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Abstract: Due to the growing human population, the increase in crop yield is an important challenge
for modern agriculture. As abiotic and biotic stresses cause severe losses in agriculture, it is also crucial
to obtain varieties that are more tolerant to these factors. In the past, traditional breeding methods
were used to obtain new varieties displaying demanded traits. Nowadays, genetic engineering is
another available tool. An important direction of the research on genetically modified plants concerns
the modification of phytohormone metabolism. This review summarizes the state-of-the-art research
concerning the modulation of phytohormone content aimed at the stimulation of plant growth and
the improvement of stress tolerance. It aims to provide a useful basis for developing new strategies
for crop yield improvement by genetic engineering of phytohormone metabolism.
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1. Introduction

Due to the constantly growing human population, ensuring high crop productivity is
an important challenge for 21st century agriculture. The research aimed at obtaining high-
yielding varieties is being carried out [1]. Another important issue is to obtain varieties
displaying enhanced tolerance to biotic and abiotic stresses that cause significant loss of
yield. Among the abiotic stresses, the most important are drought, thermal stress (too
high or too low temperature), light stress, salt stress, and stress caused by environmental
pollution, e.g., by heavy metal ions. Due to anthropogenic climate change, an increase
in abiotic-stress-evoked losses of crop yield is expected in the near future [2]. Apart
from abiotic factors, the biotic ones, such as pathogens, competing plants, parasites, and
herbivores, also limit plant growth and productivity.

The application of mineral fertilizers, herbicides, and pesticides, as well as growing
high-yielding varieties obtained via traditional breeding methods, enabled a significant
increase in crop productivity during the second half of the 20th century [3]. For example,
the average cereal yield in 1951 was 1.2 t/ha, while in 1993 it was 2.3 t/ha [4]. However,
this yield increase has slowed down in the 21st century. It is currently believed that for the
most important crop species, further increases in their productivity obtained by traditional
breeding methods are possible only to a small extent. For this reason, research based
on genetic engineering became crucial for the future of agriculture [1]. In addition to
experiments on transgenic organisms, extensive genome analyses of major crop species
are also being carried out. Their goal is to identify quantitative trait loci (QTLs), which are
genes determining quantitative traits [5].

Research on transgenic plants conducted over the past decades resulted in the develop-
ment of various strategies of genetic modification aimed at obtaining lines with increased
yield or improved tolerance to stress [6,7]. One of the promising research directions is
associated with the modulation of phytohormone levels [2]. Phytohormones participate
in the regulation of plant growth and development. They also play a role in response to
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environmental factors. These compounds include auxins, cytokinins, gibberellins, abscisic
acid (ABA), ethylene, jasmonic acid (JA) and its derivatives, and brassinosteroids. Auxins,
cytokinins, gibberellins, and brassinosteroids are considered particularly important for the
regulation of plant growth and development, while JA, ABA, and ethylene play crucial roles
in stress response. However, one needs to remember that growth-stimulating hormones
participate in stress responses, while those primarily associated with the stress response are
also involved in the regulation of various plant developmental processes, such as dormancy,
fruit maturation, or senescence [8]. Plant hormones have pleiotropic effects. Furthermore,
the result of their action often depends on cross-talk between various phytohormones and
signaling molecules [9]. Phytohormones occur in plants at very low concentrations; their
biosynthesis and degradation are strictly regulated. In some cases, reversible inactivation
by conjugate formation is also possible [10].

This review presents the current state of research on the modulation of phytohormone
content aimed at obtaining transgenic plants with traits favorable for the breeder, such as
increased yield and improved tolerance to abiotic and biotic stress factors.

2. Strategies Applied in Phytohormone-Targeted Genetic Engineering

The research aimed at improving crop performance by modification of phytohormone
metabolism and signaling starts with identification of the crucial genes. This is possible
mainly due to the studies carried out on mutants or by comparing crop varieties display-
ing desirable traits with the other ones [10]. Gene and genome sequencing enables the
identification of loci crucial for the observed effects. Analyses of phenotypes and detailed
analyses at the biochemical level, i.e., determination of phytohormone content, enable
scientists to discover gene functions. When the sequence and function of its product are
known, bioinformatics provides tools to find homologues in other species. At this point,
the plant transformation can be carried out to increase or decrease the level of a certain
phytohormone. The increase in hormone level can be achieved by the overexpression
of the gene encoding enzyme participating in the phytohormone biosynthetic pathway
or silencing of the gene whose product catalyzes hormone degradation. The decrease
can be achieved by silencing of the gene crucial for phytohormone biosynthesis or by
overexpression of the gene whose product is involved in hormone degradation. The manip-
ulation of the genes encoding enzymes carrying out phytohormone conjugation was also
carried out [10]. Sometimes, the increase in phytohormone level may be achieved by the
enhanced production of an enzyme catalyzing the formation of a metabolite that serves as
a phytohormone precursor (for example, xanthophyll precursors of ABA biosynthesis) or a
cofactor needed by the hormone-synthetizing enzyme (for example, molybdenum cofactor
required for abscisic aldehyde oxidase activity) (see subchapter concerning ABA). The re-
search on the engineering of phytohormone transport was also carried out (see subchapter
about auxins). The significant progress in our understanding of phytohormone signaling
opens a wide range of possibilities, as various elements of signaling cascades, transcription
factors, and miRNAs are emerging targets for potential modifications. These strategies
have been mentioned, but their detailed description is beyond the scope of the present
review. In the early research, scientists used strong, constitutive promoters to provide the
overexpression of desired genes. The discovery of tissue-specific, developmental-stage-
specific, and stress-responsive promoters enabled the improved control of the time and
site of transgene expression [10]. Furthermore, artificial promoters have been developed.
Considering gene silencing, various constructs may be applied, including antisense se-
quences, 3’-untranslated regions, and hairpin constructs. The recent development of the
CRISPR/Cas9 system paved the way for extensive genome editing (see subchapter about
future perspectives).

3. Auxins

Auxins play a key role in the regulation of plant growth and development, therefore,
modulation of their biosynthesis and signaling has been a subject of intensive research [11].
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The most important auxin is indole-3-acetic acid (IAA). The substrate for its synthesis is
tryptophan, but this amino acid can be transformed in various ways, all of them leading to
the same final product. One of the known pathways of IAA synthesis involves two steps:
tryptophan oxidation to indole-3-pyruvate, followed by oxidation of indole-3-pyruvate
to IAA. The second reaction is catalyzed by monooxygenase encoded by YUCCA genes.
Alternatively, indole-3-pyruvate can be converted to indole-3-acetaldehyde and then to
IAA. Another known IAA biosynthetic pathway leads through indole-3-acetamide. There
is also a pathway specific to the Brassicaceae family, for which the intermediate is indole-3-
acetonitrile [12]. The concentration of auxins depends on the synthesis, degradation, and
transport of this phytohormone; it is also regulated by conjugation. In the latter case, the
important role is fulfilled by enzymes encoded by the GH3 family of genes [13].

The results of the experiments carried out on transgenic lines with changed auxin
content are summarized in Table 1. In terms of practical application, the modification
of auxin levels in developing flowers seems to be the most promising direction. This
effect is achieved by the expression of bacterial gene encoding tryptophan monooxygenase
(e.g., inaM from Pseudomonas syringae pv. savastanoi) under the control of an ovule-specific
promoter. Increased auxin content stimulates the growth of generative shoots and fruits
of transgenic plants. The application of tissue-specific promoters is better than the use of
constitutive ones because the enhanced auxin synthesis occurring in whole plants often
leads to undesirable developmental disorders (Table 1). Apart from the genes directly
involved in auxin biosynthesis and degradation, the genes whose products play regulatory
roles can also be targets of manipulation. It was observed that the expression of OsIAA6
was highly induced by drought stress. Transgenic rice with overexpression of this gene
under the control of a constitutive promoter displayed enhanced expression of YUCCA
genes and was more tolerant to drought [14].

The research carried out on mutants is also important for better understanding of
auxin roles. Arabidopsis thaliana mutant yuc7-1D, with the altered gene YUCCA?, displayed
a phenotype characteristic for plants with auxin overproduction: tall stems and curled,
narrow leaves. It was also more tolerant to drought when compared to control plants [15].
A. thaliana mutant arf2 producing inactive Auxin Response Factor protein (ARF) developed
longer and thicker flower shoots, larger and darker leaves, and larger seeds [16]. The
brachytic2 (br2) maize mutant with impaired auxin transport in the stem had shorter intern-
odes. This observation may be of practical significance because dwarfism is a desirable
trait of cereals as it provides a more favorable ratio of grain biomass to shoot biomass and
increases lodging resistance [17]. The modification of soybean GmPIN1 using CRISPR/Cas9
method resulted in plants displaying changed architecture [18].

Table 1. Summary of the results of the experiments on transgenic plants with changed auxin
concentration or transport. MDA, malonyldialdehyde; RWC, relative water content.

Promoter and Phenotype of Transgenic Plants Compared to

Protein Gene Species Control Lines References
- changed morphology: increased height,
erect leaves, narrow
downward-curled leaves
- increased longevity
indole-3- - increased drought tolerance: far less
pyruvate 355 AFYUCCAG potato (Solanum pronounced w‘11t1ng symptoms, increased [19]
monooxygenase tuberosum) water content in the leaves of

stress-exposed plants (plants not watered
for 18 days), ability to recover after
rewatering while control plants
were dying

- decreased tuber biomass per plant
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Table 1. Cont.
Protein Promoter and Species Phenotype of Transgenic 'Plants Compared to References
Gene Control Lines
- rapid shoot growth, retarded main root
development, increased root
hair formation
SWPA2::AtYUCCAG - disturbed leaf morphology: folded leaves,
oxidative poplar (Populus elongated petioles, long inter.nodes 0]
stress-induced alba x P. glandulosa) - delayed hormone- and dark-induced
promoter senescence of detached leaves
- increased drought tolerance: less
pronounced symptoms of wilting (plants
not watered for 6 days)
- changed morphology: narrow,
downward-curled leaves, increased
height, increased node number
SWPA2::AtYUCCAG sweet potato - increased drought tolerance: higher RWC [21]
(Ipomea batatas) and lower content of MDA in stressed
plants (plants not watered for 16 days)
- lower storage root formation
DefH9::iaaM tomato
ovule-specific (Lycopersicon - parthenocarpic fruit development [22]
promoter esculentum)
- more inflorescences, flowers and fruits
! aspbgrr y - bigger fruits
DefH9::iaaM (Rubus idaeus) - increased fruit biomass normalized [23]
strawberry per plant
tryptophan (Fragaria x ananassa) - parthenocarpic fruit development
monooxygenase
from bacteria DefH9::iaaM grape vine - more inflorescences per shoot [24]
- (Vitis vinifera) - increased berry number per bunch
FBP7::1MM. cotton - enhanced fiber yield (field trials)
flower-specific . . . . . [25]
(Gossypium hirsutum) - increased fiber quality
promoter
B33::tms1 otato
tuber-specific p - enhanced tuberization [26]
(Solanum tuberosum)
promoter
- dwarfism
) ) - increased tolerance to fungal infection
355:0sGH3.1 rice (Oryza sativa) (less pronounced symptoms of infection [13]
by Magnaporthe grisea)
- changed morphology: dwarfism, smaller
enzymes leaves, fewer crown roots and root hairs,
catalyzing auxin smaller panicles
conjugation - decreased tolerance to drought: earlier
and more pronounced wilting symptoms,
Ubil::OsGH3-2 rice (Oryza sativa) much lower survival rate (seedlings not [27]

watered for 4 days)

- increased tolerance to cold stress: less
pronounced symptoms on leaves,
significantly increased survival rate after
recovery (5 days in 4 °C)
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Table 1. Cont.

Protein

Promoter and Phenotype of Transgenic Plants Compared to
Gene

Species References

Control Lines

auxin transporter

- increased number of lateral roots and dry
weight of roots

- lower shoots, shorter internodes

- increased seed biomass per plant under
high-density cultivation

- increased drought tolerance: wilting

35S::ZmPIN1a maize (Zea mays) symptoms of stress-exposed plants [28]

appeared later, the majority of transgenic
plants survived drought, while most of
the wild type plants died (seedlings not
watered for 5 days)

- increased seed biomass per plant under
drought conditions (field trials)

The knowledge concerning auxin-initiated signaling pathways has intensively broad-
ened during the last decades. The modification of these pathways allows us to obtain
plants with desired traits. For example, overexpression of the gene encoding auxin-induced
protein ARGOS in A. thaliana resulted in the stimulation of cell proliferation and an increase
in organ size [29]. Overexpression of maize ARGOS1 (ZAR1) stimulated organ growth,
enhanced grain yield, and drought stress tolerance in transgenic maize [30]. Overexpres-
sion of Auxin Response Factor 19 (ARF19) homolog from Jatropha curcas in A. thaliana and
J. curcas increased seed size and yield [31]. Expression of gene IbARF5 from sweet potato
under the 355 promoter in A. thaliana resulted in enhanced tolerance to drought and salinity
in transgenic plants [32]. On the other hand, downregulation of Auxin Response Factor
4 (ARF4) in tomato increased tolerance to salinity and drought stress [33]. Similar results
were obtained by Chen et al. [34]. Overexpression of the gene OsAFB6, encoding an auxin
receptor, in rice resulted in increased grain yield per plant both in short day and long day
conditions [35]. Another auxin receptor, AFB3, when overexpressed in Arabidopsis caused
the increase in salt stress tolerance [36]. Transgenic maize overexpressing Auxin Binding
Protein 1 (ABP1) was more resistant to sugarcane mosaic virus [37].

4. Cytokinins

Cytokinins are another class of phytohormones necessary for plant growth stimulation
and controlling many developmental processes. They also participate in the regulation
of plant senescence. Prolonging organ longevity due to cytokinin action enables longer
biomass production by the plant [38]. Among the enzymes participating in cytokinin
biosynthesis, the main targets of genetic engineering are as follows: isopentenyl transferase
(IPT) catalyzing condensation of isoprenoid residue with adenine nucleotide, cytokinin
dehydrogenase (CKX) involved in the degradation of these phytohormones, and glycosyl
transferases converting cytokinins into their conjugates [38—41]. It was observed that
mutations in ckx genes led to the increase in cytokinin content. Arabidopsis ckx3 ckx5
double mutant formed larger inflorescences, floral meristems, and flowers and displayed
increased seed yield per plant [42]. Similarly, ckx3 ckx5 mutants of oilseed rape showed
an increased cytokinin concentration that resulted in larger and more active inflorescence
meristems, increased amounts of flowers and ovules and slightly increased seed yield [43].
Natural variations in soybean GmCKX7-1 were linked to altered cytokinin profiles and
yield characteristics [44].

The first attempts of genetic engineering of cytokinin metabolism were carried out
in the 1990s. Gan and Amasino [45] transformed tobacco with the IPT gene under the
control of SAG12 promoter from A. thaliana, responsible for triggering gene expression in
senescing leaves. The obtained transgenic lines displayed a greater number of flowers and
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seeds, delayed leaf senescence, and enhanced biomass production [45]. Due to the success
of this strategy, promoters from the SAG family have been often used for plant genetic
engineering. However, it has to be mentioned that in some cases, the delayed senescence
of older leaves delayed nutrient allocation to seeds and storage organs. As a result, no
yield increase and sometimes even yield reduction were observed. Furthermore, in the
situation of nitrogen shortage, it was observed that old non-senescing leaves started to
compete with younger leaves, which disturbed nitrogen recycling in plants. In rice, early
senescing cultivars have a higher yield than those which undergo senescence later [46].
Positive effects were obtained by crossing the transgenic line of A. thaliana overexpressing
CKX3 under the control of root-specific PYK10 promoter and displaying enhanced root
growth with the lines displaying enhanced leaf growth [47].

Another promoter involved in the regulation of gene expression during senescence
but also during stress response is senescence associated receptor protein kinase promoter
(SARK). Expression of the IPT gene under the control of this promoter allowed for obtaining
transgenic rice and tobacco with increased drought tolerance [48,49]. The examples of the
experiments concerning the modulation of cytokinin metabolism are shown in Table 2.

The observed effects vary depending on the species and method used; not all of them
are beneficial [50]. The application of inducible promoters responding to specific conditions
allows better control of cytokinin content in transgenic plants. This allows us to avoid
adverse effects occurring when too many of these phytohormones are synthesized in the
plant [9]. Interestingly, the overexpression of AGO2, encoding protein belonging to the
ARGONAUTE family and playing a role in the regulation of gene expression, led to the
enhanced expression of cytokinin transporter BG3 and changed the pattern of cytokinin
distribution in transgenic rice. This, in turn, resulted in an increase in grain length and salt
tolerance [51]. Interesting results were obtained by Wang et al. [52], who used CRISPR/Cas
gene editing to introduce changes into the cytokinin biosynthetic gene OsLOG5. The
researchers managed to obtain rice lines with improved yield properties under drought
stress when compared to stressed control [52].

It is noteworthy that in many cases researchers managed to obtain transgenic lines
with increased biomass production or seed yield, but also more tolerant to abiotic stresses,
such as drought and salinity (Table 2). However, it needs to be emphasized that there are
some inconsistencies between the literature data, because the increased tolerance to some
abiotic stresses was reported for plants with both increased and decreased cytokinin content.
It needs to be remembered that in the experiments on transgenic plants, various species
and promoters were used; there were also differences in the stress conditions applied [53].

Furthermore, cytokinins are a group of compounds, including trans-zeatin; cis-zeatin;
NP-isopentenyladenine; dihydrozeatin; N®-benzylaminopurine; kinetin; ortho-, meta-, para-
topolins; and ribosides of above-mentioned compounds [54]. It is already known that
particular cytokinins vary in sites and timing of their production and degradation, transport
routes, signaling pathways, and activity [54,55]. In A. thaliana, trans-zeatin and isopen-
tenyladenine are the most active forms, present in higher concentrations than other cy-
tokinins [54]. Trans-hydroxylated cytokinins, namely, the trans-zeatin-type, are synthesized
in the roots and transported to the shoots in xylem sap. They are thought to play an
important role as a nitrogen-supply signal in stimulation of the shoot growth. On the other
hand, N®-isopentenyladenine and cis-zeatin-types are predominant in the phloem sap of
A. thaliana. These species are thought to participate in systemic shoot-to-root signaling
in cooperation with other signaling molecules [56]. The understanding of the specificity
of certain cytokinin types synthesis, transport, and signaling is crucial for the successful
genetic engineering of these phytohormones.

Plant responses aimed at restoring the homeostasis of cytokinin levels and signaling
were also observed in plants with changed biosynthesis or degradation of these hormones.
In some of the experiments, the cytokinin content in transgenic lines was not assessed,
while in some others, the methods of cytokinin measurements were questioned by other
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scientists [55]. The intensive research on cytokinin synthesis, degradation, transport, and
signaling is being carried out, which should enable us to explain these effects in the future.

Table 2. Summary of the results of the experiments on transgenic plants with changed cytokinin

concentration. APX, ascorbate peroxidase; CAT, catalase; Chl, chlorophyll; CKX, cytokinin dehydro-

genase; IPT, isopentenyl transferase; O,°~, superoxide; POX, peroxidase; PSII, photosystem II; ROS,

reactive oxygen species; RWC, relative water content; SOD, superoxide dismutase.

Promoter and

Phenotype of Transgenic Plants Compared to

Enzyme Gene Species Control Lines References
increased tillering
increased tolerance to cold stress: delayed
Ubi=IPT tall fescug senescence in plants grown outdoors, [57]
(Festuca arundinacea) decreased electrolyte leakage in detached
leaves kept at temperature range 0 to 28 °C
increased tolerance to flooding: less
wheat (Triticum pronounced growth inhibition during
355:1PT aestivum) flooding and higher yield after recovery (58]
(plants flooded for 14 days)
reduced root growth
Wild type/35S:IPT tomato increased tolerance to salt stress: increased
(scion/rootstock) (Lycopersicon fruit yield of stressed grafted plants (plants [59]
esculentum) treated with 75 mM NaCl)
increased tolerance to flooding: increased
biomass and carbohydrate retention of
waterlogged plants (plants flooded for 5 days)
IPT SAGI2:IPT (A thale A impri gg r ¢ T frr) m waterlogging str ¢ [60]
rabidopsis thaliana) proved recovery from waterlogging stress
and after submergence stress (stress duration
5 days)
suppression of leaf senescence
SAG12:IPT tomato stem thickening, short internodal distances
SAGI3:IPT - (Lycopersicon loss of apical dominance [61]
senescence-specific esculentum) advanced flowering
promoters slight increase in fruit weight per plant
delayed leaf senescence observed both during
dark induction of senescence of detached
leaves in the greenhouse and during
field trials
cassava
SAGI12:IPT (Manihot esculenta) increased drought tolerance: reduced leaf [62]
senescence and wilting during water deficit
(plants watered with lesser amount of water
for 4 weeks)
SAG12::IPT ) increased tolerance to heat stress: enhanced
HSP18::IPT creeping growth and root biomass of plants exposed to
heat-stress-induced bentgrass '(Ag rostis stress (plants grown at 35 °C/30 °C [63]
stolonifera) day/night for 10 days)

promoter




Plants 2022, 11, 3430

8 of 44

Table 2. Cont.

Promoter and

Enzyme Gene

Species

Phenotype of Transgenic Plants Compared to

Control Lines

References

SAGI12:IPT

creeping
bentgrass
(Agrostis stolonifera)

increased tolerance to drought (plants not
watered for 21 days): more extensive root
system, decreased MDA content and
electrolyte leakage in roots, lower O,°*~ and
H,0; levels in roots

increased antioxidant response in
drought-exposed plants: increased ascorbate
content, increased activity of SOD, CAT, APX,
glutathione reductase, and dehydroascorbate
reductase in roots

SAGI12:IPT

creeping
bentgrass
(Agrostis stolonifera)

increased drought tolerance: suppression of
drought-induced leaf senescence and root
dieback, reduced wilting, lower MDA
content, enhanced activity of SOD, CAT, POX
(plants not watered for 2 weeks)

SAG12:IPT

creeping
bentgrass
(Agrostis stolonifera)

increased proline and soluble sugar content in
drought-exposed plants (plants not watered
till leaf RWC dropped to 47%)

[66]

SAG12:IPT

eggplant
(Solanum melongena)

increased vegetative growth rate and fruit
yield per plant

delayed leaf senescence

decreased MDA content, increased SOD and
POX activity

increased drought tolerance: delayed chlorosis
and wilting (plants were not watered)
increased cold tolerance: delayed chlorosis
and wilting (plants kept in 4 °C)

SAGI12:IPT
DEG::IPT
dexamethasone-
inducible promoter

thale cress
(Arabidopsis thaliana)

increased drought tolerance: faster and more
vigorous recovery of stressed plants (plants
not watered for 13 days)

GHCP:IPT
promoter belonging
to SAG family

cotton
(Gossypium hirsutunt)

delayed leaf senescence

increased lint yield, increased fiber quality
(more uniform, stronger and longer fibers)
increased tolerance to salt stress: increased
germination percentage under salt stress (on
paper moistened with 250 mM NaCl)
increased dry biomass of plants exposed to
salt stress (hydroponically grown seedlings
exposed to 200 mM NaCl for 21 days)

SARK:IPT

tobacco
(Nicotiana tabacum)

increased tolerance to drought: less severe
stress symptoms, higher leaf water content
and plant dry weight, improved recovery,
increased seed yield of recovered plants
(plants not watered for 2 weeks)

improved antioxidant defense in
drought-exposed plants: increased ascorbate
and glutathione content, decreased H,O,
level in leaves

only minimal seed yield loss of
water-restricted plants (70% less watering)
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Table 2. Cont.

