un-
favorable conditions is the alteration of sugar concentration. For ex-
ample, low irradiance, heat or hypoxia due to submergence results in
sugar starvation [9-11]. On the other hand, cold [12], drought, salt and
nutrient deficiency induce sucrose (Suc) accumulation [13-15]. These
alterations in sugar levels might be caused by the under-utilization of
carbon (C), which in turn is due to a growth rate decrease or sink-
limited condition, triggering adaptive responses for stress survival
[6,12,14,16]. Furthermore, carbohydrate allocation at cellular, sub-
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cellular and tissue levels has been shown to be involved in stress-in-
duced reprogramming of metabolism [17-20]. For instance, osmotic
stress causes kernel abortion in maize, which is due not to a lack of
carbohydrate reserves, but to the inability to use these energy sources
[14]. In this context, the effect could be related to sugar acting as signal
molecules. It is well known that sugars promote changes in gene ex-
pression and protein activity modulation [21-26]. Sugar sensing and
signaling pathways during plant development and in response to en-
vironmental conditions have been described end extensively reviewed
[21,22,26-32].

Sugar signals can be translated by protein kinases related to energy
metabolism. In this regard, TOR (Target of rapamycin) kinase complex
is an important metabolic and energy sensor that regulates cellular
homeostasis in balance with the SnRK1 (Sucrose non-fermenting-re-
lated kinase 1) kinase [33,34]. TOR integrates external and internal
signals and transduces them to growth and developmental programs,
and is also involved in responses to environmental stresses [34-38]. On
the other hand, the plant SnRK1 triggers activation of catabolism and
repression of energy-consuming anabolic (biosynthetic) reactions when
energy supplies are limited [39]. Thus, TOR and SnRK1 form the core of
a complex and intricate regulatory network to coordinate metabolic
activities. It is commonly accepted that TOR and SnRK1 interact closely
and act in opposite ways in the regulation of nutrient-driven processes
(“yin-yang” model) [33,40,41]. Accordingly, under feast conditions
TOR is active whereas SnRK1 is inhibited, promoting anabolism and
repressing catabolism [33,42]. Conversely, under sugar and energy
starvation SnRK1 is activated and TOR is inhibited, inducing stress
responses [33,42]. However, as mentioned above, several abiotic
stresses induce soluble sugar accumulation but at the same time acti-
vate energy-deficient sensors [11,39,43,44]. Thus, how are the meta-
bolic- and energy-signals decoded under stress conditions? Various re-
ports indicate that both SnRK1 and TOR overexpressors were more
tolerant to abiotic stress than wild-type (WT) plants [45,46]. Such dis-
crepancies could be due to differences related to the characteristics of
the abiotic stress (stressor nature, duration and intensity of the stress)
and/or to the affected plant (tissue type, heterotrophic or autotrophic,
development stage, plant species). Table 1 summarizes the huge di-
versity of experimental systems used to study TOR and SnRK1 signaling
pathways under abiotic stress (research works not including abiotic
stresses were excluded from this table).

In this review, we analyze and discuss the present status of knowl-
edge about the regulation of TOR and SnRK1 networks under un-
favorable conditions and their roles in the plant stress response in the
context of the "yin-yang" model. Firstly, a brief introduction about TOR
and SnRK1 is provided. Then, the upstream and downstream regulation
of both kinases during abiotic stress is described.

2. TOR kinase

TOR is a highly conserved protein in all eukaryotes, from unicellular
to multicellular organisms such as humans, and it is essential for life.
TOR kinase positively controls crucial biological anabolic processes,
such as cell cycle, ribosome biogenesis, protein synthesis, transcription,
nutrient transport, C and nitrogen (N) utilization, cell wall changes,
chloroplast formation, photosynthesis, and negatively controls autop-
hagy [34,36,42,47,48]. In plants, huge advances have been made re-
garding TOR signaling in the last decade, but many aspects of its
functions and mechanisms are still unknown, especially under stress
conditions. Given the great importance of TOR signaling, the null tor
mutants are non-viable [35]. Besides, the mammalian TOR inhibitor
rapamycin is only partially effective in Arabidopsis thaliana, and this has
delayed the study of TOR signaling in plants. The generation of in-
ducible tor RNAI lines and the development of specific kinase TOR
activity inhibitors (such as PP242, Torin and AZD-8055) allowed the
discovery of TOR functions in plants [49,50]. The main problem to
advance in the field was due to the difficulty in measuring TOR kinase
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activity in vivo, which has been partially overcome with the use of
specific antibodies that recognized the phosphorylation of TOR-target
proteins, such as 40S ribosomal S6 protein kinase (S6K) and ribosomal
protein S6 (RPS6) [42,51].

As its mammalian and yeast counterpart, plant TOR is a multi-
domain protein and belongs to the phosphatidylinositol 3-kinase-re-
lated lipid kinase family [35,52]. TOR kinase is associated with
RAPTOR (Regulatory-Associated Protein of TOR) and LST8 (lethal with
SEC13 protein 8) partners to form the TOR complex 1 (TORC1).
RAPTOR interacts with the N-terminal of TOR and promotes the re-
cruitment of the kinase substrates such as S6K1 [53]. Moreover, LST8
protein binds to the C-terminal kinase domain of TOR and regulates
substrate selectivity and consequently TORC activity [54]. Recently,
Aylett et al. [55] resolved the first high definition structure of mTORC1
and showed that the complex adopts a dimeric architecture with a
diamond form. The TOR kinase domains are in the center of the rhomb,
while RAPTOR and LST8 proteins form the peripheral parts, being the
top of the longer and shorter axes of the lozenge, respectively. On the
contrary, the TOR structure of plants has still not been determined.

2.1. The fine-tuning of the TOR kinase by upstream effectors

It is commonly accepted the TORC1 complex is activated by nu-
trients, whereas it is inhibited by sugar starvation and diverse stresses
in both plants and animals [42,56-58]. In plants, glucose (Glc) and Suc
activate TOR signaling, even though the molecular mechanisms are still
unknown. Induction of TOR kinase by Glc regulates central and sec-
ondary metabolism, cell cycle, transcription, signaling, transport and
protein folding through transcriptional reprogramming of key genes
[49] (Fig. 1). Strikingly, several upstream regulators of TOR signaling
in yeast and mammals, such as the kinase TSC complex, Rheb G-pro-
tein, RAGs or Akt kinase, are not conserved in land plants [59,60]. The
absence of homologous proteins may be the main reason why the up-
stream regulation of TOR is poorly understood in plants. Xiong and
Sheen [58] reported that amino acids also activate plant TOR signalling
through S6K phosphorylation; however, those results are still un-
published. Recently, TOR was found to partially mediate plant growth
and development by inorganic nutrients (N, P and S) [61]. Dong et al.
[61] suggested that plants sense cysteine precursors rather the cysteine
itself, with TOR and GCN2 kinase being the sensors of S and C/N
availability, respectively. TOR transduces the S limitation through the
modulation of glucose metabolism. This mechanism allows plants to
coordinate the fluxes of C, N and S for efficient cysteine biosynthesis.
Moreover, the GTPase ROP2 is a direct upstream effector that activates
TOR in plants in response to auxin [62] (see section 2.3 for further
details).

