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Abstract: Water-limiting conditions can severely affect rice yield. Therefore, increasing plant toler-
ance to water stress is a priority for many rice breeding programs. However, improving rice tolerance
to this abiotic stress comes with several complications related to the seeding practices, the adopted
water management system and the growth stage where water stress occurs. For this reason, it is
challenging to outline single ideotypes showing traits suitable for overcoming drought at different
times during the life cycle of rice in diverse cropping ecosystems. The current knowledge of genomics
and biochemicals can contribute to drawing rice ideotypes flexible towards diverse water availability
conditions. Traits identified in accessions of the wild ancestor of cultivated rice, as well as other wild
rice species, in Oryza glaberrima and weedy rice were demonstrated to confer enhanced tolerance to
water stress, while screenings of cultivated rice germplasms identified several genes/loci improving
water stress resistance. New frontiers are represented by the dissection of the epigenetic control of
stress tolerance and the implementation of the contribution of favorable microbiota. Innovative breed-
ing technologies, whose feasibility is related to advancements in genomic analyses, are contributing
to enhancing the knowledge-based development of water stress-tolerant rice varieties.
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1. Introduction

Food production is continuously affected by climate change. The global average
temperature is rising, and extreme climatic events, e.g., heavy rainfalls and severe drought
periods often combined with heat waves, that determine the evaporation of soil moisture
and salt accumulation, are becoming more recurrent worldwide [1-3]. Since most of the
genetic advances during the green revolution were directed more toward yield potential
than tolerance to abiotic stress factors, many modern crop varieties, for instance, cereals,
are sensitive to extreme environmental conditions [3]. This situation addresses the breeders’
search for traits that increase resilience to abiotic stress, preserving yield while reducing
input dependence. Among abiotic stresses, physical, economic, or social water scarcity due
to the in-progress global warming is one of the main concerns for agriculture.

Rice (Oryza sativa L.) already provides essential food for more than half of the world’s
population [4,5], but the expanding world’s population will require an additional increasein
rice production [6]. Thus, the availability of rice cultivars able to overcome biotic and abiotic
constraints limiting yield will be an increasingly essential requirement. Different rice
production ecosystems can be distinguished by considering the field water management
applied in different rice growing areas worldwide (Figure 1). Each is differently exposed to
water shortage risks in terms of severity and timing along the crop growth cycle.
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Figure 1. Water management of rice fields, associated drought-stress risks, and appropriate resistance

strategies. Details about the different water management strategies of the paddy field (A-D) and the

resistance strategies are reported in the text. Light blue areas indicate the water-saturated (¥ = 0)

soil zones. The areas over the horizontal lines indicate the presence of a 5-20 cm water head above

the soil surface. Correspondences between soil water level and plant developmental stages are only
indicative. d-DSR: dry Direct Seeding Rice.

In the lowland ecosystem, which covers about 90% of the world’s annual rice pro-
duction [7,8], high-yield rice cultivars are grown in bunded fields (paddy fields), where
the soil is maintained flooded by irrigation (irrigated lowland rice; Figure 1A) or frequent
and abundant rainfalls (rain-fed lowland rice; Figure 1C). In the former case, only accen-
tuated climate change or physical and social causes (other seasonal crops and/or civic
requirements for water) might generate unpredictable episodes of water scarcity for the
culture [9]; thus, currently, drought resistance cannot be considered a trait of primary
importance for the irrigated lowland rice cultivars. In rain-fed lowland rice conditions,
instead, periods of water shortage, although not entirely predictable in terms of severity
and timing could occur, and climate change will increase the frequency and the intensity of
adverse conditions, making the availability of better drought-tolerant cultivars a pressing
requirement for this rice ecosystem [10,11]. In the upland rice ecosystem, rice is grown
in rainfed, naturally well-drained, and not “bunded” fields without surface water accu-
mulation and phreatic water supply. Upland rice is usually cultivated on sloping land
with erosion problems, and the soils have poor physical and chemical properties. In these
ecosystems, rice varieties are characterized by drought tolerance traits through all growth
periods and low yield potential, which makes rice a subsistence crop [12]. In addition to
access to supplementary irrigation, wider adoption of the so-called aerobic rice system
(Figure 1D) requires specific rice cultivars that combine the drought-tolerance of upland
varieties with the high-yielding capacity of lowland varieties. Aerobic rice can be seen as
favorable or high-yielding upland rice.
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Although the average value of water use efficiency in rice (i.e., the ratio between yield
and volume of water transpired by plants) is comparable (about 1.1 g grain yield kg~*
water) with the other major Cj cereal crops [13], in the irrigated lowland systems, rice
cultivation requires more than 2.5 kg of water to produce 1 g of rice grain. From this, 40% of
the global irrigation freshwater is employed in paddy fields [9,13,14], making this ecosystem
scarcely sustainable. Moreover, due to the anaerobic fermentation of soil organic matter
during flooding, lowland rice systems have a significant greenhouse footprint, producing
approximately 15-20% of the global total anthropogenic emission in the atmosphere of CHy,
a potent greenhouse gas [15,16]. To improve the sustainability of lowland rice, the adoption
of water-saving practices, such as wet- or dry-Direct Seeding Rice (d-DSR; [17]) rather
than either flooded seed sowing or seedling transplantation [18] and Alternate Wetting
and Drying (AWD, Figure 1B) [9,19,20] in substitution of permanent flooding (PF), are
key strategies.

In d-DSR crop management, rice germplasm is required, which is more tolerant of
dry soil conditions in the germination stage. In the case of AWD, consisting of repeated
shifts from flooding (15-20 cm of ponded water) to a dry soil condition (soil ¥ about
—20 kPa at 20 cm below ground) obtained by draining the field [21], only cultivars not
susceptible to events of water scarcity at vegetative stages can limit the yield gaps observed
in comparison to PF and make sense for the valuable savings in water, which has been
reported to be up to 35% [20,22-24].

Since rice is susceptible to drought at the reproductive stage with significant yield
penalties, many efforts aimed at obtaining drought-tolerant genotypes at flowering as
promising germplasm for upland and lowland rainfed cultivation systems. Similar efforts
should be devoted to defining ideotypes and obtaining genotypes able to overcome, without
significant penalty, water shortage even at the germination, seedling establishment, and
vegetative growth stages in both low- and up-land rainfed rice ecosystems. Nevertheless,
the molecular and physiological processes involved in conferring drought tolerance in each
indicated stage could be different, and this makes it difficult to outline single ideotypes
showing traits suitable for overcoming drought at different moments throughout all rice
life cycles in different cultivation ecosystems. Because of the complexity of the involved
traits, breeding programs aimed at constituting high-yield and elite rice cultivars with
drought resistance still need to be improved. The scarcity of effective donors is one of the
main causes and is further complicated if drought tolerance is evaluated not only in terms
of quantitative grain yield but also in terms of grain qualitative properties.

