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REVIEW

Breeding for silicon-use efficiency, protein content and drought tolerance in
bread wheat (Triticum aestivum L.): a review
Marylyn M. Christian a, Hussein Shimelis a, Mark D. Lainga, Toi J. Tsilob and Isack Mathew a

aAfrican Centre for Crop Improvement, School of Agricultural, Earth and Environmental Science, University of KwaZulu Natal,
Pietermaritzburg, South Africa; bAgricultural Research Council-Small Grain, Bethlehem, South Africa

ABSTRACT
The production and quality of wheat are affected by abiotic constraints including water stress and
soil nutrient deficiencies. It is imperative to develop drought-tolerant wheat varieties with high
yield potential and enhanced grain protein content for food security. Silicon (Si) is important for
plant growth and development but its role in abiotic stress tolerance has been overlooked in
breeding programs. Identifying the underlying functional genes controlling drought tolerance,
protein content and grain yield is essential for wheat improvement, especially under drought
stress. Silicon uptake is conditioned by several Si transporter genes such as Lsi1, Lsi2 and Lsi6
and aquaporins, which facilitate transport of silicon and water between cells. The objectives of
this review are to examine the role of Si in improving plant nutrition and drought tolerance,
and to appraise the genetic control of Si uptake and breeding methods for improving Si uptake
for drought adaptation and improved grain yield and quality. The review highlights the limited
progress made in breeding for drought tolerance in wheat, especially in sub-Sahara Africa
where the challenge is prevalent. Limited understanding of the genetic basis for Si uptake and
physiology contribute to the limited progress in its exploitation in wheat improvement programs.
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Introduction

Bread wheat (Triticum aestivum L., 2n = 6x = 42,
AABBDD) is one of the most widely cultivated and
traded crops in the world. The global production of
wheat is estimated at 215 million hectares with an
output of 763 million tonnes of grain (CGIAR 2017). It
accounts for over 35% of the global food demand, pro-
viding carbohydrates, proteins, minerals and vitamins
(Igrejas and Branlard 2020). Wheat has a superior nutri-
tional value, containing 60–80% starch and 8–15%
protein, compared to maize (60% starch, 9–10%
protein) or rice (80% starch, and 7–8% protein) (Nevo
et al. 2002; Chaudhari et al. 2018). However, wheat pro-
duction in most parts of the world is projected to fall
short of demand due to several abiotic constraints,
including the multiple impacts of climate change, and
poor soil fertility.

Water availability and poor soil fertility are particularly
important constraints to wheat production in sub-
Sahara Africa (SSA) (Fahad et al. 2017). Due to climate
change, the average rainfall in SSA countries has
decreased, and rainfall distribution has become more
erratic (Worku et al. 2018). Dryland wheat production

is carried out under winter rainfed systems that
depend on residual moisture availability. However, low
rainfall and erratic rainfall patterns impact on winter
rainfed production systems, especially when terminal
drought stress occurs post-anthesis (Shavrukov et al.
2017). The progressive decline in rainfall also limits the
availability of water for irrigated systems. The wide-
spread distribution of degraded soils with poor mineral
content exacerbates the impact of drought stress on
wheat production (Assefa et al. 2018). Most soils in SSA
are degraded, acidic and highly leached of essential
nutrients to support sustainable crop production, includ-
ing low levels of plant-available Si (Stewart et al. 2020). It
is imperative to develop drought-tolerant wheat var-
ieties for SSA, coupled with improved nutrient absorp-
tion capacity, that can better tolerate production
under conditions of drought stress and soils with poor
mineral fertility.