Another specific regulation of TOR in photosynthetic organisms is
the direct activation of the kinase by light, which causes induction of
WUSCHEL transcription factor gene expression and ultimately activates
the stem cells in shoot apical meristem [63]. In addition, it was reported
that light activates TOR kinase through auxin (AUX) signaling along
with sugars, to promote cell division in the shoot apex [64] (see section
2.3). The fact that TOR integrates light and metabolic signals may be
key in plants for the shift from skotomorphogenesis to photo-
morphogenesis [65]. Enganti et al. [66] described that RPS6 phos-
phorylation is regulated by the light-dark cycle, peaking during the day.
Recently, Li et al. [67] proposed a model for TOR regulation by circa-
dian clock. The authors suggested that the circadian components
Pseudo Response Regulators (PRRs) control root meristem through TOR
signaling. PRRs repress the RNA-binding protein TZF1 (Tandem Zinc
Finger 1), which directly binds to TOR transcripts, thus negatively af-
fecting their stability.

The tight regulation of TORC1 by SnRKs kinases is described in
sections 2.3 and 4.
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Table 1
TOR and SnRK1 under different abiotic stress conditions.
Signaling Stress Tissue Development stage Plant species References
pathway condition
TOR Cold Whole plant Seedling Arabidopsis thaliana [66,93]
Shoot Reproductive Arabidopsis thaliana [94]
Flower bud, leaf Reproductive and post- Prunus pérsica [177]
reproductive
Drought Seed Germination Arabidopsis thaliana [178]
Shoot, root Reproductive Oryza sativa [46]
Flower bud, leaf Reproductive and post- Prunus pérsica [177]
reproductive
Salt Seed Germination Arabidopsis thaliana [178]
Flower Bud, leaf Reproductive and post- Prunus pérsica [177]
reproductive
Osmotic Whole plant Seedling Arabidopsis thaliana [90]
Leaf Seedling Arabidopsis thaliana [53]
Hypoxia Shoot, root Seedling Arabidopsis thaliana [79]
Darkness and starvation Shoot, root, bud, flower, Vegetative, reproductive, Arabidopsis thaliana [69]
mesophyll cell senescence
Heat Whole plant Seedling Arabidopsis thaliana [66]
Leaf NA Lolium perenne [179]
Flower bud, leaf Reproductive and post- Prunus pérsica [177]
reproductive
TOR and SnRK1 Iron deficiency Shoot, whole plant Vegetative Glycine max [180]
Salt, osmotic, oxidative, ER, Whole plant Seedling Arabidopsis thaliana [181]
starvation
SnRK1 Cold Source and sink leaf, root Vegetative Arabidopsis thaliana [8]
Whole plant Seedling Arabidopsis thaliana [12]
Root, stem, leaf, flower, fruit Reproductive Solanum habrochaites, [141]
Solanum pennelli,
Solanum lycopersicum
Drought Whole plant Seedling Arabidopsis thaliana [118,182]
Ear, Spikelet, floret, fully Reproductive Zea mays [13,16,183]
expanded leaf
Root, stem, leaf, flower, fruit Reproductive Solanum habrochaites, [141]
Solanum pennelli,
Solanum lycopersicum
Salt Mesophyll cell, whole plant Vegetative, seedling Arabidopsis thaliana [137]
Source-sink leaf, root Vegetative Arabidopsis thaliana [8]
Young, middle-lowest leaf, shoot,  Vegetative Solanum tuberosum [184]
tuber
Osmotic Whole plant, mesophyll cell Seedling Arabidopsis thaliana [121]
Source and sink leaf, roots Vegetative Arabidopsis thaliana [8]
Leaf, root, hypocotyl Seedling Phaseolus [162]
vulgaris
Flooding Whole plant, mesophyll cell Seedling Arabidopsis thaliana [137,160,161]
Mesophyll cell, whole plant, leaf ~ Seedling, senescence Oryza sativa, Arabidopsis [45]
thaliana
Whole plant, mesophyll cell Seedling Oryza sativa [119]
Hypoxia Leaf, mesophyll cell Vegetative, reproductive Arabidopsis thaliana [39]
Darkness Whole plant, root, shoot, Seedling, vegetative Arabidopsis thaliana [121,137,185]

Nutrient deficiency

mesophyll cell

Leaf, mesophyll cell

Leaf

Leaf

Whole plant

Whole plant, root

Leaf, root, mesophyll cells
Kernel

Fruit, pod, seed

Vegetative, reproductive
Senescence

Vegetative

Seedling

Germination, seedling
NA

Reproductive
Reproductive

Arabidopsis thaliana
Arabidopsis thaliana
Haberlea rhodopensis
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Zea mays

Phaseolus

vulgaris

[10,39,186,187]
[138]

[188]

[182]

[189]

[190]

[191]

[192,193]

Summary of studies on TOR and/or SnRK1 pathways associated with abiotic stress responses (direct or indirect evidences). Research works not addressing abiotic
stresses were not included in this table. Tissue, developmental stage and plant species are indicated. NA: not available information.

2.2. Downstream targets of TOR kinase

The most widely studied and conserved TOR target is S6K, which in
turn phosphorylates RPS6 and finally might promote protein translation
(Fig. 1). Arabidopsis has two S6K homologues, S6K1 and S6K2, which
are phosphorylated on Thr-449 and Thr-455, respectively [51]. S6K1
was found to bind to RAPTOR protein in TORC1 [53]. In addition to
RPS6, the axis TOR-S6K1 phosphorylates eIlF3h (eukaryotic Initiation
Factor 3, subunit H) promoting the translation reinitiation of upstream
reading frame (uUORFs)-mRNAs [68]. It has been recently described that