Promoter and

Gene Species

Enzyme

Phenotype of Transgenic Plants Compared to

Control Lines

References

tobacco

SARK:IPT (Nicotiana tabacum)

increased tolerance to water deficit: increased
CO, assimilation rate (70% reduced watering
for 70 days)

peanuts

SARK:IPT (Arachis hypogaea)

increased drought tolerance: increased fresh
and dry biomass of shoots and roots of
stressed plants (plants not watered for 15
days, then watered with % of the optimal
water amount for 45 days)

increased shoot dry weight and seed weight
per plant grown under water deficit

(field trials)

SARK:IPT rice (Oryza sativa)

increased drought tolerance: delayed wilting,
increased total dry biomass and seed yield
per plant in stress-exposed plants (plants not
watered for 6-10 days before flowering phase
or 2 weeks after flowering)

[49]

SARK:IPT rice (Oryza sativa)

increased tolerance to drought: less
pronounced stress symptoms, increased RWC
and maximum quantum efficiency of PSII, no
decrease in carbon and nitrogen assimilation
and protein content (plants not watered for 3
days at pre anthesis)

increased sucrose and starch content in flag
leaf, enhanced nitrate content, higher nitrate
and nitrite reductase activity, and sustained
ammonium content in

drought-exposed plants

[72]

cotton
SARK:IPT (Gossypium
hirsutum)

delayed leaf senescence (detached leaf assay)
increased drought tolerance: increased root
and shoot biomass, Chl content, and
photosynthetic rate under water deficit in the
greenhouse; increased root and shoot biomass
and cotton yield under water deficit in
growth chamber (66% less watering)

SARK:IPT maize (Zea mays)

increased drought tolerance: delayed wilting
and leaf senescence, increased water content
in stress-exposed plants, 30-fold higher
average seed biomass per plant (plants not
watered for 3 weeks)

sweetpotato

SARK:IPT (Ipomea batatas)

delayed senescence

improved tolerance to drought: improved
growth characteristics and leaf RWC (plants
exposed to various irrigation regimes for

96 days)

HMW:IPT
seed-specific
promoter

tobacco
(Nicotiana tabacum)

increase in seed yield
increase in ethanol-insoluble carbohydrates
and protein content

[76]




Plants 2022, 11, 3430 10 of 44
Table 2. Cont.
Enzyme Promoter and Species Phenotype of Transgenic 'Plants Compared to References
Gene Control Lines
lectzn::IP.T. tobacco (Nicotiana increase in seed dry weight and
seed-specific protein content [77]
tabacum) .
promoter faster growth of seedlings
TP12:IPT narrow-leafed increased branching
flower-specific lupin (Lupinus increased total number of fruits (pods) in [78]
promoter angustifolius) some lines
AtMYB32xs::IPT delayed leaf senescence both under controlled
developmental- canola (Brassica napus) conditions and in th? field [79]
process-related more flowers and siliques
promoter increased yield (field trials)
delayed leaf senescence
increased yield
AMYB32xs-p=IPT B wheat . improved drought tolerance: improved [80]
(Triticum aestivum) canopy green cover, lower canopy
temperatures, higher leaf water potential
p & p
(field trials)
d29A-IPT increased tolerance to salt stress: delayed. leaf
stress-induced tobacco senescence and decreased MDA content in [81]
romoter (Nicotiana tabacum) stressed plants (plants exposed to 150 mM
P NacCl for 2 weeks)
increased tolerance to cold stress: less
pronounced symptoms of leaf senescence
(detached leaves exposed to 27 °C, 4 °C or
AtCOR15a:IPT sugarceiie 4°Cand then 0 °C),
cold-stress-induced (Saccharum officinarum increased Chl content, decreased MDA [82]
promoter and S. spontaneum content, and electrolyte leakage in
hybrids) cold-stressed plants (plants were exposed to
decreasing temperatures for acclimation, then
incubated in 0 °C for 8 h and recovered for 24 h)
improved drought tolerance: less severe stress
AMT-IPT symptoms (plants not watered for 3 weeks)
- tobacco (Nicotiana improved tolerance to salt stress: less severe
stress-induced [83]
romoter tabacum) stress symptoms, faster recovery (plants
p watered with 100 mM NacCl for 10 days, then
with 200 mM NacCl for 11 days)
increased height, stimulated adventitious root
generation
PtRD26pyo::IPT increased net CO, assimilation
promoter of increased drought tolerance: less severe stress
poplar (Populus . .
senescence and tomentosa) symptoms, higher levels of maximum [84]
drought-inducible quantum efficiency of PSII, RWC, net CO,
transcription factor assimilation rate, stomatal conductance, and
electron transfer rate, improved survival rate
(plants not watered for 10 days)
Trans-zeatin hsp70:itzs rapeseed (Brassica reduced root system
heat shock induced P increased height and branching [85]
synthetase napus) . .
promoter increased seed yield per plant
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Table 2. Cont.

Promoter and

Gene Species

Enzyme

Phenotype of Transgenic Plants Compared to

Control Lines

References

355::AtCKX1

355::AtCKX2 tobacco
35S::AtCKX3 (Nicotiana tabacum)
355::AtCKX4

retarded shoot development, dwarfed
phenotype, small leaves
stimulated root growth

[86]

355::AtCKX1

355::AtCKX2 thale cress
35S::AtCKX3 (Arabidopsis thaliana)
355::AtCKX4

reduced shoot growth
stimulated root growth

(87]

358::CKX1

355::CKX2 thale cress
355::CKX3 (Arabidopsis thaliana)
355::CKX4

reduced growth of some lines

increased tolerance to salt stress: less
pronounced stress symptoms and improved
survival rate (plants exposed to 200 mM NaCl
for 6 days)

increased drought tolerance: less pronounced
wilting symptoms and improved survival
rate (plants not watered for 2 weeks)

(88]

tomato
35S::AtCKX3 (Solanum
lycopersicum)

smaller leaf area, decreased stomata density
decreased transpiration

increased drought tolerance: increased leaf
water content (plants not watered for 4 days)

CKX

thale cress

355:MsCKX (Arabidopsis thaliana)

enlarged root system

increased salt tolerance: improved root
growth and seedling fresh weight (seedlings
exposed to 100 or 150 mM NaCl for 7 days),
improved survival rate and maximum
quantum yield of PSII (plants watered with
increasing concentrations of NaCl for 4 days,
then with 350 mM NaCl for 10 days)
improved membrane properties and
antioxidant defense under salt stress:
decreased ion leakage, MDA content, HyO,
and O,°~ levels, increased proline content
and SOD, CAT, POX activity (plants subjected
to 150 mM NaCl for 10 days)

rapeseed

355::AtCKX2 .
(Brassica napus)

enlarged root system, longer primary roots,
increased number of lateral and adventitious
roots, increased root density, enhanced
root-to-shoot ratio

no reduction in shoot growth

increased P, Ca, Mg, S, Zn, Cu, Mo, and Mn
concentration in leaves

increased Chl content under Mg- and
S-deficiency

improved phytoremediation capacity of Cd
and Zn from contaminated medium and soil
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Enzyme Pronéoter and Species Phenotype of Transgenic 'Plants Compared to References
ene Control Lines
larger size of protoplasts, curved protonemal tissues
delayed transition to gametophores, reduced
number of spores
enhanced rhizoid development
355::PpCKX1 Physcomitrella patens improved tolerance to dehydration: increased [92]
survival rate after drying of protonemal tissues
improved tolerance to salt stress: improved
growth (protonemal tissues exposed to 100 or
200 mM NaCl for 30 days)
) wheat increased spike number and grain number
Ubi::TaCKXI (Triticum aestivum) lower 1000-Fzgrain weight i 931
W6:CKX1 stimulation of .root growth, increased ratio of
root-specific . ’Fobacco Foot to shoot biomass ' [94]
(Nicotiana tabacum) increased drought tolerance: increased
promoter survival rate (plants not watered for 26 days)
enlarged root system and dwarfism in line
transformed with 35S promoter construct
355::CKX1 improved drought tolerance: higher water
WRKY6::CKX1 tobacco potential in lower leaves, more negative [95]
root-specific (Nicotiana tabacum) osmotic potential in leaves (plants not
promoter watered for 10 days)
lower leaf temperature in 3565:CKX1 line
(plants exposed for 40 °C for 2 h)
RCc3::0sCKX4
root-specific rice (Oryza sativa) enhanced root development [96]
promoter
increased Zn concentration in roots, shoots,
RCc3::0sCKX4 rice (Oryza sativa) and grains [97]
increased grain yield per plot
stimulated lateral root growth
improved drought tolerance: higher RWC,
less pronounced decrease in yield (plants
exposed to water deficit)
faster recovery and higher RWC in some
bGLU::AtCKX1 b drought-exposed transgenic lines
o arley . .
root-specific (Hordeum vulgare) (hydroponically grown plants were deprived [98]
promoter of the growth medium for 24 h), improved
growth after stress recovery (observed 2
weeks after severe stress application to
hydroponically grown plants and 4 weeks
after 3 days of watering withdrawal in
soil-grown plants)
stimulation of root growth
increased concentration of various micro- and
EPP::CKX1 macro-elements in leaves
EPP::CKX?2 barley increased tolerance to drought: higher CO,
root-specific (Hordeum vulgare) assimilation rate in stressed plants (plants [99]
promoter were not watered until the soil moisture level

dropped to 10%, this level was maintained for
the next 2 weeks)
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Table 2. Cont.

Promoter and

Enzyme Gene

Species

Phenotype of Transgenic Plants Compared to

Control Lines

References

EPP::CKX1
EPP::CKX2

barley
(Hordeum vulgare)

increased Zn concentration in grains
increased Fe concentration in grains of
some lines

[100]

RCc3::AtCKX1

maize (Zea mays)

stimulation of root growth
increased concentration of micro- and
macro-elements in leaves: K, P, Mo, Zn

[101]

CaWRKY31::CaCKX6
root-specific
promoter

thale cress
(Arabidopsis thaliana)
chickpea
(Cicer arietinum)

increase in lateral root number, root length,
and root biomass in Arabidopsis and
chickpea without any penalty to vegetative
and reproductive growth of shoot
soil-grown chickpea exhibited higher
root-to-shoot biomass

enhanced drought tolerance in soil-grown
chickpea: increased shoot and root growth,
increased CO; assimilation rate (plants not
watered for 40 days)

seed yield in some chickpea lines up to 25%
higher with no penalty in protein content
higher levels of Zn, Fe, K, and Cu in
transgenic chickpea seeds

[102]

RCc3:0sCKX5

rice (Oryza sativa)

stimulated root growth: greater volume,
length, projection area, higher number of tips,
enhanced surface area

no detrimental impact on shoot growth
increased root biomass, root to shoot ratio,
deeper root system in plants grown on
low-fertility soil

increased P, K, Ca, Mg, Zn, Fe concentration
in roots

increased K, Mg, Fe, Zn concentration in
shoots (not in all lines)

[103]

355::MdCKX5.2

thale cress
(Arabidopsis thaliana)

longer primary root, stimulation of lateral
root development

increased tolerance to drought: less severe
stress symptoms, significantly improved
survival rate (plants not watered for 20 days)
increased tolerance to salt stress: less severe
stress symptoms, longer primary roots and
more lateral roots, increased fresh weight and
Chl content (seedlings exposed to 100 or 150
mM of NaCl for 9 days)

[104]

OsCKX2
promoter:3’-UTR
of OsCKX2
target silencing

rice (Oryza sativa)

increased grain number per plant

[105]

355::HuCKX1

355::TuCKX1

hairpin target
silencing

barley (Hordeum
vulgare), wheat
(Triticum aestivum)
triticale

increased seed yield, seed number per plant
and 1000-grain weight in some lines
increased root biomass

lower shoots

[106]
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Table 2. Cont.
Enzyme Promoter and Species Phenotype of Transgenic 'Plants Compared to References
Gene Control Lines
355-HoCKX2 increased height
hair“ in tarcet barley increased spikes number [107]
silz nein & (Hordeum vulgare) increased seed yield, seed number, and
J 1000-grain weight
358::HuvCKX1 . d
hairpin tareet barley increased root mass [108]
sﬂi ncingg (Hordeum vulgare) increased seed yield
Ubi::shRNA-CX3 delayed senescence
Ubi::shRNA-CX5 . . increased tillering
hairpin target rice (Oryza sativa) increased panicle number, grain yield per [109]
(OsCKX2) silencing plant, and 1000-grain weight (field trials)
delayed leaf senescence
more fruiting branches and bolls, increased
355::GhCKX hairpin cotton seed size [110]
target silencing (Gossypium hirsutum) increased seed yield and lint yield of
moderately suppressed lines (per 25 m?
plot size)
enhanced panicle branching, increased seed
biomass per plant, increased
1000-grain weight
increased tolerance to salt stress: increased
355::0sCKX2 _ water content and higher shoots of stressed
antisense rice (Oryza sativa) plants, at the end of stress-exposure wild type [111]
target silencing plants were dying (plants watered with
200 mM NaCl for 30 days)
less pronounced decrease in yield of plants
exposed to salt stress at pre-flowering stage until
maturity (plants watered with 100 mM NaCl)
Actl::HvCKX1 wheat
hairpin .. . increased grain number per plant [112]
target silencing (Triticum aestivum)
Ubil::HuCKX1
!
5 SI;C} {)]fftI}{IetORFt increased spike number and grain number
" dlencing barley per plant [113]
chzl)énﬁ;r;% Kout (Hordeum vulgare) decreased 1000-grain weight
obtained by increased yield for m? (field trials)
CRISPR/Cas9
increased shoot fresh and dry weight both in
normal-phosphate and low-phosphate
conditions
OSCKXZ' knockout ) ) lesser leaf yellowing and increased maximum
obtained by rice (Oryza sativa) quantum efficiency of PSII under Pi [114]
CRISPR/Cas9 deficiency
increased P concentration in roots and shoots
under low-Pi conditions
proAGIP::GhCKX3b
silencing construct . .
carpel- and cotton (Gossypium increased seed number [115]

stamen-specific
promoter

hirsutum)

increased lint yield
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Table 2. Cont.

Promoter and

Enzyme Gene

Species

Phenotype of Transgenic Plants Compared to

Control Lines

References

355::Z20G1

tobacco (Nicotiana
tabacum)

primary root elongation and
diminished branching

[116]

Actl::cZOGT1
Actl::cZOGT2

rice (Oryza sativa)

short shoots
delayed leaf senescence

[117]

Ubi1::ZOG1

maize (Zea mays)

delayed leaf senescence

shorter stature, thinner stems,

narrower leaves

increased root biomass and branching
disturbed floral development, smaller ear

[118]

355::UGT85A5

glucosyl-
transferase

tobacco
(Nicotiana tabacum)

increased tolerance to salt stress: increased
seed germination rate on the medium
containing NaCl (100-200 mM); increased
total fresh weight of salt-treated seedlings
(exposed to 100 or 200 mM NaCl for 4 weeks)
lesser decay of Chl content in leaf discs
incubated in 100-300 mM NaCl

survival under strong salt-induced stress
(seedlings watered with NaCl solution
increasing to 300 mM for 4 weeks)

increased proline content and decreased
MDA content in salt-treated plants (watered
with 300 mM NacCl for 1 week)

[119]

3585::0scZ0G1
0sZ0G1 silencing
construct under Ubi
promoter

rice (Oryza sativa)

in overexpressing line: improved growth of
lateral roots, decreased shoot growth and
yield-associated traits, accelerated senescence
in silenced line: improved crown roots
growth and tillering, higher shoots, increased
yield-associated traits: panicle branching,
grain number per panicle, seed size, and
1000-grain weight

[120]

355::AtUGT76C2

thale cress
(Arabidopsis thaliana)

reduced tolerance to osmotic stress at
postgermination stage: decreased
germination rate, slower germination and
primary root growth, more severe stress
symptoms (seeds sown on medium with 200,
250, 300 mM mannitol)

increased tolerance to drought at mature
stage: less severe stress symptoms, improved
survival rate (plants not watered for 7 days),
decreased water loss and faster stomata
closure in detached leaves

[121]
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Table 2. Cont.

Enzyme

Promoter and Phenotype of Transgenic Plants Compared to

Gene Species Control Lines References

- enhanced root growth

- increased sensitivity to abiotic stresses during
germination and post-germination growth:
slower germination and decreased seedling
growth (seeds exposed to 100 mM NaCl, 7.5%
PEG8000, or 150 mM mannitol)

- increased tolerance to salt stress: less severe
stress symptoms, decreased electrolyte
leakage, increased survival rate, increased

Ubi::AtUGT76C2 rice (Oryza sativa) proline and soluble sugar content (seedlings [122]
watered with 200 mM NaCl for 2 weeks),
lower HyO; and O,*~ level, increased
activity of SOD, CAT, and APX (plants
exposed to 200 mM NaCl for 12 h)

- increased drought tolerance: less severe stress
symptoms, increased survival rate, increased
proline and soluble sugar content (seedlings
not watered for 1 week), decreased water loss
from detached leaves

5. Gibberellins

Gibberellins are a large group of tetracyclic diterpenoids. Among them, only a few
compounds participate in the regulation of growth and development of higher plants—
primarily GA; and GA4 [2]. Gibberellin deficiency causes dwarfism [123]. For arable crops,
especially cereals, dwarfism can be an advantage, because it improves lodging resistance
and changes assimilate partitioning so that more assimilates are allocated to flowers and
grains. Breeding of semi-dwarf cereal varieties has been proven to be enormously successful
in increasing grain yield since the advent of the “green revolution” [124]. The rice semidwarf-
1 (sd-1) gene, encoding gibberellin 20 oxidase, is well known as the “green revolution gene”
and is considered to be the one of the most important genes deployed in modern rice
breeding. It has contributed to the significant increase in crop production that occurred
in the 1960s and 1970s, especially in Asia [125,126]. The genes responsible for the “green
revolution” in wheat are semi-dwarfing genes Reduced height (Rht). The most important
and widely used are the alleles Rht-B1b and Rht-D1b that are found in >70% of current
commercial wheat cultivars. They are known to reduce stem extension by causing partial
insensitivity to gibberellins due to the changed signaling process [127,128].

The crucial enzymes associated with gibberellin metabolism are GA20ox and GA3ox
gibberellin oxidases, catalyzing the last two steps of the synthesis of biologically active
gibberellins, as well as GA2o0x oxidase, catalyzing the oxidation of these phytohormones to
inactive catabolites. The three types of enzymes mentioned above are encoded by small
gene families, GA20ox, GA3o0x, and GA2ox, respectively [129]. All of them were targets
of genetic engineering. The introduction of GA20ox and GA3ox or GA20x genes enables
us to obtain plants with either increased or decreased active gibberellin content (Table 3).
Increased gibberellin content stimulates elongation growth and lignin synthesis, while a
reduced level of these phytohormones results in dwarfism, stimulation of lateral shoot
formation, and reduction of lignin content (Table 3). Change in gibberellin content also
allows us to obtain other useful traits. Tomato fruits with GA20ox1 gene overexpression
remained firm for a longer time, which prolonged their shelf life [130]. The formation of
longer xylem fibers in transgenic poplars overexpressing AtGA20ox1 is beneficial for paper
production [131]. On the other hand, reduced lignin content in transgenic switchgrass with
decreased gibberellin content facilitates the bioethanol production process. However, the
GA2ox-overexpressing lines were semi-dwarf, which is not a desired trait in plants grown
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for biomass production [132]. Enhanced activity of gibberellin biosynthetic enzymes may
be not beneficial in terms of resistance to certain pathogens. Transgenic rise overexpressing
OsGA200x3 was more susceptible to Xanthomonas oryzae pv. oryzae (causing bacterial blight)
and Magnaporthe oryzae (causing rice blast), while OsGA200x3 knockdown lines displayed
enhanced resistance to these pathogens [133].

Modification of gibberellin signaling was also taken into consideration. DELLA protein
was identified as a repressor in the gibberellin signaling pathway. The above-mentioned Rht
alleles encode DELLA proteins [128]. Canola mutant ds-3 bearing a mutation in the gene
encoding DELLA protein is semi-dwarf [134]. The overexpression of SLR1 encoding rice
DELLA protein enhanced cold tolerance in this species, while plants with overexpression of
GA200x1 were more sensitive to this kind of stress. These results suggest that weakening of
gibberellin signaling leads to the improvement in chilling tolerance [135]. Overexpression
of GoGID1 encoding gibberellin receptor in alfalfa allowed to obtain transgenic plants
with increased growth rates, heights, and biomass production when compared to the
control [136].

Table 3. Summary of the results of the experiments on transgenic plants with changed gibberellin
concentration. CAT, catalase; Chl, chlorophyll; GAMT, gibberellin methyltransferase; GAox, gib-
berelin oxidase; MDA, malonyldialdehyde; POX, peroxidase; RWC, relative water content; SOD,
superoxide dismutase; WUE, water-use efficiency.

Phenotype of Transgenic Plants Compared to

Enzyme Promoter and Gene Species Control Lines References
Modifications aimed at increasing of active gibberellins level
hybrid aspen - increased growth rate
355::AtGA200x1 (Populus tremula x P. - increased biomass [131]
tremuloides) - longer and more numerous xylem fibers
- shoot growth stimulation
. tobacco - increased biomass production
355::AtGA200x1 (Nicotiana tabacum) - increased lignin content [157]
- stimulation of xylem formation
- changed morphology: higher shoots,
non-serrated leaves, some flowers had
longer style
tomato - delayed flowering
GA200x 355::CcGA200x1 (Lycopersicon - increased fruit number and their total weight [130]
esculentum) per plant, some of the fruits were

parthenocarpic, which was not observed in the
control plants
- delayed fruit ripening

Ubil::AtGA200x1

- higher and more slender stems
maize (Zea mays) - increased vegetative biomass [138]
- increased content of lignin and cellulose

increased shoot growth and biomass

355::PAGA20- . .

OXIDASE _ production, accompanied by poor root growth

DX15::PdGA20- hybrid poplar and unstable shoots in plants with

OXIDASE (Populus tremula L. x constitutive overexpression [139]
Populus alba) enhanced growth without changing the overall

poplar xylem-specific
promoter

phenotype in plants with
xylem-specific expression
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Table 3. Cont.

Phenotype of Transgenic Plants Compared to

Enzyme Promoter and Gene Species Control Lines References
Modifications aimed at increasing of active gibberellins level
- plants with constitutive overexpression or
355::StGA30x2 leaf-specific overexpression were higher and
SiL S 1:5tGA30x2 tuberized earlier when grown under short
leaf-specific promoter  potato day condltlons o . .
GA3ox Tubl-StGA30x2 (Solanum tuberosim) - plants with tuber-specific overexpression did [129]
tube'r‘—s ecific not display differences in shoot height, their
romotz . tuberization was slightly delayed
p - increased tuber biomass per plant in line with
constitutive overexpression
Modifications aimed at decreasing of active gibberellins level
. - plants with constitutive overexpression
g;tgogs%fgjsl displayed changed morphology: dwarfism,
ror‘r‘loter of a gene darker green, broader and shorter leaves, they
partici atin ig rice (Oryza sativa) also failed to set grains [140]
pibberle:) llin sg nthesis - lines with expression under D18 promoter were
?n rice Y semi-dwarf and developed normal flowers
and grains
- dwarfism
canola - increased anthocyanin content in leaves
358::AtGA20x8 (Brassica napus) - stimulated branching, increased number [141]
P of siliques
- increased seed yield per experimental plot
- dwarfism, delayed onset of generative phase
GA2o0x - increased starch granule accumulation and
ity responses
thale cress gravity resp .
355::05GA20x5 (Arabidopsis thaliana) - 1ncrgased tolerance to salt stress: 1mProved [142]
rice (Oryza sativa) survival rate and less reduced seedling growth
(seeds exposed to 100 mM or 140 mM NaCl for
7 days); significantly improved survival rate
(seedlings exposed to 170 mM NaCl)
rbes::PtGA20x1
leaf-specific promoter }
TobRB7::PtGA20x1 slower gcrlo(;”h t folerance: | LRWC
t-specific tobacco - Increased drought tolerance: increase ,
roo pt (Nicotiana tab ) increased proline and sugar content, decreased  [143]
E;Z;; ;I; GA20x1 icottana tabactm MDA content, elevated POX, SOD, and CAT
stem—s})eci fic ox activities (plants not watered for 19 days)
promoter
- semi-dwarfism
Ubil::PvGA20x5 switchgrass (Panicum increased tillering [132]

Ubil::PvGA20x9 virgatum)

decreased lignin content
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Enzyme Promoter and Gene Species

Phenotype of Transgenic Plants Compared to

Control Lines

References

Modifications aimed at decreasing of active gibberellins level

Ubi::GA20x6

. rice (Oryza sativa
mutated versions Ory )

changed morphology: reduced plant height,
expanded root system, enhanced tillering
increased WUE and photosynthesis rate
increased grain yield (field trials)

increased drought tolerance: less pronounced
wilting symptoms; improved leaf recovery;
increased survival rate; increased proline
content and activities of SOD, CAT, POX;
decreased H,O, content (plants were air-dried
for 6 h then recovered for 6 days)

increased tolerance to salt stress: increased
survival rate (plants exposed to 200 mM NaCl
for 2 days)

increased tolerance to temperature (both heat
and cold) stress: increased survival rate (plants
exposed to 4 °C or 42 °C for 2 days)

increased tolerance to biotic stress: less
pronounced symptoms of infection with the
bacterium Xanthomonas oryzae pv. oryzae,
increased seedling weight after infection with
the fungus Pythium arrhenomanes, limited
spread of fungus Fusarium fujikuroi

[144]

cotton

355:GhGA20x1 (Gossypium hirsutum)

increased drought tolerance: increased proline,
Chl, and RWC in stressed plants (plants not
watered for 10 days)

increased tolerance to salt stress: increased
proline, Chl, and RWC in stressed plants (plants
watered with 200 mM NaCl for 10 days)

[145]

tomato
GAMT 355::AtGAMT1 (Solanum lycopersicum)

changed morphology: reduced plant height,
smaller leaves of changed shape

smaller stomata

increased drought tolerance: delayed wilting
symptoms, higher leaf water status, reduced
transpiration, improved recovery of stressed
plants (plants not watered for 14 days)

[146]

ProEui::PtCYP714A3
native promoter of
one of CYP genes

in rice

rice (Oryza sativa)

semi-dwarfed phenotype, promoted tillering,
reduced seed size

increased tolerance to salt stress: less severe
stress symptoms, improved survival rate
(seedlings exposed to 150 mM NaCl for

12 days)

[147]

CYpP
cytochrome
450

355::CYP71D8L rice (Oryza sativa)

dwarfed phenotype, reduced grain number
per panicle

increased drought tolerance: less severe stress
symptoms, increased Chl content and
decreased HyO, level after 5 days of drought
(plants not watered for 10 days)

increased tolerance to salt stress: less severe
stress symptoms, increased Chl content and
decreased H,O, level after 3 days of stress
(plants watered with 150 mM NaCl for 8 days)

[148]
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6. Brassinosteroids

Similar to other phytohormones, brassinosteroids have a pleiotropic effect and they
participate both in the regulation of development and stress response [149]. Consider-
ing their chemical structure, these compounds belong to polyhydroxy steroids and are
similar to animal steroid hormones [150]. Many experiments concerning the impact of
brassinosteroids on plant development and stress tolerance were carried out by spraying
the plants with solutions of these phytohormones. There are also data in the literature on
genetic engineering of the pathway of their biosynthesis [151]. Important determinants of
yield that are regulated by brassinosteroids are plant height, leaf angle, and inflorescence
architecture [152]. The results of the experiments on transgenic plants with increased brassi-
nosteroid content are shown in Table 4. There were also experiments aiming at decreasing
the level of these phytohormones. Overexpression of AtBAT1 encoding brassinosteroid-
inactivating acyltransferase in bentgrass resulted in decreased growth rate, erect leaves,
prolonged leaf longevity, and improved drought resistance [153].