Developing drought-tolerant varieties has been
pursued using various methods, including selection for
agronomic traits and grain yield, genetic markers, and
genomic selection, with various levels of success. One
agronomic trait that has gained recent attention is
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silicon (Si) uptake. Silicon is a micronutrient that has
been shown to improve agronomic performance and
nutrient uptake in some plant species under abiotic
and biotic stresses. Improved agronomic performance
is important for drought tolerance, while enhanced
nutrient uptake is vital to ensure high grain quality.
Despite information on the role of Si in plant nutrition
and drought tolerance, genetic variation for Si uptake
has not been exploited in breeding programmes,
especially those aiming to improve drought tolerance
and grain quality. The hypothesis of this review is that
increased Si uptake in wheat will improve nutrition
and water uptake, resulting in improved grain yield
and quality under a range of stress conditions. Plant
breeders have not specifically set a breeding objective
to exploit the potential role of Si in improving plant
nutrition and drought stress tolerance. The impact of
enhanced Si uptake by the plant on grain quality has
also been highlighted as a potential benefit. However,
Si uptake efficiency has not been widely studied in
wheat breeding, compared to investigations for other
agronomic traits. The main reason for the limited exploi-
tation of Si in wheat breeding programmes is a lack of
knowledge on the role of Si, the nature of the underlying
genetics and the development of suitable selection
methods. Therefore, the objectives of this review are to
examine the role of Si in improving plant nutrition and
drought tolerance, and to appraise the current knowl-
edge of genetic control of Si uptake, and breeding
methods for improving Si uptake for drought tolerance,
and improved grain yield and quality.

Silicon uptake mechanism in plants

Silicon mostly exists in the soil in solid crystalline forms
such as quartz and micas, microcrystalline minerals or
as secondary silicate minerals (Cornelius and Delvaux
2016; Souri et al. 2020). Under aqueous conditions,
mineral Si dissolves to form monosilicic and polysilicic
acids (H4SiO4) (Sauer et al. 2006). Polysilicic acid is pre-
dominant at early stages of dissolution, while monosi-
licic acid is the more abundant at low saturations.
Silicic acid is taken up via the primary and secondary
root hair of the plant root system (Figure 1). From the
root hairs, it moves via cortical cells to the xylem using
influx and efflux transporter genes (Ma et al. 2011) and
into plant tissues using silicon transporters conditioned
by a number of genes, such as those denoted as Lsi1,
Lsi2, Lsi3, and Lsi6 (Gaur et al. 2020). There are species-
specific variations in the uptake, movement and depo-
sition of Si in plant tissues. For instance, species of the
family Gramineae tend to deposit Si in endodermal cell
walls and stegmata cells of sclerenchyma fibres.

Endodermal silicification occurs in a radial pattern,
mainly in storage tissues, vascular tissues, sclerenchyma,
fibres and epidermal tissue (Mandlik et al. 2020). The
specific location of the Si deposits facilitate improved
root strength, root length, thickness, volume, biomass,
lateral root numbers, nodulation and nitrogen fixation
(Lux et al. 2020). These morphological changes allow
roots to penetrate enhanced soil depths for effective
nutrient and water uptake, and improved plant ancho-
rage. Silicon may also be deposited in cell wall polysac-
charides, increasing cell wall strength and protecting
against plant pathogens (Guerriero et al. 2016).

Silicon deposits in above-ground plants parts have
been associated with improved photosynthetic activity,
and decreased insect and herbivore damage (Ma and
Yamaji 2008). The Si is deposited to form a silicon
bilayer between the cuticle and leaf epidermis of young
and mature leaves, which is associated with an increased
content of cellulose, fibre and lignin. The Si deposits also
enhance physiological activities such as gaseous
exchange, maintenance of leaf water potential, enhanced
water and nutrient transportation, and improved carbo-
hydrate production, which are critical processes in plant
growth and development (Gou et al. 2020).

Silicon uptake by plants is influenced by plant gen-
etics, Si particle size, soil conditions and climatic factors.
Previously, it was proposed that Si uptake was achieved
through active, passive or rejective uptake (Takahashi
et al. 1990; Ma et al. 2001). Active uptake of Si occurs
via the root system, whilst passive Si uptake refers to
the absorption of Si through stems and leaves (Chiba
et al. 2009; Hemmati 2017). Examples of crop species
that actively take up Si are rice and wheat. Solanaceous
crops were previously considered to reject Si uptake
(Ma et al. 2001). However, different modes of Si uptake
and transport have since been proposed using studies
on rice and Arabidopsis (Brugiére and Exley 2017; Putra
et al. 2020). Silicon concentration varies from 0.1 to 10%
of the plant dry matter in different plant species and gen-
otypes (Epstein 1999). Broadly, crops can be divided into
three categories based on their ability to accumulate Si in
their tissue. One category consists of high Si accumula-
tors that have the ability to absorb Si efficiently. High Si
accumulators contain >1% Si on a dry weight basis. Mod-
erate or intermediate Si accumulators are categorised as
plants with a Si content of between 0.5 and 1% of plant
dry weight. Non-Si accumulators are plants with a
limited ability to extract Si from the soil, or to deposit
the silicon in their tissues. Non-accumulators have Si con-
centration below 0.5% of plant dry weight (Liang et al.
2007; Meena et al. 2021).