MRF1 (MA3 DOMAIN-CONTAINING TRANSLATION REGULATORY
FACTOR1), which modulates translation under stress conditions, is also
a target of the TOR-S6K pathway [69]. In addition, TOR signaling
regulates protein translation and other processes through the direct
phosphorylation of TAP46, a regulatory subunit of PP2A and a positive
effector of TOR [70]. Overexpression of TAP46 in Arabidopsis increased
the expression of genes involved in ribosome biogenesis, nitrogen as-
similation, and lignin biosynthesis, and decreased those related to au-
tophagy [71]. In plants, it was suggested that TAP46 acts as an inhibitor
of PP2A activity. However, the exact effects on phosphatase modulation
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Fig. 1. Schematic representation of TOR signaling in plants under abiotic stress. TOR kinase is activated in plants by light, sugars and inorganic nutrients such as S, N
and P. The light pathway involves the growth hormone auxin and the ROP2-GTPase. In addition, circadian clock also regulates TOR signaling. Active TOR kinase
generates a plethora of responses that induce anabolism and repression of catabolism, and therefore promotes plant growth and development. Under favorable
conditions, TOR promotes protein transduction and cell cycle progression through the activation the S6K and E2F axes, respectively. In turn, S6K phosphorylates
several important protein targets such as the S6 protein of the 40S ribosomal subunit (RPS6) and the component of the eukaryotic translation initiation factor 3
complex elF3h. TOR also induces protein synthesis by the release of the inhibition of RNApol III by its Mafl repressor. TOR stimulates growth through the
phosphorylation of TAP46, a regulatory subunit of PP2A. Moreover, TOR promotes meristem activity and size (cell proliferation), repressing YAK1 kinase. In plants,
TOR also stimulates chlorophyll and chloroplast biosynthesis through the destabilization of the negative regulator TRIN/ABI4. Besides, TOR induces the signaling of
growth-activating hormones, AUX and BR. On the other hand, TOR inhibits autophagy, lipid/starch synthesis and signaling of the stress hormones. TOR inactivates
ABA signaling by phosphorylation of the ABA PYL receptors. During abiotic stress conditions, a gradient of plant responses may be triggered, depending on the
duration, intensity and nature of the stressor. Following the “yin-yang” model, TOR kinase is inactivated by SnRKs, which are induced by ABA under unfavorable
conditions, releasing the autophagy repression and the stress hormone signaling inhibition via TOR (repression of ABA, ET, JA/SA signaling). However, TOR is
necessary for the synthesis of ABA and glutathione; hence, active TOR might be required in the response to stress. Moreover, whether ROS has an inducing or
inhibiting effect on TOR kinase in plants is unclear and would be related to the ROS levels generated during the stress or their subcellular localization. Red and blue
solid arrows show activation or inhibition, respectively, and dashed arrows point to a possible induction or inhibition, depending on the nature, intensity and/or

duration of the abiotic stress. See section 2 and 4 for further details.

remain to be investigated [71]. Another target of TOR signaling is Mafl,
a global repressor of RNA polymerase III and therefore of the protein
translation and cell growth. Mafl activity is inhibited by phosphor-
ylation and is activated by TOR kinase inhibitors [72]. Moreover,
PP2As dephosphorylate Maf1, causing its activation, and thus acting in
an opposite manner to that of TOR kinase. Interestingly, it was sug-
gested that Mafl is needed for plant survival under stress conditions
[72].

Other key downstream targets of TOR signaling are E2F transcrip-
tion factors, which induce expression of S-phase genes and cell cycle
progression [49]. In addition, S6K regulates cell cycle but its effect is
influenced by the cellular context. TOR also positively controls chlor-
ophyll metabolism, chloroplast biogenesis and hypocotyl elongation by
destabilizing the transcription factor TRIN/ABI4 in the nucleus, being a
plant specific downstream effector of TOR signaling [73]. Recently, the
new TOR-YAKI1 axis was reported in Arabidopsis [74]. Barrada et al.
[74] reported that mutants of the YAK1 kinase were resistant to the
TOR inhibitor AZD-8055 and, inversely, the overexpressors were hy-
persensitive. These authors proposed a model in which active TOR

inhibits YAK1 kinase, promoting root meristem activity and size in-
crease (cell proliferation instead of differentiation). The strongest evi-
dence comes from the recent paper by Forzani et al. [75] where it is
now demonstrated that YAK1 is a direct TOR substrate.

Recently, Van Leene et al. [76] reported the first TOR complex in-
teractome/phosphoproteome, in which they identified several new
targets and upstream regulatory proteins. The authors not only con-
firmed the known role of TOR signalling in diverse processes, such
protein synthesis and autophagy, but also discovered novel links. For
example, they detected the protein PAH2 (LIPIN1 orthologue) as a di-
rect target of phosphorylation of TOR, linking the kinase with lipid
metabolism in plants as it happens in mammals. Interactors of LST8-1
and RAPTOR1B were also found such as THY-1 (thymidylate synthase),
which could mean that TOR may regulate the nucleotides synthesis.
Interestingly, the work also described 63 new TOR-protein interactions
that had not been described before in any organism, such as the targets
elF2B-81/elF6A (translation initiation factors), MEE29/AT4G0129
(proteins that bind to the 5’ cap of plant mRNAs) and PUX5 (a CDC48
cofactor related to endoplasmic reticulum and Golgi biogenesis).
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Furthermore, the authors identified upstream effectors of TOR complex
such as the CCT and TTT complexes (chaperonins) as strong interactors
of LST8-1 and RAPTOR1B proteins. Those interactions could contribute
to the folding and assembly of the TOR complex. Regarding the stress
response, the interaction between RAPTOR1B and the catalytic subunit
of the SnRK1 was confirmed (SnRK1.1 and SnRK1.2). Overall, this
study provides original and invaluable clues to enhance the knowledge
of TOR signaling.

2.3. How do plants cope with abiotic stresses? TOR signaling and
phytohormone

Plant hormones play critical roles in helping plants cope with
abiotic stresses. Hence, their crosstalk with other key pathways, such as
TOR signaling, is essential to coordinate growth and plant stress re-
sponses [38,77]. Accordingly, Dong et al. [78] described that genes
related to the eight phytohormones signaling were differently regulated
when TOR activity was inhibited in Arabidopsis. Plant hormones that
promote growth, such AUX and brassinosteroids (BR), are positively
correlated with TOR signaling. AUXs activate TOR-S6K1 pathway and
consequently increase the translation reinitiation of the mRNAs that
contain uORFs, such as AUX response factors [68,79]. AUXs activate
TOR through the small GTPase ROP2, being a direct kinase upstream
effector in plants [62]. TOR also regulates TIR1/AFBs stability (AUX
receptor), modulating AUX-dependent cell differentiation/proliferation
during adventitious root formation [80]. Recently, it was reported that
photoreceptors (CRY and PHY) induce AUX signaling and thus activa-
tion of TOR-S6K axis, through the inactivation of the negative regulator
COP1 (CONSTITUTIVE PHOTOMORPHOGENESIS 1) in deetiolating
Arabidopsis seedlings [81]. In addition, Glc-TOR signaling activates BR
pathway through BR-signaling transcription factor BZR1 stabilization,
thus promoting plant growth and hypocotyl elongation in darkness
[81]. The transcription factor BZR1 balances the growth stimulated by
steroid with C availability. Moreover, TOR phosphorylates BIN2, a
negative regulator of BR signaling, also stimulating BR signaling [82]. It
was reported that BR modulates stress responses; however, the under-
lying mechanism is still unknown [83,84].