The rice mutant ebisu dwarf (d2) with impaired brassinosteroid biosynthesis had erect
leaves, which improves light penetration into the canopy. On the other hand, it produced
smaller seeds [154]. However, another rice mutant, osdwarf4-1, had a stature similar to the
d2 mutant, while the morphology of its flowers and seeds remained unchanged [155,156].
Barley accessions carrying a single recessive gene uzu, encoding the brassinosteroid receptor,
are semi-dwarf. This gene has been introduced in almost all Japanese hull-less barley
cultivars [157,158]. Brassinosteroid insensitive semi-dwarf barley mutants were more
tolerant to drought [159].

Transgenic tomatoes overexpressing SIBRI1 encoding brassinosteroid receptor dis-
played increased height, yield, and fruit number per plant. Transgene overexpression also
caused an increase in the levels of carotenoids, ascorbic acid, soluble solids, and soluble
sugars during fruit ripening [160]. On the other hand, it led to a decrease in drought
tolerance [161]. Rice line overexpressing SERK2, encoding membrane protein interact-
ing with brassinosteroid receptor, produced larger grains and was more tolerant to salt
stress [162]. Overexpression of kinases participating in brassinosteroid-induced signaling,
e.g., membrane localized ZmBSK1 and downstream acting ZmCCaMXK, in corn, led to
the improved drought tolerance [163]. Overexpression of the gene TuBRI1 from wheat,
encoding transmembrane receptor kinase, in Arabidopsis resulted in increased sensitivity
to brassinosteroids, earlier flowering, and increased silique size and seed yield [164]. While
the modification of signaling through BRI receptors is linked to growth arrest, the overex-
pression of BRL3, a vascular-enriched member of the brassinosteroid receptor family, in A.
thaliana enhanced tolerance to drought without penalizing plant growth [165]. In recent
years, there has been significant progress in the deciphering of brassinosteroid signaling,
which opens the way to successful modification of crop plants [152].

Table 4. Summary of the results of the experiments on transgenic plants with increased brassinos-
teroids concentration due to overexpression of hydroxylases participating in the biosynthesis of these
phytohormones. CAT, catalase; MDA, malonyldialdehyde; POX, peroxidase; RWC, relative water
content; SOD, superoxide dismutase.

Phenotype of Transgenic Plants Compared to

Enzyme Promoter and Gene Species Control Lines References
. thale cress - stimulation of generative shoot branching
355 AtDWF4 (Arabidopsis thaliana) - increase in siliques and seed number [166]
C-22x expression of cDNA ) .
hydroxylase of CYPs from maize, enhanced tillering

- increased grain yield per plant, increased
rice (Oryza sativa) grain weight (greenhouse and field trials) [167]
- increased leaf angle, more loose stature (not
desired trait)

A. thaliana, and rice
under AS promoter
active in stems,
leaves, and roots
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Promoter and Gene

Species

Phenotype of Transgenic Plants Compared to

Control Lines

References

355::CYP724B1

rice (Oryza sativa)

increased spikelet number per panicle
increased grain size and 1000-grain weight
increased leaf angle, more loose stature

[168]

355::AtDWF4

canola
(Brassica napus)

longer roots, increased root biomass

larger leaves

stimulation of branching, increase in
siliques number

increased seed yield per plant

increased drought tolerance: improved
survival rate, increased root and shoot
biomass of recovered plants (plants not
watered for 12 days)

increased tolerance to heat stress: improved
survival rate of stressed plants (plants
exposed to 45 °C for 3 or 4 h)

increased resistance to necrotrophic fungal
pathogens Leptosphaeria maculans and
Sclerotinia sclerotiorum: less pronounced
symptoms of infection

[169]

355::50CYP85A1

tobacco
(Nicotiana tabacum)

longer primary root and more lateral roots
enhanced drought tolerance: less severe
stress symptoms, higher RWC, decreased
water loss rate, increased proline content in
one transgenic line, decreased MDA content
and H;O; level, increased activity of SOD,
CAT, and POX (plants not watered for

10 days)

[170]

355::PtCYP85A3

tomato
(Lycopersicon
esculentum)
poplar (Populus
davidiana X

P. bolleana)

promoted growth and biomass production
increased plant height, shoot fresh weight
and fruit yield in tomato

increased plant height and stem diameter,
enhanced xylem formation in poplar

[171]

Ubi::OsDWF4
Gt1::0sDWF4
seed-specific
promoter

rice (Oryza sativa)

enhanced tillering

increased grain yield per plant, slightly
increased 1000-grain weight

increased leaf angle, more loose stature (not
desired trait)

[172]

Ubi::ZmDWF4

maize (Zea mays)

bigger ears, improved grain yield per ear
increased 1000-grain weight

faster growth, increased plant height and
node number

increased leaf area, delayed leaf senescence

[173]

358::PeCPD

poplar

(Populus tomentosa)

increased plant height, biomass, stem
diameter and xylem formation

increased tolerance to salt stress: less visual
injuries, lower HyO, and O,°*~ formation,
decreased MDA content, increased levels of
soluble proteins and proline, increased SOD
activity (plants exposed to 50 mM NaCl for 3
days and then to 100 mM NaCl for 12 days)

[174]
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Enzyme Promoter and Gene Species Phenotype of Transgenic 'Plants Compared to References
Control Lines
- faster germination and seedling growth
- increased plant height and weight
tomato - slender stature, leaf deformations
35S::DWF (Lycopersicon - faster ripening of fruits [175]
esculentum) - decrease in fruit yield per plant but increase
cytochrome when normalized on the cultivated area due
catalyzing to higher density of plants
conversion of 6-
deoxocastasterone - increased tolerance to chilling stress: lesser
to castasterone amount of oxidized proteins, lower level of
tomato lipid peroxidation and electrolyte leakage,
35S::DWE (Lycopersicon increased maximum quantum efficiency of  174]
esculentum) PSII, increased activity of APX and enzymes
participating in ascorbate and glutathione
recycling (plants exposed to 4 °C for 3 days)
enzyme catalyzing
the conversion of 6-
deoxocathasterone - increased grain length and 1000-grain
and 3-dehydroteas- . . weight
terone to 6-deoxoty Ubi:TaD11-2A rice (Oryza sativa) increased starch content and decreased (1771
phasterol and amylose content
typhasterol,
respectively

7. Abscisic Acid

The most important functions of ABA include regulation of dormancy, stomata open-
ing, as well as maturation and germination of seeds. This phytohormone also participates
in the response to abiotic stress, primarily drought [2]. In higher plants, carotenoids,
specifically violaxanthin or neoxanthin, are substrates for ABA biosynthesis. An impor-
tant enzyme necessary for the synthesis of violaxanthin (and indirectly neoxanthin) is
zeaxanthin epoxidase (ZEP). In the ABA biosynthetic pathway, both xanthophylls are
converted to the conformation 9-cis, and then 9-cis-epoxycarotenoid dioxygenase (NCED)
catalyzes xanthoxin formation. Later, xanthoxin undergoes two-step oxidation—first to
abscisic aldehyde and then to ABA. These reactions are catalyzed by short-chain alcohol
dehydrogenase/reductase (SDR) and abscisic aldehyde oxidase (AAO), respectively [178].
Seo et al. [179] observed that under stress conditions AAO expression does not change,
while the expression of the LOS5/ABA3 (LOS5) gene is enhanced. This gene encodes
an enzyme responsible for sulphation of AAO molybdenum cofactor [180]. Therefore,
experiments on plants overexpressing the LOS5 gene were also conducted.

The results of the experiments on transgenic plants with increased ABA content are
collected in Table 5. They indicate that the modifications associated with this phytohor-
mone are a very promising direction of research aimed at obtaining varieties with increased
drought tolerance. On the other hand, it was reported that ABA overproducing transgenic
tomato was significantly more vulnerable to xylem embolism [181]. Apart from the syn-
thesis and degradation of this phytohormone, ABA transport also has an impact on stress
tolerance. The Lr34res gene conferring durable resistance to multiple fungal pathogens in
rice was reported to be an ABA transporter [182].

ABA-induced signaling pathways are a subject of intensive research. The expres-
sion of tomato genes encoding ABA receptors belonging to PYR/PYL/RCAR family in
A. thaliana improved drought tolerance of transgenic plants [183]. Similarly, overexpres-
sion of native genes of subfamily III of PYR/PYL/RCAR family in A. thaliana resulted
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in increased ABA-sensitivity and enhanced drought resistance [184]. Overexpression of
OsPYL3 and OsPYL9 in rice enhanced tolerance to cold stress and drought; and simi-
larly, overexpression of TaPYL4 in wheat improved drought tolerance [185]. Transgenic
poplars overexpressing PtPYRLI or PtPYRL5 were more tolerant to drought, cold, and
osmotic stress [186]. Membrane-bound kinase OsPKR15 was shown to interact with Os-
PYL11, an orthologue of AtPYL9. Ectopic expression of OsPKR15 in A. thaliana increased
its sensitivity to ABA and resulted in the enhancement of drought tolerance [187]. The
potential of ABA receptors overexpression for the improvement of water-use efficiency
(WUE) in crops was proposed by Mega et al. [188]. Rice overexpressing OsPYL6 under
the control of Arabidopsis thaliana Responsive to Dehydration 29A (AtRD29A) promoter
displayed enhanced tolerance to dehydration. On the other hand, the reduced grain yield
under non-stress conditions due to reduction in height, biomass, panicle branching, and
spikelet fertility was also observed in transgenic plants [189]. The role of SNF 1-RELATED
PROTEIN KINASE 2 (SnRK2), comprising a subfamily of plant-specific protein kinases,
in ABA signaling and stress tolerance is being investigated [190]. Overexpression of
wheat genes of TaSnRK2s in A. thaliana resulted in improved tolerance to drought, salt,
and cold stress [185]. Overexpression of ARR5, encoding one of the SnRK2 targets, in
A. thaliana resulted in ABA hypersensitivity and enhanced drought tolerance [191]. Trans-
genic A. thaliana expressing TaCIPK27, encoding a wheat kinase involved in stress response,
displayed enhanced ABA-sensitivity and improved drought tolerance [192].

Table 5. Summary of the results of the experiments on transgenic plants with increased abscisic
acid concentration. APX, ascorbate peroxidase; CAT, catalase; LOS, sulfurase of molybdenum
cofactor required for abscisic aldehyde oxidase activity; MDA, malonyldialdehyde; NCED, 9-cis-
epoxycarotenoid dioxygenase; POX, peroxidase; RWC, relative water content; SOD, superoxide
dismutase; WUE, water-use efficiency; ZEP, zeaxanthin epoxidase.

Enzyme

Promoter and Gene Species

Phenotype of Transgenic Plants Compared to

Control Lines References

355::AtZEP

- increased tolerance to salt stress: increased
fresh weight of stressed plants (seedlings
exposed to 0-160 mM NaCl for 10 days)
thale cress - increased tolerance to osmotic stress: increased
(Arabidopsis thaliana) fresh weight of stressed plants (seedlings [193]
exposed to 0400 mM mannitol for 10 days)
- increased drought tolerance: drought survival
(plants not watered for 3 weeks, control plants
died); reduced water loss from detached shoots

ZEP

355::MsZEP

- increased tolerance to salt stress: increased
content of soluble sugars and proline, increased
activity of SOD, and decreased content of MDA
(plants watered with 200 mM NaCl for 2 weeks)
- increased drought tolerance: less pronounced [194]
wilting symptoms, increased content of soluble
sugars and proline, increased activity of SOD
and decreased content of MDA (plants not
watered for 2 weeks)

tobacco
(Nicotiana tabacum)

EsABAT under the
control of artificial
superpromoter

- increased tolerance to salt stress: increased
shoot dry weight and total root length in
tobacco stressed plants (seedlings exposed to 250 mM
(Nicotiana tabacum) NaCl for 4 weeks)
- reduced Chl degradation in leaf discs incubated
in 400 and 600 mM NaCl solutions for 3 days

[195]
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Table 5. Cont.

Enzyme Promoter and Gene

Species

Phenotype of Transgenic Plants Compared to

Control Lines

References

355::AtNCED3

thale cress
(Arabidopsis thaliana)

increased drought tolerance: lower
transpiration rate, less pronounced wilting
symptoms in stressed plants (plants not
watered for 18 days)

[196]

355::VuNCED1

creeping
bentgrass
(Agrostis stolonifera)

increased tolerance to salt stress: increased
fresh and dry biomass and less pronounced
wilting symptoms in stressed plants, increased
survival rate (plants watered with 0.2-0.8%
NaCl for 10 weeks)

increased drought tolerance: increased fresh
and dry biomass, less pronounced wilting
symptoms in plants exposed to water deficit,
increased survival rate (reduced watering for
10 weeks)

[197]

358::0OsNCED3

thale cress
(Arabidopsis thaliana)

delayed seed germination, slower growth,
changed leaf morphology

sugar oversensitivity

increased drought tolerance: less severe stress
symptoms (plants not watered for 9-13 days)

[198]

NCED

355::CrNCED1

tobacco (Nicotiana
nudicaulis)

increased tolerance to salt stress: reduced Chl
degradation and HyO, and O,°~ generation in
leaf discs incubated in 200 mM NaCl solution
for 4 days

increased drought tolerance: reduced water
loss from detached leaves, higher turgor and
increased RWC in stressed plants (plants not
watered for 1 week), lower H,O, and O,°~
generation in leaves subjected to 80 min
dehydration

increased tolerance to oxidative stress: reduced
Chl degradation in leaf discs incubated in 1%
H,0O; solution for 4 days

[199]

355::0sNCED4

thale cress
(Arabidopsis
thaliana)

delayed seed germination, slower growth,
changed morphology

sugar oversensitivity

increased drought tolerance: less severe stress
symptoms (plants not watered for 9-13 days)

[200]

358::0OsNCED3

rice (Oryza sativa)

promotion of leaf senescence (darkness
induction protocol)

increased drought tolerance: increased survival
rate of stressed plants (seedlings not watered
for 18 days)

increased tolerance to salt stress: increased
survival rate of stressed plants (seedlings
exposed to 150 NaCl)

[201]

358::VaNCED1

grapevine (Vitis
vinifera)

changed leaf morphology
increased drought tolerance: less severe stress
symptoms (plants not watered for 50 days)

[202]
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Enzyme Promoter and Gene Species Phenotype of Transgenic 'Plants Compared to References
Control Lines
increased drought tolerance: reduced water

PuvNCEDT under tobacco loss from detached leaves with induced

dexamethasone- (Nicotiana transgene expression; less pronounced wilting  [203]

inducible promoter plumbaginifolia) symptoms in plants with induced transgene
expression (plants not watered for 10 days)

HoLeaAtNCED6 1mproved performance qncl'er Water de'ﬁc1t:

d hi- . barley higher RWC and CO, assimilation rate, improved
rought-responsive o 0/ s . [204]
romoter (Hordeum vulgare) WUE (plants maintained at 10% soil moisture

p level for 4 days, stress imposed after anthesis)

d29A-LeNCED1 . m'crfeased drought Folerance: less pronounced

. petunia wilting symptoms in stressed plants, reduced

stress-responsive . . S . . [205]
romoter (Petunia hybrida) water loss, significantly increased survival rate

P (plants not watered for 2 weeks)

increased drought tolerance: reduced water
AtLOS5 under the tobacco loss from detached leaves; less pronounced
control of artificial . wilting symptoms, increased activity of CAT [206]
(Nicotiana tabacum) . . .
superpromoter and APX and increased proline content in
stressed plants (plants not watered for 6 days)
increased drought tolerance: reduced water
loss from detached shoots; less pronounced
wilting symptoms in stressed plants (plants not
LOS AtLOS5 under the cotton watered for 5 days)

control of artificial G ; . ! [207]

superpromoter 0SSypiiim increased fresh weight; SOD, POX, and APX

perp hirsutum) activities; and proline content; decreased MDA
content in plants exposed to reduced watering
for 8 weeks
increased drought tolerance: reduced water

AtLOS5 under the loss from stressed plants and increased survival

control of artificial maize (Zea mays) rate (plants not watered for 2 weeks) [208]

superpromoter increased SOD, CAT, and POX activities and proline

perp content, decreased content of H,O, and MDA in
plants exposed to reduced watering for 5 days

RNAi-mediated

suppression of the improved performance under water deficit:

Hv8' hydroxylase barley higher RWC and CO, assimilation rate, improved [204]

construct expressed (Hordeum vulgare) WUE (plants maintained at 10% soil moisture

under drought- level for 4 days, stress imposed after anthesis)

responsive promoter

Hydroxylase increased tolerance to alkalinity: increased
participat- survival rates, decreased membrane injury, MDA,
ing in ABA Hy0O,, and O,*~ content in roots (seedlings were
catabolism exposed to 10, 15, 20 mM Na,CO3)

RNAi-mediated
suppression of the
OsABA8ox1

rice (Oryza sativa)

increased survival rate, less severe stress
symptoms, more vigorous growth, increased
Chl content, increased panicle number,
spikelets per panicle, percentage of filled
spikelets and 1000-grain weight (seedlings were
transplanted into soil of pH 7.59, 8.86, and 9.29)
increased grain yield per plant under salt stress (plants
grown in soil of pH = 9.29, EC = 8344 uScm™1)

[209]
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Many of the ABA-responsive transcription factors have been identified to date, among
them, those belonging to NAC, bZIP, AP2/ERF, and WRKY families [210]. Stress-responsive
grapevine transcription factor VVINAC17 was shown to increase sensitivity to ABA and
drought tolerance when its gene was overexpressed in Arabidopsis [211]. Similarly, the
overexpression of soybean GmNAC019 in A. thaliana led to the hypersensitivity to ABA
and higher survival rate in a soil-drying assay [212]. The overexpression of drought-
induced maize ZmWRKY26 in A. thaliana improved its tolerance to drought and heat [213].
The positive role of MaWRKYS80 from banana in drought stress resistance was shown
in the experiment with transgenic Arabidopsis. Among other effects, this transcription
factor modulated the expression of genes encoding ABA biosynthetic enzymes [214].
Capsicum annuum ABA Induced ERF (CaAIEF1) expressed in A. thaliana enhanced drought
tolerance of transgenic plants [215]. The overexpression of VIbZIP30, encoding a transcrip-
tion factor belonging to the bZIP family in grapevine, in transgenic A. thaliana improved
dehydration tolerance [216]. It was shown that corn transcription factor ZmbZIP33 inter-
acts with core components of ABA signaling. Its overexpression in Arabidopsis led to the
increase in ABA content and drought tolerance [217]. Arabidopsis plants overexpressing
TubZIP14-B from wheat exhibited enhanced tolerance to salt and cold, as well as increased
ABA sensitivity [218]. A maize gene ZmMYB3R, encoding MYB transcription factor, is
known to be induced by ABA. Its overexpression in A. thaliana caused increased sensitivity
to ABA and enhanced tolerance to drought and salt stress [219]. Increased sensitivity to
ABA resulting in the enhanced tolerance to drought, salt, and osmotic stress was also
observed in A. thaliana with overexpression of another transcription factor from maize,
ZmHDZIV14 [220]. Dehydration responsive element binding factors (DREB) belong to the
AP2/ERF family. The expression of ABA-induced AhDREBI from peanuts in A. thaliana
resulted in increased ABA levels and increased sensitivity to this phytohormone, as well
as in improved drought tolerance [221]. ZmPTF1 transcription factor, belonging to the
bHLH family, is known to be a positive regulator of ABA synthesis. Its overexpression
in maize caused an increase in ABA content and enhanced drought tolerance [222]. The
other examples of genetic modification of ABA receptors, ABA signaling components, and
ABA-responsible transcription factors can be found in the reviews [223-225].

8. Ethylene

Ethylene is another phytohormone important for the regulation of the stress response.
Among its other functions, the one important for farmers is the stimulation of fruit ripen-
ing [226]. Due to the simple structure of the molecule and ethylene occurrence in the gas
phase, this compound is often applied exogenously. Treatment with the ethylene precursor,
1-amino-3-cyclopropane-1-carboxylic acid (ACC), was also applied [227].

As ethylene is known to be a plant growth inhibitor, many of the experiments aimed
to decrease the synthesis of this phytohormone (Table 6). The main target of genetic
engineering is 1-amino-3-cyclopropane-1-carboxylic acid synthase (ACS), responsible for
the synthesis of the direct precursor of this phytohormone. This enzyme was discovered to
be crucial for the regulation of ethylene biosynthesis. Partial silencing of the expression
of ACS encoding genes in maize resulted in higher yields of transgenic lines compared to
control when plants were exposed to drought [228]. Apple and melon fruits with decreased
ACS activity ripened more slowly and were firmer than the fruits of non-transformed
plants, which is a desirable trait if there is a need for longer storage [229,230]. Interestingly,
inoculation of pea with the soil bacterium Variovorax paradoxus synthesizing ACC deaminase
(ACC decomposing enzyme) resulted in improved growth and seed yield under drought
conditions when compared to plants inoculated with the V. paradoxus mutant, in which
ACC deaminase activity was significantly lower [231].
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Table 6. Summary of the results of the experiments on mutant and transgenic plants with changed
ethylene concentration. ACC, 1-aminocyclopropane-1-carboxylic acid; ACS, 1-aminocyclopropane-1-
carboxylic acid synthase; CAT, catalase; ERF1, ethylene response factor 1; POX, peroxidase; RWC,

relative water content; SOD, superoxide dismutase.

Phenotype of Transgenic Plants

Protein Promoter and Gene Species Compared to Control Lines References
- slightly faster germination
- faster growth at the vegetative stage
- increased tolerance to salt stress:
improved survival of salt-treated
seedlings (exposed to 150 mM NaCl);
germination in presence of 150 mM
thale cress NaCl slowed down to a lesser extent
mutant acs7 (Arabidopsis - increased tolerance to osmotic stress:  [937]
thaliana) germination in presence of 300 mM
mannitol slowed down to a
lesser extent
- increased tolerance to heat stress:
lower percentage of chlorosis in
stressed seedlings (exposed to 43 °C
for 3 h)
355::ACS apple tree - firmer fruits [229]
ACS antisense target silencing (Malus pumila) - increased shelf-life
355::PmACS melon - firmer fruits [230]
antisense target silencing (Cucumis melo) - slower ripening
- increased grain yield of some lines in
ZmUbil-7ZM-ACS6 . locations where drought occurred
hairpin target silencing maize (Zea mays) (field trials) [228]
- increased yield under low-nitrogen
treatment (field trials)
- increased plant height, leaf length,
ZmUbil-ScACSI sugarcane hybrid and leaf area o
ZmUbil-ScACS2 cu}tl.var (Saccharum - reduced carbon assimilation
ZmUbil-ScACS3 officinarum x - no reduction in Chl content or [233]
hairpin target silencing Saccharum sucrose levels
spontaneum) - induction of non-enzymatic
antioxidant apparatus
355::ACCD from bacteria
Other promoters used were: - increased tolerance to flooding,
root-specific promoter of rolD  tomato especially in lines where root-specific
gene from (Lycopersicon promoter was used: increased shoot [234]
Agrobacterium rhizogenes, esculentum) fresh and dry weight, increased Chl
pathogenesis-related promoter content (plants flooded for 9 days)
ACC of prb-1b gene from tobacco
deaminase  355::4CCD from
Pseudomonas putida, - increased tolerance to salt stress in
Other promoters used were: lines where root-specific promoter
root-specific promoter of rolD  canola was used: increased shoot and root [235]

gene from

Agrobacterium rhizogenes,
pathogenesis-related promoter
of prb-1b gene from tobacco

(Brassica napus)

dry weight, increased protein and Chl
content (seedlings treated with 0-200
mM NaCl for 6 weeks of growth)
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Table 6. Cont.

Protein

Promoter and Gene Species

Phenotype of Transgenic Plants

Compared to Control Lines References

355::TnACCD from fungus
Trichoderma asperellum

- improved root growth: increase in
root length and root number, increase
in total fresh weight and RWC (but no
difference in dry weight), increase in
seed number per pod

- improved tolerance to salt stress: less

thale cress severe stress symptoms, increased
(Arabidopsis root length, number, and weight, [236]
thaliana) increased RWC, decreased H,O,

content, later occurrence of O,°*~ level

increase and cell damage, decreased

electrolyte leakage, less pronounced

decrease in Chl content, increased

POX activity (seedlings watered with

150 mM NaCl for 8 days)

355::acdS gene of
Pseudomonas veronii

- slightly improved tolerance to salt
stress: improved seedling growth

thale cress (seeds exposed to 0, 50, 100 mM NaCl,
(Arabidopsis seedlings grown for 25 days) [237]
thaliana) - improved tolerance to flooding: less

severe stress symptoms (plants

water-logged for 5 days)

- increased tolerance to salt stress: less
pronounced decrease in Chl content,
higher CO, assimilation rate, lower
content of HyO, increased activity of
SOD, CAT, and POX (plants exposed

355::ACCD from geranium to 50-200 mM NaCl for 30 days)
Achromobacter xylosoxidans (Pelargonium - increased drought tolerance: less [238]
graveolens) pronounced decrease in Chl content,

higher CO, assimilation rate, lower
content of HyO,, increased activity of
SOD, CAT and POX (reduced
watering or ceasing watering for

15 days)

Inactivation of ZmACO2 encoding ACC oxidase2 catalyzing the final step of ethylene
biosynthesis via genome editing using CRISPR/Cas9 method led to the reduction of
ethylene production in developing ears and increased grain yield per ear [239].