In the soil, the availability of Si depends on the Si par-
ticle size, soil pH, soil temperature, concentration of
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cations such as magnesium, potassium and calcium in
the soil, soil organic matter and moisture content. The
monosilicic acid molecule is the simplest form, made
up of Si bound to four hydroxyl groups in a tetrahedral
shape (Alvarez and Sparks 1985). This is the easiest
form of Si for plant uptake. It usually occurs in the soil
at low concentrations of below 100 mg kg−1 soil, while
soil Si concentrations between 100 and 200 mg kg−1

can cause aggregation of these monomers to form
large molecules (Currie and Perry 2007). The Si uptake
by plants decreases when negatively charged polymers
larger than 1-3 nm are formed. The formation of these
polymers from monosilicic acid depends on soil con-
ditions, especially soil pH (Rashad and Hussien 2018).

The growth stage at which Si is applied as a fertiliser
influences the levels of Si uptake by plants (Maghsoudi
et al. 2016). Dorairaj et al. (2020) found that the appli-
cation method and formulation of Si fertiliser, and the
growth stage at which Si fertiliser was applied, had a
significant impact on the effectiveness of Si fertiliser
on rice growth and development. Application of Si at
sowing improved germination (Siddiqui and Al-Whaibi
2014), while applications at tillering and anthesis
provided significant tolerance to drought stress

(Maghsoudi et al. 2016). Split applications of Si at trans-
planting, tillering and panicle initiation in rice was found
to be the most effective approach to improve plant
growth (Rehman et al. 2019). The Si application must
coincide with important growth stages to improve
physiological functions, and to catalyse a range of bio-
logical processes, including nutrient uptake and assimi-
lation. In addition, the formulation of Si is also
important. In general, soil-applied Si was more
effective in improving plant growth than foliar-applied
Si (Cacique et al. 2013). Silicon fertilisers are available
as granular, powder or liquid formulations. Granules
are applied to the soil and are taken up by the plant
through the root system after dissolution. The effective-
ness of granular Si is affected by soil conditions that
control soil biogeochemical reactions and the root
characteristics of the plant. Liquid formulations can be
applied as drench or foliar sprays. The effectiveness of
foliar applied Si is affected by ambient conditions
such as temperature and wind, and plant characteristics
(Laane 2018). Silicon fertilisers have been used to
increase Si availability to plants, but effective uptake
of Si is affected by the method of Si application, Si
formulation, its particle size and concentration, the

Figure 1. The uptake and distribution of Si from soil through to the deposition in silicified cell walls and silica bodies in wheat. LSi 1,
LSi 2 and LSi 6 denote genes that condition Si influx and efflux transporters, Si (OH)4 = orthosilicic acid. Source: Adapted from Farooq
and Dietz, (2015).