The hormones ethylene (ET), jasmonic acid (JA) and abcisic acid
(ABA) are also interconnected with TOR kinase. It was reported that the
genes encoding the ET signaling pathway were all up-regulated in the
TOR inactivated plants [78]. Moreover, TOR negatively affects JA
biosynthesis in Arabidopsis and cotton, but the involved molecular
mechanisms have to be investigated [85]. Regarding ABA, a critical
phytohormone for plant growth and development under environmental
stresses, a reciprocal regulation was demonstrated with TOR signaling.
In unstressed situations, TOR phosphorylates ABA receptor PYL and
prevents SnRK2 activation by ABA. On the other hand, under stress
conditions, ABA inhibits TOR signaling through SnRK2. SnRK2 phos-
phorylates RAPTOR protein, which causes its dissociation from TORC1
[86]. ABA also stimulates SnRK1 (see section 3.3). Interestingly, it was
reported that TOR activity is required for the synthesis of ABA and,
therefore, for the efficient development of the defense response to
abiotic stresses [87]. The authors demonstrated that ABA levels and
expression of ABA synthesis genes were decreased in TOR-inhibited
seedlings of Arabidopsis. Another point of crosstalk between ABA and
TOR signaling is the TIP41 protein (TAP42 INTERACTING PROTEIN OF
41 kDa) through the modulation of the TOR target-PP2A [88]. PP2As
interact with SnRK2s and, thus, are involved in ABA responses, being
either positive or negative regulators, depending on the tissue [89]. It
was recently described that TIP41 may regulate PP2A activity via its
interaction with the phosphatase catalytic subunit in Arabidopsis.
Moreover, TOR signaling is affected in the tip41 mutant, which is more
sensitive to TOR inhibitors. Interestingly, TIP41 was induced tran-
siently under long-term exposure to different abiotic stresses and ABA
treatment [88].
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2.4. TOR signaling under abiotic stress: is its activity required for stress
response?

It has been proposed that under energy-limiting conditions, TOR
signaling is down-regulated in plants and animals (“yin-yang” model)
[34,47]. However, knowledge about the effect of abiotic stress on TOR
signaling in plants is scarce and sometimes apparently contradictory.

One of the first reports on TOR signaling under stress conditions
described that S6K1 activity was reduced under osmotic stress in leaves
of tobacco transiently expressing the kinase, possibly via TOR pathway
[53]. Later, constitutive TOR over-expressing Arabidopsis lines were
found to relieve the negative effects of osmotic stress on root growth
with respect to the WT control [90]. Nevertheless, this effect may be
due to the basal increase of TOR activity rather than to the stress re-
sponse, since the authors did not compare the same TOR over-expres-
sing line under control and osmotic conditions. Subsequently, several
reports described that inducible TOR mutants or WT plants treated with
TOR inhibitors behaved as in a stress situation, despite the absence of
the stressor [49,91,92]. Those plants with a down-regulated TOR sig-
naling showed up-regulation of genes involved in stress responses and
autophagy. In agreement with those results, Pu et al. [44] showed that
over-expression of TOR repressed autophagy induction during nutrient
deprivation and salt and osmotic stress, suggesting that TOR activity
down-regulation was needed for the stress response. Interestingly,
Bakshi et al. [46] described that TOR overexpression upregulates
transcription of multiple stress-response genes in rice. Indeed, Wang
et al. [93] described that TOR kinase was inhibited at an early stage of
cold stress in Arabidopsis, but after 2h of cold treatment TOR activity
was restored and even increased at 24 h. In this line, Dong et al. [94]
found that TOR-RNAI line was cold-sensitive, which suggests that an
active TOR was necessary for cold tolerance. TOR signaling induced by
stress were also reported for other eukaryotic organisms [95,96]. Fur-
thermore, TOR signaling was also found to be involved in the defense
response to biotic stresses in plants [97-99].

In summary, available information about the role of TOR under
abiotic stress conditions is fragmentary and in some cases contra-
dictory. This fact underscores that the role of TOR in abiotic stress re-
sponses is highly complex and not straightforward as supposed by the
“yin-yang” model. In this regard, different reports have conducted a
wide diversity of experiments in terms of tissue and type of stress
(Table 1). Each work addresses part of a more complex process but none
of them analyzes the complete scenario.

2.5. Does abiotic stress downregulate TOR signaling in plants?

As we mentioned above, it is well known that sugar accumulation is
observed under several abiotic stresses [7,100,101]. It could be ex-
pected that this high availability of photoassimilates results in induc-
tion of TOR activity; however, this assumption seems to contradict the
“yin-yang” model, which considers that TOR is inhibited under stress
situations.

Possible explanations can be proposed to solve this apparent con-
tradiction. One interpretation could be that the TOR kinase is in-
activated above a given threshold of sugars. Another possibility is that
hexose-to-Suc ratio alteration or a different subcellular localization of
sugars and the TOR complex prevent kinase activation. Interestingly, an
alternative hypothesis could be that an active TOR kinase is needed for
the plant stress response. Accordingly, one of the first proposals related
to a possible activation of TOR signaling was made by Yokawa and
Baluska [102]. The authors suggested that TOR could be activated by
reactive oxygen species (ROS) as an escape behavior to avoid the stress
situation (perception of high salt concentration or light by the root). In
line with the idea of the requirement of an active TOR during stress, it
was reported that TOR is necessary for the synthesis of ABA [87]. It is
clear that there is a connection between sugars, TOR and ABA, but the
details of those links in mild- or short-term and long-term abiotic stress
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responses are still unknown. Moreover, the specificity of the sugar
signaling pathway leading to the induction of TOR has still not been
determined. It is important to elucidate whether TOR activation by
sugars occurs via a disaccharide or hexose signaling.