This review aims to collect and discuss the current knowledge about genomics and
biochemical and microbiological elements exploitable in drawing rice ideotypes overcom-
ing gaps in yield related to different field water management and the significant risks of
associated drought events. The review highlights that the growth stage and the adopted
water management deeply affect traits involved in rice tolerance to water-limiting condi-
tions, thus complicating the design of single ideotypes showing resistance traits suitable
for overcoming water stress during all growth stages and cultivation ecosystems. Notwith-
standing, traits, genes, and physiological processes relevant to the water stress response
across very diverse water management, agronomical procedures and growth stages were
considered and are here described.

2. Resistance Strategies under Diverse Field Water Management

Considering drought tolerance as the ability to produce at maximum yield under
water-limited conditions, or at least to reduce losses to a minimum [25], several molecular,
physiological, and morphological traits can be identified as relevant for conferring adapta-
tion to rice plants grown under limited water availability. Different strategies conferring
drought tolerance can take over depending on the severity, duration, and rate of the drought
periods experienced at specific growth stages. They include [26,27]: (i) escape mechanisms
by which plants have life cycle duration able to avoid the coincidence of predictable drought
periods with the most susceptible growth stages; (ii) avoidance mechanisms, which ensure
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relatively high tissue water potential (¥+) when water availability is low; and (iii) tolerance
mechanisms to overcome the harmful metabolic conditions established when the tissue ¥,
value is low. All these resistance strategies impose metabolic costs that negatively affect
crop yield. Thus, it is crucial to define what might be the best solution in relation to the rice
production ecosystems case by case.

Among the above-described resistance mechanisms, drought avoidance via efficient
water uptake is widely considered the most compatible with high crop yields [28].

In the following sections, rice tolerance to water-limiting conditions will be dissected
in terms of genetic factors affecting the deployment of tolerance mechanisms in different
growth phases and water management procedures. Gene functions involved in rice re-
sponses to water shortage at different growth stages and in different tissues are summarized
in Table 1.
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Table 1. Genes affecting traits associated with tolerance for water-limiting and drought stress conditions. The effects are related to the gene expression modifications

indicated in the “Gene name” column. KEGG: Kyoto Encyclopedia of Genes and Genomes. GO: Gene Ontology.

Gene Name

Function

Stress

Reference

Effect

KEGG or GO

Tissue(s)

RPL23A (over)

Ribosomal Protein (RP)
gene family

Drought

[29]

Allow translation of other proteins and
confer an early defense to the plant against
abiotic stress

K02893

Biological Process:

translation (GO: 0006412)

Cellular Component:

intracellular (GO: 0005622)

ribosome (GO: 0005840)

Molecular Function:

nucleotide binding (GO: 0000166)

RNA binding (GO: 0003723)

structural constituent of ribosome (GO: 0003735)

Root & shoot

OsHYPK (loss)

Huntingtin Yeast partner K

Drought and
salt

[30]

Increased tolerance but defects in plant
architecture and development

Roots, shoot bases, tiller
buds, leaves, leaf sheaths,
and panicles

OsWRKY5 (loss)

WRKY transcription factor

Drought

[31]

Inactivation improves drought tolerance

K16225

Biological Process:

regulation of transcription,

DNA-templated (GO: 0006355)

Molecular Function:

DNA-binding transcription factor activity
(GO: 0003700)

sequence-specific DNA binding (GO: 0043565)

Developing leaves

OsGLP (gene expression
analysis)

Germin-like proteins

Salt and
drought

[32]

Members of the family upregulated in the
presence of drought

Cellular Component:

apoplast (GO: 0048046)

Molecular Function:

manganese ion binding (GO: 0030145)
nutrient reservoir activity (GO: 0045735)

Leaves & roots

OsWIH2

Drought tolerance induced

Drought

[33]

Reduces ROS accumulation

Rice tissue

OsNAC016 (loss)

NAC transcription factor

Drought

[34]

Regulates drought tolerance, reducing
water loss and increasing stomatal closure

Biological Process:

regulation of transcription,
DNA-templated (GO: 0006355)
Molecular Function:

DNA binding (GO: 0003677)

2-weeks-old seedling

OsASRb5 (over)

ABSCISIC ACID, STRESS
AND RIPENING 5

Drought

[35]

Regulate ABA biosynthesis, promote
stomatal closure, act as chaperone

Leaves
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Table 1. Cont.

Gene Name Function Stress Reference Effect KEGG or GO Tissue(s)
Increase in water retention ability, levels of
hrfl (over) harpin-encoding gene Drought [36] free proline and soluble sugars, and tolerance Rice seedlings
P 88 & : to oxidative stress, with augment of reactive &
oxygen species-scavenging ability
AT3G20410
Biological Process:
protein phosphorylation (GO: 0006468)
Enhance stomatal closure having more hﬁgizﬁllj;nizerl :[cltolglt (GO: 0004672) Root, basal part (30 mm) of
CALCIUM-DEPENDENT sensitivity to ABA, and improve the protein kin y L nd , basa’ p
OsCPK9 (over) Drought [37] L e protein serine/threonine kinase activity (GO: seedling, stem, leaf blade,
PROTEIN KINASE 9 osmotic adjustment ability and pollen :
iability, increasing spikelet fertility. 0004674) anther, and spikelet
v ’ : calcium ion binding (GO: 0005509)
ATP binding (GO: 0005524)
transferase activity, transferring
phosphorus-containing groups (GO: 0016772)
Biological Process:
Increase survival and seed setting rates regulation of transcription,
OSERF101 ( ) ETHYLENE RESPONSE D ht [38] llen fertilit li tent 8 f ’ DNA-templated (GO: 0006355) Fl 1
over FACTOR 101 roug : P;’r(ig di‘;e‘ ;ggft" the content, an Molecular Function: DNA binding (GO: 0003677) * 0" ¢r® Of feaves
P ¥ DNA-binding transcription factor activity (GO:
0003700)
Biological Process:
Drought and Improve ionic and oxidative stress pirorteﬂfiozphzrﬁitég (0%007:10605(;6468)
OsSOS2 (over) Salt Overly Sensitive ought a [39] tolerance and drought at both the seedling signal transauctio ’ Root & shoot
salt and the reproductive stages Molecular Function:
P & protein kinase activity (GO: 0004672)
ATP binding (GO: 0005524)
Biological Process:
regulation of transcription,
DREBIB (gene Dehydration response h ) Upregulated both in indica and japonica rice I\DANIA -telmp}lated.(G(.): 0006355) R 1
expression analysis) element-binding Drought [40] varieties; a target in breeding programs olecular Function: oots & leaves
’ DNA binding (GO: 0003677)
DNA-binding transcription factor activity (GO:
0003700)
. Molecular Function:
Allow at seedling stage more drought g
IDEAL PLANT . DNA binding (GO: 0003677)
OsSPL14 (loss) ARCHITECTURE 1 Drought [41] tolerance, with better-developed root Cellular Component: Leaves

system and smaller leaf stomatal aperture.

nucleus (GO: 0005634)
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Table 1. Cont.