ACTA AGRICULTURAE SCANDINAVICA, SECTION B — SOIL & PLANT SCIENCE 19



plant’s growth stage at application and genotypic differ-
ences. The distribution of foliar-applied Si is limited to
plant leaves, whereas soil-applied Si is assimilated and
distributed throughout the plant (Pilon et al. 2013). In
addition, the uptake of foliar-applied Si in plants is
lower compared to soil-applied Si (Cacique et al.
2013). Roots are more effective at assimilating Si due
to their specialised role and adaptation to acquire nutri-
ents. It would be valuable to determine the genetic
basis of root traits in wheat that result in enhanced Si
uptake. There are indications that root traits have
been neglected in wheat breeding (White et al. 2015;
Fradgley et al. 2020; Svoboda et al. 2020), which could
compromise nutrient uptake for improved drought tol-
erance, grain yield and quality breeding. The factors
that affect the uptake of Si must be considered to
devise suitable strategies for effective selection and
breeding of genotypes with an enhanced capacity for
Si uptake. For instance, the Si formulation and fre-
quency of application must be consistent to ensure
repeatability of phenotyping in multi-environment
trials. And these need to relate to the commercial reali-
ties of the costs of various formulations of Si fertilisers
and their application to a relatively low-value field
crop such as wheat.

Silicon fertilisation has been used in hydroponic and
field systems to boost plant growth (Gerami and
Rameeh 2012). However, very few incidences of Si tox-
icity have been reported (Kamenidou et al. 2008;
Mburu et al. 2016). Mburu et al. (2016) found that
weekly applications of between 500 and 1000 mg Si
had phytotoxic effects on bananas. Stunting, flower
deformation and delayed flowering were observed in
sunflowers after application of high concentrations of
sodium silicate (Kamenidou et al. 2008). However,
Kamenidou et al. (2010) could not determine whether
the stunting in gerbera flowers could be attributed
entirely to Si, or to the sodium (Na) effects, which are
well known to induce stunting when applied in
excess. Excessive application of Si is also discouraged
in fodder crop production. Elevated levels of silica
and lignin reduce palatability and digestibility of
stover used as animal fodder, which would require
chemical treatment to improve nutrient availability to
livestock (Aquino et al. 2020).

Silicon (Si) fertilisation and its role in
improving drought tolerance and grain
quality

Silicon (Si) is the second most abundant element on
earth and its role in plant nutrient uptake, nutrient remo-
bilisation, and protection against biotic and abiotic

stresses has received increased attention. Silicon is
involved in the physiological activity and structural
integrity of higher plants exposed to abiotic and biotic
stresses (Liang et al., 2013). A series of biochemical reac-
tions including the release of oxidative chemicals are
activated in plants under stress. Silicon alleviates stress
by altering osmolyte concentrations and enhancing
the production of anti-oxidant enzymes to break down
oxidative chemicals (Sapre and Vakharia 2016). For
instance, the germination rate under drought stress con-
ditions can be increased by up to 24% by applying Si as a
seed priming agent (Shi et al. 2016; Ayed et al. 2021).

The role of Si in conferring drought tolerance and
improving nutrient uptake in plants has been inferred
from its role in maintaining plant water balance, photo-
synthetic activity and the turgidity of leaves and xylem
under high transpiration (Melo et al. 2003; Hattori et al.
2005; Ahmad et al. 2007). Water balance in a plant is
important to maintain cell turgidity that drives cell
expansion and division for growth. Phenotypic traits
such as plant height, dry matter production, leaf area,
shoot growth, plant shoot nutrient uptake and thousand
grain weight in wheat that are all positively correlated to
grain yield depend on cell expansion (Gong et al. 2003).
Yield increase due to Si uptake is partially as a result of
enhanced chlorophyll concentrations, sustained photo-
synthetic activity and the maintenance of leaf architec-
ture for effective light interception (Abbas et al. 2017).
Si deposits appear to play a role in preventing the col-
lapse of xylem vessels andmaintaining stomatal conduc-
tance under drought and heat stresses, which is
important to sustain water and nutrient transport
throughout the plant under stress conditions (Sapre
and Vakharia 2016).

There are indirect effects of Si on yield that accrue
through improved accumulation of macro and micro-
nutrients in plants with improved Si uptake (Neu et al.
2017). Improved carbon (C) and nitrogen (N) assimilation
due to increased Si uptake result in an increased toler-
ance to both biotic and abiotic stresses in wheat.
Improved C sequestration and assimilation in cellulose
and carbohydrate production in grass species increases
the energy efficiency of Si accumulators (Schoelynck
et al. 2010). Most research on Si uptake has focused on
improving agronomic yield, mitigating biotic and
abiotic stresses, and improving nutrient uptake
(Table 1). Grain quality improvement is usually inferred
as an indirect effect of nutrient uptake and stress allevia-
tion. However, the role of Si uptake in grain quality has
not been investigated thoroughly.