Another controversial subject is the effect of ROS on TOR signaling
in plants. Unfavorable conditions induce metabolic and signaling ROS
generation, which is a stress-specific ROS signature [103]. If detox-
ifying mechanisms fail and ROS species accumulate in excess, produ-
cing an imbalance, ROS become extremely toxic. However, if cells have
enough available energy to scavenger ROS and maintain their levels
under non-toxic concentrations, the effect of ROS during abiotic stress
may be beneficial for the plant. Thus, ROS-antioxidant interaction acts
as a metabolic interface for signals derived from metabolism and the
environment [104]. In this context, glutathione is one of the major
soluble non-enzymatic ROS scavengers [105]. Interestingly, it was de-
scribed that Gle-TOR axis controls expression of glutathione synthesis
genes, leading to the increase of this potent antioxidant in Arabidopsis
seedlings [49]. In addition, it was reported that pharmacological in-
hibition of TOR results in an increase in oxidized glutathione (GSSG)
level in Arabidopsis [91]. Recently, Speiser et al. [106] suggested that
TOR may be stabilized by oxidizing conditions promoted by stress and
thus, be active for the induction of glutathione synthesis to face the
adverse condition. Despite the advances in the field of TOR signaling
made in the last years, more research is still needed to elucidate and
understand the complex TOR function under redox alteration induced
by abiotic stress conditions (Fig. 1).

3. SnRK1 kinase

SnRKs are part of a family of evolutionary conserved eukaryotic
protein kinases [107]. The conserved animal AMPK (AMP-activated
kinase), yeast SNF1 (Sucrose non-fermenting1) and plant SnRK1 (SNF1-
related kinase 1) protein kinases have been characterized [41]. SnRK1
is encoded by three catalytic subunits in Arabidopsis plants: SnRK1.1
(KIN10); SnRK1.2 (KIN11) and SnRK1.3 (KIN12) [39]. The SnRK1 ki-
nases function as hetero-trimeric complexes with a catalytic a subunit
(the actual kinase that is activated by T-loop phosphorylation) and two
regulatory subunits, called (3 (acts as scaffolding) and y (for nucleotide
binding). The regulatory subunits are required for stability, substrate
specificity, localization and activity modulation [41,108]. In plants, a
hybrid By protein functions as the canonical y-subunit and assembles
into a hetero-trimeric complex [109]. Composition of SnRK1 hetero-
trimeric complex and transcriptional regulation of the non-catalytic
subunits provide a means for fine-tuning of SnRK1 activity not only to
specific developmental stages, autotrophic or heterotrophic tissues, or
cellular compartments, but also to environmental conditions and sti-
muli where SnRK1 can have quite different roles [110-113].

3.1. SnRK1 regulation under abiotic stress: the upstream regulators

As we mentioned above, it was described that SnRK1 is active under
stress conditions, whereas it is inhibited under favorable conditions
(“yin-yang model”). One point of SnRK1 activity control is its phos-
phorylation by upstream kinases, which could activate or inhibit the
kinase (Fig. 2). SnRK1 kinase activity requires phosphorylation of a
conserved T-loop threonine in the a-subunit [39,114,115]. The first
SnRK1 upstream kinases that were characterized, which phosphorylate
the T- loop at the catalytic subunit, were SnRK1-activating kinase-1 and
-2 (SnAK1 and SnAK2), originally identified as geminivirus rep-inter-
acting kinases (GRIK1 and GRIK2) [116,117]. Recently, the activation
of SnRK1 by SnAK/GRIK has been shown to act during salt stress tol-
erance [118]. Moreover, CIPK15 (calcineurin B-like (CBL)-interacting
protein kinase) was demonstrated to interact and positively regulate
SnRK1A in O,-deficiency in rice, even though, the activation by phos-
phorylation still remains to be demonstrated [119]. On the other hand,
there are upstream kinases that inhibit SnRK1 activity. One example is
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the suppressor of cell death Adi3, which interacts and specifically
phosphorylates SnRK1 B-subunits [120]. Moreover, SnRK1 activity is
negatively regulated by dephosphorylation [121,122]. Two protein
phosphatases type 2C (PP2C), ABI1 and PP2CA, were reported to in-
teract and dephosphorylate SnRK1a catalytic subunit [121]. Moreover,
different proteins interact and negatively regulate the activity of
SnRK1, such as SnRK1A-interacting negative regulators (SKINs) and
Pleiotropic Regulatory Locusl (PRL1) [123,124] (Fig. 2). Other me-
chanisms involved in SnRK1 activity control are N-terminal myr-
istoylation (N-MYR) at the {3 subunits, which could affect the membrane
binding properties of proteins [125], and lysine acetylation, which re-
quires more research [41].

Remarkably, in plants, under stress conditions, SnRK1 could be
negatively regulated [41]. In this regard, SnRK1.1 is repressed by SIZ1-
dependent (poly-) SUMOylation with the subsequent ubiquitination and
proteasome-dependent degradation [126]. Furthermore, Jamsheer
et al. [127] proposed an additional layer of control over the SnRK1
activity, where SnRK1 induces the scaffold FLZ6 and FLZ10 (FCS-like
zinc finger) proteins. Those proteins repress SnRK1.1 during energy
deficit, suggesting an important mechanism to prevent hyperactivation
of SnRK1 and thus to modulate the stress response. Noticeably, SnRK1
inhibition and degradation is strictly dependent on its own catalytic
activity. Taken together, these mechanisms provide an efficient nega-
tive feedback loop that precludes a persistent high SnRK1 activity in
stress response [126,127]. Thus, SnRK1 could be negatively fine-tuned
regulated during abiotic stress, when an active TOR kinase could have a
role despite of energy-limiting conditions (“yin- yang” model).

Sugars and sugar-phosphates are upstream effectors of SnRK1 ki-
nase. It was reported that sugar phosphate, instead of the AMP:ATP
ratio, can directly inactivate the plant SnRK1 [41,128]. While repres-
sion of SnRK1 activity by sufficient C supply is well established, a
number of studies have also demonstrated an induction of SnRK1 ac-
tivity by Suc [113,124]. Stress conditions do not necessarily lead to C
depletion. Thus, growth impairment may be limited by Suc accumula-
tion, which could be mediated by SnRK1 signaling. Suc levels appear to
be followed by Trehalose 6-Phosphate (Tre6P) levels under abiotic
stress conditions [12]. Correlations between Tre6P, Suc and the ex-
pression of SnRK1 marker genes, but not with growth rate, have been
observed under cold and N deficiency in Arabidopsis [12]. Tre6P acts as
a negative regulator of SnRK1 activity in different plant tissues, except
for fully mature and senescing leaves [129]. A possible underlying
mechanism is that Tre6P directly binds to SnRK1.1 protein and weakens
GRIK1-SnRK1.1 association, reducing both the phosphorylation of
SnRK1.1 and its activity [130]. In addition, other phosphorylated su-
gars, such as glucose-1-phosphate (G1P) and glucose-6-phosphate
(G6P), negatively regulate SnRK1 activity [12,115,128]. Nevertheless,
the molecular mechanisms by which phosphorylated sugars regulate
SnRK1 activity still remain unknown. One possibility is that the hexose-
to-sucrose ratio alteration, rather than individual sugar levels, could be
involved in the response to stress.