There were also attempts to modify ethylene-induced signaling. The ethylene response
factor superfamily is known to participate in response to various environmental stresses,
such as drought, salt, heat, and cold. An elegant summary of the research on ERFs, their
participation in stress response, and their genetic engineering using CRISPR/Cas9 genome
editing tool was written by Debbarma et al. [240]. The modification of ERF-dependent
signaling turned out to be promising also in the case of improving biotic stress response.
Transgenic rice overexpressing OsERF83 was more resistant to Magnaporthe orizae, causing
one of the most destructive diseases in rice [241]. Overexpression of GmERF3 in tobacco
resulted in increased tolerance to drought and salt stress but also enhanced resistance
to the bacteria Ralstonia solanacearum, fungus Alternaria alternata, and tobacco mosaic
virus [242]. Transgenic A. thaliana with overexpression of MbERF12 from Malus baccata
displayed enhanced antioxidant response and increased tolerance to low temperature and
salt stress [243]. Transgenic lines of A. thaliana overexpressing ERF1 were more tolerant
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to drought, salt, and heat stress [244]. It was shown that ectopic constitutive expression
of ERF95 and ERF97 led to the increase in tolerance to the heat stress in A. thaliana [245].
Overexpression of native ERF in rubber tree resulted in the stimulation of root growth,
increased dry biomass, and increased tolerance to salt stress [246]. Overexpression of
TdSHN1, encoding cDNA of SHINE-type ERF transcription factor from durum wheat,
in tobacco improved tolerance to Cd, Cu, and Zn [247]. Overexpression of MAERF1B
from the apple tree significantly enhanced cold tolerance of Arabidopsis thaliana seedlings,
and transgenic apple seedlings and calli [243]. Transgenic tomato overexpressing SIERF5
was more tolerant to drought and salt stress [248]. Other examples of modulation of
ethylene signaling resulting in the enhancement of the tolerance to salt stress were reviewed
by Riyazuddin et al. [249]. Members of the ARGOS family are known to be negative
regulators of ethylene responses. Genetic engineering targeted at ARGOSS, including
both overexpression and modification by the CRISPR/Cas 9 method, was used to obtain
maize with improved grain yield under drought stress conditions [250]. The regulatory
role of miRNA in stress response and its connection with ethylene signaling were also
elucidated. For example, salinity-induced miR319 was reported to positively regulate
ethylene synthesis and increase tolerance to salt stress in switchgrass [251].

9. Jasmonic Acid and Its Derivatives

Jasmonates play a role in plant response to various stress factors, including biotic
ones [252]. They also participate in the regulation of plant development. The exogenous
application of methyl jasmonate increased the yield of soybean [253]. Application of JA
or JA together with gibberellin GAj resulted in an increase in ginseng yield [254]. The
administration of JA alleviated the adverse effects of salt stress on rice and barley [255,256].
However, there is inconsistency in the results reported in the literature, as improved salt
tolerance was also observed in transgenic plants with enhanced JA degradation [257]. JA is
also used as an elicitor in the production of various secondary metabolites [258].

The experiments on transgenic plants with changed content of JA or its methyl ester
were also carried out (Table 7). Among them, interesting ones concern plants overexpress-
ing jasmonic acid carboxyl methyltransferase (JMT), which converts JA into its methyl
ester. Another strategy is obtaining plants with overexpression of 13-lipoxygenase or
12-oxophytodienoate reductase participating in the biosynthesis of this phytohormone.
Such modifications resulted in an increased tolerance to selected biotic and abiotic stresses
and stimulation of the growth of underground storage organs.

Table 7. Summary of the results of the experiments on transgenic plants with increased concentration
of jasmonic acid or its methyl ester. AOC, allene oxide cyclase; JMT, jasmonic acid carboxyl methyl-
transferase; LOX, lipooxygenase; MDA, malonyldialdehyde; OPR, 12-oxophytodienoate reductase;
SOD, superoxide dismutase.

Enzyme Promoter and Gene Species Phenotype of Transgenic Plants Compared to Control Lines = References

Enhancement of jasmonic acid biosynthesis

358::TomloxD

LOX

- increased tolerance to heat stress: less pronounced
wilting symptoms and faster recovery (seedlings

tomato exposed to 50 °C for 2 h)
(Lycopersicon - increased resistance to fungal infection: less [259]
esculentunt) pronounced symptoms of infection by
Cladosporium fulvum

35S::TomloxD

- decreased herbivore insect feeding (plants exposed to

tomato Helicoverpa armigera)
(Lycopersicon - increased resistance to necrotrophic pathogen: less [260]
esculentum) severe visual symptoms of infection with

Botrytis cinerea
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Table 7. Cont.
nzyme romoter and Gene ecies enotype of Transgenic Plants Compared to Control Lines eferences
Enzy: P dG Speci Phenotype of Transgenic P1 Compared to C 1 Li Ref
Enhancement of jasmonic acid biosynthesis
- increased drought tolerance: less severe wilting symptoms,
thale cress increased survival rate, lower electrolyte leakage, H,O
.o ; ; 4 7 2 2
355:CmLOX10 (A?‘llb.l dopsis and MDA level (plants not watered for 10 d) [261]
thaliana)

- decreased stomatal aperture and water loss from leaves
355:TgLOX4 thalelcress. - %onger leaves in TgL.OX5 overexpressing line, wider leaves
355:TgLOX5 (Arabidopsis - increased plant height [262]

- thaliana) - stimulated branching

- shorter roots

- increased activity of SOD

- improved tolerance to salt stress: less pronounced

reduction in root growth of transgenic wheat
thale cress (seedlings were treated with increasing concentrations
(Arabidopsis of NaCl for 4 days then exposed to 200 mM NaCl for
355::TuAOC1 aop the next 4 days); increased survival rate of transgenic
. thaliana) . . c . . [263]
Ubi:TnAOC1 wheat (Triticum Arabidopsis (plants were treated with increasing
aestioum) concentrations of NaCl for 4 days, then exposed to 200
mM NacCl for the next 2 weeks)
- improved tolerance to osmotic stress and oxidative
stress in transgenic Arabidopsis: no or very small
reduction in root length (seedlings exposed to 100, 200,
300 mM mannitol or 1, 2 mM H,O, for 10 d)
AOC
355:TuAOS ( Iiloilc)jti;ia - enhanced tolerance to Zn: lesser decrease in Chl content in [264]
h . leaf discs exposed to 10 and 20 mM ZnCl, for 6 days
benthamiana)
- increased plant height and root length
- improved tolerance to salt stress: less pronounced
rice reduction in seedling root growth (seeds germinated in
Ubi::AhAOC . presence of 80 or 120 mM NaCl); less severe stress [265]
(Oryza sativa) .. .
symptoms, less pronounced reduction in plant height,
increased content of proline and soluble sugars (plants
exposed to 120 mM NaCl for 2 weeks)
thale cress - enhanced tolerance to Cu: higher survival rate, increased
355-GhAOCI (Arabidopsis shoot fresh weight and photorsy.n’rhehc e.fﬁc1f3ncy, reduced [266]
thaliana) cell membrane damage and lipid peroxidation (plants
watered with 120 uM CuCl, for 10 days)
- increased tolerance to salt and osmotic stress:
improved germination in the presence of NaCl or
thale cress mannitol (seeds exposed to 100-200 mM NaCl or
355::ZmOPR1 (Arabidopsis 100-500 mM mannitol), more seedlings remained green [267]
thaliana) (observations made after 7 days)
- no differences in survival rate when older seedlings
were exposed to NaCl (300 mM NacCl for 10 days)
OPR

- changed timing of development: delayed germination,

slower growth, late flowering, delayed senescence

- increased tolerance to short-term freezing: higher
Ubil--AtOPR3 wheat (Triticum maximum quantum efficiency of PSII and decreased [268]

aestivum)

electrolyte leakage (plants were transferred to 4 °C for
24 h; their detached leaves were then subjected to
decreasing temperatures to final 1 °C, —2 °C, or =5 °C
and then incubated for 24 h)




Plants 2022, 11, 3430

31 of 44

Table 7. Cont.

Enzyme Promoter and Gene Species Phenotype of Transgenic Plants Compared to Control Lines =~ References
Enhancement of methyl jasmonate biosynthesis
thale cress - increased resistance to fungal infection: lack of severe
358::AtJMT (Arabidopsis infection symptoms in plants 3 days after spraying [269]
thaliana) with Botrytis cinerea spores
thale cress - increased resistance to infection with bacteria
358 AtMT (Arabidopsis Pseudomonas syringae and enhanced expression of [270]
thaliana) defense genes
- increased drought tolerance: less pronounced wilting
JMT symptoms, plant survival (plants not watered for 6
days, all control plants died); reduced water loss from
355:BcNTRI soybean detached leaves [271]
(Glycine max) - increased tolerance to osmotic stress: increased fresh
biomass of seedlings germinating in the presence of 0.3
M mannitol
otato (Solanum - stimulated tuberization, increased tuber size
355:AIMT P tuberosum) - increased tuber yield per plant [272]
) - root growth stimulation
358 AtMT ginseng (Panax - increased content of protopanaxadiol group [273]

ginseng)

of ginsenosides

Jasmonic acid signaling is an object of intensive research [274]. For example, over-
expression of TdTIFY11a, a member of TIFY protein family participating in JA signaling,
from Triticum durum in A. thaliana promoted germination under salt stress [275]. Expres-
sion of VaNAC17, encoding Vitis amurensis transcription factor, known to be induced by
drought stress, in A. thaliana resulted in enhanced JA synthesis and drought tolerance [276].
Similarly, the overexpression of VaNAC26 improved tolerance to drought and salt stress
in A. thaliana [277]. The overexpression of OsbHLH034 gene encoding transcription fac-
tor acting as positive regulator in JA signaling resulted in the increased resistance to
rice bacterial blight, but it also increased sensitivity to salt stress [278]. The overexpres-
sion of OsbHLH148 improved drought tolerance in transgenic rice [279]. Heterologous
overexpression of JA-responsive transcription factor from Ipomea batatas IbMYB116 in
A. thaliana caused upregulation of the expression of JA biosynthetic genes, promoted JA
accumulation and the JA response, and improved the tolerance to drought stress [280].
Enhanced proline accumulation and increased drought tolerance were also observed in
soybean overexpressing another JA-responsive transcription factor, GmTGA15 [281]. The
modulation of the expression of JAZ proteins that are negative regulators of JA signaling
allow us to obtain plants more tolerant to salinity and drought [257,282].

10. Future Perspectives

The examples presented here indicate that modification of phytohormone metabolism
and signaling is a promising direction of research aimed at the improvement of crop
productivity and stress tolerance. The progress in this field is possible due to broadening
of the knowledge concerning the regulation of plant growth, development, and stress
response, as well as due to the improvement of the methodology used. Many genes that
can be targets of genetic engineering have been identified up to date [7]. The extensive
research aiming at deciphering phytohormone signaling pathways is being carried out. The
modification of this signaling at various levels, from elements of signaling cascades, through
transcription factors to miRNAs, is a very promising direction of genetic engineering of
crop plants.
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Considering the methods of genetic engineering, the most promising innovation is
genome editing using the so-called CRISPR/Cas9 system [283]. The system is based on
nucleases that can be relatively easily programmed to search for specific DNA sequences.
Available variants of effector nucleases allow various modifications of the target region.
This makes CRISPR/Cas9 a fast, effective, and precise genome editing tool [283]. It is used
both to discover functions of certain genes and to obtain plants of potential application in
agriculture. CRISPR/Cas9 genome editing seems especially promising in research aimed
at modulation of cytokinin levels [284].

Intensive research on the regulation of gene expression led to the discovery of many
promoters specific to certain tissues, organs, or stage of plant development. The application
of these promoters allows better control of the time and site of transgene expression.
Scientists also designed artificial promoters [285]. There are systems enabling us to combine
and introduce multiple genes at once (such as the Golden Gate modular cloning box), as well
as methods for the introduction of large DNA fragments into plant cells. New successful
protocols of crop species transformation are being developed [7].

An important obstacle in obtaining transgenic plants with improved yield is the
well-known trade-off between stress defense and plant growth. One of its reasons is the
energetic cost of the development and maintenance of various protective mechanisms,
both biochemical and morphological. However, the negative effect of defense induction
on growth often results from antagonistic crosstalk between phytohormones rather than
from an identified metabolic expenditure. Sometimes, it is caused by pleiotropic effects
of certain resistance traits or is a consequence of genetic linkage [286]. Therefore, it is
possible to reduce the costs of plant defense. The strategies aimed at such a reduction were
summarized by Karasov et al. [286].

To date, the majority of studies on transgenic lines with altered phytohormone con-
tent or signaling have been conducted under laboratory conditions. To obtain improved
varieties suitable for regular cultivation, it is necessary to carry out large-scale field tests
to determine whether the modifications introduced allow us to obtain the desired pheno-
type under natural conditions. At the same time, care should be taken to minimize the
risk of transgene leak, so that genetically modified varieties would not pose the threat of
contamination to the genomes of closely related wild species.

Funding: Subsidy for statutory activities from Polish Ministry of Education and Science No. 19000882
is acknowledged.
Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

References

1.

Ort, D.R,; Merchant, S.S.; Alric, J.; Barkan, A.; Blankenship, RE.; Bock, R.; Croce, R.; Hanson, M.R.; Hibberd, ].M.; Long, S.P; et al.
Redesigning photosynthesis to sustainably meet global food and bioenergy demand. Proc. Natl. Acad. Sci. USA 2015, 112,
8529-8536. [CrossRef] [PubMed]

Wani, S.H.; Kumar, V,; Shriram, V.; Sah, S.K. Phytohormones and their metabolic engineering for abiotic stress tolerance in crop
plants. Crop J. 2016, 4, 162-176. [CrossRef]

Betti, M.; Bauwe, H.; Busch, FA.; Fernie, A.R; Keech, O.; Levey, M.; Ort, D.R,; Parry, M.A ]; Sage, R.; Timm, S.; et al. Manipulating
photorespiration to increase plant productivity: Recent advances and perspectives for crop improvement. J. Exp. Bot. 2016, 67,
2977-2988. [CrossRef] [PubMed]

Long, S.P.; Zhu, X.-G.; Naidu, S.L.; Ort, D.R. Can improvement in photosynthesis increase crop yields? Plant Cell Environ. 2006,
29, 315-330. [CrossRef] [PubMed]

Fernandez, M.G.S.; Becraft, PW.; Yin, Y.; Liibberstedt, T. From dwarves to giants? Plant height manipulation for biomass yield.
Trends Plant Sci. 2009, 14, 454-461. [CrossRef] [PubMed]

Nowicka, B.; Ciura, J.; Szymariska, R.; Kruk, J. Improving photosynthesis, plant productivity and abiotic stress tolerance—Current
trends and future perspectives. J. Plant Physiol. 2018, 231, 415-433. [CrossRef]

Nowicka, B. Target genes for plant productivity improvement. J. Biotechnol. 2019, 298, 21-34. [CrossRef]

Kazan, K. Diverse roles of jasmonates and ethylene in abiotic stress tolerance. Trends Plant Sci. 2015, 20, 219-229. [CrossRef]


http://doi.org/10.1073/pnas.1424031112
http://www.ncbi.nlm.nih.gov/pubmed/26124102
http://doi.org/10.1016/j.cj.2016.01.010
http://doi.org/10.1093/jxb/erw076
http://www.ncbi.nlm.nih.gov/pubmed/26951371
http://doi.org/10.1111/j.1365-3040.2005.01493.x
http://www.ncbi.nlm.nih.gov/pubmed/17080588
http://doi.org/10.1016/j.tplants.2009.06.005
http://www.ncbi.nlm.nih.gov/pubmed/19616467
http://doi.org/10.1016/j.jplph.2018.10.022
http://doi.org/10.1016/j.jbiotec.2019.04.008
http://doi.org/10.1016/j.tplants.2015.02.001

Plants 2022, 11, 3430 33 of 44

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Peleg, Z.; Blumwald, E. Hormone balance and abiotic stress tolerance in crop plants. Curr. Opin. Plant Biol. 2011, 14, 290-295.
[CrossRef]

Ciura, J.; Kruk, J. Phytohormones as targets for improving plant productivity and stress tolerance. J. Plant Physiol. 2018, 229,
32-40. [CrossRef]

Busov, V.B.; Brunner, A.M.; Strauss, S.H. Genes for control of plant stature and form. New Phytol. 2008, 177, 589-607. [CrossRef]
[PubMed]

Mano, Y.; Nemoto, K. The pathway of auxin biosynthesis in plants. . Exp. Bot. 2012, 63, 2853-2872. [CrossRef] [PubMed]
Domingo, C.; Andrés, F,; Tharreau, D.; Iglesias, D.].; Talén, M. Constitutive expression of OsGH3.1 reduces auxin content and
enhances defense response and resistance to a fungal pathogen in rice. Mol. Plant Microbe Interact. 2009, 22, 201-210. [CrossRef]
[PubMed]

Jung, H.; Lee, D.K.; Choi, Y.D.; Kim, ].K. OsIAA6, a member of the rice Aux/IAA gene family, is involved in drought tolerance
and tiller outgrowth. Plant Sci. 2015, 236, 304-312. [CrossRef] [PubMed]

Lee, M.; Jung, ] H.,; Han, D.Y.; Seo, PJ.; Park, W.]J.; Park, C.M. Activation of a flavin monooxygenase gene YUCCA?7 enhances
drought resistance in Arabidopsis. Planta 2012, 235, 923-938. [CrossRef] [PubMed]

Okushima, Y.; Mitina, I.; Quach, H.L.; Theologis, A. AUXIN RESPONSE FACTOR 2 (ARF2): A pleiotropic developmental
regulator. Plant J. 2005, 43, 29-46. [CrossRef]

Multani, D.S.; Briggs, S.P.; Chamberlin, M.A.; Blakeslee, ].].; Murphy, A.S.; Johal, G.S. Loss of an MDR transporter in compact
stalks of maize br2 and sorghum dw3 mutants. Science 2003, 302, 81-84. [CrossRef]

Zhang, Z.; Gao, L.; Ke, M,; Gao, Z,; Tu, T.; Huang, L.; Chen, J.; Guan, Y.; Huang, X.; Chen, X. GmPIN1-mediated auxin asymmetry
regulates leaf petiole angle and plant architecture in soybean. J. Integr. Plant Biol. 2022, 64, 1325-1338. [CrossRef]

Kim, J.I; Baek, D.; Park, H.C.; Chun, H.J.; Oh, D.H.; Lee, M.K; Cha, ].Y,; Kim, W.Y.; Kim, M.C.; Chung, W.S,; et al. Overexpression
of Arabidopsis YUCCA®6 in potato results in high-auxin developmental phenotypes and enhance. Mol. Plant 2013, 6, 337-349.
[CrossRef]

Ke, Q.; Wang, Z.; Ji, C.Y.; Jeong, ].C.; Lee, H.S,; Li, H.; Xu, B.; Deng, X.; Kwak, S.S. Transgenic poplar expressing Arabidopsis
YUCCAG6 exhibits auxin-overproduction phenotypes and increased tolerance to abiotic stress. Plant Physiol. Biochem. 2015, 94,
19-27. [CrossRef]

Park, S.C; Kim, H.S.; Lee, H.U,; Kim, Y.H.; Kwak, S.S. Overexpression of Arabidopsis YUCCA6 enhances environment stress
tolerance and inhibits storage root formation in sweetpotato. Plant Biotechnol. Rep. 2019, 13, 345-352. [CrossRef]

Ficcadenti, N.; Sestili, S.; Pandolfini, T.; Cirillo, C.; Rotino, G.L.; Spena, A. Genetic engineering of parthenocarpic fruit development
in tomato. Mol. Breed. 1999, 5, 463—-470. [CrossRef]

Mezzetti, B.; Landi, L.; Pandolfini, T.; Spena, A. The defH9-iaaM auxin-synthesizing gene increases plant fecundity and fruit
production in strawberry and raspberry. BMIC Biotechnol. 2004, 4, 4. [CrossRef] [PubMed]

Costantini, E.; Landi, L.; Silvestroni, O.; Pandolfini, T.; Spena, A.; Mezzetti, B. Auxin synthesis-encoding transgene enhances
grape fecundity. Plant Physiol. 2007, 143, 1689-1694. [CrossRef] [PubMed]

Zhang, M.; Zheng, X.; Song, S.; Zeng, Q.; Hou, L.; Li, D.; Zhao, J.; Wei, Y; Li, X.; Luo, M.; et al. Spatiotemporal manipulation of
auxin biosynthesis in cotton ovule epidermal cells enhances fiber yield and quality. Nat. Biotechnol. 2011, 29, 453-458. [CrossRef]
[PubMed]

Kolachevskaya, O.O.; Alekseeva, V.V.; Sergeeva, L.I; Rukavtsova, E.B.; Getman, I.A.; Vreugdenhil, D.; Buryanov, Y.I;
Romanov, G.A. Expression of auxin synthesis gene fmsI under control of tuber-specific promoter enhances potato tuberization
in vitro. J. Integr. Plant Biol. 2015, 57, 734-744. [CrossRef]

Du, H.; Wu, N,; Fu, J.; Wang, S.; Li, X,; Xiao, J.; Xiong, L. A GH3 family member, OsGH3-2, modulates auxin and abscisic acid
levels and differentially affects drought and cold tolerance in rice. J. Exp. Bot. 2012, 63, 6467-6480. [CrossRef]

Li, Z,; Zhang, X,; Zhao, Y; Li, Y.; Zhang, G.; Peng, Z.; Zhang, J. Enhancing auxin accumulation in maize root tips improves root
growth and dwarfs plant height. Plant Biotechnol. |. 2018, 16, 86-99. [CrossRef]

Hu, Y,; Xie, Q.; Chua, N.H. The Arabidopsis auxin-inducible gene ARGOS controls lateral organ size. Plant Cell 2003, 15, 1951-1961.
[CrossRef]

Guo, M.; Rupe, M.A.; Wei, J.; Winkler, C.; Goncalves-Butruille, M.; Weers, B.P.; Cerwick, S.E,; Dieter, J.A.; Duncan, K.E,;
Howard, R.J.; et al. Maize ARGOS1 (ZAR1) transgenic alleles increase hybrid maize yield. J. Exp. Bot. 2014, 65, 249-260.
[CrossRef]

Sun, Y,; Wang, C.; Wang, N.; Jiang, X.; Mao, H.; Zhu, C.; Wen, F; Wang, X.; Lu, Z.; Yue, G.; et al. Manipulation of Auxin Response
Factor 19 affects seed size in the woody perennial Jatropha curcas. Sci. Rep. 2017, 7, 40844. [CrossRef] [PubMed]

Kang, C; He, S.; Zhai, H.; Li, R.; Zhao, N.; Liu, Q. A sweetpotato auxin response factor gene (IbARF5) is involved in carotenoid
biosynthesis and salt and drought tolerance in transgenic Arabidopsis. Front. Plant Sci. 2018, 9, 1307. [CrossRef] [PubMed]
Bouzroud, S.; Gasparini, K.; Hu, G.; Barbosa, M.A.M.; Rosa, B.L.; Fahr, M.; Bendaou, N.; Bouzayen, M.; Zs6gon, A.; Smouni,
A.; et al. Down regulation and loss of Auxin Response Factor 4 function using CRISPR/Cas9 alters plant growth, stomatal function
and improves tomato tolerance to salinity and osmotic stress. Genes 2020, 11, 272. [CrossRef] [PubMed]

Chen, M.; Zhu, X; Liu, X.; Wu, C.; Yu, C.; Hu, G.; Chen, L.; Chen, R.; Bouzayen, M.; Zouine, M; et al. Knockout of auxin response
factor SIARF4 improves tomato resistance to water deficit. Int. J. Mol. Sci. 2021, 22, 3347. [CrossRef] [PubMed]


http://doi.org/10.1016/j.pbi.2011.02.001
http://doi.org/10.1016/j.jplph.2018.06.013
http://doi.org/10.1111/j.1469-8137.2007.02324.x
http://www.ncbi.nlm.nih.gov/pubmed/18211474
http://doi.org/10.1093/jxb/ers091
http://www.ncbi.nlm.nih.gov/pubmed/22447967
http://doi.org/10.1094/MPMI-22-2-0201
http://www.ncbi.nlm.nih.gov/pubmed/19132872
http://doi.org/10.1016/j.plantsci.2015.04.018
http://www.ncbi.nlm.nih.gov/pubmed/26025543
http://doi.org/10.1007/s00425-011-1552-3
http://www.ncbi.nlm.nih.gov/pubmed/22109847
http://doi.org/10.1111/j.1365-313X.2005.02426.x
http://doi.org/10.1126/science.1086072
http://doi.org/10.1111/jipb.13269
http://doi.org/10.1093/mp/sss100
http://doi.org/10.1016/j.plaphy.2015.05.003
http://doi.org/10.1007/s11816-019-00537-0
http://doi.org/10.1023/A:1009665409959
http://doi.org/10.1186/1472-6750-4-4
http://www.ncbi.nlm.nih.gov/pubmed/15113427
http://doi.org/10.1104/pp.106.095232
http://www.ncbi.nlm.nih.gov/pubmed/17337528
http://doi.org/10.1038/nbt.1843
http://www.ncbi.nlm.nih.gov/pubmed/21478877
http://doi.org/10.1111/jipb.12314
http://doi.org/10.1093/jxb/ers300
http://doi.org/10.1111/pbi.12751
http://doi.org/10.1105/tpc.013557
http://doi.org/10.1093/jxb/ert370
http://doi.org/10.1038/srep40844
http://www.ncbi.nlm.nih.gov/pubmed/28102350
http://doi.org/10.3389/fpls.2018.01307
http://www.ncbi.nlm.nih.gov/pubmed/30254657
http://doi.org/10.3390/genes11030272
http://www.ncbi.nlm.nih.gov/pubmed/32138192
http://doi.org/10.3390/ijms22073347
http://www.ncbi.nlm.nih.gov/pubmed/33805879

Plants 2022, 11, 3430 34 of 44

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

He, Q.; Yang, L.; Hu, W.; Zhang, J.; Xing, Y. Overexpression of an auxin receptor OsAFB6 significantly enhanced grain yield by
increasing cytokinin and decreasing auxin concentrations in rice panicle. Sci. Rep. 2018, 8, 14051. [CrossRef]

Garrido-Vargas, F.; Godoy, T.; Tejos, R.; O’brien, J.A. Overexpression of the auxin receptor AFB3 in Arabidopsis results in salt
stress resistance and the modulation of NAC4 and SZF1. Int. . Mol. Sci. 2020, 21, 9528. [CrossRef]

Leng, P; Ji, Q.; Asp, T.; Frei, UK,; Ingvardsen, C.R.; Xing, Y.; Studer, B.; Redinbaugh, M.; Jones, M.; Gajjar, P; et al. Auxin binding
protein 1 reinforces resistance to Sugarcane mosaic virus in maize. Mol. Plant 2017, 10, 1357-1360. [CrossRef]

Zalabak, D.; Pospisilova, H.; Smehilova, M.; Mrizova, K.; Frébort, L.; Galuszka, P. Genetic engineering of cytokinin metabolism:
Prospective way to improve agricultural traits of crop plants. Biotechnol. Adv. 2013, 31, 97-117. [CrossRef]

Frébort, I.; Kowalska, M.; Hluska, T.; Frébortova, J.; Galuszka, P. Evolution of cytokinin biosynthesis and degradation. J. Exp. Bot.
2011, 62, 2431-2452. [CrossRef]

Kaminek, M.; Solcova, B.; Trekova, M.; Motyka, V.; Daskalova, S.; Elliott, M.C. Exploitation of Mechanisms Regulating Cytokinin
Levels to Improve Cereals. In Phytohormones in Plant Biotechnology and Agriculture; Machackova, I., Romanov, G.A., Eds.; Springer:
Dordrecht, The Netherlands, 2003; pp. 109-128.