The rheological properties of wheat are important
indicators of grain quality. These properties include
starch, lipids, and protein content, which are the major
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components of the wheat endosperm, and minerals,
vitamins and anti-oxidants (Kumar et al. 2016). Enhanced
Si uptake in wheat maintains the balance of nitrogen
and carbon, which is important in ensuring high grain
quality under stressed conditions. The balance of
carbon and nitrogen is important in the synthesis of
the gliadins and glutenin, which are the main com-
ponents of protein gluten in wheat. The integrity of
the protein gluten is also maintained by disulphide
bonds, making sulphur an integral component
(Réthoré et al. 2020). Therefore, since Si uptake has cas-
cading effects on carbon, nitrogen, and sulphur uptake,
it indirectly affects the rheological properties and grain
quality of wheat produced under stress conditions. The
inclusion of selection for enhanced Si uptake as a breed-
ing objective in wheat will improve plant growth and
nutrient acquisition, especially in marginal soils that
are highly depleted of micro and macro-nutrients,
including Si. Some countries in Asia and the Americas
incorporate Si fertilisation as standard practices for sus-
tainable agricultural crop production (Yan et al. 2018).
While this is feasible in developed countries, the sub-
optimal application of fertilisers in developing countries
remains a widespread challenge due to the lack of
financial resources and access to agricultural inputs for
most of these farmers. The incorporation of Si in inor-
ganic fertiliser could enhance wheat productivity in
developing countries but the impact would be limited
for smallholder farming communities if they cannot
afford the fertilisers. It is thus important to breed for

enhanced Si uptake and utilisation in wheat cultivars
for deployment among resource poor farming commu-
nities, and also for regions where Si is not incorporated
into popular fertilisers.

Silicon genes and aquaporins and their
potential use in marker-assisted breeding

The genetic basis of Si uptake and distribution has
been investigated most intensively in rice and Arabi-
dopsis (Ma et al. 2006; Brugiére and Exley 2017; Putra
et al. 2020), which have less complex and smaller
genomes than wheat. The uptake and distribution of
Si in plant tissue is controlled by Si transporter genes,
namely, low silicon 1 (Lsi1) and low silicon 2 (Lsi2)
(Rao and Sushmitha 2017). The Lsi1 belongs to the
nodulin 26-like major intrinsic protein (NIP) III subgroup
and is a permeable channel, while Lsi2 is a member of
an uncharacterised anion transporter family that acts as
an efflux transporter (Ma and Yamaji 2015). The trans-
porter Lsi1 belongs to the aquaporin family that con-
trols Si accumulation and is expressed in plant roots
(Luu and Maurel 2005; Ma et al. 2006). The Lsi1 and
Lsi2 transporters are situated at different sites on the
plasma membrane of root cells and are integral for
the effective movement of Si within the exodermis
and endodermis or root cells (Ma et al. 2006; Hernan-
dez-Apaolaza 2014). Low silicon genes encode for the
influx (Lsi1 and Lsi6) and efflux (Lsi2 and Lsi3) transport
proteins (Ma et al. 2006; Ma and Yamaji 2015). These

Table 1. The effect of different Si formulations and concentrations on nutrient uptake, agronomic traits, and abiotic stresses of various
crops.
Crop species Si concentration and formulation Reported Si effects Reference

Avena sativa L. 0.8% soluble Silamol Increased root and seedling length Toledo et al.
(2012)

Triticum aestivum L. Enhanced 1000 seed weight
Oryza sativa L. 0, 100, 200 and 300 ppm Calcium silicate Improved grain and straw weight. Improved P, K, S, Na and Si

uptake
Malav et al.
(2015)

Glycine max L. 0.0, 0.5 and 1.0 mM
Na2SiO3.5H2O

Enhanced Zn accumulation and remobilisation Pascual et al.
(2016)

Gossypium hirsutum L. 1.0 mM Na2SiO3 Decreased effects of Ni toxicity Khaliq et al.
(2016)