Gene Name Function Stress Reference Effect KEGG or GO Tissue(s)
Biological Process:
Upregulated by ABA, it determines more  protein phosphorylation (GO: 0006468)
. Drought and water retaining capacity and regulates Molecular Function: .
OsPSKR15 (over) phytosulfokine receptor salt (421 seed germination, growth, and stomatal protein kinase activity (GO: 0004672) Seedlings
closure. protein binding (GO: 0005515)
ATP binding (GO: 0005524)
K00801
Biological Process:
lipid biosynthetic process (GO: 0008610)
The RNAi-mediated gene inactivation biosynthetic process (GO: 0009058)
delays wilting, conserves more soil water, ~ Cellular Component:
) and improves recovery. At the integral to membrane (GO: 0016021) . ~ .
055QS (loss) SQUALENE SYNTHASE Drought (431 reproductive stage, this allows reduced Molecular Function: 5-days-old seedling
stomatal conductance and the retention of ~ farnesyl-diphosphate farnesyltransferase activity
high leaf-relative water content (GO: 0004310)
transferase activity (GO: 0016740)
transferase activity, transferring alkyl or aryl
(other than methyl) groups (GO: 0016765)
OsSCL30-overexpression results in more
Drought. low severe membrane damage by decreasing the
0sSCL30 (loss) serine/arginine (SR)-rich tem graéure [44] reactive oxygen species scavenging activity, Molecular Function: Root, stem, leaf, sheath, and
proteins ltp ! thereby reducing tolerance to cold, drought, nucleic acid binding (GO: 0003676) spikelet
sa and salt stress. In the field, it is evident in a
reduction in spikes and yield per plant.
L . Biological Process:
The deletion in the gene determines more . )
PSL1 (allelic difference photo-sensitive leaf rolling 1~ Drought [45] drought tolerance with higher water use carbohydrate me_tab.ohc process (GO: 0005975) Rice tissue
efficiency Molecular Function:
polygalacturonase activity (GO: 0004650)
Overexpression determines more drought .
. Molecular Function:
OsCCR10 (over) CINNAMOYL-CoA Drought [46] tc?lerance at the vegetative stages as well as catalytic activity (GO: 0003824) Leaves, stems, and roots
REDUCTASE 10 higher photosynthetic efficiency, lower water A
. . . coenzyme binding (GO: 0050662)
loss rates, and higher lignin content in roots.
Biological Process:
Members of aquaporins Upregulation regulates stomatal and transmembrane transport (GO: 0055085)
. . Molecular Function:
(gene expression aquaporin Drought [47] mesophyll conductance under severe Leaves

analysis)

drought

channel activity (GO: 0015267)
Cellular Component:
membrane (GO: 0016020)
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3. Rice Adaptation to Dry Direct Seeding

To save water and reduce rice production costs, flooded seed sowing or seedling trans-
plantation technologies are now being replaced by d-DSR [48]. It follows that the availability
of rice drought-tolerant germplasm at the germination stage, until now confined to varieties
adapted to the aerobic rice system, is becoming fundamental for sustainable rice production
under d-DSR [49,50]. Indeed, rice seed germination is hampered by inadequate soil water
availability. Despite the strong matrix effect exercised by their tegument and cell wall com-
ponents, if the value of soil water potential is not sufficient to adequately support the seeds’
imbibition, the reprogramming of molecular and metabolic processes leading to germination
of the seeds and seedling emergence [51,52] does not occur or is delayed and not-uniform,
while rapid and uniform seed germination is essential for dry/direct seeded rice [18,53].

Seed germination involves various signal transduction pathways where the phytohor-
mones ABA and GA play central antagonistic roles, also interacting with environmental
factors [54-56]. The better germination ability under drought stress observed in upland
compared to lowland rice is related to higher GAj3 content and GAj3/ABA ratio, promoting
the a-amylase activity, thus providing more soluble sugars and energy for seed germi-
nation, as well as the action of expansin proteins resulting in cell-wall loosening and
the related cell expansion and embryo development [57]. In an RNAseq study, Li and
co-workers [58] comparing transcriptomes of germinating seeds of upland and lowland
rice under osmotic stress induced by PEG treatments showed that 14 genes related to GA
(among which OsGA30x2 producing bioactive GA3z and four putative gibberellin receptor
genes), -amylase (OsAmy3D and RAmy1A, two putative x-amylase precursor genes, and
one putative x-amylase isozyme C) and expansin (among them OsEXPAS, OsEXPA3, and
OsEXPAT) were more expressed in upland-adapted than lowland-adapted rice. Concerning
the endogenous ABA levels, which negatively control seed germination, a central role is
played by the relative activities of the biosynthetic enzyme 9-cis-epoxycarotenoid dioxy-
genase (NCED) and the catabolic enzyme ABA 8'-hydroxylase (ABA8'ox; [59]). Drought
resulted in the accumulation of more ABA in imbibing seeds via enhancing the phyto-
hormone biosynthesis by inducing a dramatic increase in the level of the transcript of the
OsNCED3 gene, a member of the NCED gene family in rice; rice lines under-expressing the
OsNCED3 gene and over-expressing the ABA8'0x3 gene show a relatively higher tolerance
to drought stress than control plants during seed germination [60].

When seeds germinate in conditions of water shortage, the ax-amylase activity should
be enhanced to provide additional energy for survival [61,62]. Consequently, it can be
supposed that rice seeds overexpressing the ABA-responsive AP2-like gene OsARAGI,
belonging to the gene family codifying the dehydration-responsive element binding (DREB)
proteins and showing increased o-amylase activity, could better survive in stressful condi-
tions [55] such as those experienced in d-DSR.

The osmotic stress/ ABA-activated protein kinase 2 (SAPK?2) is the primary mediator
of ABA signaling along different rice developmental stages with pivotal roles in drought
tolerance [61]. Interestingly, the seeds of loss-of-function mutants sapk2, produced with
the CRISPR/Cas9 system, showed better germination under hyperosmotic conditions [63].
Thus, the sapk2 mutant less sensitive to ABA would seem potentially useful in d-DSR.
However, it must be taken into account that, similarly to OsSNCED3 and OsARAGI, a lower
activity of the SAPK2 protein favors germination in lower water availability, but with a
consequence on drought tolerance traits of the plants along the successive developmental
stages. This might not be a problem when adopting d-DSR in the earliest phase of the
permanent flooding rice ecosystem.