Stress conditions trigger the accumulation of ROS, which cause
significant damage to cellular structures, but also function as important
signaling molecules [103]. DCMU (3-(3,4-dichlorophenyl)-1,1-di-
methylurea) treatment induces chloroplast-ROS production and SnRK1
activation [39]. Furthermore, short-term (2 h) oxidative treatment with
methyl viologen (MV), which induces chloroplast- and mitochondria-
ROS production, induced catabolic pathways in Arabidopsis [131].
These results could be related to SnRK1 activity increase. However, it
was shown that high concentration of H>O, (1 mM) inhibits SnRK1
kinase activity in vitro [132]. Wurzinger et al. [133] proposed that
SnRK1-ROS inhibition could be related to hypoxia-induced SnRK1 sig-
naling at the beginning of the re-oxygenation phase. Disagreements
between those results may be due to different experiment designs
(performed in vitro or in vivo), type and concentration of ROS, site of
ROS generation and duration of exposure to ROS, among other reasons.
Moreover, we cannot rule out a retrograde ROS signaling, which could
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Fig. 2. Schematic representation of SnRK1 regulatory network during abiotic stress. Abiotic stress inhibits photosynthesis, leading to chloroplastic-ROS accumu-
lation. It is still not clear the effect of ROS on SnRK1 kinase being able to inhibit or induce according to the ROS levels generated during the stress or their subcellular
localization. Thus, ROS may induce SnRK1 activity. The under-utilization of C because of rate growth decrease or sink-limited condition might induce sugar
accumulation during abiotic stress. The level of Tre6P is related to Suc, which inhibits SnRK1 activity. SnRK1 phosphorylates and inhibits TPS, among other enzymes
related to cellular metabolism. G1P or G6P inhibits SnRK1 activity. Upstream kinase SnAK/GRIK and CIPK15 activate SnRK1. Adi3 inhibits SnRK1 through phos-
phorylation of the 3 subunit. PP2Cs proteins dephosphorylate and inhibit SnRK1a.

PP2Cs are inhibited by ABA. ABA stimulates SnRK1 and SnRK1, in turn, promotes ABA synthesis by phosphorylating and stabilizing FUS3. SnRK1 protein interacts
with DELLA proteins (RGA) through an intermediate protein DUF581. SnRK1 phosphorylates the JAZ protein (JA signaling repressor) to facilitate its 26S proteasome-
mediated degradation and inhibit MYC2. During senescence, SnRK1.1 delays ET-promoted senescence. Conversely, SnRK1 might positively regulate ET-signaling
pathway during early-senescence and fruit ripening. SnRK1 induces the remobilization process through autophagy. SnRK1 phosphorylates ATG1 and induces au-
tophagy. SnRK1 phosphorylates RAPTOR, inhibiting TOR activity. SnRK1 phosphorylates transcription factors, such as bZIPs, MYC2, NAC2/ATAF1, FUS3 and IDD,
among others. Red and blue solid arrows show activation or inhibition, respectively, and dashed arrows point to a possible induction or inhibition, depending on the
nature, intensity and/or duration of the abiotic stress. See Section 3 and 4 for further details.

contribute to the biological response. The challenges of studying
SnRK1-ROS pathways are huge, and include technical limitations that
may restrict the comparison between studies [101,132,134].

3.2. Effect of SnRK1 on downstream targets during abiotic stress

The activation of SnRK1 initiates massive transcriptional changes,
possibly by affecting a number of transcription factors. Recent advances
have identified numerous SnRK1.1 targets, such as bZIPs, MYC2,
NAC2/ATAF1, FUSCA 3 (FUS3); and ShCIGT [135-141]. For instance,
the C/S1 bZIP network appears to mediate SnRK1 downstream sig-
naling during low-energy and osmotic stress. In this regard, SnRK1
changed bZIP63 dimerization preference, thereby affecting target gene
expression and ultimately primary metabolism [138]. In addition,
SnRK1.1 phosphorylates MYC2, a key regulator of JA signaling, redu-
cing protein stability and transcriptional activity of IDD8, which reg-
ulates seedling survival under submergence [137].

SnRK1 also targets crucial regulatory points in metabolic pathways
by direct phosphorylation of biosynthetic enzymes, such as glycolysis-

related proteins such as 6-phosphofructo-2-kinase/fructose-2,6-bipho-
sphatase (PFK2), glycogen synthase (GYS). Proteins related to lipid
metabolism and transport include HMG-CoA reductase, the rate-lim-
iting step in sterol synthesis [142,143] and proteins involved in cell
cycle control (cyclin A and D) [144]. Interestingly, the CYCLIN-DEPE-
NDENT KINASE E1 (CDKE1/RAO1) was identified to interact with
SnRK1.1 and was proposed to be a hub of retrograde signaling from
mitochondria as well as chloroplasts [145-147]. Other SnRK1 targets
are Sucrose Phosphate Synthase (SPS), Trehalose Phosphate Synthase
(TPS) and Nitrate Reductase (NR), which are negatively regulated by
SnRK1 [129,148]. Moreover, quantitative phosphoproteomics in the
snrk1.1/1.2 Arabidopsis mutant revealed alteration of phosphorylation
levels of several differentially phosphorylated sites in organellar pro-
teins, most prominently the chloroplast ones [149].

Furthermore, it is also important to mention that SnRK1 have other
downstream targets during abiotic stress; particularly, some of them are
involved in phytohormone pathways and autophagy process. These is-
sues are discussed in sections 3.3 and 3.4, respectively. Finally, the
interaction between SnRK1 and TOR is described in section 4.
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Fig. 3. Clustering analysis conducted via Genevestigator software. Microarray’s gene expression data from abiotic stress treatments and experiments were obtained
from the plant model Arabidopsis thaliana and ATH1: 22 k array platform database. Gene expression patterns are represented in a log2 ratio ranging from —2.5
(green: mostly down-regulated) to +2.5 (red: mostly up-regulated). The degree of red and green coloration corresponds to the level of gene expression increase and
decrease in response to stress, respectively. Black coloration indicates no differences in gene expression values between control and treatment. SnRK1 marker gene
up-regulated: DIN10 (RFS6), TPS8 (TPS8), UDG (UGE1), PGPD14 (AT5G22920), SEN5 (AT3G15450), GDH2 (GDH2), PRODH1 (POX1), DIN6 (ASN1), LIP
(AT5G18630), DIN1 (STR15), AXP (AT2G33830) and GDH1 (GDH1); down-regulated: EXP10 (EXPA10), DWF4 (CYP90B1), JMT (JMT), AApl (AAP1), MDR1
(ABCB1),SUR1 (SUR1), ADK1 (ADK1), HDT1 (HDT1), IFL1 (REV), MYB30 (ATMYB30), MYB75 (MYB75), DPS (DXPS1), L34 (RPL34C) and L37 (RPL37A). TOR
marker genes: S6K2 (ATPK2), S6K1 (ATPK1), RAPTOR1 (RAPTOR1), MRF1 (AT5G3190), LST8-1 (AT3G18140), PRODH2 (POX2) and TAP46 (TAP46).