Triticum aestivum L. 0,1, 10, 50 g SiO2 Improved P and N uptake and aboveground biomass Neu et al. (2017)
Solanum tuberosum
L. var. Agria

1000 and 2000 ppm nanosilica, sodium
silicate, nanoclay, and Bentonite

Improved leaf, root characteristics and mini tuber quality Soltani et al.
(2018)

Arachis hypogaea L. 150 mM sodium metasilicate Na2SiO3.9H2O Improved uptake and distribution of N, P, K, Ca and Mg Dong et al.
(2018)

Zea mays L. cv Reduta Soils treated with 0, 80 and 1000 kgSi.ha−1

KSiO3 and nutrient medium 100, 500, 1000,
5000 μM Si KSiO3

Increased Ca, P, S, Mn, Zn, Cu, Mo, Cl and Fe in soils and S,
Mg, Ca, B, Fe, Mn in solutions. Translocation of Mg, Ca, S,
Mn and Mo increased to shoots.

Greger and
Landberg
(2018)

Lactuca sativa L. cv.
Amerikanischer
brauner

Triticum aestivum L. cv
Tjalve

Daucus carota L. cv.
Nantaise

Pisum sativum L. cv.
Fenom

Triticum durum Desf. 150 mg Si L−1sodium silicate (Na2SiO3.H2O) Enhanced drought tolerance by improving chlorophyll
content, root and shoot length and relative water capacity

Othmani et al.
(2020)
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genes were originally found in rice, but have also been
found in other crops, including tomato (Solanum lyco-
persicum L.), sorghum (Sorghum bicolor [L.] Moench),
grape (Vitis vinifera L.) and maize (Zea mays L.) (Vatan-
server et al. 2017). Aquaporins (membrane water trans-
port proteins) facilitate Si uptake in the root from soil
and radial transportation within the root and xylem.
These transporter genes and aquaporins have been
found in various crops where they facilitate Si uptake
and distribution (Table 2). The expression of Lsi1 and
Lsi2 genes varies significantly. The expression levels of
Si transporter genes have been correlated with the
levels of Si absorption in rice (Ma et al. 2007). Despite
the discovery of these genes, their introgression in
new breeding populations has not been pursued for
improving drought tolerance or grain quality in wheat.

Si-utilisation is also facilitated by aquaporins that are
responsible for balancing water relations in plant cells
during water stress (Zargar et al. 2019). Aquaporins are
membrane channels from a family of major intrinsic pro-
teins, approximately 26–30 kDa in size, that facilitate the
transport of different substrates, including small neutral
solutes such as H4SiO4, urea andwater across membranes
(Xu et al. 2013). Aquaporin expression is influenced by
water availability but is generally higher in leaves than
in roots and is lowest in shoots (Nada and Abogadallah
2014; Gambeta et al. 2017). Aquaporins are located in

the peribacterioid membrane of N2 fixing root nodules
(NIPs); the cell membrane (plasma membrane intrinsic
proteins (PIPs)); endoplasmic reticulum (small basic intrin-
sic membranes (SIPs)) and tonoplasts (tonoplast intrinsic
proteins (TIPs)) (Nada and Abogadallah 2014).

The number of aquaporin locations signify their inte-
gral role in regulating water movement, even at a cellular
level. The aquaporins limit plant water loss to the soil
environment by rapidly down-regulating under water-
stressed conditions (Vandeleur et al. 2005), and their
expression can be exploited in marker-assisted breeding
for drought stress tolerance (Pandey et al. 2013). Approxi-
mately, 35 aquaporin genes have been identified in the
wheat genome (Huang et al. 2014). Understanding the
role of aquaporins in root hydraulic control can contrib-
ute to effective genotypic selection (Gambeta et al.
2017). Although the Lsi1 gene is associated with aqua-
porins (NIP III subgroup), the Lsi2 and Lsi3 and Lsi6
genes have not yet been associated with any aquaporins.
Establishing whether aquaporins are associated with
these genes could potentially facilitate effective selection
for Si use efficiency in wheat breeding.