4. Rice Adaptation under Alternate Wetting and Drying (AWD)

The main aspects related to this water management, in terms of stress risks and re-
sistance strategies, are reported in Figure 1B. Under AWD, the rice plants benefit from
a very plastic root system architecture capable of adapting root growth to the variation
in soil moisture, assuring the adsorption of immobile nutrients (phosphorus, iron, man-
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ganese, and zinc), nutrients transported by diffusion such as nitrate and water ([62], and
reference therein).

Best-performing varieties in AWD should keep the S-type lateral roots in a functional
state in the dry topsoil, elongate L-type lateral roots in deeper layers for the dry period,
initiate the de novo S-type root production on established axile roots in the topsoil upon
rewatering, and develop long root hairs to properly support nutrient and water uptake [64].
In addition, the number of nodal roots and root dry weight at 10-20 cm depth 22-30 days
after transplanting are key traits to consider in maintaining yield in AWD [65].

A Genome-Wide Association Analysis (GWAS) carried out on 281 accessions of japonica
rice characterized the accessions for traits related to phenology, plant, and seed morphology,
physiology, and yield for two years in field conditions under PF and limited water (LW).
The analysis identified 160 significant marker-trait associations (MTAs): 32 LW-specific,
59 PF-specific, and 69 in common between the two water management systems [66]. Three
candidate genes (OsOFP2 on chromosome 1 modulating NOX and BELL transcription
factors, which influence plant size, DIfI also on chromosome 1 coding for the WRKY11
transcription factor, and OsMADS56 on chromosome 10 coding for a repressor of a puta-
tive B3 transcription factor involved in late flowering) were identified to co-localize with
LW-specific associations [66]. The authors proposed that some of the identified robust
associations could represent suitable targets for genomic selection approaches to improve
yield-related traits under LW. Analysis of straw and grain biomass in an aus panel repre-
sented by 266 rice accessions grown in PF and AWD [67] was used for GWAS. The study
identified 155 QTLs; some genomic regions on chromosomes 1, 10, and 11 can be considered
targets for breeding because they are associated with significant increases in grain mass and
straw biomass. Only one QTL was shared between the japonica and the aus panels, which
concerns days to maturity [67], a trait that could be related to avoidance mechanisms.

Rice cultivation under AWD also implies its adaptation to aerobic growing conditions.
Recently, an RNA-seq analysis was performed in root and shoot in aerobic and anaerobic
conditions for two cultivars adapted to aerobic and traditional anaerobic conditions, re-
spectively [68]. The investigation highlighted a role for several MADS-box transcription
factors, transporters involved in sugar and nutrient uptake, hormones such as ethylene
and abscisic acid, and root-related traits. The identified genes coding for TF specific to the
aerobic adaptation were genetically localized within water deficit-related QTLs such as
qrfwda, qrfwlb, qbrtld, and gRDW5-1, and they could be considered as resources to improve
rice under aerobic conditions [68].

5. Rice Adaptation to Extreme Water Limitation

Severe water stress typically occurs in upland rainfed and lowland rainfed rice ecosys-
tems (Figure 1D,C). Drought can be defined as a long period with insufficient rainfall,
which diminishes soil water via transpiration or evaporation, making it inadequate for
crop demands [69]. Plant response to drought depends on plant genotype, developmental
stage, growth conditions, and stress severity and duration [70]. In the presence of extremely
reduced water availability, many morphological, physiological, biochemical, and molecular
changes happen, such as cell turgor loss, a reduction in leaf water potential, leaf curling,
stomatal closure, and, therefore, a reduction in CO,, leading to a decrease in photosynthetic
activity and consequently to a growth reduction until plant death [3,71]. Drought also
determines changes in cell wall polymer structure and composition (e.g., 8-1,4-glucan
chains that compose cellulose microfibrils, expansins, pectins, xyloglucan that is the most
abundant hemicellulosic polysaccharide) [1].

Drought tolerance is the capacity to maintain growth, flowering, and yields even in
sub-optimally hydrated soils [19]. A typical plant response to cope with stress is to close
stomata, so the cell turgor and metabolism are kept, even if this affects the photosynthetic
rate. From the literature, there is evidence that some accessions of African rice can retain
more transpirable water, early closing stomata at the beginning of drought, and mature
before, avoiding the severity of the stress at the start of the drought period [72,73]. Fifteen
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key rice genes and 127 or 233 QTLs have been identified as associated with drought stress
tolerance, which were listed by [14,74]. The discovery of the genes was possible thanks to
the improvement in omics techniques and the availability of landraces, wild rice accessions,
and improved lines that were repositories of resilience genes [74].

6. Rice Adaptation to Water Limitation at the Seedling Stage

Rice plants can encounter this situation mainly under dry seeding, a procedure that can
be adopted under diverse water management systems (Figure 1A, B, D). An unweighted
network analysis to identify key hub genes or master regulators for multiple abiotic stress
tolerance in rice plantlets uncovered that abiotic stress management at the seedling stage
involved the conservation of the basic cellular machinery based on genes associated with
the biogenesis of ribosome and ribonucleoproteins, DNA repair, replication, and conforma-
tional changes, splicing and biogenesis of mRNA and ncRNA and gene silencing, together
with helicase activity, zinc finger, dehydrins and F-box LRR type transcriptional factors,
oxidase, and heat shock proteins [75]. The validation performed on a reduced set of genes
allowed the identification of a gene core associated with three different stresses (drought,
salt, and heat) but presented in different genetic backgrounds (indica, japonica, aus, and
Basmati germplasm): these genes can be considered candidates in molecular breeding to
obtain rice varieties tolerant to multiple stresses at the seedling stage [75].

In another investigation addressed to dissecting tolerance during the first growing stages,
rice seedlings of two weeks were grown at 28 °C without watering for either two days until
the soil moisture content was 18.7%, or three days until the soil moisture content was 15.6%.
An extensive transcriptional analysis using a microarray of rice aerial parts identified about
6000 and 5000 genes that were downregulated and upregulated, respectively [76]. Genes
hypothesized to play major roles were coding for ABA-depending TE such as OsbZIP42
and OsSNACI, which are involved in the tolerance to water deficit [77,78] together with
OsMYB2 [79], OsNAP [80], and proteins such as OsPYL/RCARS5 and OsMAPKS5, and other TF
belonging to WRKY ([74], and reference therein). In particular, Lim et al. [31] demonstrated
that OsWRKYS5 is a negative regulator of ABA-induced drought stress tolerance, acting as a
transcriptional repressor directly binding to the OsMYB2 promoter region, thus determining
downregulation of ABA regulatory and stress genes and suggesting that OsWRKY?5 inactiva-
tion or modification of its downstream targets could be suitable to improve drought tolerance
in rice cultivars. Gu et al. [33] demonstrated that basic helix-loop-helix (PHLH) proteins
are a diverse group of TF that regulate different metabolisms and stress responses in rice;
among these, OsbHLH130 could activate the expression of OsWIH2, which encodes for an
enzyme involved in the fatty acid synthesis. In the presence of OsWIH2 overexpression,
rice plants showed more chlorophyll content, an increase in peroxidase activity, and less
ROS accumulation, together with an augment of C15, C17, and C26 alkanes under drought
conditions (10 days without water) [33].