Schmdilling, T.; Werner, T.; Riefler, M.; Krupkova, E.; Bartrina, I.; Manns, Y.; Dortay, H. Cytokinin as a Regulatory Factor for Yield
and Biomass Distribution in Crop Plants. In Phytohormones in Plant Biotechnology and Agriculture; Machéackova, 1., Romanov, G.A.,
Eds.; Springer: Dordrecht, The Netherlands, 2003; pp. 97-108.

Bartrina, L; Otto, E.; Strnad, M.; Werner, T.; Schmdilling, T. Cytokinin regulates the activity of reproductive meristems, flower
organ size, ovule formation, and thus seed yield in Arabidopsis thaliana. Plant Cell 2011, 23, 69-80. [CrossRef]

Schwarz, I.; Scheirlinck, M.T.; Otto, E.; Bartrina, I.; Schmidt, R.C.; Schmiilling, T. Cytokinin regulates the activity of the
inflorescence meristem and components of seed yield in oilseed rape. J. Exp. Bot. 2020, 71, 7146-7159. [CrossRef] [PubMed]
Nguyen, H.N.; Kambhampati, S.; Kisiala, A.; Seegobin, M.; Emery, R.J.N. The soybean (Glycine max L.) cytokinin oxi-
dase/dehydrogenase multigene family; Identification of natural variations for altered cytokinin content and seed yield. Plant
Direct 2021, 5, e00308. [CrossRef] [PubMed]

Gan, S.; Amasino, R.M. Inhibition of leaf senescence by autoregulated production of cytokinin. Science 1995, 270, 1986-1988.
[CrossRef]

Jameson, P.E.; Song, J. Cytokinin: A key driver of seed yield. J. Exp. Bot. 2016, 67, 593-606. [CrossRef]

Vercruyssen, L.; Gonzalez, N.; Werner, T.; Schmiilling, T.; Inzé, D. Combining enhanced root and shoot growth reveals cross talk
between pathways that control plant organ size in Arabidopsis. Plant Physiol. 2011, 155, 1339-1352. [CrossRef] [PubMed]
Rivero, R.M.; Shulaev, V.; Blumwald, E. Cytokinin-dependent photorespiration and the protection of photosynthesis during water
deficit. Plant Physiol. 2009, 150, 1530-1540. [CrossRef]

Peleg, Z.; Reguera, M.; Tumimbang, E.; Walia, H.; Blumwald, E. Cytokinin-mediated source/sink modifications improve drought
tolerance and increase grain yield in rice under water-stress. Plant Biotechnol. J. 2011, 9, 747-758. [CrossRef]

Wilkinson, S.; Kudoyarova, G.R.; Veselov, D.S.; Arkhipova, T.N.; Davies, W.J. Plant hormone interactions: Innovative targets for
crop breeding and management. J. Exp. Bot. 2012, 63, 3499-3509. [CrossRef]

Yin, W.; Xiao, Y,; Niu, M.; Meng, W.; Li, L.; Zhang, X,; Liu, D.; Zhang, G.; Qian, Y.; Sun, Z.; et al. ARGONAUTE2 enhances grain
length and salt tolerance by activating BIG GRAIN3 to modulate cytokinin distribution in rice. Plant Cell 2020, 32, 2292-2306.
[CrossRef]

Wang, C.; Wang, G.; Gao, Y.; Lu, G.; Habben, J.E.; Mao, G.; Chen, G.; Wang, J.; Yang, F; Zhao, X,; et al. A cytokinin-activation
enzyme-like gene improves grain yield under various field conditions in rice. Plant Mol. Biol. 2020, 102, 373-388. [CrossRef]
Veselov, D.S.; Kudoyarova, G.R.; Kudryakova, N.V.; Kusnetsov, V.V. Role of cytokinins in stress resistance of plants. Russ. J. Plant
Physiol. 2017, 64, 15-27. [CrossRef]

Thu, N.B.A.; Hoang, X.L.T.; Truc, M.T; Sulieman, S.; Thao, N.P.; Tran, L.-S.P. Cytokinin Signaling in Plant Response to Abiotic
Stresses. In Mechanism of Plant Hormone Signaling under Stress; Pandey, G., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2017;
pp- 71-100.

Chen, L.; Zhao, J.; Song, J.; Jameson, P.E. Cytokinin dehydrogenase: A genetic target for yield improvement in wheat. Plant
Biotechnol. ]. 2020, 18, 614-630. [CrossRef] [PubMed]

Sakakibara, H. Cytokinin biosynthesis and transport for systemic nitrogen signaling. Plant J. 2021, 105, 421-430. [CrossRef]

Hu, Y; Jia, W.; Wang, ].; Zhang, Y.; Yang, L.; Lin, Z. Transgenic tall fescue containing the Agrobacterium tumefaciens ipt gene shows
enhanced cold tolerance. Plant Cell Rep. 2005, 23, 705-709. [CrossRef] [PubMed]

Tereshonok, D.V,; Stepanova, A.Y.; Dolgikh, Y.I; Osipova, E.S.; Belyaev, D.V.,; Kudoyarova, G.R.; Vysotskaya, L.B,;
Vartapetian, B.B. Effect of the ipt gene expression on wheat tolerance to root flooding. Russ. ]. Plant Physiol. 2011, 58,
799-807. [CrossRef]

Ghanem, M.E.; Albacete, A.; Smigocki, A.C.; Frébort, I.; Pospiilova, H.; Martinez-Anddjar, C.; Acosta, M.; Sanchez-Bravo, J.;
Lutts, S.; Dodd, I.C.; et al. Root-synthesized cytokinins improve shoot growth and fruit yield in salinized tomato
(Solanum lycopersicum L.) plants. J. Exp. Bot. 2011, 62, 125-140. [CrossRef]

Huynh, L.N.; VanToai, T.; Streeter, ].; Banowetz, G. Regulation of flooding tolerance of SAG12:ipt Arabidopsis plants by cytokinin.
J. Exp. Bot. 2005, 56, 1397-1407. [CrossRef]

Swartzberg, D.; Dai, N.; Gan, S.; Amasino, R.; Granot, D. Effects of cytokinin production under two SAG promoters on senescence
and development of tomato plants. Plant Biol. 2006, 8, 579-586. [CrossRef]


http://doi.org/10.1038/s41598-018-32450-x
http://doi.org/10.3390/ijms21249528
http://doi.org/10.1016/j.molp.2017.07.013
http://doi.org/10.1016/j.biotechadv.2011.12.003
http://doi.org/10.1093/jxb/err004
http://doi.org/10.1105/tpc.110.079079
http://doi.org/10.1093/jxb/eraa419
http://www.ncbi.nlm.nih.gov/pubmed/32911544
http://doi.org/10.1002/pld3.308
http://www.ncbi.nlm.nih.gov/pubmed/33644633
http://doi.org/10.1126/science.270.5244.1986
http://doi.org/10.1093/jxb/erv461
http://doi.org/10.1104/pp.110.167049
http://www.ncbi.nlm.nih.gov/pubmed/21205622
http://doi.org/10.1104/pp.109.139378
http://doi.org/10.1111/j.1467-7652.2010.00584.x
http://doi.org/10.1093/jxb/ers148
http://doi.org/10.1105/tpc.19.00542
http://doi.org/10.1007/s11103-019-00952-5
http://doi.org/10.1134/S1021443717010162
http://doi.org/10.1111/pbi.13305
http://www.ncbi.nlm.nih.gov/pubmed/31782596
http://doi.org/10.1111/tpj.15011
http://doi.org/10.1007/s00299-004-0863-2
http://www.ncbi.nlm.nih.gov/pubmed/15480687
http://doi.org/10.1134/S1021443711050244
http://doi.org/10.1093/jxb/erq266
http://doi.org/10.1093/jxb/eri141
http://doi.org/10.1055/s-2006-924240

Plants 2022, 11, 3430 35 of 44

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Zhang, P; Wang, W.Q.; Zhang, G.L.; Kaminek, M.; Dobrev, P.; Xu, ]J.; Gruissem, W. Senescence-inducible expression of isopentenyl
transferase extends leaf life, increases drought stress resistance and alters cytokinin metabolism in cassava. J. Integr. Plant Biol.
2010, 52, 653-669. [CrossRef]

Xu, Y.; Gianfagna, T.; Huang, B. Proteomic changes associated with expression of a gene (ipt) controlling cytokinin synthesis for
improving heat tolerance in a perennial grass species. J. Exp. Bot. 2010, 61, 3273-3289. [CrossRef]

Xu, Y; Burgess, P; Zhang, X.; Huang, B. Enhancing cytokinin synthesis by overexpressing ipt alleviated drought inhibition of root
growth through activating ROS-scavenging systems in Agrostis stolonifera. J. Exp. Bot. 2016, 67, 1979-1992. [CrossRef] [PubMed]
Merewitz, E.B.; Gianfagna, T.; Huang, B. Protein accumulation in leaves and roots associated with improved drought tolerance in
creeping bentgrass expressing an ipt gene for cytokinin synthesis. J. Exp. Bot. 2011, 62, 5311-5333. [CrossRef] [PubMed]
Merewitz, E.B.; Du, H.; Yu, W,; Liu, Y.; Gianfagna, T.; Huang, B. Elevated cytokinin content in ipt transgenic creeping bentgrass
promotes drought tolerance through regulating metabolite accumulation. J. Exp. Bot. 2012, 63, 1315-1328. [CrossRef]

Xiao, X.O.; Zeng, YM.; Cao, B.H,; Lei, ].J.; Chen, Q.H.; Meng, C.M.; Cheng, Y.J. Psog12-IPT overexpression in eggplant delays leaf
senescence and induces abiotic stress tolerance. J. Hortic. Sci. Biotechnol. 2017, 92, 349-357. [CrossRef]

Prerostova, S.; Dobrev, PI.; Gaudinova, A.; Knirsch, V.; Koérber, N.; Pieruschka, R.; Fiorani, F.; Brzobohaty, B.; Cerny, M;
Spichal, L.; et al. Cytokinins: Their impact on molecular and growth responses to drought stress and recovery in Arabidopsis.
Front. Plant Sci. 2018, 9, 655. [CrossRef]

Liu, Y.D,; Yin, Z.]; Yu, ] W,; Li, ].; Wei, H.L.; Han, X.L.; Shen, EF. Improved salt tolerance and delayed leaf senescence in transgenic
cotton expressing the Agrobacterium IPT gene. Biol. Plant. 2012, 56, 237-246. [CrossRef]

Rivero, RM.; Kojima, M.; Gepstein, A.; Sakakibara, H.; Mittler, R.; Gepstein, S.; Blumwald, E. Delayed leaf senescence induces
extreme drought tolerance in a flowering plant. Proc. Natl. Acad. Sci. USA 2007, 104, 19631-19636. [CrossRef]

Qin, H,; Gu, Q.; Zhang, J.; Sun, L.; Kuppu, S.; Zhang, Y.; Burow, M.; Payton, P.; Blumwald, E.; Zhang, H. Regulated expression
of an isopentenyltransferase gene (IPT) in peanut significantly improves drought tolerance and increases yield under field
conditions. Plant Cell Physiol. 2011, 52, 1904-1914. [CrossRef]

Reguera, M.; Peleg, Z.; Abdel-Tawab, Y.M.; Tumimbang, E.B.; Delatorre, C.A.; Blumwald, E. Stress-induced cytokinin synthesis
increases drought tolerance through the coordinated regulation of carbon and nitrogen assimilation in rice. Plant Physiol. 2013,
163, 1609-1622. [CrossRef]

Kuppu, S.; Mishra, N.; Hu, R;; Sun, L.; Zhu, X; Shen, G.; Blumwald, E.; Payton, P.; Zhang, H. Water-deficit inducible expression
of a cytokinin biosynthetic gene IPT improves drought tolerance in cotton. PLoS ONE 2013, 8, e64190. [CrossRef]

Bedada, L.T.; Seth, M.S.; Runo, S.M.; Teffera, W.; Mugoya, C.; Masiga, C.W.; Oduor, R.O.; Blumewald, E.; Wachira, F. Drought
tolerant tropical maize (Zea mays L.) developed through genetic transformation with isopentenyltransferase gene. African J.
Biotechnol. 2016, 15, 2447-2464. [CrossRef]

Nawiri, S.; Oduor, R.; Mbinda, W. Isopentenyletransferase gene enhances drought tolerance in genetically engineered sweetpotato
(Ipomoea batatas (L.) Lam). J. Plant Biochem. Physiol. 2018, 6, 3. [CrossRef]

Daskalova, S.; McCormac, A.; Scott, N.; Van Onckelen, H.; Elliott, M. Effect of seed-specific expression of the ipt gene on Nicotiana
tabacum L. seed composition. Plant Growth Regul. 2007, 51, 217-229. [CrossRef]

Ma, Q.H.; Wang, X.M.; Wang, Z.M. Expression of isopentenyl transferase gene controlled by seed-specific lectin promoter in
transgenic tobacco influences seed development. J. Plant Growth Regul. 2008, 27, 68-76. [CrossRef]

Atkins, C.A.; Emery, N.RJ.; Smith, PM.C. Consequences of transforming narrow leafed lupin (Lupinus angustifolius [L.]) with an
ipt gene under control of a flower-specific promoter. Transgenic Res. 2011, 20, 1321-1332. [CrossRef] [PubMed]

Kant, S.; Burch, D.; Badenhorst, P; Palanisamy, R.; Mason, J.; Spangenberg, G. Regulated expression of a cytokinin biosynthesis
gene IPT delays leaf senescence and improves yield under rainfed and irrigated conditions in canola (Brassica napus L.). PLoS
ONE 2015, 10, e0116349. [CrossRef]

Joshi, S.; Choukimath, A.; Isenegger, D.; Panozzo, J.; Spangenberg, G.; Kant, S. Improved wheat growth and yield by delayed
leaf senescence using developmentally regulated expression of a cytokinin biosynthesis gene. Front. Plant Sci. 2019, 10, 1285.
[CrossRef]

Qiu, W,; Liu, M.; Qiao, G,; Jiang, ].; Xie, L.; Zhuo, R. An isopentyl transferase gene driven by the stress-inducible rd29A promoter
improves salinity stress tolerance in transgenic tobacco. Plant Mol. Biol. Report. 2012, 30, 519-528. [CrossRef]

Belintani, N.G.; Guerzoni, ].T.S.; Moreira, R M.P,; Vieira, L.G.E. Improving low-temperature tolerance in sugarcane by expressing
the ipt gene under a cold inducible promoter. Biol. Plant. 2012, 56, 71-77. [CrossRef]

Avni, A; Golan, Y,; Shirron, N.; Shamai, Y.; Golumbic, Y.; Danin-Poleg, Y.; Gepstein, S. From survival to productivity mode:
Cytokinins allow avoiding the avoidance strategy under stress conditions. Front. Plant Sci. 2020, 11, 879. [CrossRef]

Wang, H.L.; Yang, Q.; Tan, S.; Wang, T.; Zhang, Y.; Yang, Y.; Yin, W,; Xia, X.; Guo, H.; Li, Z. Regulation of cytokinin biosynthesis
using PtRD26po-IPT module improves drought tolerance through PtARR10-PtYUC4/5-mediated reactive oxygen species removal
in Populus. ]. Integr. Plant Biol. 2022, 64, 771-786. [CrossRef] [PubMed]

Roeckel, P.; Oancia, T.; Drevet, ].R. Phenotypic alterations and component analysis of seed yield in transgenic Brassica napus
plants expressing the tzs gene. Physiol. Plant. 1998, 102, 243-249. [CrossRef]

Werner, T.; Motyka, V.; Strnad, M.; Schmdilling, T. Regulation of plant growth by cytokinin. Proc. Natl. Acad. Sci. USA 2001, 98,
10487-10492. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1744-7909.2010.00956.x
http://doi.org/10.1093/jxb/erq149
http://doi.org/10.1093/jxb/erw019
http://www.ncbi.nlm.nih.gov/pubmed/26889010
http://doi.org/10.1093/jxb/err166
http://www.ncbi.nlm.nih.gov/pubmed/21831843
http://doi.org/10.1093/jxb/err372
http://doi.org/10.1080/14620316.2017.1287529
http://doi.org/10.3389/fpls.2018.00655
http://doi.org/10.1007/s10535-012-0082-6
http://doi.org/10.1073/pnas.0709453104
http://doi.org/10.1093/pcp/pcr125
http://doi.org/10.1104/pp.113.227702
http://doi.org/10.1371/journal.pone.0064190
http://doi.org/10.5897/ajb2016.15228
http://doi.org/10.4172/2329-9029.1000221
http://doi.org/10.1007/s10725-006-9162-y
http://doi.org/10.1007/s00344-007-9032-5
http://doi.org/10.1007/s11248-011-9497-7
http://www.ncbi.nlm.nih.gov/pubmed/21344295
http://doi.org/10.1371/journal.pone.0116349
http://doi.org/10.3389/fpls.2019.01285
http://doi.org/10.1007/s11105-011-0337-y
http://doi.org/10.1007/s10535-012-0018-1
http://doi.org/10.3389/fpls.2020.00879
http://doi.org/10.1111/jipb.13218
http://www.ncbi.nlm.nih.gov/pubmed/34990062
http://doi.org/10.1034/j.1399-3054.1998.1020212.x
http://doi.org/10.1073/pnas.171304098
http://www.ncbi.nlm.nih.gov/pubmed/11504909

Plants 2022, 11, 3430 36 of 44

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Werner, T.; Motyka, V.; Laucou, V.; Smets, R.; Van Onckelen, H.; Schmdilling, T. Cytokinin-deficient transgenic Arabidopsis plants
show multiple developmental alterations indicating opposite functions of cytokinins in the regulation of shoot and root meristem
activity. Plant Cell 2003, 15, 2532-2550. [CrossRef] [PubMed]

Nishiyama, R.; Watanabe, Y.; Fujita, Y.; Le, D.T.; Kojima, M.; Werner, T.; Vankova, R.; Yamaguchi-Shinozaki, K.; Shinozaki, K,;
Kakimoto, T.; et al. Analysis of cytokinin mutants and regulation of cytokinin metabolic genes reveals important regulatory roles
of cytokinins in drought, salt and abscisic acid responses, and abscisic acid biosynthesis. Plant Cell 2011, 23, 2169-2183. [CrossRef]
Farber, M.; Attia, Z.; Weiss, D. Cytokinin activity increases stomatal density and transpiration rate in tomato. J. Exp. Bot. 2016, 67,
6351-6362. [CrossRef]

Li,S.; An, Y,; Hailati, S.; Zhang, J.; Cao, Y.; Liu, Y.; Geng, ].; Hu, T.; Yang, P. Overexpression of the cytokinin oxidase/dehydrogenase
(CKX) from Medicago sativa enhanced salt stress tolerance of Arabidopsis. J. Plant Biol. 2019, 62, 374-386. [CrossRef]
Nehnevajova, E.; Ramireddy, E.; Stolz, A.; Gerdemann-Knorck, M.; Novék, O.; Strnad, M.; Schmdilling, T. Root enhancement in
cytokinin-deficient oilseed rape causes leaf mineral enrichment, increases the chlorophyll concentration under nutrient limitation
and enhances the phytoremediation capacity. BMC Plant Biol. 2019, 19, 83. [CrossRef]

Hyoung, S.; Cho, S.H.; Chung, ].H.; So, WM.; Cui, M.H.; Shin, ].S. Cytokinin oxidase PpCKX1 plays regulatory roles in
development and enhances dehydration and salt tolerance in Physcomitrella patens. Plant Cell Rep. 2020, 39, 419-430. [CrossRef]
Jabtoriski, B.; Ogonowska, H.; Szala, K.; Bajguz, A.; Orczyk, W.; Nadolska-Orczyk, A. Silencing of TaCKX1 mediates expression of
other TaCKX genes to increase yield parameters in wheat. Int. J. Mol. Sci. 2020, 21, 4809. [CrossRef]

Werner, T.; Nehnevajova, E.; Kollmer, I.; Novak, O.; Strnad, M.; Kramer, U.; Schmiilling, T. Root-specific reduction of cytokinin
causes enhanced root growth, drought tolerance, and leaf mineral enrichment in Arabidopsis and tobacco. Plant Cell 2010, 22,
3905-3920. [CrossRef] [PubMed]

Mackovd, H.; Hronkova, M.; Dobra, J.; Tureckova, V.; Novak, O.; Lubovska, Z.; Motyka, V.; Haisel, D.; Hajek, T.; Prasil, L.T; et al.
Enhanced drought and heat stress tolerance of tobacco plants with ectopically enhanced cytokinin oxidase/dehydrogenase gene
expression. J. Exp. Bot. 2013, 64, 2805-2815. [CrossRef] [PubMed]

Gao, S.; Fang, J.; Xu, F; Wang, W.; Sun, X.; Chu, J.; Cai, B.; Feng, Y.; Chu, C. CYTOKININ OXIDASE/DEHYDROGENASE4
integrates cytokinin and auxin signaling to control rice crown root formation. Plant Physiol. 2014, 165, 1035-1046. [CrossRef]
[PubMed]

Gao, S.; Xiao, Y.; Xu, E; Gao, X.; Cao, S.; Zhang, F.; Wang, G.; Sanders, D.; Chu, C. Cytokinin-dependent regulatory module
underlies the maintenance of zinc nutrition in rice. New Phytol. 2019, 224, 202-215. [CrossRef] [PubMed]

Pospisilova, H.; Jiskrova, E.; Vojta, P; Mrizova, K.; Kokas, F,; Cudejkové, M.M.; Bergougnoux, V.; Plihal, O.; Klimesova, J.;
Novak, O.; et al. Transgenic barley overexpressing a cytokinin dehydrogenase gene shows greater tolerance to drought stress. N.
Biotechnol. 2016, 33, 692-705. [CrossRef]

Ramireddy, E.; Hosseini, S.A.; Eggert, K.; Gillandt, S.; Gnad, H.; von Wirén, N.; Schmiilling, T. Root engineering in barley:
Increasing cytokinin degradation produces a larger root system, mineral enrichment in the shoot and improved drought tolerance.
Plant Physiol. 2018, 177, 1078-1095. [CrossRef]

Ramireddy, E.; Galuszka, P.; Schmiilling, T. Zn-fortified cereal grains in field-grown barley by enhanced root cytokinin breakdown.
Plant Signal. Behav. 2018, 13, €1530023. [CrossRef]