3.3. The link between SnRK1 signaling and phytohormone during abiotic
stress response

In a physiological context, SnRK1 kinase exhibits connections with
plant hormonal signaling pathways (Fig. 2). Overall, SnRK1 negatively
regulates growth-promoting hormones. In this regard, SnRK1.1 could
negatively regulate AUX through bZIP11 phosphorylation, which di-
rectly promotes the expression of IAA3/SHY2 (a negative regulator of
AUX signaling) [150]. Furthermore, another growth promoting hor-
mone that showed a connection with SnRK1 signaling is BR. SnRK1.1,
for instance, represses DWF4 protein, which encodes a 22-hydroxylase
that catalyzes a rate-limiting step in the BR biosynthetic pathway [39].
Regarding GA hormone, SnRK1 could repress GA biosynthesis through
FUS3 [151,152]. GA is perceived by the GA-INSENSITIVE DWARF 1
(GID1) receptors, which in turn mediate degradation of DELLA proteins
[153]. Hou et al. [154] showed that more than 28% of the genes in-
duced by SnRK1.1 were also induced by the DELLA protein RGA. In
addition, Niestsche et al. [155] demonstrated the interaction of
SnRK1.1 with RGA protein through an intermediate protein DUF581. In
this context, the effect of SnRK1-DELLA protein interaction during
abiotic stress is still unknown.

The signaling of the stress hormone ABA and SnRK1 is mutually
coordinated. SnRK1 acts by phosphorylating and stabilizing FUS3,
which promotes ABA synthesis, whereas ABA in turn stimulates SnRK1
[135]. Moreover, ABA inhibits PP2C phosphatase, which can also ne-
gatively regulate SnRK1 by dephosphorylation in mature photo-
synthetic tissues [121]. Liu et al. [156] demonstrated a functional link
between SnRK1 and ABA signaling, in which the overexpression of the
C2 domain ABA Insensitive Proteinl (CAIP1) caused insensitivity to-
ward ABA. Active SnRK1 rescues this phenotype by direct phosphor-
ylation of CAIP1.

Furthermore, a connection between SnRK1 and the hormones ET
and JA was reported. On the one hand, SnRK1 might positively regulate
ET-signaling pathway during senescence and fruit ripening, when the

catabolism and remobilization are increased. For instance, Yu et al.
[141] demonstrated that SnRK1 increased the expression of key genes
in ethylene synthesis in tomato (Solanum lycopersicum L.) fruit. On the
other hand, SnRK1.1 antagonistically modulates EIN3, and thereby
delays ethylene-promoted senescence [157]. In addition, a study in etrl
mutants demonstrated that lack of ET responsiveness induces SnRK1.1
expression, which inhibits the promotion of ET-inducible hypocotyl
growth under light [158]. Moreover, a link between SnRK1 and JA
signaling exists, since it was reported that SnRK1.1 phosphorylates the
JAZ18 protein, a JA signaling repressor, to facilitate its 26S protea-
some-mediated degradation in apple [159]. However, SnRK1.1 over-
expression resulted in decreased MYC2 (a key regulator of JA signaling)
protein levels, which induce salt water tolerance [137].

3.4. SnRK1 activity is involved in abiotic stress tolerance

SnRK1 can be activated by multiple abiotic stress conditions (Fig. 2)
[41,108]. For instance, it is well documented that SnRK1 activation is
triggered by hypoxia, leading to an increase in catabolism and pro-
duction of alternative energy sources [137,160,161]. Recently, Soltani
et al. [162] identified genomic regions associated with flooding toler-
ance close to SnRK1 in bean plants. Under submergence, SnRK1.1
phosphorylates the translation initiation factor, elFiso4G, to regulate
the stress response [161]. In this regard, SnRK1 induces marker genes
for the flooding stress response, such as alcohol deshydrogenasel
(ADH1) and pyruvate decarboxylasel (PDC1) [161]. Additionally,
SnRK1.1-overexpressing lines can induce tolerance to hypoxia by in-
creasing autophagy [163]. SnRK1.1 regulates autophagy by affecting
the phosphorylation of ATG1 [163]. Moreover, SnRK1 redox regulation
might also induce autophagy during abiotic stresses; however, this issue
is still unclear [164,165].

Furthermore, transgenic Arabidopsis lines overexpressing SnRK1.1
showed drought tolerance [163]. One possible mechanism by which
SnRK1 could affect stress response pathways is through ABA signaling
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(see section 3.3). However, genes described as SnRK1.1 up-regulated
were found to be down-regulated under water deficit condition (Fig. 3).
Thus, these seemingly contradictory results suggest a complex regula-
tion of ABA-SnRK1 axis.

Another important aspect related to abiotic stress tolerance induced
by SnRK1 is the fine-tuning regulation of SnRK1 heterotrimeric com-
plex. In this context, transgenic potato plants altered in the expression
of the subunit -SnRK1 showed a phenotype of hypersensitivity to salt
[166]. In addition, during germination of Medicago truncatula seeds, for
example, 3 and y subunit genes are differentially regulated in response
to osmotic stress and desiccation tolerance [167].