The role of ribosomal protein (RP) genes in the responses to different water stress
treatments of one-month-old rice plantlets was also verified by qRT-PCR gene expression
analysis [29]. In this study, it was demonstrated that the RP gene family, including both
small (RPS) and large (RPL) subunits, is involved in the response under limited water
conditions; in particular, some genes are upregulated both in root and shoots under water-
limited conditions and drought, suggesting a common role in inducing tolerance to these
two abiotic stresses. The regulation of these genes could be a cellular necessity to keep
the integrity and stability of the ribosomal complex, thus allowing the translation of
other proteins and conferring an early defense to the plant against abiotic stress. In
particular, RPL23A allows the proper functioning of protein secretion, resulting in a key
gene in water use efficiency (WUE), increasing growth, tillering, and seed yield, and high
chlorophyll fluorescence [29].
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7. Plant and Cell Wall Architecture Affecting Tolerance under Limited Water

Genes controlling root architecture impact rice yield under water-liming conditions [81].
A drought-tolerant plant has a good WUE since it has deep and long roots, root length density,
and small fine root diameters that reach wider spaces, maintaining productivity and regulating
water levels [82]. Kinandang Patong is an example of deeper rooting due to the presence of a
DEEPER ROOTING 1 (DRO1) Quantitative Trait Loci (QTL) on chromosome 9, which controls
the gravitropic response of root growth angle, increasing it and allowing yield performance
equal to unstressed plants under moderate drought conditions. At the same time, the gene
did not affect yield under non-stressed conditions [83]. A wide variation in deep rooting
was observed, suggesting that deep-rooting QTLs other than DRO1 may exist in rice, thus
opening the way for new breeding strategies using genes influencing root system architecture
to develop rice cultivars with high adaptability to drought [83].

In addition to root architecture, the above-ground rice plant shape also deeply affects
responses to water shortage. The rice OsNACO016 transcription factor was demonstrated
to regulate brassinosteroid (BR)-mediated plant architecture positively and modulate
ABA-mediated drought tolerance negatively [34]. The loss-function mutant (0snac016)
was characterized by erect leaves and shortened internodes, less root growth, reduced
cell length in the primary root, and more drought tolerance, with decreased water loss
rate and enhanced stomatal closure when exogenous ABA is applied; conversely, lines
overexpressing the gene had opposite phenotypes (enlarged leaf inclination), with reduced
drought tolerance and ABA sensitivity [34].

Genes encoding enzymes associated with cell wall remodeling were highlighted as
involved in rice plants’ response to water-limiting conditions. The glycoside hydrolases
(GH) were demonstrated to play an important role under drought stress in Nipponbare: at
least two GH genes are activated under drought (LOC_0s01¢71670.1; LOC_Os04¢56930.1)
in rice roots, while another gene (LOC_Os04g51460.1) is repressed by drought and salt stress,
suggesting that cell wall remodeling represents a common mechanism in abiotic stress
response [84]. In addition, genes coding for cell wall- and plasma membrane-localized
REPETITIVE PROLINE-RICH PROTEIN (RePRPs) are involved in root development inhibi-
tion under stress or ABA: knockdown of all RePRPs expression in rice reduces the inhibitory
effect of ABA on root growth [85]. Recently, a gene (PSLI) encoding for a pectin-degrading
enzyme (i.e., a cell wall-localized polygalacturonase) has been characterized. A 260 bp
deletion in this gene caused leaf rolling in response to high light intensity and/or low
humidity, a different cell wall composition, and, interestingly, higher WUE under drought
stress conditions and enhanced drought tolerance [45]. Based on this result, it could be
useful to reduce the PSL1 gene expression to enhance plant adaptability to a high light
and drought environment. Recently, it was demonstrated that germin-like proteins (GLP),
able to conduct oxalate oxidase and super oxide dismutase activities, play a key role in cell
wall reinforcement by the cross-linking of cell wall components under stress [86]. A gene
expression profile carried out on two indica rice varieties allowed the GLP regulated under
drought conditions to be identified [32]. OsGLP8-7 was over-expressed under drought
stress in leaves and roots more in KS282 than in Super Basmati, while OsGLP8-4 and
OsGLP8-12 in roots of Super Basmati than KS282; OsGLP3-6 was the most expressed in
both of the varieties (with a significantly higher expression in KS282 than Super Basmati)
and both under drought and salt stress [29]. This study suggested the dual (general and
specific) role of OsGLP genes in regulatory mechanisms and the effect of rice variety, stress
condition, and tissue type on the role itself [32]. Even lignin biosynthesis mediated by
CINNAMOYL-CoA REDUCTASE 10 (OsCCR10) contributes to drought tolerance since the
accumulation in root sclerenchyma and fibers reduces water loss [46]. Lignin is composed
of p-hydroxyphenyl, guiacyl, and sinapyl units derived from monolignols that form a sec-
ondary cell wall, which is involved in controlling water penetration and thus transpiration,
and maintaining the cell osmotic balance and in providing further mechanical strength
and water impermeability in specific tissues [87]. OsCCR10 catalyzes the conversion of
p-coumaroyl-CoA and feruloyl-CoA to coumaraldehyde and coniferaldehyde, respectively;
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when it is over-expressed, it increases lignin content in the root, drought tolerance at the
vegetative stages, the photosynthetic efficiency, the grain yield, and reduces water loss [46].

8. Contribution of Germplasm Biodiversity to Improve Rice Responses to Water
Limiting Conditions

The wild ancestor of cultivated rice, O. rufipogon, is considered the donor of drought-
tolerant traits to introgress in the domesticated cultivars. Mapping studies were carried out on
introgression lines obtained with a back-crossing program using Guichao 2 (O. sativa ssp. indica)
as the recipient and Dongxiang accession (O. rufipogon) as the donor. The work identified
12 QTLs related to drought tolerance, and an identified drought-tolerant line (IL23) showed
the presence of two QTLs (gSDT2-1 and qSDT12-2) located on chromosomes 2 and 12 [88].
Physiological characterization demonstrated that IL23 had a superior ability to conserve water
content, a higher leaf temperature, more soluble sugar content, lower osmotic potential, and
lower electrolytic leakage level and MDA content, suggesting that the line can better regulate
stomata and osmotic potential, producing compatible osmolyte and soluble sugars [88].