Ramireddy, E.; Nelissen, H.; Leuendorf, ].E.; Van Lijsebettens, M.; Inzé, D.; Schmiilling, T. Root engineering in maize by increasing
cytokinin degradation causes enhanced root growth and leaf mineral enrichment. Plant Mol. Biol. 2021, 106, 555-567. [CrossRef]
Khandal, H.; Gupta, S.K.; Dwivedi, V.; Mandal, D.; Sharma, N.K.; Vishwakarma, N.K,; Pal, L.; Choudhary, M.; Francis, A.;
Malakar, P.; et al. Root-specific expression of chickpea cytokinin oxidase/dehydrogenase 6 leads to enhanced root growth,
drought tolerance and yield without compromising nodulation. Plant Biotechnol. . 2020, 18, 2225-2240. [CrossRef]

do Nascimento, F.C.; de Souza, A.EFE,; de Souza, V.M.; Rangel, R.P,; Zonta, E.; Fernandes, M.S.; Santos, L.A. OsCKX5 modulates
root system morphology and increases nutrient uptake in rice. J. Plant Growth Regul. 2022, 41, 2157-2170. [CrossRef]

Liu, Y.; Wang, X.; Wang, X.; Gao, W.; You, C. Identification and functional characterization of apple MdCKX5.2 in root development
and abiotic stress tolerance. Horticulturae 2022, 8, 62. [CrossRef]

Ashikari, M.; Sakakibara, H.; Lin, S.; Yamamoto, T.; Takashi, T.; Nishimura, A.; Angeles, E.R.; Qian, Q.; Kitano, H.; Matsuoka, M.
Plant science: Cytokinin oxidase regulates rice grain production. Science 2005, 309, 741-745. [CrossRef] [PubMed]

Zalewski, W.; Galuszka, P.; Gasparis, S.; Orczyk, W.; Nadolska-Orczyk, A. Silencing of the HVCKX1 gene decreases the cytokinin
oxidase/dehydrogenase level in barley and leads to higher plant productivity. J. Exp. Bot. 2010, 61, 1839-1851. [CrossRef]
[PubMed]

Zalewski, W.; Orczyk, W.; Gasparis, S.; Nadolska-Orczyk, A. HvCKX2 gene silencing by biolistic or Agrobacterium-mediated
transformation in barley leads to different phenotypes. BMC Plant Biol. 2012, 12, 206. [CrossRef]

Zalewski, W.; Gasparis, S.; Boczkowska, M.; Rajchel, LK.; Kata, M.; Orczyk, W.; Nadolska-Orczyk, A. Expression patterns of
HvCKX genes indicate their role in growth and reproductive development of barley. PLoS ONE 2014, 9, e115729. [CrossRef]
[PubMed]

Yeh, S.Y,; Chen, HW.; Ng, C.Y,; Lin, C.Y.; Tseng, T.H.; Li, W.H.; Ku, M.S.B. Down-regulation of cytokinin oxidase 2 expression
increases tiller number and improves rice yield. Rice 2015, 8, 36. [CrossRef]


http://doi.org/10.1105/tpc.014928
http://www.ncbi.nlm.nih.gov/pubmed/14555694
http://doi.org/10.1105/tpc.111.087395
http://doi.org/10.1093/jxb/erw398
http://doi.org/10.1007/s12374-019-0141-z
http://doi.org/10.1186/s12870-019-1657-6
http://doi.org/10.1007/s00299-019-02500-3
http://doi.org/10.3390/ijms21134809
http://doi.org/10.1105/tpc.109.072694
http://www.ncbi.nlm.nih.gov/pubmed/21148816
http://doi.org/10.1093/jxb/ert131
http://www.ncbi.nlm.nih.gov/pubmed/23669573
http://doi.org/10.1104/pp.114.238584
http://www.ncbi.nlm.nih.gov/pubmed/24808099
http://doi.org/10.1111/nph.15962
http://www.ncbi.nlm.nih.gov/pubmed/31131881
http://doi.org/10.1016/j.nbt.2015.12.005
http://doi.org/10.1104/pp.18.00199
http://doi.org/10.1080/15592324.2018.1530023
http://doi.org/10.1007/s11103-021-01173-5
http://doi.org/10.1111/pbi.13378
http://doi.org/10.1007/s00344-021-10419-x
http://doi.org/10.3390/horticulturae8010062
http://doi.org/10.1126/science.1113373
http://www.ncbi.nlm.nih.gov/pubmed/15976269
http://doi.org/10.1093/jxb/erq052
http://www.ncbi.nlm.nih.gov/pubmed/20335409
http://doi.org/10.1186/1471-2229-12-206
http://doi.org/10.1371/journal.pone.0115729
http://www.ncbi.nlm.nih.gov/pubmed/25531889
http://doi.org/10.1186/s12284-015-0070-5

Plants 2022, 11, 3430 37 of 44

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Zhao, J.; Bai, W.; Zeng, Q.; Song, S.; Zhang, M.; Li, X.; Hou, L.; Xiao, Y.; Luo, M,; Li, D.; et al. Moderately enhancing cytokinin
level by down-regulation of GhCKX expression in cotton concurrently increases fiber and seed yield. Mol. Breed. 2015, 35, 60.
[CrossRef]

Joshi, R.; Sahoo, K.K,; Tripathi, A.K.; Kumar, R.; Gupta, B.K,; Pareek, A.; Singla-Pareek, S.L. Knockdown of an inflorescence
meristem-specific cytokinin oxidase—OsCKX2 in rice reduces yield penalty under salinity stress condition. Plant Cell Environ.
2018, 41, 936-946. [CrossRef]

Li, Y,; Song, G.; Gao, J.; Zhang, S.; Zhang, R.; Li, W.; Chen, M.; Liu, M.; Xia, X.; Risacher, T; et al. Enhancement of grain number
per spike by RNA interference of cytokinin oxidase 2 gene in bread wheat. Hereditas 2018, 155, 33. [CrossRef]

Holubova, K.; Hensel, G.; Vojta, P.; Tarkowski, P.; Bergougnoux, V.; Galuszka, P. Modification of barley plant productivity through
regulation of cytokinin content by reverse-genetics approaches. Front. Plant Sci. 2018, 9, 1676. [CrossRef]

Yan, H.; Wang, Y.; Chen, B.; Wang, W.; Sun, H.; Sun, H.; Li, J.; Zhao, Q. OsCKX2 regulates phosphate deficiency tolerance by
modulating cytokinin in rice. Plant Sci. 2022, 319, 111257. [CrossRef] [PubMed]

Zeng, ].; Yan, X,; Bai, W.; Zhang, M.; Chen, Y; Li, X.; Hou, L.; Zhao, ].; Ding, X.; Liu, R.; et al. Carpel-specific down-regulation of
GhCKXs in cotton significantly enhances seed and fiber yield. J. Exp. Bot. 2022, 73, 6758-6772. [CrossRef] [PubMed]

Havlova, M.; Dobrev, P1.; Motyka, V.; Storchova, H.; Libus, J.; Dobra, J.; Malbeck, J.; Gaudinova, A.; Vankova, R. The role of
cytokinins in responses to water deficit in tobacco plants over-expressing trans-zeatin O-glucosyltransferase gene under 35S or
SAGI12 promoters. Plant, Cell Environ. 2008, 31, 341-353. [CrossRef]

Kudo, T.; Makita, N.; Kojima, M.; Tokunaga, H.; Sakakibara, H. Cytokinin activity of cis-zeatin and phenotypic alterations induced
by overexpression of putative cis-zeatin-O-glucosyltransferase in rice. Plant Physiol. 2012, 160, 319-331. [CrossRef] [PubMed]
Pineda Rodo, A.; Brugiere, N.; Vankova, R.; Malbeck, J.; Olson, ].M.; Haines, S.C.; Martin, R.C.; Habben, J.E.; Mok, D.W.S,;
Mok, M.C. Over-expression of a zeatin O-glucosylation gene in maize leads to growth retardation and tasselseed formation. J.
Exp. Bot. 2008, 59, 2673-2686. [CrossRef]

Sun, Y.G.; Wang, B.; Jin, S.H.; Qu, X.X.; Li, Y.J.; Hou, B.K. Ectopic expression of Arabidopsis glycosyltransferase UGT85A5
enhances salt stress tolerance in tobacco. PLoS ONE 2013, 8, €59924. [CrossRef]

Shang, X.L.; Xie, R.R.; Tian, H.; Wang, Q.L.; Guo, F.Q. Putative zeatin O-glucosyltransferase OscZOG1 regulates root and shoot
development and formation of agronomic traits in rice. J. Integr. Plant Biol. 2016, 58, 627-641. [CrossRef]

Li, Y.J.; Wang, B.; Dong, R.R.; Hou, B.K. AtUGT76C2, an Arabidopsis cytokinin glycosyltransferase is involved in drought stress
adaptation. Plant Sci. 2015, 236, 157-167. [CrossRef]

Li, Y,; Liu, F; Li, P; Wang, T.; Zheng, C.; Hou, B. An Arabidopsis cytokinin-modifying glycosyltransferase UGT76C2 improves
drought and salt tolerance in rice. Front. Plant Sci. 2020, 11, 560696. [CrossRef]

Golovatskaya, LE. Effect of gibberellin on Arabidopsis growth, development, and hormonal balance under green and blue light.
Russ. J. Plant Physiol. 2008, 55, 315-320. [CrossRef]

Liu, C.; Zheng, S.; Gui, J.; Fu, C.; Yu, H.; Song, D.; Shen, ].; Qin, P,; Liu, X.; Han, B.; et al. Shortened basal internodes encodes a
gibberellin 2-Oxidase and contributes to lodging resistance in rice. Mol. Plant 2018, 11, 288-299. [CrossRef]

Monna, L.; Kitazawa, N.; Yoshino, R.; Suzuki, J.; Masuda, H.; Maehara, Y.; Tanji, M.; Sato, M.; Nasu, S.; Minobe, Y. Positional
cloning of rice semidwarfing gene, sd-1: Rice “green revolution gene” encodes a mutant enzyme involved in gibberellin synthesis.
DNA Res. 2002, 9, 11-17. [CrossRef]

Spielmeyer, W.; Ellis, M.H.; Chandler, PM. Semidwarf (sd-1), “green revolution” rice, contains a defective gibberellin 20-oxidase
gene. Proc. Natl. Acad. Sci. USA 2002, 99, 9043-9048. [CrossRef] [PubMed]

Tang, T.; Botwright Acufia, T.; Spielmeyer, W.; Richards, R.A. Effect of gibberellin-sensitive Rht18 and gibberellin-insensitive
Rht-D1b dwarfing genes on vegetative and reproductive growth in bread wheat. . Exp. Bot. 2021, 72, 445-458. [CrossRef]
Thomas, S.G. Novel Rht-1 dwarfing genes: Tools for wheat breeding and dissecting the function of DELLA proteins. J. Exp. Bot.
2017, 68, 354-358. [CrossRef]

Bou-Torrent, J.; Martinez-Garcia, J.E; Garcia-Martinez, J.L.; Prat, S. Gibberellin A1 metabolism contributes to the control of
photoperiod-mediated tuberization in potato. PLoS ONE 2011, 6, €24458. [CrossRef]

Garcia-Hurtado, N.; Carrera, E.; Ruiz-Rivero, O.; Lopez-Gresa, M.P.; Hedden, P.; Gong, F.; Garcia-Martinez, J.L. The characteriza-
tion of transgenic tomato overexpressing gibberellin 20-oxidase reveals induction of parthenocarpic fruit growth, higher yield,
and alteration of the gibberellin biosynthetic pathway. J. Exp. Bot. 2012, 63, 5803-5813. [CrossRef] [PubMed]

Eriksson, MLE.; Israelsson, M.; Olsson, O.; Moritz, T. Increased gibberellin biosynthesis in transgenic trees promotes growth,
biomass production and xylem fiber length. Nat. Biotechnol. 2000, 18, 784-788. [CrossRef] [PubMed]

Wuddineh, W.A.; Mazarei, M.; Zhang, ]J.; Poovaiah, C.R.; Mann, D.G.].; Ziebell, A.; Sykes, R.W.; Davis, M.E;; Udvardi, M.K,;
Stewart, C.N. Identification and overexpression of gibberellin 2-oxidase (GAZ2ox) in switchgrass (Panicum virgatum L.) for improved
plant architecture and reduced biomass recalcitrance. Plant Biotechnol. |. 2015, 13, 636—-647. [CrossRef]

Qin, X,; Liu, ].H.; Zhao, W.S.; Chen, X.J.; Guo, Z.].; Peng, Y.L. Gibberellin 20-oxidase gene OsGA200x3 regulates plant stature and
disease development in rice. Mol. Plant Microbe Interact. 2013, 26, 227-239. [CrossRef]

Zhao, B.; Li, H.; Li, J.; Wang, B.; Dai, C.; Wang, J.; Liu, K. Brassica napus DS-3, encoding a DELLA protein, negatively regulates
stem elongation through gibberellin signaling pathway. Theor. Appl. Genet. 2017, 130, 727-741. [CrossRef]

Li, Z.; Wang, B.; Zhang, Z.; Luo, W.; Tang, Y.; Niu, Y.; Chong, K.; Xu, Y. OsGRF6 interacts with SLR1 to regulate OsGA2ox1
expression for coordinating chilling tolerance and growth in rice. J. Plant Physiol. 2021, 260, 153406. [CrossRef]


http://doi.org/10.1007/s11032-015-0232-6
http://doi.org/10.1111/pce.12947
http://doi.org/10.1186/s41065-018-0071-7
http://doi.org/10.3389/fpls.2018.01676
http://doi.org/10.1016/j.plantsci.2022.111257
http://www.ncbi.nlm.nih.gov/pubmed/35487665
http://doi.org/10.1093/jxb/erac303
http://www.ncbi.nlm.nih.gov/pubmed/35792654
http://doi.org/10.1111/j.1365-3040.2007.01766.x
http://doi.org/10.1104/pp.112.196733
http://www.ncbi.nlm.nih.gov/pubmed/22811434
http://doi.org/10.1093/jxb/ern137
http://doi.org/10.1371/journal.pone.0059924
http://doi.org/10.1111/jipb.12444
http://doi.org/10.1016/j.plantsci.2015.04.002
http://doi.org/10.3389/fpls.2020.560696
http://doi.org/10.1134/S1021443708030047
http://doi.org/10.1016/j.molp.2017.12.004
http://doi.org/10.1093/dnares/9.1.11
http://doi.org/10.1073/pnas.132266399
http://www.ncbi.nlm.nih.gov/pubmed/12077303
http://doi.org/10.1093/jxb/eraa481
http://doi.org/10.1093/jxb/erw509
http://doi.org/10.1371/journal.pone.0024458
http://doi.org/10.1093/jxb/ers229
http://www.ncbi.nlm.nih.gov/pubmed/22945942
http://doi.org/10.1038/77355
http://www.ncbi.nlm.nih.gov/pubmed/10888850
http://doi.org/10.1111/pbi.12287
http://doi.org/10.1094/MPMI-05-12-0138-R
http://doi.org/10.1007/s00122-016-2846-4
http://doi.org/10.1016/j.jplph.2021.153406

Plants 2022, 11, 3430 38 of 44

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Wang, X,; Li, ].; Ban, L.; Wu, Y,; Wu, X,; Wang, Y.; Wen, H.; Chapurin, V.; Dzyubenko, N.; Li, Z.; et al. Functional characterization
of a gibberellin receptor and its application in alfalfa biomass improvement. Sci. Rep. 2017, 7, 41296. [CrossRef] [PubMed]
Biemelt, S.; Tschiersch, H.; Sonnewald, U. Impact of altered gibberellin metabolism on biomass accumulation, lignin biosynthesis,
and photosynthesis in transgenic tobacco plants. Plant Physiol. 2004, 135, 254-265. [CrossRef] [PubMed]

Voorend, W.; Nelissen, H.; Vanholme, R.; De Vliegher, A.; Van Breusegem, F,; Boerjan, W.; Roldan-Ruiz, I.; Muylle, H.; Inzé, D.
Overexpression of GA20-OXIDASE1 impacts plant height, biomass allocation and saccharification efficiency in maize. Plant
Biotechnol. ]. 2016, 14, 997-1007. [CrossRef] [PubMed]

Fladung, M. Xylem-specific overexpression of the GIBBERELLIN ACID 20 OXIDASE gene (GA20-OXIDASE) from pine in hybrid
poplar (Populus tremula L. x P. alba L.) revealed reliable increase in growth and biomass production just in a single-copy-line.
Gesunde Pflanz. 2022, 74, 239-248. [CrossRef]

Sakamoto, T.; Morinaka, Y.; Ishiyama, K.; Kobayashi, M.; Itoh, H.; Kayano, T.; Iwahori, S.; Matsuoka, M.; Tanaka, H. Genetic
manipulation of gibberellin metabolism in transgenic rice. Nat. Biotechnol. 2003, 21, 909-913. [CrossRef]

Zhou, B;; Lin, ].; Peng, W.; Peng, D.; Zhuo, Y.; Zhu, D.; Huang, X.; Tang, D.; Guo, M.; He, R,; et al. Dwarfism in Brassica napus L.
induced by the over-expression of a gibberellin 2-oxidase gene from Arabidopsis thaliana. Mol. Breed. 2012, 29, 115-127. [CrossRef]
Shan, C.; Mei, Z.; Duan, J.; Chen, H.; Feng, H.; Cai, W. OsGA20x5, a gibberellin metabolism enzyme, is involved in plant growth,
the root gravity response and salt stress. PLoS ONE 2014, 9, e87110. [CrossRef]

Zhong, T.; Zhang, L.; Sun, S.; Zeng, H.; Han, L. Effect of localized reduction of gibberellins in different tobacco organs on drought
stress tolerance and recovery. Plant Biotechnol. Rep. 2014, 8, 399—-408. [CrossRef]

Lo, S.F; Ho, TH.D.; Liu, Y.L,; Jiang, M.].; Hsieh, K.T.; Chen, K.T.; Yu, L.C.; Lee, M.H.; Chen, C.Y.,; Huang, T.P; et al. Ectopic
expression of specific GA2 oxidase mutants promotes yield and stress tolerance in rice. Plant Biotechnol. |. 2017, 15, 850-864.
[CrossRef] [PubMed]

Shi, J.B.; Wang, N.; Zhou, H.; Xu, Q.H.; Yan, G.T. The role of gibberellin synthase gene GhGA20x1 in upland cotton
(Gossypium hirsutum L.) responses to drought and salt stress. Biotechnol. Appl. Biochem. 2019, 66, 298-308. [CrossRef] [PubMed]
Nir, .D.O.; Moshelion, M.; Weiss, D. The Arabidopsis GIBBERELLIN METHYL TRANSFERASE 1 suppresses gibberellin activity,
reduces whole-plant transpiration and promotes drought tolerance in transgenic tomato. Plant Cell Environ. 2014, 37, 113-123.
[CrossRef] [PubMed]

Wang, C.; Yang, Y.; Wang, H.; Ran, X,; Li, B.; Zhang, ].; Zhang, H. Ectopic expression of a cytochrome P450 monooxygenase
gene PtCYP714A3 from Populus trichocarpa reduces shoot growth and improves tolerance to salt stress in transgenic rice. Plant
Biotechnol. ]. 2016, 14, 1838-1851. [CrossRef] [PubMed]

Zhou, |J.; Li, Z,; Xiao, G.; Zhai, M.; Pan, X.; Huang, R.; Zhang, H. CYP71D8L is a key regulator involved in growth and stress
responses by mediating gibberellin homeostasis in rice. J. Exp. Bot. 2020, 71, 1160-1170. [CrossRef]

Anwar, A,; Liu, Y,; Dong, R.; Bai, L.; Yu, X,; Li, Y. The physiological and molecular mechanism of brassinosteroid in response to
stress: A review. Biol. Res. 2018, 51, 46. [CrossRef]

Bartwal, A.; Mall, R.; Lohani, P.; Guru, S.K.; Arora, S. Role of secondary metabolites and brassinosteroids in plant defense against
environmental stresses. J. Plant Growth Regul. 2013, 32, 216-232. [CrossRef]

Divi, U.K,; Krishna, P. Brassinosteroid: A biotechnological target for enhancing crop yield and stress tolerance. N. Biotechnol.
2009, 26, 131-136. [CrossRef]

Nolan, T.M.; Vukasinovi¢, N.; Liu, D.; Russinova, E.; Yin, Y. Brassinosteroids: Multidimensional regulators of plant growth,
development, and stress responses. Plant Cell 2020, 32, 295-318. [CrossRef]

Han, YJ.; Kim, Y.S.; Hwang, O.].; Roh, J.; Ganguly, K.; Kim, SK.; Hwang, I.; Kim, J. Overexpression of Arabidopsis thaliana
brassinosteroid-related acyltransferase 1 gene induces brassinosteroid-deficient phenotypes in creeping bentgrass. PLoS ONE
2017, 12, e0187378. [CrossRef]

Hong, Z.; Ueguchi-Tanaka, M.; Umemura, K.; Uozu, S.; Fujioka, S.; Takatsuto, S.; Yoshida, S.; Ashikari, M.; Kitano, H.;
Matsuoka, M. A rice brassinosteroid-deficient mutant, ebisu dwarf (d2), is caused by a loss of function of a new member of
cytochrome P450. Plant Cell 2003, 15, 2900-2910. [CrossRef] [PubMed]

Sakamoto, T. Phytohormones and rice crop yield: Strategies and opportunities for genetic improvement. Transgenic Res. 2006, 15,
399-404. [CrossRef] [PubMed]

Sakamoto, T.; Morinaka, Y.; Ohnishi, T.; Sunohara, H.; Fujioka, S.; Ueguchi-Tanaka, M.; Mizutani, M.; Sakata, K.; Takatsuto, S.;
Yoshida, S.; et al. Erect leaves caused by brassinosteroid deficiency increase biomass production and grain yield in rice. Nat.
Biotechnol. 2006, 24, 105-109. [CrossRef] [PubMed]

Braumann, I.; Urban, W.; PreuSS, A.; Dockter, C.; Zakhrabekova, S.; Hansson, M. Semi-dwarf barley (Hordeum vulgare L.) brh2 and
ari-l mutants are deficient in a U-box E3 ubiquitin ligase. Plant Growth Regul. 2018, 86, 223-234. [CrossRef]

Chono, M.; Honda, I.; Zeniya, H.; Yoneyama, K.; Saisho, D.; Takeda, K.; Takatsuto, S.; Hoshino, T.; Watanabe, Y. A semidwarf
phenotype of barley uzu results from a nucleotide substitution in the gene encoding a putative brassinosteroid receptor. Plant
Physiol. 2003, 133, 1209-1219. [CrossRef]

Gruszka, D.; Janeczko, A.; Puta, ].; Lepiarczyk, A.; Pociecha, E. Impact of drought exerted during spike development on tillering,
yield parameters and grain chemical composition in semi-dwarf barley mutants deficient in the brassinosteroid metabolism.
Agronomy 2020, 10, 1595. [CrossRef]


http://doi.org/10.1038/srep41296
http://www.ncbi.nlm.nih.gov/pubmed/28128230
http://doi.org/10.1104/pp.103.036988
http://www.ncbi.nlm.nih.gov/pubmed/15122040
http://doi.org/10.1111/pbi.12458
http://www.ncbi.nlm.nih.gov/pubmed/26903034
http://doi.org/10.1007/s10343-022-00653-y
http://doi.org/10.1038/nbt847
http://doi.org/10.1007/s11032-010-9530-1
http://doi.org/10.1371/journal.pone.0087110
http://doi.org/10.1007/s11816-014-0330-7
http://doi.org/10.1111/pbi.12681
http://www.ncbi.nlm.nih.gov/pubmed/27998028
http://doi.org/10.1002/bab.1725
http://www.ncbi.nlm.nih.gov/pubmed/30620086
http://doi.org/10.1111/pce.12135
http://www.ncbi.nlm.nih.gov/pubmed/23668385
http://doi.org/10.1111/pbi.12544
http://www.ncbi.nlm.nih.gov/pubmed/26970512
http://doi.org/10.1093/jxb/erz491
http://doi.org/10.1186/s40659-018-0195-2
http://doi.org/10.1007/s00344-012-9272-x
http://doi.org/10.1016/j.nbt.2009.07.006
http://doi.org/10.1105/tpc.19.00335
http://doi.org/10.1371/journal.pone.0187378
http://doi.org/10.1105/tpc.014712
http://www.ncbi.nlm.nih.gov/pubmed/14615594
http://doi.org/10.1007/s11248-006-0024-1
http://www.ncbi.nlm.nih.gov/pubmed/16906440
http://doi.org/10.1038/nbt1173
http://www.ncbi.nlm.nih.gov/pubmed/16369540
http://doi.org/10.1007/s10725-018-0423-3
http://doi.org/10.1104/pp.103.026195
http://doi.org/10.3390/agronomy10101595

Plants 2022, 11, 3430 39 of 44

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.
179.

180.

181.