4. Do SnRK1 and TOR signaling pathways act according to the
“yin-yang” model during abiotic stress conditions?

It is widely accepted that TOR and SnRK1 interact closely and work
in balance with metabolic process [33,40,41]. In plants, SnRK1.1 can
interact and phosphorylate RAPTOR1B in vivo and in vitro, inhibiting
TOR activity [149,155]. Although this interaction may require the
scaffolding action of the plant-specific DUF581-19/MARD1 protein, as
shown in yeast two-hybrid assays [155,168]. Recently, other proteins
belonging to FLZ family of proteins, which participate in TOR-SnRK1
dynamics interaction, were also described [127]. Those proteins act as
an adaptor of SnRK1 and regulate the stability of SnRK1 kinase subunit
[127,155]. Global phosphoproteomic analyses of plants with altered
SnRK1 activity have also revealed altered phosphorylation levels of
classical TOR targets such as RPS6 and translation initiation factors
[149,160]. Thus, the behavior of TOR and SnRK1 follows the “yin-
yang” model; however, under certain physiological circumstances, that
antagonism might be ambiguous and the kinases might act in a different
way. In line with this, we have described several facts: i- some stresses
lead to the accumulation of sucrose, which is an inductor of TOR and an
indirect repressor of SnRK1; ii- TOR and SnRK1 activities are necessary
for ABA synthesis; iii- TOR is involved in glutathione synthesis; iv- TOR
and SnRK1 overexpressor lines induce stress-responsive genes; v- TOR
activity, besides SnRK1, may be required for the stress response, as
suggested by some reports and unpublished results conducted in our
laboratory; vi- TOR and SnRK1 roles during senescence process induced
by abiotic stresses yielded conflicting results. For instance, ethano-
l-induced silencing of AtTOR expression triggered an early yellowing
[90] and SnRK1 overexpression delayed senescence process [45].

Moreover, it is remarkable that the target genes of TOR and SnRK1
kinases only partially, and not always antagonistically, overlay under
energy deficiency [36]. Baena Gonzalez et al. [39] analyzed global gene
expression regulation by SnRK1.1 and selected SnRK1.1 marker genes,
which are activated/repressed at the mesophyll cellular level. In this
context, in order to analyze TOR and SnRK1 signaling under abiotic
stress, we selected marker genes which are up- and down-regulated in
relation to TOR and SnRK1 activities. These genes were analyzed by
biclustering in genevestigator software, taking into account experi-
ments involving abiotic stress treatments (Fig. 3). In general, we ob-
served that genes described as up-regulated by SnRK1.1 were found to
be down-regulated by cold and drought stress. In line with this, Nunes
et al. [12] performed cold stress experiments (10 °C) and observed an
early decrease of SnRK1 activity with respect to control (up to 48 h). In
this regard, a TOR-RNAi line was found to be cold sensitive [94].
Moreover, a TOR overexpressor line in rice was described as more
tolerant to drought condition than the control treatment [46]. Alto-
gether, these results suggest that an active TOR might induce cold and
drought tolerance, and one possibility could be through the biosynth-
esis of protective metabolites. Dobrenel et al. [169] suggested that TOR
activity may be required for the adaptation to stress by the induction of
myo-inositol and raffinose family oligosaccharide (RFO) synthesis. This
is consistent with the fact that RFO may contribute to overall cellular
ROS homeostasis by specific ROS scavenging processes [170,171].
Furthermore, SnRK1 activity might result in an increased level of RFO
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through bZIP activity in Arabidopsis, which is consistent with RFO and
SnRK1 increase under stress condition [138,169,172,173]. Moreover,
proline is another protective metabolite that is involved in stress re-
sponses. Accordingly, one of the marker genes normally induced by
SnRK1 is proDH1 (Proline Dehydrogenasel, POX1), which codes for a
key enzyme in the catabolism of proline [90]. Summarizing, the effect
of TOR and SnRK1 signaling on the accumulation of stress-regulated
metabolites is not clear and needs to be explored.

On the other hand, hypoxia and salt stress induce the expression of
the up-regulated SnRK1 marker genes. Nevertheless, marker genes that
are normally down-regulated by SnRK1 signaling pathway did not show
a common expression pattern during abiotic stress (Fig. 3). Therefore,
the intricate networks of gene transcription regulation in response to
stressors are still not fully understood, as demonstrated by these results.
It is tempting to speculate that regulators, other than SnRKs, may
modulate TOR activity under stress conditions, a possibility that needs
to be explored.

5. Conclusion and future perspectives

Over the years, conventional breeding programs have developed
crops with fast growth and high yields. However, these traits involve
trade-offs with other traits, such as stress-tolerance [174]. A tight reg-
ulation of the energy intake/expenditure balance is a major challenge
for plant breeders and, therefore, identifying and characterizing the
roles of TOR and SnRK1 kinases under abiotic stresses is crucial.

TOR and SnRK1 enzymatic activities respond in an opposite way,
according to the "yin-yang” model. Both enzymes are tightly and dy-
namically regulated, at multiple levels, to maintain cellular homeostasis
and allow plant survival under stress. Thus, in response to unfavorable
conditions, TOR and SnRK1 could act differently than expected in the
extreme situations of the “yin-yang” model. For example, it is widely
accepted that SnRK1 activity increases under stress condition.
However, emerging evidences suggest that active TOR is required for a
successful stress response. Thus, it is tempting to speculate that there is
a wide gradient of responses (palette of grays) between the extremes of
feast-famine situations (white and black of the “yin-yang” drawing),
where TOR is not necessarily inhibited, whereas SnRK1 is activated
under stress. Moreover, we cannot rule out that the kinase activities
would not be opposite due to different subcellular compartments at any
given time of stress. Particularly, subcellular localization of the TOR
complex under stress conditions was scarcely investigated.
Furthermore, it would be interesting to investigate the possible ex-
istence of Raptor bodies in plants or the relationship between TOR and
stress granules. Another important point is that TOR and SnRK1 sig-
naling pathway regulation depends on the nature of the stressor, the
length and intensity of the stress, the plant cellular type (heterotrophic
or autotrophic) and the physiological context.

It has been frequently described that the response of plants to stress
is highly complex and includes a plethora of possibilities [175]. In this
regard, the design of the experiments to evaluate the effect of abiotic
stresses is extremely important and special care must be taken when
published results are compared. In accordance with this, future research
on plant response to abiotic stresses needs to unify criteria and facilitate
comparisons (e.g., using severity indices). Besides, the research with
Arabidopsis lines in which TOR or SnRK1 signaling are up- or down-
regulated is a useful tool to dissect the functions of the kinases, but the
extremely artificial metabolic imbalance that it causes has to be taken
in account. One clear example is the still unknown specific role of these
kinases in leaf senescence, of which there are contrasting results in
conditional TOR mutants and pharmacologically inhibited TOR sig-
naling [110,176]. Moreover, Table 1 shows the scarce information
about TOR/SnRK1 signaling in crop plants. Future research should be
addressed about this issue in order to obtain crop plants tolerant to
abiotic stress, but without penalties in growth or productivity.

Finally, the knowledge of TOR/SnRK1 interactome as well as redox
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regulation under abiotic stresses would provide valuable information to
dissect the signaling pathway. It is clear that more research is needed to
expand knowledge about the exact mechanisms of action of TOR and
SnRK1 and their interactions with other key networks under abiotic
stresses.
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