Similarly, traits introgressed from African species such as O. glaberrima into O. sativa
increased tolerance to limited water in the latter [89]. Furthermore, other Oryza species
like O. meridionalis, O. longistaminata, and O. barthii, which are localized in regions where
extreme temperature and moisture conditions are present, could be considered good
candidates as donors for water stress tolerance [3]. Some Oryza species (O. australiensis,
O. glaberrima, O. longistaminata, and O. meridionalis) are characterized by thick leaves and
high mesophyll conductance to CO, diffusion, which are traits associated with good
WUE [90]. Better membrane stability and greater stomatal conductance, compared to
O. sativa, were observed in O. rufipogon and O. longistaminata accessions under water
deficit [91]. In addition, weedy rice such as Oryza sativa f. spontanea, which is typical
of paddy fields, shows tolerance to drought: an analysis based on transcriptomics and
proteomics of 133 weedy rice accessions suggested that some proteins (Os09T0478300-01,
0s09T0530300-01, and Os01T0800500-01) provide defenses against water deficit [92]. These
proteins are seen as a network core and act as a bridge in the crop defense system. In
particular, OS09T0478300-01 and related proteins are associated with the Golgi-localized
beta-glycan synthase, which polymerizes the hemicellulose backbones, and is involved
in plant response to water retention system; OS09T0530300-01 and related proteins are
putative cytochrome P450s, involved in crop resistance to oxidation, and members of
the scavenging system; OS01T0800500-01 is a purple acid phosphatase (PAP) protein,
essential in responding to drought stress conditions [92]. Regarding this last result, a
recent combination of GWAS, transcriptome, and proteome analyses of 501 weedy rice
accessions allowed the identification of a gene (Os01g0800500) coding for purple acid
phosphatase (PAPH1) as a candidate involved in the drought tolerance [93]. Knockout and
overexpression of PAPH1 lowered and increased drought stress tolerance compared to the
wild types, suggesting a capacity to regulate cell homeostasis, affecting Ca** and K* flux.
The authors hypothesized that during the evolution of weedy rice, which originated from
cultivated rice by de-domestication [94], chromosome regions associated with drought
resistance had been selected thus providing potential genetic resources that can be exploited
for the improvement of cultivated rice varieties [93].

Thermal imaging was recently applied to screen rice germplasm for tolerance to water
stress [95]; the approach was applied at the seedling stage on 28 rice genotypes (26 advanced
lines and one tolerant IR-55419-04, one susceptible Super Basmati variety) in order to
integrate morphological, physiological, and biochemical approaches with improved in situ
methods, i.e., infrared thermal imaging. The best indica genotype, identified as NIBGE-
DT-02, showed significant production of osmoregulators such as proline, antioxidants,
high relative water content, better yield, and tolerance to water stress irrespective of the
evaluated growth stage, making it a useful genetic material for breeding programs aimed
at increasing rice cultivation under water stress condition.
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The genetic variability for drought tolerance was also evaluated in breeding lines ob-
tained from an exotic drought-tolerant landrace (Chao Khaw) and a high-yielding aromatic
rice cultivar (Kasturi); the research discovered promising breeding lines for different rice
environments and drought breeding programs [96]. Twenty-one obtained lines produced
more than the parents under drought and well-watered conditions and in a stable way across
the years, suggesting a possible role as drought-tolerance donors in breeding programs.

Tolerance to water-limiting conditions is also present in renowned currently culti-
vated rice varieties; as an example, DT3, called Tainung83 in 2020, is an elite japonica rice
line with fine grain quality and drought tolerance, selected from a crossing combination
between Taikeng9 and the drought-tolerant cultivar Hang-yu15 [97]. Similarly, the In-
donesian pigmented rice cultivars Merah Pari Eja showed enhanced drought tolerance
on the basis of a screening performed under drought treatment evaluating the percentage
of leaf rolling and leaf damage [98]. Analyzing the gene expression by RT-qPCR, genes
like DEHYDRATION RESPONSE ELEMENT B1A (OsDREB1A), NAM, ATAF and CUC 6
(OsNAC6), SODIUM /HYDROGEN EXCHANGERI1 (OsNHX1), COPPER/ZINC SUPER-
OXIDE DISMUTASE2 (OsCuZnSOD2), and CATALASE (OsOSCAT2 and OsCAT3) were
upregulated in this variety, suggesting an increase in transcriptional drought-responsive
factors associated with scavenging enzymes. In contrast, they were downregulated in the
sensitive ones (Inpari 24 and Putih Payo) [98]. In parallel biochemical and physiological
analyses based on antioxidant enzyme activity, free radicals, chlorophyll, and anthocyanin
contents further demonstrated the drought tolerance of Merah Pari Eja—able, in fact, to
produce antioxidants to remove cell-damaging free radicals [98].

Ahmad et al. [99] performed experiments under irrigated and drought conditions
(imposed for 30 days at the pre-anthesis stage) on 22 Green Super Rice (GSR) indica lines.
The NGSR-15 line demonstrated higher drought tolerance compared to the other lines,
showing higher pollen viability, plant biomass, cell membrane stability, and harvest index
under drought. From a molecular point of view, the molecular basis was related to drought-
responsive known genes, including OsSADRI (Salt-, ABA- and Drought-Induced RING
Finger Protein 1), OsDSM1 (Drought-Hypersensitive Mutantl), and OsDT11 (Drought
tolerance 11) that are upregulated in this genotype and new responsive genes such as
LOC_0Os11g36190 (a receptor kinase), LOC_Os12g04500 (a response regulator receiver
domain-containing protein), LOC_0Os12¢26290 (an alpha-DOX2), and LOC_0Os02¢11960 (an
ABC transporter, ATP-binding protein) that were upregulated in this genotype [99].

Subtle dissection of genes differentially expressed in the roots can support the identifi-
cation of gene markers for tolerant rice accessions; a transcriptome analysis performed on
different root zones of drought-sensitive (IR64) and drought-tolerant (Azucena) varieties
highlighted that the tolerant variety showed higher expression of genes involved in cell cy-
cle and division and root growth and development and more prominent lateral root system
expansion. It was shown that Azucena prevents water stress through increasing growth
and root exploration to intercept water, while IR64 tries to cope with the stress by activat-
ing antioxidant systems (based, for example, on heat shock proteins) [81]. Known genes
belonging to NAC, AP2/ERF, AUX/IAA, EXPANSIN, WRKY, MYB, and other new candi-
dates were identified as related to the root system architecture under drought conditions,
potentially usable after further investigations to enhance drought adaptation in rice [81].