Nie, S.; Huang, S.; Wang, S.; Cheng, D.; Liu, ].; Lv, S.; Li, Q.; Wang, X. Enhancing brassinosteroid signaling via overexpression of
tomato (Solanum lycopersicum) SIBRI1 improves major agronomic traits. Front. Plant Sci. 2017, 8, 1386. [CrossRef]

Nie, S.; Huang, S.; Wang, S.; Mao, Y.; Liu, J.; Ma, R,; Wang, X. Enhanced brassinosteroid signaling intensity via SIBRI1
overexpression negatively regulates drought resistance in a manner opposite of that via exogenous BR application in tomato.
Plant Physiol. Biochem. 2019, 138, 36-47. [CrossRef]

Dong, N.; Yin, W,; Liu, D.; Zhang, X.; Yu, Z.; Huang, W.; Liu, J.; Yang, Y.; Meng, W.; Niu, M.; et al. Regulation of brassinosteroid
signaling and salt resistance by SERK2 and potential utilization for crop improvement in rice. Front. Plant Sci. 2020, 11, 621859.
[CrossRef]

Liu, L,; Xiang, Y.; Yan, J.; Di, P; Li, J.; Sun, X.; Han, G.; Ni, L,; Jiang, M.; Yuan, J.; et al. BRASSINOSTEROID-SIGNALING KINASE
1 phosphorylating CALCIUM/CALMODULIN-DEPENDENT PROTEIN KINASE functions in drought tolerance in maize. New
Phytol. 2021, 231, 695-712. [CrossRef]

Singh, A.; Breja, P; Khurana, J.P.; Khurana, P. Wheat Brassinosteroid-Insensitivel (TaBRI1) interacts with members of TaSERK gene
family and cause early flowering and seed yield enhancement in Arabidopsis. PLoS ONE 2016, 11, e0153273. [CrossRef] [PubMed]
Fabregas, N.; Lozano-Elena, F,; Blasco-Escamez, D.; Tohge, T.; Martinez-Anddjar, C.; Albacete, A.; Osorio, S.; Bustamante, M.;
Riechmann, J.L.; Nomura, T.; et al. Overexpression of the vascular brassinosteroid receptor BRL3 confers drought resistance
without penalizing plant growth. Nat. Commun. 2018, 9, 4680. [CrossRef] [PubMed]

Choe, S.; Fujioka, S.; Noguchi, T.; Takatsuto, S.; Yoshida, S.; Feldmann, K.A. Overexpression of DWARF4 in the brassinosteroid
biosynthetic pathway results in increased vegetative growth and seed yield in Arabidopsis. Plant J. 2001, 26, 573-582. [CrossRef]
[PubMed]

Wu, C,; Trieu, A.; Radhakrishnan, P.; Kwok, S.F,; Harris, S.; Zhang, K.; Wang, J.; Wan, J.; Zhai, H.; Takatsuto, S.; et al. Brassinos-
teroids regulate grain filling in rice. Plant Cell 2008, 20, 2130-2145. [CrossRef] [PubMed]

Zhu, X.; Liang, W.; Cui, X.; Chen, M.; Yin, C.; Luo, Z.; Zhu, J.; Lucas, W.J.; Wang, Z.; Zhang, D. Brassinosteroids promote
development of rice pollen grains and seeds by triggering expression of Carbon Starved Anther, a MYB domain protein. Plant |.
2015, 82, 570-581. [CrossRef] [PubMed]

Sahni, S.; Prasad, B.D.; Liu, Q.; Grbic, V.; Sharpe, A.; Singh, S.P.; Krishna, P. Overexpression of the brassinosteroid biosynthetic
gene DWF4 in Brassica napus simultaneously increases seed yield and stress tolerance. Sci. Rep. 2016, 6, 28298. [CrossRef]
[PubMed]

Duan, F; Ding, J.; Lee, D.; Lu, X,; Feng, Y.; Song, W. Overexpression of S0OCYP85A1, a spinach cytochrome p450 gene in transgenic
tobacco enhances root development and drought stress tolerance. Front. Plant Sci. 2017, 8, 1909. [CrossRef]

Jin, YL,; Tang, R.]J.; Wang, H.H.; Jiang, CM.; Bao, Y.; Yang, Y.; Liang, M.X.; Sun, Z.C.; Kong, EJ.; Li, B.; et al. Overexpression of
Populus trichocarpa CYP85A3 promotes growth and biomass production in transgenic trees. Plant Biotechnol. . 2017, 15, 1309-1321.
[CrossRef]

Li, QF,; Yu, JW,; Lu, J.; Fei, H.Y.; Luo, M.; Cao, BW.; Huang, L.C.; Zhang, C.Q.; Liu, Q.Q. Seed-specific expression of OsDWF4, a
rate-limiting gene involved in brassinosteroids biosynthesis, improves both grain yield and quality in rice. J. Agric. Food Chem.
2018, 66, 3759-3772. [CrossRef]

Liu, N.; Zhao, Y.J.; Wu, JW.; Wei, YM.; Ren, R.C.; Zang, ].; Zhang, W.T.; Zhang, L.; Shen, Q.; Zhang, X.S.; et al. Overexpression of
ZmDWF4 improves major agronomic traits and enhances yield in maize. Mol. Breed. 2020, 40, 71. [CrossRef]

Feng, Q.; Ou, Y.; Han, Y.; de Dios, V.R,; Wang, L.; Zhang, Q.; Yao, Y. The brassinosteroid biosynthesis enzyme gene PeCPD
improves plant growth and salt tolerance in Populus tomentosa. Ind. Crops Prod. 2021, 162, 113218. [CrossRef]

Li, X.J.; Chen, XJ.; Guo, X;; Yin, L.L.; Ahammed, G.J.; Xu, C.J.; Chen, K.S,; Liu, C.C.; Xia, X.J.; Shi, K.; et al. DWARF overexpression
induces alteration in phytohormone homeostasis, development, architecture and carotenoid accumulation in tomato. Plant
Biotechnol. ]. 2016, 14, 1021-1033. [CrossRef] [PubMed]

Xia, X.J.; Fang, PP.,; Guo, X.; Qian, X.J.; Zhou, ]J.; Shi, K.; Zhou, Y.H.; Yu, J.Q. Brassinosteroid-mediated apoplastic HyO,-
glutaredoxin 12/14 cascade regulates antioxidant capacity in response to chilling in tomato. Plant Cell Environ. 2018, 41,
1052-1064. [CrossRef] [PubMed]

Xu, H.; Sun, H,; Dong, J.; Ma, C.; Li, J.; Li, Z.; Wang, Y.; Ji, ].; Hu, X.; Wu, M.; et al. The brassinosteroid biosynthesis gene TuD11-2A
controls grain size and its elite haplotype improves wheat grain yields. Theor. Appl. Genet. 2022, 135, 2907-2923. [CrossRef]
[PubMed]

Xiong, L.; Zhu, ].K. Regulation of abscisic acid biosynthesis. Plant Physiol. 2003, 133, 29-36. [CrossRef] [PubMed]

Seo, M.; Peeters, A.J.M.; Koiwai, H.; Oritani, T.; Marion-Poll, A.; Zeevaart, ].A.D.; Koornneef, M.; Kamiya, Y.; Koshiba, T. The
Arabidopsis aldehyde oxidase 3 (AAO3) gene product catalyzes the final step in abscisic acid biosynthesis in leaves. Proc. Natl.
Acad. Sci. USA 2000, 97, 12908-12913. [CrossRef]

Xiong, L.; Ishitani, M.; Lee, H.; Zhu, ].K. The Arabidopsis LOS5/ABA3 locus encodes a molybdenum cofactor sulfurase and
modulates cold stress- and osmotic stress-responsive gene expression. Plant Cell 2001, 13, 2063-2083. [CrossRef]

Lamarque, L.].; Delzon, S.; Toups, H.; Gravel, A.L; Corso, D.; Badel, E.; Burlett, R.; Charrier, G.; Cochard, H.; Jansen, S.; et al.
Over-accumulation of abscisic acid in transgenic tomato plants increases the risk of hydraulic failure. Plant Cell Environ. 2020, 43,
548-562. [CrossRef]


http://doi.org/10.3389/fpls.2017.01386
http://doi.org/10.1016/j.plaphy.2019.02.014
http://doi.org/10.3389/fpls.2020.621859
http://doi.org/10.1111/nph.17403
http://doi.org/10.1371/journal.pone.0153273
http://www.ncbi.nlm.nih.gov/pubmed/27322749
http://doi.org/10.1038/s41467-018-06861-3
http://www.ncbi.nlm.nih.gov/pubmed/30409967
http://doi.org/10.1046/j.1365-313x.2001.01055.x
http://www.ncbi.nlm.nih.gov/pubmed/11489171
http://doi.org/10.1105/tpc.107.055087
http://www.ncbi.nlm.nih.gov/pubmed/18708477
http://doi.org/10.1111/tpj.12820
http://www.ncbi.nlm.nih.gov/pubmed/25754973
http://doi.org/10.1038/srep28298
http://www.ncbi.nlm.nih.gov/pubmed/27324083
http://doi.org/10.3389/fpls.2017.01909
http://doi.org/10.1111/pbi.12717
http://doi.org/10.1021/acs.jafc.8b00077
http://doi.org/10.1007/s11032-020-01152-6
http://doi.org/10.1016/j.indcrop.2020.113218
http://doi.org/10.1111/pbi.12474
http://www.ncbi.nlm.nih.gov/pubmed/26383874
http://doi.org/10.1111/pce.13052
http://www.ncbi.nlm.nih.gov/pubmed/28776692
http://doi.org/10.1007/s00122-022-04158-0
http://www.ncbi.nlm.nih.gov/pubmed/35794218
http://doi.org/10.1104/pp.103.025395
http://www.ncbi.nlm.nih.gov/pubmed/12970472
http://doi.org/10.1073/pnas.220426197
http://doi.org/10.1105/tpc.13.9.2063
http://doi.org/10.1111/pce.13703

Plants 2022, 11, 3430 40 of 44

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Krattinger, S.G.; Kang, J.; Braunlich, S.; Boni, R.; Chauhan, H.; Selter, L.L.; Robinson, M.D.; Schmid, M.W.; Wiederhold, E;
Hensel, G.; et al. Abscisic acid is a substrate of the ABC transporter encoded by the durable wheat disease resistance gene Lr34.
New Phytol. 2019, 223, 853-866. [CrossRef]

Gonzalez-Guzman, M.; Rodriguez, L.; Lorenzo-Orts, L.; Pons, C.; Sarrion-Perdigones, A.; Fernandez, M.A.; Peirats-Llobet, M.;
Forment, J.; Moreno-Alvero, M.; Cutler, S.R.; et al. Tomato PYR/PYL/RCAR abscisic acid receptors show high expression in root,
differential sensitivity to the abscisic acid agonist quinabactin, and the capability to enhance plant drought resistance. J. Exp. Bot.
2014, 65, 4451-4464. [CrossRef]

Li, X.; Li, G.; Li, Y;; Kong, X.; Zhang, L.; Wang, J.; Li, X; Yang, Y. ABA receptor subfamily III enhances abscisic acid sensitivity and
improves the drought tolerance of Arabidopsis. Int. J. Mol. Sci. 2018, 19, 1938. [CrossRef] [PubMed]

Gietler, M.; Fidler, J.; Labudda, M.; Nykiel, M. Review abscisic acid—Enemy or savior in the response of cereals to abiotic and
biotic stresses? Int. J. Mol. Sci. 2020, 21, 4607. [CrossRef] [PubMed]

Yu, J.; Ge, H.; Wang, X.; Tang, R.; Wang, Y.; Zhao, F; Lan, W.; Luan, S.; Yang, L. Overexpression of pyrabactin resistance-like
abscisic acid receptors enhances drought, osmotic, and cold tolerance in transgenic poplars. Front. Plant Sci. 2017, 8, 1752.
[CrossRef] [PubMed]

Nagar, P.; Sharma, N.; Jain, M.; Sharma, G.; Prasad, M.; Mustafiz, A. OsPSKR15, a phytosulfokine receptor from rice enhances
abscisic acid response and drought stress tolerance. Physiol. Plant. 2022, 174, e13569. [CrossRef]

Mega, R.; Tsujimoto, H.; Okamoto, M. Genetic manipulation of abscisic acid receptors enables modulation of water use efficiency.
Plant Signal. Behav. 2019, 14, €1642039. [CrossRef]

Santosh Kumar, V.V,; Yadav, SK., Verma, RK., Shrivastava, S.; Ghimire, O.; Pushkar, S.; Rao, M.V, Kumar, TS,
Chinnusamy, V. The abscisic acid receptor OsPYL6 confers drought tolerance to indica rice through dehydration avoid-
ance and tolerance mechanisms. J. Exp. Bot. 2021, 72, 1411-1431. [CrossRef]

Lou, D.; Wang, H.; Liang, G.; Yu, D. OsSAPK2 confers abscisic acid sensitivity and tolerance to drought stress in rice. Front. Plant
Sci. 2017, 8, 993. [CrossRef]

Huang, X.; Hou, L.; Meng, J.; You, H,; Li, Z.; Gong, Z.; Yang, S.; Shi, Y. The antagonistic action of abscisic acid and cytokinin
signaling mediates drought stress response in Arabidopsis. Mol. Plant 2018, 11, 970-982. [CrossRef]

Wang, Y; Li, T.; John, S.J.; Chen, M.; Chang, J.; Yang, G.; He, G. A CBL-interacting protein kinase TaCIPK27 confers drought
tolerance and exogenous ABA sensitivity in transgenic Arabidopsis. Plant Physiol. Biochem. 2018, 123, 103-113. [CrossRef]
Park, H.Y.; Seok, H.Y.; Park, B.K.; Kim, S.H.; Goh, C.H.; Lee, B.; Lee, C.H.; Moon, Y.H. Overexpression of Arabidopsis ZEP
enhances tolerance to osmotic stress. Biochem. Biophys. Res. Commun. 2008, 375, 80-85. [CrossRef]

Zhang, Z.; Wang, Y.; Chang, L.; Zhang, T.; An, J.; Liu, Y.; Cao, Y.; Zhao, X.; Sha, X.; Hu, T,; et al. MsZEP, a novel zeaxanthin
epoxidase gene from alfalfa (Medicago sativa), confers drought and salt tolerance in transgenic tobacco. Plant Cell Rep. 2016, 35,
439-453. [CrossRef] [PubMed]

Sun, Y.; Zhu, L.; Guo, J.; Zhou, C. Heterologous expression of EsABA1 enhances salt tolerance with increased accumulation of
endogenous ABA in transgenic tobacco. Turk. ]. Bot. 2014, 38, 1067-1079. [CrossRef]

Tuchi, S.; Kobayashi, M.; Taji, T.; Naramoto, M.; Seki, M.; Kato, T.; Tabata, S.; Kakubari, Y.; Yamaguchi-Shinozaki, K,
Shinozaki, K. Regulation of drought tolerance by gene manipulation of 9-cis-epoxycarotenoid dioxygenase, a key enzyme
in abscisic acid biosynthesis in Arabidopsis. Plant J. 2001, 27, 325-333. [CrossRef] [PubMed]

Aswath, C.R.; Kim, S.H.; Mo, S.Y.; Kim, D.H. Transgenic plants of creeping bent grass harboring the stress inducible gene,
9-cis-epoxycarotenoid dioxygenase, are highly tolerant to drought and NaCl stress. Plant Growth Regul. 2005, 47, 129-139. [CrossRef]
Hwang, S.G.; Chen, H.C.; Huang, W.Y.; Chu, Y.C.; Shii, C.T.; Cheng, W.H. Ectopic expression of rice OsNCED3 in Arabidopsis
increases ABA level and alters leaf morphology. Plant Sci. 2010, 178, 12-22. [CrossRef]

Xian, L.; Sun, P; Hu, S.; Wu, J.; Liu, J.H. Molecular cloning and characterization of CrNCED1, a gene encoding 9-cis-
epoxycarotenoid dioxygenase in Citrus reshni, with functions in tolerance to multiple abiotic stresses. Planta 2014, 239, 61-77.
[CrossRef]

Hwang, S.G.; Lee, C.Y.; Tseng, C.S. Heterologous expression of rice 9-cis-epoxycarotenoid dioxygenase 4 (OsNCED4) in Arabidopsis
confers sugar oversensitivity and drought tolerance. Bot. Stud. 2018, 59, 2. [CrossRef] [PubMed]

Huang, Y.; Guo, Y,; Liu, Y,; Zhang, F; Wang, Z.; Wang, H.; Wang, F,; Li, D.; Mao, D.; Luan, S.; et al. 9-cis-Epoxycarotenoid
dioxygenase 3 regulates plant growth and enhances multi-abiotic stress tolerance in rice. Front. Plant Sci. 2018, 9, 162. [CrossRef]
He, R.; Zhuang, Y.; Cai, Y.; Agtiero, C.B,; Liu, S.; Wu, J.; Deng, S.; Walker, M.A_; Lu, J.; Zhang, Y. Overexpression of 9-cis-
epoxycarotenoid dioxygenase cisgene in grapevine increases drought tolerance and results in pleiotropic effects. Front. Plant Sci.
2018, 9, 970. [CrossRef]

Qin, X.; Zeevaart, ].A.D. Overexpression of a 9-cis-epoxycarotenoid dioxygenase gene in Nicotiana plumbaginifolia increases
abscisic acid and phaseic acid levels and enhances drought tolerance. Plant Physiol. 2002, 128, 544-551. [CrossRef]

Seiler, C.; Harshavardhan, V.T.; Reddy, PS.; Hensel, G.; Kumlehn, J.; Eschen-Lippold, L.; Rajesh, K.; Korzun, V.; Wobus, U.; Lee, J.; et al.
Abscisic acid flux alterations result in differential abscisic acid signaling responses and impact assimilation efficiency in barley
under terminal drought stress. Plant Physiol. 2014, 164, 1677-1696. [CrossRef] [PubMed]

Estrada-Melo, A.C.; Ma, C.; Reid, M.S,; Jiang, C.Z. Overexpression of an ABA biosynthesis gene using a stress-inducible promoter
enhances drought resistance in petunia. Hortic. Res. 2015, 2, 15013. [CrossRef] [PubMed]


http://doi.org/10.1111/nph.15815
http://doi.org/10.1093/jxb/eru219
http://doi.org/10.3390/ijms19071938
http://www.ncbi.nlm.nih.gov/pubmed/30004422
http://doi.org/10.3390/ijms21134607
http://www.ncbi.nlm.nih.gov/pubmed/32610484
http://doi.org/10.3389/fpls.2017.01752
http://www.ncbi.nlm.nih.gov/pubmed/29081783
http://doi.org/10.1111/ppl.13569
http://doi.org/10.1080/15592324.2019.1642039
http://doi.org/10.1093/jxb/eraa509
http://doi.org/10.3389/fpls.2017.00993
http://doi.org/10.1016/j.molp.2018.05.001
http://doi.org/10.1016/j.plaphy.2017.11.019
http://doi.org/10.1016/j.bbrc.2008.07.128
http://doi.org/10.1007/s00299-015-1895-5
http://www.ncbi.nlm.nih.gov/pubmed/26573680
http://doi.org/10.3906/bot-1403-105
http://doi.org/10.1046/j.1365-313x.2001.01096.x
http://www.ncbi.nlm.nih.gov/pubmed/11532178
http://doi.org/10.1007/s10725-005-3380-6
http://doi.org/10.1016/j.plantsci.2009.09.014
http://doi.org/10.1007/s00425-013-1963-4
http://doi.org/10.1186/s40529-018-0219-9
http://www.ncbi.nlm.nih.gov/pubmed/29335785
http://doi.org/10.3389/fpls.2018.00162
http://doi.org/10.3389/fpls.2018.00970
http://doi.org/10.1104/pp.010663
http://doi.org/10.1104/pp.113.229062
http://www.ncbi.nlm.nih.gov/pubmed/24610749
http://doi.org/10.1038/hortres.2015.13
http://www.ncbi.nlm.nih.gov/pubmed/26504568

Plants 2022, 11, 3430 41 0f 44

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Yue, Y.; Zhang, M.; Zhang, J.; Duan, L.; Li, Z. Arabidopsis LOS5/ABA3 overexpression in transgenic tobacco (Nicotiana tabacum cv.
Xanthi-nc) results in enhanced drought tolerance. Plant Sci. 2011, 181, 405-411. [CrossRef] [PubMed]

Yue, Y.; Zhang, M.; Zhang, J.; Tian, X.; Duan, L.; Li, Z. Overexpression of the AtLOS5 gene increased abscisic acid level and
drought tolerance in transgenic cotton. J. Exp. Bot. 2012, 63, 3741-3748. [CrossRef] [PubMed]

Lu, Y; Li, Y,; Zhang, ].; Xiao, Y.; Yue, Y.; Duan, L.; Zhang, M.; Li, Z. Overexpression of Arabidopsis molybdenum cofactor sulfurase
gene confers drought tolerance in maize (Zea mays L.). PLoS ONE 2013, 8, €52126. [CrossRef]

Liu, X,; Xie, X.; Zheng, C.; Wei, L.; Li, X,; Jin, Y.; Zhang, G.; Jiang, C.J.; Liang, Z. RNAi-mediated suppression of the abscisic acid
catabolism gene OsABAS8ox1 increases abscisic acid content and tolerance to saline—alkaline stress in rice (Oryza sativa L.). Crop J.
2022, 10, 354-367. [CrossRef]

Basu, S.; Rabara, R. Abscisic acid—An enigma in the abiotic stress tolerance of crop plants. Plant Gene 2017, 11, 90-98. [CrossRef]
Ju, YL.; Yue, X.F; Min, Z.; Wang, X.H.; Fang, Y.L.; Zhang, ] X. VVNAC17, a novel stress-responsive grapevine (Vitis vinifera L.)
NAC transcription factor, increases sensitivity to abscisic acid and enhances salinity, freezing, and drought tolerance in transgenic
Arabidopsis. Plant Physiol. Biochem. 2020, 146, 98-111. [CrossRef]

Hoang, X.L.T.; Nguyen, N.C.; Nguyen, Y.N.H.; Watanabe, Y.; Tran, L.S.P.; Thao, N.P. The soybean GmNACO019 transcription factor
mediates drought tolerance in Arabidopsis in an abscisic acid-dependent manner. Int. J. Mol. Sci. 2020, 21, 286. [CrossRef]
Wang, C.T.; Ru, J.N.; Liu, YW.; Li, M.; Zhao, D.; Yang, ].F; Fu, ].D.; Xu, Z.S. Maize WRKY transcription factor ZmWRKY106
confers drought and heat tolerance in transgenic plants. Int. J. Mol. Sci. 2018, 19, 3046. [CrossRef]

Liu, G.; Li, B,; Li, X.; Wei, Y.; He, C.; Shi, H. MaWRKY 80 positively regulates plant drought stress resistance through modulation
of abscisic acid and redox metabolism. Plant Physiol. Biochem. 2020, 156, 155-166. [CrossRef] [PubMed]

Hong, E.; Lim, C.W.; Han, S.W,; Lee, S.C. Functional analysis of the pepper ethylene-responsive transcription factor, CaAIEF1, in
enhanced ABA sensitivity and drought tolerance. Front. Plant Sci. 2017, 8, 1407. [CrossRef] [PubMed]

Tu, M.; Wang, X.; Zhu, Y.; Wang, D.; Zhang, X.; Cui, Y.; Li, Y,; Gao, M,; Li, Z.; Wang, Y.; et al. VIbZIP30 of grapevine functions in
dehydration tolerance via the abscisic acid core signaling pathway. Hortic. Res. 2018, 5, 49. [CrossRef]

Cao, L.; Lu, X;; Wang, G.; Zhang, Q.; Zhang, X; Fan, Z.; Cao, Y.; Wei, L.; Wang, T.; Wang, Z. Maize ZmbZIP33 is involved in
drought resistance and recovery ability through an abscisic acid-dependent signaling pathway. Front. Plant Sci. 2021, 12, 442.
[CrossRef] [PubMed]

Zhang, L.; Zhang, L.; Xia, C.; Gao, L.; Hao, C.; Zhao, G.; Jia, J.; Kong, X. A novel wheat C-bZIP gene, TubZIP14-B, participates in
salt and freezing tolerance in transgenic plants. Front. Plant Sci. 2017, 8, 710. [CrossRef] [PubMed]

Wu, J.; Jiang, Y.; Liang, Y.; Chen, L.; Chen, W.; Cheng, B. Expression of the maize MYB transcription factor ZmMYB3R enhances
drought and salt stress tolerance in transgenic plants. Plant Physiol. Biochem. 2019, 137, 179-188. [CrossRef] [PubMed]

Fang, P; Yan, H.; Chen, E; Peng, Y. Overexpression of maize ZmHDZIV14 increases abscisic acid sensitivity and mediates drought
and salt stress in Arabidopsis and tobacco. Plant Mol. Biol. Report. 2021, 39, 275-287. [CrossRef]

Zhang, B.; Su, L.; Hu, B.; Li, L. Expression of AhDREB1, an AP2/ERF transcription factor gene from peanut, is affected by histone
acetylation and increases abscisic acid sensitivity and tolerance to osmotic stress in Arabidopsis. Int. J. Mol. Sci. 2018, 19, 1441.
[CrossRef]

Li, Z,; Liu, C,; Zhang, Y.; Wang, B.; Ran, Q.; Zhang, J. The bHLH family member ZmPTF1 regulates drought tolerance in maize by
promoting root development and abscisic acid synthesis. J. Exp. Bot. 2019, 70, 5471-5486. [CrossRef]

Rehman, A.; Azhar, M.T,; Hinze, L.; Qayyum, A ; Li, H,; Peng, Z.; Qin, G; Jia, Y,; Pan, Z.; He, S.; et al. Insight into abscisic acid
perception and signaling to increase plant tolerance to abiotic stress. J. Plant Interact. 2021, 16, 222-237. [CrossRef]

Cardoso, A.A.; Gori, A.; Da-Silva, C.J.; Brunetti, C. Abscisic acid biosynthesis and signaling in plants: Key targets to improve
water use efficiency and drought tolerance. Appl. Sci. 2020, 10, 6322. [CrossRef]