Several examples of obtaining drought-tolerant rice lines with enhanced yield by
using molecular marker-assisted selection (MAS) are present in the literature. However,
the linkage drag associated with the introgression suggests the use of multiple advanced
genomics-assisted breeding approaches, e.g., background selection by genome-wide se-
lected molecular markers ([100], and reference therein). A drought-tolerant line (RBL-112)
was obtained after five back-crosses on the F; between the Egyptian variety Giza-178
(recurrent parent) and a Philippines drought-tolerant variety IR60080-46A (donor parent).
This line was evaluated under drought and normal irrigation together with the parents
and IR64, and its tolerance was ascribed to an improved root system, higher relative
water and proline content, lower malondialdehyde content, a more efficient photosys-
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tem II, and higher superoxide dismutase activity promoting scavenging of stress-related
ROS. In addition, the improved line showed a better capacity to regulate physiological
activities and drought-induced gene expression levels to cope the stress while keeping
yield potential [101].

Another example of the exploitation of germplasm resources involved the high-
yielding japonica line IR91648, derived from the cross Moroberekan x Swarna. This line was
used to develop multiple stress-tolerant and climate-resilient rice lines by crossing it with
eight different donors of QTL/genes for drought, submergence tolerance, gall midge, blast,
brown plant hopper, and bacterial leaf blight resistance for a total of 15 genetic loci [102].
The cross strategy was based on individually crossing the line with four parents, and then
the four F; were crossed with the remaining four donors. In the subsequent seasons, the
F; products were intercrossed to develop a complex F; population where, by MAS, the
presence of QTLs and genes was confirmed. The lines were then brought to homozygosity
by selfing for six generations. Different pyramided homozygous lines showed the needed
grain quality profiling together with tolerance/resistance to abiotic/biotic stresses. They
might be used as parental lines for other breeding programs or varieties to be released after
multi-location evaluation in national and provincial coordinated trials [102].

A MABC approach was used to obtain drought and submergence-tolerant indica rice lines
in the background of the elite variety UKM5, which harbor the drought yield QTLs (gDTY3.1
and gDTY12.1), using IR64-Sub1 as the donor of the submergence tolerance locus Subl. The
best-performing combination was that with Subl and gDTY3.1, which was characterized by
higher grain yield under drought in the reproductive stage, demonstrating a positive effect of
the Sub1 locus on drought tolerance when it was combined with the drought yield QTLs [103].
A similar approach was adopted to increase water-stress tolerance in Improved White Ponni
(IWB), a rice variety popular in South India, which is characterized by high yield, fine grain,
and high cooking quality, but it is susceptible to drought, salinity, and submergence [104]. A
marker-assisted backcross was adopted to pyramid three QTLs related to drought tolerance
(gDTY1.1, gDTY2.1), salinity (Saltol), and submergence (Subl). Superior lines were obtained
with the agronomic and grain quality characters of IWB and greater performance against
dehydration, salinity, and submergence stress compared with the recurrent parent [104]. Also,
in this work, the new lines harboring pyramided QTLs for tolerance to drought and flood
showed effective responses to both stresses. This response agrees with the hypothesis that
molecular mechanisms associated with these diverse stressful conditions may be regulated by
cross-talking signaling pathways [105].

9. Drought Memory and Epigenetic Control

If plants experience recurrent and repetitive mild drought-stress periods, their re-
sponses in the subsequent events can differ from those put in place during the first, and
they progressively acquire an improved tolerance to water shortage [106-108]. In rice, these
differences making up the so-called drought memory may concern the levels of specific
transcripts (transcriptional memory), the contents of phytohormones, such as ABA and
jasmonic acid, and those of proline [58].

Li and co-workers (2019) [58], exposing rice plants to successive mild drought and re-
watering treatments, identified, by a whole-transcriptome strand-specific RNA sequencing
approach, 6885 transcripts and 238 long non-coding RNAs involved in the drought memory
phenomena and about 5400 of these memory-related transcripts resulted probably regulated
by DNA methylation. Recently, new insights into how DNA methylation is involved
in this epigenetic memory concerning several genes and, among them, TEs have been
provided [109,110]. Interesting pieces of evidence concern the two homologous genes
(LOC_0s05¢38150 and LOC_0Os01g62900) encoding the proline biosynthetic enzyme Al-
pyrroline-5-carboxylate synthetase 1 (P5CS1). Indeed, memory-related DMRs (Differently
Methylated Regions) were identified in the promoter region of the former gene and the
gene body of the latter [110], coherently with the memory behaviors of the P5CS1 transcript
level and the proline content.
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This novel information opens the perspective of carrying out future research to de-
velop epigenetic markers to breed drought-resistant rice particularly adapted for irrigated
lowland and AWD rice systems in which plants are exposed to repetitive dry periods.

10. Role of Rice Microbiota

Currently, increasing consideration is given to the microbiome, which is represented
by microbes in the rhizosphere (soil surrounding roots), endosphere, phyllosphere, and
pollen ([111], and reference therein). The host plant and associated microbes considered
together are called holobiont [112] and environmental stresses affect not only plants but
also soil microbes; consequently, the effect of abiotic stress on the plant also affects mi-
crobes in terms of number, types, and functions [113,114]. There is, therefore, a strong,
dynamic, and complex interconnection among plants, soil, microbes, and abiotic stress due
to several factors related to stress duration, host plant species, the degree of stress levels,
and other environmental factors [114]. It was recently highlighted that water availability
influences rice microbial community composition and structure by microbiome analysis
performed on soil and root DNA in lowland and upland conditions [115]. In rice roots
under upland management, arbuscular mycorrhizal fungi (AMF), Streptomyces, and fungal
pathogens increase, while Methanobacterial hubs are destroyed; in soil, the impact of
flooding/drying is, on the contrary, more limited. Another recent analysis of roots and
soil microbiota under two water management systems (PF and AWD) was carried out by
high-throughput sequencing of the 165 rRNA in paddy fields with two diverse japonica rice
cultivars [116]. While root communities were strongly affected by the water management
(with the enrichment of aerobic and potentially plant-growth-promoting bacteria under the
AWD treatment), the soil communities were more adapted and more tolerant to changes in
the water treatment. In both water management, the rice variety did not affect the soil or
root microbial composition.

In the presence of stress, plants can adopt the strategy of ‘cry-for-help’, calling benefi-
cial microbial endophytes to alleviate the stress-induced damage [113]. In rice, the positive
effects of endophytes are related to the release of phytohormones and siderophores, nitro-
gen fixation, and metal detoxification [117]. For example, the production of indole acetic
acid, auxins and gibberellins, and other organic acids enhances rice growth under salt stress
by reducing endogenous ABA levels and increasing glutathione and sugar content [118].
Conversely, under drought conditions, other endophytes can contribute to increasing ABA,
reducing stomatal conductance and density, reducing leaf water potential, and enhancing
WUE [119]. Different studies (reviewed by [110]) highlighted that under abiotic stress
conditions, fungal and bacterial endophytes act as modulators of antioxidant enzyme (su-
peroxide dismutase, peroxidase, and catalase) activities and metabolic pathways, mitigating
oxidative stress and enhancing crop performance.