Seo, D.H.; Seomun, S.; Choi, Y.D.; Jang, G. Root development and stress tolerance in rice: The key to improving stress tolerance
without yield penalties. Int. ]. Mol. Sci. 2020, 21, 1807. [CrossRef] [PubMed]

Miiller, M.; Munné-Bosch, S. Ethylene response factors: A key regulatory hub in hormone and stress signaling. Plant Physiol.
2015, 169, 32-41. [CrossRef]

Poodr, P.; Nawaz, K.; Gupta, R.; Ashfaque, F.; Khan, M.LR. Ethylene involvement in the regulation of heat stress tolerance in plants.
Plant Cell Rep. 2022, 41, 675-698. [CrossRef] [PubMed]

Habben, J.E.; Bao, X.; Bate, N.J.; Debruin, J.L.; Dolan, D.; Hasegawa, D.; Helentjaris, T.G.; Lafitte, R.H.; Lovan, N.; Mo, H,;
et al. Transgenic alteration of ethylene biosynthesis increases grain yield in maize under field drought-stress conditions. Plant
Biotechnol. ]. 2014, 12, 685-693. [CrossRef] [PubMed]

Dandekar, A.M.; Teo, G.; Defilippi, B.G.; Uratsu, S.L.; Passey, A.J.; Kader, A.A.; Stow, ]J.R.; Colgan, R.J.; James, D.]. Effect of
down-regulation of ethylene biosynthesis on fruit flavor complex in apple fruit. Transgenic Res. 2004, 13, 373-384. [CrossRef]
Silva, J.A.; Da Costa, T.S.; Lucchetta, L.; Marini, L.J.; Zanuzo, M.R.; Nora, L.; Nora, ER.; Twyman, R.M.; Rombaldi, C.V.
Characterization of ripening behavior in transgenic melons expressing an antisense 1-aminocyclopropane-1-carboxylate (ACC)
oxidase gene from apple. Postharvest Biol. Technol. 2004, 32, 263-268. [CrossRef]

Belimov, A.A.; Dodd, 1.C.; Hontzeas, N.; Theobald, J.C.; Safronova, V.I.; Davies, W.J. Rhizosphere bacteria containing 1-
aminocyclopropane-1-carboxylate deaminase increase yield of plants grown in drying soil via both local and systemic hormone
signalling. New Phytol. 2009, 181, 413-423. [CrossRef]


http://doi.org/10.1016/j.plantsci.2011.06.010
http://www.ncbi.nlm.nih.gov/pubmed/21889046
http://doi.org/10.1093/jxb/ers069
http://www.ncbi.nlm.nih.gov/pubmed/22412184
http://doi.org/10.1371/journal.pone.0052126
http://doi.org/10.1016/j.cj.2021.06.011
http://doi.org/10.1016/j.plgene.2017.04.008
http://doi.org/10.1016/j.plaphy.2019.11.002
http://doi.org/10.3390/ijms21010286
http://doi.org/10.3390/ijms19103046
http://doi.org/10.1016/j.plaphy.2020.09.015
http://www.ncbi.nlm.nih.gov/pubmed/32949935
http://doi.org/10.3389/fpls.2017.01407
http://www.ncbi.nlm.nih.gov/pubmed/28878786
http://doi.org/10.1038/s41438-018-0054-x
http://doi.org/10.3389/fpls.2021.629903
http://www.ncbi.nlm.nih.gov/pubmed/33868332
http://doi.org/10.3389/fpls.2017.00710
http://www.ncbi.nlm.nih.gov/pubmed/28536588
http://doi.org/10.1016/j.plaphy.2019.02.010
http://www.ncbi.nlm.nih.gov/pubmed/30798172
http://doi.org/10.1007/s11105-020-01252-9
http://doi.org/10.3390/ijms19051441
http://doi.org/10.1093/jxb/erz307
http://doi.org/10.1080/17429145.2021.1925759
http://doi.org/10.3390/app10186322
http://doi.org/10.3390/ijms21051807
http://www.ncbi.nlm.nih.gov/pubmed/32155710
http://doi.org/10.1104/pp.15.00677
http://doi.org/10.1007/s00299-021-02675-8
http://www.ncbi.nlm.nih.gov/pubmed/33713206
http://doi.org/10.1111/pbi.12172
http://www.ncbi.nlm.nih.gov/pubmed/24618117
http://doi.org/10.1023/B:TRAG.0000040037.90435.45
http://doi.org/10.1016/j.postharvbio.2004.01.002
http://doi.org/10.1111/j.1469-8137.2008.02657.x

Plants 2022, 11, 3430 42 of 44

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

Dong, H.; Zhen, Z.; Peng, J.; Chang, L.; Gong, Q.; Wang, N.N. Loss of ACS7 confers abiotic stress tolerance by modulating ABA
sensitivity and accumulation in Arabidopsis. J. Exp. Bot. 2011, 62, 4875-4887. [CrossRef]

Neris, D.; Mattiello, L.; Zufiiga, G.; Purgatto, E.; Menossi, M. Reduction of ethylene biosynthesis in sugarcane induces growth
and investment in the non-enzymatic antioxidant apparatus. Plant Cell Rep. 2022, 41, 979-993. [CrossRef]

Grichko, V.P; Glick, B.R. Flooding tolerance of transgenic tomato plants expressing the bacterial enzyme ACC deaminase
controlled by the 35S, rolD or PRB-1b promoter. Plant Physiol. Biochem. 2001, 39, 19-25. [CrossRef]

Sergeeva, E.; Shah, S.; Glick, B.R. Growth of transgenic canola (Brassica napus cv. Westar) expressing a bacterial 1-
aminocyclopropane-1-carboxylate (ACC) deaminase gene on high concentrations of salt. World |. Microbiol. Biotechnol.
2006, 22, 277-282. [CrossRef]

Zhang, F.; Zhang, J.; Chen, L.; Shi, X.; Lui, Z.; Li, C. Heterologous expression of ACC deaminase from Trichoderma asperellum
improves the growth performance of Arabidopsis thaliana under normal and salt stress conditions. Plant Physiol. Biochem. 2015, 94,
41-47. [CrossRef]

Jung, H.; Ali, S.; Kim, J.Y.; Kim, W.C. Transgenic Arabidopsis expressing acdS gene of Pseudomonas veronii-K] alleviate the adverse
effects of salt and water-logging stress. Plant Breed. Biotechnol. 2018, 6, 221-232. [CrossRef]

Singh, P; Pandey, S.S.; Dubey, B.K,; Raj, R.; Barnawal, D.; Chandran, A.; Rahman, L. ur Salt and drought stress tolerance
with increased biomass in transgenic Pelargonium graveolens through heterologous expression of ACC deaminase gene from
Achromobacter xylosoxidans. Plant Cell Tissue Organ Cult. 2021, 147, 297-311. [CrossRef]

Ning, Q.; Jian, Y;; Du, Y.; Li, Y.; Shen, X,; Jia, H.; Zhao, R.; Zhan, J.; Yang, E; Jackson, D.; et al. An ethylene biosynthesis enzyme
controls quantitative variation in maize ear length and kernel yield. Nat. Commun. 2021, 12, 5832. [CrossRef] [PubMed]
Debbarma, J.; Sarki, Y.N.; Saikia, B.; Boruah, H.P.D,; Singha, D.L.; Chikkaputtaiah, C. Ethylene response factor (ERF) family
proteins in abiotic stresses and CRISPR-Cas9 genome editing of ERFs for multiple abiotic stress tolerance in crop plants: A review.
Mol. Biotechnol. 2019, 61, 153-172. [CrossRef]

Tezuka, D.; Kawamata, A.; Kato, H.; Saburi, W.; Mori, H.; Imai, R. The rice ethylene response factor OsERF83 positively regulates
disease resistance to Magnaporthe oryzae. Plant Physiol. Biochem. 2019, 135, 263-271. [CrossRef]

Zhang, G.; Chen, M,; Li, L.; Xu, Z.; Chen, X.; Guo, J.; Ma, Y. Overexpression of the soybean GmERF3 gene, an AP2/ERF type
transcription factor for increased tolerances to salt, drought, and diseases in transgenic tobacco. |. Exp. Bot. 2009, 60, 3781-3796.
[CrossRef]

Han, D.; Han, J.; Xu, T; Li, X;; Yao, C.; Li, T.; Sun, X.; Wang, X.; Yang, G. Overexpression of MbERF12, an ERF gene from Malus
baccata (L.) Borkh, increases cold and salt tolerance in Arabidopsis thaliana associated with ROS scavenging through ethylene signal
transduction. Vitr. Cell. Dev. Biol. Plant 2021, 57, 760-770. [CrossRef]

Cheng, M.C,; Liao, PM.; Kuo, WW.; Lin, T.P. The Arabidopsis ETHYLENE RESPONSE FACTORI1 Regulates abiotic stress-
responsive gene expression by binding to different cis-acting elements in response to different stress signals. Plant Physiol. 2013,
162, 1566-1582. [CrossRef] [PubMed]

Huang, J.; Zhao, X.; Biirger, M.; Wang, Y.; Chory, J. Two interacting ethylene response factors regulate heat stress response. Plant
Cell 2021, 33, 338-357. [CrossRef] [PubMed]

Lestari, R.; Rio, M.; Martin, F,; Leclercq, J.; Woraathasin, N.; Roques, S.; Dessailly, F.; Clément-Vidal, A.; Sanier, C.; Fabre, D.; et al.
Overexpression of Hevea brasiliensis ethylene response factor HhERF-IXc5 enhances growth and tolerance to abiotic stress and
affects laticifer differentiation. Plant Biotechnol. J. 2018, 16, 322-336. [CrossRef] [PubMed]

Djemal, R.; Khoudi, H. The ethylene-responsive transcription factor of durum wheat, TdSHN1, confers cadmium, copper, and
zinc tolerance to yeast and transgenic tobacco plants. Protoplasma 2022, 259, 19-31. [CrossRef]

Pan, Y;; Seymour, G.B,; Lu, C.; Hu, Z; Chen, X.; Chen, G. An ethylene response factor (ERF5) promoting adaptation to drought
and salt tolerance in tomato. Plant Cell Rep. 2012, 31, 349-360. [CrossRef]

Riyazuddin, R.; Verma, R.; Singh, K.; Nisha, N.; Keisham, M.; Bhati, K K.; Kim, S.T.; Gupta, R. Ethylene: A master regulator of
salinity stress tolerance in plants. Biomolecules 2020, 10, 959. [CrossRef]

Shi, ].; Gao, H.; Wang, H.; Lafitte, H.R.; Archibald, R.L.; Yang, M.; Hakimi, S.M.; Mo, H.; Habben, J.E. ARGOSS variants generated
by CRISPR-Cas9 improve maize grain yield under field drought stress conditions. Plant Biotechnol. J. 2017, 15, 207-216. [CrossRef]
Liu, Y;; Li, D.; Yan, J.; Wang, K.; Luo, H.; Zhang, W. MiR319 mediated salt tolerance by ethylene. Plant Biotechnol. J. 2019, 17,
2370-2383. [CrossRef]

Wasternack, C. Action of jasmonates in plant stress responses and development—Applied aspects. Biotechnol. Adv. 2014, 32,
31-39. [CrossRef]

Mabood, F.; Zhou, X.; Lee, K.D.; Smith, D.L. Methyl jasmonate, alone or in combination with genistein, and Bradyrhizobium
japonicum increases soybean (Glycine max L.) plant dry matter production and grain yield under short season conditions. Field
Crops Res. 2006, 95, 412-419. [CrossRef]

Kim, S.K.; Kim, J.T.; Jang, S.W.; Lee, S.C.; Lee, B.H.; Lee, L.]. Exogenous effect of gibberellins and jasmonate on tuber enlargement
of Dioscorea opposita. Agron. Res. 2005, 3, 39—44.

Kang, D.J.; Seo, YJ.; Lee, ].D.; Ishii, R.; Kim, K.U.; Shin, D.H.; Park, S.K.; Jang, S.W.; Lee, 1.]. Jasmonic acid differentially affects
growth, ion uptake and abscisic acid concentration in salt-tolerant and salt-sensitive rice cultivars. J. Agron. Crop Sci. 2005, 191,
273-282. [CrossRef]


http://doi.org/10.1093/jxb/err143
http://doi.org/10.1007/s00299-022-02832-7
http://doi.org/10.1016/S0981-9428(00)01217-1
http://doi.org/10.1007/s11274-005-9032-1
http://doi.org/10.1016/j.plaphy.2015.05.007
http://doi.org/10.9787/PBB.2018.6.3.221
http://doi.org/10.1007/s11240-021-02124-0
http://doi.org/10.1038/s41467-021-26123-z
http://www.ncbi.nlm.nih.gov/pubmed/34611160
http://doi.org/10.1007/s12033-018-0144-x
http://doi.org/10.1016/j.plaphy.2018.12.017
http://doi.org/10.1093/jxb/erp214
http://doi.org/10.1007/s11627-021-10199-9
http://doi.org/10.1104/pp.113.221911
http://www.ncbi.nlm.nih.gov/pubmed/23719892
http://doi.org/10.1093/plcell/koaa026
http://www.ncbi.nlm.nih.gov/pubmed/33793870
http://doi.org/10.1111/pbi.12774
http://www.ncbi.nlm.nih.gov/pubmed/28626940
http://doi.org/10.1007/s00709-021-01635-z
http://doi.org/10.1007/s00299-011-1170-3
http://doi.org/10.3390/biom10060959
http://doi.org/10.1111/pbi.12603
http://doi.org/10.1111/pbi.13154
http://doi.org/10.1016/j.biotechadv.2013.09.009
http://doi.org/10.1016/j.fcr.2005.04.013
http://doi.org/10.1111/j.1439-037X.2005.00153.x

Plants 2022, 11, 3430 43 of 44

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

Walia, H.; Wilson, C.; Condamine, P; Liu, X.; Ismail, A.M.; Close, T.J. Large-scale expression profiling and physiological
characterization of jasmonic acid-mediated adaptation of barley to salinity stress. Plant Cell Environ. 2007, 30, 410-421. [CrossRef]
[PubMed]

Delgado, C.; Mora-Poblete, F; Ahmar, S.; Chen, ]J.T.; Figueroa, C.R. Jasmonates and plant salt stress: Molecular players,
physiological effects, and improving tolerance by using genome-associated tools. Int. . Mol. Sci. 2021, 22, 3082. [CrossRef]
Zhao, ].; Davis, L.C.; Verpoorte, R. Elicitor signal transduction leading to production of plant secondary metabolites. Biotechnol.
Adv. 2005, 23, 283-333. [CrossRef]

Hu, T.; Zeng, H.; Hu, Z.; Qv, X.; Chen, G. Overexpression of the tomato 13-lipoxygenase gene TomloxD increases generation
of endogenous jasmonic acid and resistance to Cladosporium fulvum and high temperature. Plant Mol. Biol. Report. 2013, 31,
1141-1149. [CrossRef]

Yan, L.; Zhai, Q.; Wei, J.; Li, S.; Wang, B.; Huang, T.; Du, M.; Sun, J.; Kang, L.; Li, C.B; et al. Role of tomato lipoxygenase D in
wound-induced jasmonate biosynthesis and plant immunity to insect herbivores. PLoS Genet. 2013, 9, €1003964. [CrossRef]
Xing, Q.; Liao, J.; Cao, S.; Li, M.; Lv, T,; Qi, H. CmLOX10 positively regulates drought tolerance through jasmonic acid-mediated
stomatal closure in oriental melon (Cucumis melo var. makuwa Makino). Sci. Rep. 2020, 10, 17452. [CrossRef]

Sun, Q.; Zhang, B.; Yang, C.; Wang, W.; Xiang, L.; Wang, Y.; Chan, Z. Jasmonic acid biosynthetic genes TgLOX4 and TgLOX5 are
involved in daughter bulb development in tulip (Tulipa gesneriana). Hortic. Res. 2022, 9, uhac006. [CrossRef]

Zhao, Y.; Dong, W.; Zhang, N.; Ai, X.; Wang, M.; Huang, Z.; Xiao, L.; Xia, G. A wheat allene oxide cyclase gene enhances salinity
tolerance via jasmonate signaling. Plant Physiol. 2014, 164, 1068-1076. [CrossRef]

Liu, HH.; Wang, Y.G.; Wang, S.P.; Li, H.].; Xin, Q.G. Improved zinc tolerance of tobacco by transgenic expression of an allene
oxide synthase gene from hexaploid wheat. Acta Physiol. Plant. 2014, 36, 2433-2440. [CrossRef]

Liu, HH.; Wang, Y.G.; Wang, S.P; Li, HJ. Cloning and characterization of peanut allene oxide cyclase gene involved in
salt-stressed responses. Genet. Mol. Res. 2015, 14, 2331-2340. [CrossRef] [PubMed]

Wang, Y.; Liu, H.; Xin, Q. Improvement of copper tolerance of Arabidopsis by transgenic expression of an allene oxide cyclase
gene, GhAOCI, in upland cotton (Gossypium hirsutum L.). Crop |. 2015, 3, 343-352. [CrossRef]

Gu, D;; Liu, X.; Wang, M.; Zheng, J.; Hou, W.; Wang, G.; Wang, J. Overexpression of ZmOPR1 in Arabidopsis enhanced the
tolerance to osmotic and salt stress during seed germination. Plant Sci. 2008, 174, 124-130. [CrossRef]

Pigolev, A.V.; Miroshnichenko, D.N.; Pushin, A.S.; Terentyev, V.V.; Boutanayev, A.M.; Dolgov, S.V.; Savchenko, T.V. Overexpression
of Arabidopsis OPR3 in hexaploid wheat (Triticum aestivum L.) alters plant development and freezing tolerance. Int. . Mol. Sci.
2018, 19, 3989. [CrossRef]

Seo, H.S.; Song, ].T.; Cheong, ].].; Lee, YH.; Lee, YW.; Hwang, I.; Lee, ].S.; Choi, Y.D. Jasmonic acid carboxyl methyltransferase: A
key enzyme for jasmonate-regulated plant responses. Proc. Natl. Acad. Sci. USA 2001, 98, 4788—4793. [CrossRef]

Jung, CK,; Lyou, S.H.; Koo, Y.J.; Song, J.T.; Choi, Y.D.; Cheong, ]J.J. Constitutive expression of defense genes in transgenic
Arabidopsis overproducing methyl jasmonate. J. Appl. Biol. Chem. 2003, 46, 52-57.

Xue, R.G.; Zhang, B.; Xie, H.FE. Overexpression of a NTR1 in transgenic soybean confers tolerance to water stress. Plant Cell Tissue
Organ Cult. 2007, 89, 177-183. [CrossRef]

Sohn, H.B.; Lee, H.Y; Seo, ].S.; Jung, C.; Jeon, ].H.; Kim, J.H.; Lee, YW.,; Lee, ].S.; Cheong, ].J.; Choi, Y.D. Overexpression of
jasmonic acid carboxyl methyltransferase increases tuber yield and size in transgenic potato. Plant Biotechnol. Rep. 2011, 5, 27-34.
[CrossRef]

Kim, Y.S.; Han, J.Y,; Lim, S.; Kim, H.].; Lee, M.H.; Choi, Y.E. Overexpressing Arabidopsis jasmonic acid carboxyl methyltransferase
(AtJMT) results in stimulation of root growth and ginsenoside heterogeneity in Panax ginseng. Plant Omics 2012, 5, 28-32.
Huang, H.; Liu, B.; Liu, L.; Song, S. Jasmonate action in plant growth and development. J. Exp. Bot. 2017, 68, 1349-1359. [CrossRef]
[PubMed]

Ebel, C.; BenFeki, A.; Hanin, M.; Solano, R.; Chini, A. Characterization of wheat (Triticum aestivum) TIFY family and role of
triticum durum TdTIFY11a in salt stress tolerance. PLoS ONE 2018, 13, e0200566. [CrossRef] [PubMed]

Su, L.; Fang, L.; Zhu, Z.; Zhang, L.; Sun, X.; Wang, Y.; Wang, Q.; Li, S.; Xin, H. The transcription factor VaNAC17 from grapevine
(Vitis amurensis) enhances drought tolerance by modulating jasmonic acid biosynthesis in transgenic Arabidopsis. Plant Cell Rep.
2020, 39, 621-634. [CrossRef] [PubMed]

Fang, L.; Su, L.; Sun, X,; Li, X.; Sun, M.; Karungo, S.K,; Fang, S.; Chu, J.; Li, S.; Xin, H. Expression of Vitis amurensis NAC26 in
Arabidopsis enhances drought tolerance by modulating jasmonic acid synthesis. J. Exp. Bot. 2016, 67, 2829-2845. [CrossRef]
[PubMed]

Onohata, T.; Gomi, K. Overexpression of jasmonate-responsive OsbHLH034 in rice results in the induction of bacterial blight
resistance via an increase in lignin biosynthesis. Plant Cell Rep. 2020, 39, 1175-1184. [CrossRef]

Seo, ].S.; Joo, J.; Kim, M.].; Kim, Y.K.; Nahm, B.H.; Song, S.I.; Cheong, ].].; Lee, ].S.; Kim, ].K.; Choi, Y.D. OsbHLH148, a basic
helix-loop-helix protein, interacts with OsJAZ proteins in a jasmonate signaling pathway leading to drought tolerance in rice.
Plant J. 2011, 65, 907-921. [CrossRef]

Zhou, Y.; Zhu, H.; He, S.; Zhai, H.; Zhao, N.; Xing, S.; Wei, Z.; Liu, Q. A novel sweetpotato transcription factor gene IbMYB116
enhances drought tolerance in transgenic Arabidopsis. Front. Plant Sci. 2019, 10, 1025. [CrossRef]

Chen, Z.; Fang, X.; Yuan, X.; Zhang, Y.; Li, H.; Zhou, Y.; Cui, X. Overexpression of transcription factor GmTGA15 enhances
drought tolerance in transgenic soybean hairy roots and arabidopsis plants. Agronomy 2021, 11, 170. [CrossRef]


http://doi.org/10.1111/j.1365-3040.2006.01628.x
http://www.ncbi.nlm.nih.gov/pubmed/17324228
http://doi.org/10.3390/ijms22063082
http://doi.org/10.1016/j.biotechadv.2005.01.003
http://doi.org/10.1007/s11105-013-0581-4
http://doi.org/10.1371/journal.pgen.1003964
http://doi.org/10.1038/s41598-020-74550-7
http://doi.org/10.1093/hr/uhac006
http://doi.org/10.1104/pp.113.227595
http://doi.org/10.1007/s11738-014-1616-7
http://doi.org/10.4238/2015.March.27.18
http://www.ncbi.nlm.nih.gov/pubmed/25867379
http://doi.org/10.1016/j.cj.2015.02.004
http://doi.org/10.1016/j.plantsci.2007.09.010
http://doi.org/10.3390/ijms19123989
http://doi.org/10.1073/pnas.081557298
http://doi.org/10.1007/s11240-007-9231-6
http://doi.org/10.1007/s11816-010-0153-0
http://doi.org/10.1093/jxb/erw495
http://www.ncbi.nlm.nih.gov/pubmed/28158849
http://doi.org/10.1371/journal.pone.0200566
http://www.ncbi.nlm.nih.gov/pubmed/30021005
http://doi.org/10.1007/s00299-020-02519-x
http://www.ncbi.nlm.nih.gov/pubmed/32107612
http://doi.org/10.1093/jxb/erw122
http://www.ncbi.nlm.nih.gov/pubmed/27162276
http://doi.org/10.1007/s00299-020-02555-7
http://doi.org/10.1111/j.1365-313X.2010.04477.x
http://doi.org/10.3389/fpls.2019.01025
http://doi.org/10.3390/agronomy11010170

Plants 2022, 11, 3430 44 of 44

282.

283.

284.

285.
286.

Kim, H.; Seomun, S.; Yoon, Y.; Jang, G. Jasmonic acid in plant abiotic stress tolerance and interaction with abscisic acid. Agronomy
2021, 11, 1886. [CrossRef]

Piatek, A.A.; Lenaghan, S.C.; Stewart, C.N. Advanced editing of the nuclear and plastid genomes in plants. Plant Sci. 2018, 273,
42-49. [CrossRef]

Mandal, S.; Ghorai, M.; Anand, U.; Roy, D.; Kant, N.; Mishra, T.; Mane, A.B.; Jha, N.K,; Lal, M.K,; Tiwari, RK.; et al. Cytokinins: A
genetic target for increasing yield potential in the CRISPR era. Front. Genet. 2022, 13, 883930. [CrossRef] [PubMed]

Vanhaeren, H.; Inzé, D.; Gonzalez, N. Plant growth beyond limits. Trends Plant Sci. 2016, 21, 102-109. [CrossRef] [PubMed]
Karasov, T.L.; Chae, E.; Herman, J.J.; Bergelson, J. Mechanisms to mitigate the trade-off between growth and defense. Plant Cell
2017, 29, 666—680. [CrossRef] [PubMed]


http://doi.org/10.3390/agronomy11091886
http://doi.org/10.1016/j.plantsci.2018.02.025
http://doi.org/10.3389/fgene.2022.883930
http://www.ncbi.nlm.nih.gov/pubmed/35559022
http://doi.org/10.1016/j.tplants.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26739421
http://doi.org/10.1105/tpc.16.00931
http://www.ncbi.nlm.nih.gov/pubmed/28320784

	Introduction 
	Strategies Applied in Phytohormone-Targeted Genetic Engineering 
	Auxins 
	Cytokinins 
	Gibberellins 
	Brassinosteroids 
	Abscisic Acid 
	Ethylene 
	Jasmonic Acid and Its Derivatives 
	Future Perspectives 
	References