Endophytes and other plant growth-promoting (PGP) bacteria promote plant growth
under water stresses through several other mechanisms that include the production of
phytohormones that improve morphological root traits useful to overcome drought condi-
tions, or the production of 1-aminocyclopropane-1-carboxylic acid deaminase (ACCD) that
degrade the ethylene precursor 1-Aminocyclopropane-1-carboxylic acid (ACC), or again
the production of exopolysaccharides (EPS) capable of maintaining higher soil moisture
content. Indeed EPS produced by PGPR form rhizosheath around the roots and thus protect
the plant roots from desiccation for a longer period [110]. Recent studies demonstrated
that under drought conditions it is evident that enrichment in Actinobacteria (such as
Streptomyces) colonization within the root and rhizosphere is beneficial due both to the
high tolerance of the spores to dehydration and their active adaptation to this condition.
Consequently, this colonization can increase root development during drought [120]. Fitz-
patrick et al. [121], studying the microbiome of 30 angiosperms, also observed a significant
correlation between the relative abundance of the genus Streptomyces in plant roots and
host tolerance to water stress.
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Groen et al. [122] underlined that interactions with AMF could improve rice growth
under water-limiting conditions. Different papers demonstrated the absence of AMF in
rice roots for four months [123] and two months [124] after flooding and the increase in
AMF in dryland systems [124]. It was then demonstrated that the water regime is the
driving force that affects AM colonization and the root architecture and anatomy [125]
and that roots hosting or not hosting AM fungal colonization differ from the anatomical
and transcriptional points of view [126]. Indeed, the proportion of large lateral roots
(LLR) was higher under aerobic conditions, while fine lateral roots (FLR) prevailed under
anaerobic (flooding) conditions; these two morphologies display opposite responses with
respect to AM colonization, with LLR supporting AM colonization while FLR do not.
These investigations [125,126] also indicated that AMF can colonize rice roots even in
flooded soil and that flooding itself was not responsible for the lack of symbiosis; indeed,
continuous flooding was leading to a progressive decrease in the tissues available for
colonization, including both diminishing LLR formation and widening the area occupied
by the aerenchyma, thus decreasing the degree of AMF colonization progressively, since
over time from flooding, deep morphological changes occur in the root apparatus.

In conclusion, since in several plant species, including rice, it has been observed that
the microbiota can increase WUE (e.g., reviewed in [107,111,127], it is also expected that
an increased aptitude of rice plants to associate with PGPB could allow increased WUE
in this crop plant. It was clearly demonstrated that O. rufipogon possesses more allelic
variation than domesticated rice, and therefore it represents a donor of genetic variability
for cultivated rice [128,129]. Analysis of the root microbiome of various crop plants and
their wild relatives highlighted differences in the composition of the root/rhizosphere
microbiome as well as genetic loci involved in establishing these differences in tomato
and barley [130-132]. These differences are particularly relevant because the microbiota
associated with crop wild relatives evolved under marginal soil conditions and can therefore
represent an untapped resource for low-input agriculture, including adaptation to water-
limiting conditions [133,134].

11. Conclusions

In this review, we highlighted how complex the process of improving rice tolerance
under water-limiting conditions is. Several levels of difficulties need to be taken into
consideration, including the growth stage during which water stress occurs (germination,
seedling establishment, vegetative or flowering growth stages) and the adopted water
management, thus making it very difficult to outline single ideotypes showing resistance
traits suitable for overcoming water stress throughout all rice growth stages and in different
cultivation ecosystems. However, we have described traits and genes relevant to the
response to water stress under diverse water management, agronomical procedures (e.g.,
dry seeding), and growth stages. The plethora of genes/traits involved in tolerance to
water stress was highlighted, and for several of them, functional validations confirmed
major roles in affecting the tolerant phenotype. These genes/traits (also derived from
wild germplasm) should be considered primary targets for biotechnological/allele mining
approaches addressed to introducing alleles effective in improving tolerance to water
stress. In addition to plant traits, it is currently well-defined that also the microbiota can
protect rice plants from water stress, and it is emerging that plant responses to the stress
can shape the root microbiota. Considering that, in turn, plant traits can affect the root
microbiota composition, it could therefore be expected that in the near future breeding
for the root microbiota will also contribute to improving rice response to water stress.
Information supplied in this review in terms of genes, loci, and physiological processes
provides perspectives on new horizons in genomic breeding to breeding companies and
research institutions toward delivering rice varieties with enhanced tolerance to water-
limiting conditions.
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12. Future Perspectives

New agronomic methods and breeding technologies, as well as the development of
genetic diversity and the use of genomic resources, are needed to discover and integrate
different gene functions useful to cope with water stress [135]. A CerealESTdb, based
on rice, maize, wheat, and sorghum Expressed Sequence Tags (EST) whose expression is
modulated under various abiotic stresses, including water stress, provides an updated
picture of genes involved in the response to this stress and supports in accelerating efforts
to develop abiotic stress-resistant cultivars without compromising the nutritional quality
through introgression and gene pyramiding [136]. In addition, advances in next-generation
sequencing (NGS) technologies and the reduction in genome sequencing costs have al-
lowed the decoding of many crop genomes and the development of molecular markers to
select and improve traits [137]. Different rice genotypes (cultivated and wild) and varieties
have been sequenced, providing better insights into genetic diversity, structural variations,
genes or novel genetic factors, and also candidate regions selected during domestication,
allowing genomics-assisted breeding (GAB) to tackle abiotic stress to tailor resilient cli-
mate crops ([135], and references therein). Numerous genomic resources (e.g., genome
sequence assemblies, germplasm sequencing data, and gene expression atlases), special-
ized genetic populations (e.g., multi-parent advanced generation intercross (MAGIC) and
nested association mapping (NAM) populations), high-throughput and cost-effective geno-
typing/phenotyping platforms, and quicker trait mapping approaches are allowing the
discovery and utilization of molecular markers/diagnostic markers associated with essen-
tial traits to improve crops [135,137]. The relevance and perspectives of these innovations
for crop improvement have recently been elucidated as the importance of 5 Gs: Genome
assembly, Germplasm characterization, Gene(s)/marker(s) associated with breeding traits,
Genomic Breeding, and Gene editing [138]. Finally, Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) can be considered as an additional tool for enhancing rice
tolerance to water stress through its various applications that include gene knock-out, repair
(allelic improvement) or replacement (allelic substitution) of important genes, to modify
in a punctual way the gene sequence, to reprogram gene expression operating on the
promoter: all these applications can be used to develop climate-smart rice varieties [139].

Author Contributions: Conceptualization, E.Z., M.P, EEN., G.A.S. and G.V.; Writing-Original Draft
Preparation, E.Z., M.P. and G.A.S.; Writing—Review & Editing, FEN., G.A.S. and G.V. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
Abbreviations

d-DSR  dry Direct Seeding Rice
AWD  Alternate Wetting and Drying
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