The NIP2 subfamily of aquaporins can be used to
predict Si uptake in different plant species using a
unique amino acid selective filter (Deshmukh and Bélan-
ger 2016). Marker-assisted breeding based on the
genetic make of the amino acid filter will improve

Table 2. List of reported aquaporins and transporter genes which facilitate Si uptake and distribution in various crops.
Crop species Crop gene name Aquaporin/transporter gene type Reference

Solanum lycopersicum L. SlPIP1;3, Aquaporin Shi et al. (2016)
SlPIP1;5 and SlPIP2;6

Triticum aestivum L. TaPIP1 Aquaporin Younis et al. (2020)
TaNIP2

Arabidopsis thaliana L. TaNIP Aquaporin Monpetit et al. (2012)
Zea mays L. ZmLsi1 Lsi1 Bokor et al. (2017)
Eragrostis tef (Zucc.) Trotter EtLsi1-1 Lsi1 Ligaba-Osena et al. (2020)

EtLsi1-2
Oryza sativa L. Lsi1 Lsi1 Ma et al. (2006)
Hordeum vulgare L. HvLsi1 Lsi1 Yamaji et al. (2012)
Arabidopsis thaliana L. TaLsi1 Lsi1 Monpetit et al. (2012)
Fragaria x ananassa Duchesne Lsi1 Lsi1 Ouellette et al. (2017)
Oryza sativa L. OsLsi1 Lsi1 Lin et al. (2019)
Euphorbia pulcherrima Willd. ex Klotzsch EpLsi1 Lsi1 Hu et al. (2020)
Oryza sativa L. subsp. indica Lsi1 Lsi1 Swain and Rout (2020)
Triticum aestivum L. Lsi1 Lsi1 Jain et al. (2021)
Zea mays L. ZmLsi2 Lsi2 Bokor et al. (2017)
Eragrostis tef (Zucc.) Trotter EtLsi2-1 Lsi2 Ligaba-Osena et al. (2020)

EtLsi2-2
EtLsi2-3
EtLsi2-4

Hordeum vulgare L. HvLsi2 Lsi2 Yamaji et al. (2012)
Fragaria x ananassa Duchesne Lsi2 Lsi2 Ouellette et al. (2017)
Festuca arundinacea Schreb. Lsi1 Lsi2 McLarnon et al. (2017)
Euphorbia pulcherrima Willd. ex Klotzsch EpLsi2 Lsi2 Hu et al. (2020)
Oryza sativa L. subsp. indica Lsi2 Lsi2 Swain and Rout (2020)
Hordeum vulgare L. HvLsi3 Lsi3 Yamaji et al. (2012)
Zea mays L. ZmLsi6 Lsi6 Bokor et al. (2017)
Eragrostis tef (Zucc.) Trotter EtLsi6-1 Lsi6 Ligaba-Osena et al. (2020)

Lsi = silicon transporter genes; NIP = nodulin-26-like intrinsic proteins; PIP = plasma membrane intrinsic proteins; SIPs = small basic intrinsic proteins;
TIP = tonoplast intrinsic proteins. The two-letter prefix in the gene name denotes the crop species.
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selection efficiency for improving Si uptake in wheat. Ma
(2004) mapped themarkers RM5303 and EST-PCRmarker
E60168 on Chromosome 2, which were linked to the Si
transporter gene in rice. Identifying similar or related
markers in wheat will open opportunities for selection
of the transporter genes for improved drought tolerance
in wheat, considering that homoeologous relationships
exist between rice and wheat (Ahn et al. 1993).
Genome-wide analysis studies have shown that aquapor-
ins are important in drought stress management and
improving breeding programmes (Putpeerawit et al.
2017; Madrid-Espinoza et al. 2018). Genetic sequencing
to screen wheat genotypes for silicon genes and aqua-
porins is a promising approach to accelerate the intro-
gression of genes for enhanced silicon uptake to
improve both drought tolerance and grain quality.
There is a need for further research to establish
whether Si use efficiency would be improved by select-
ing for Si uptake genes only, or whether they should be
selected for in combination with selected aquaporins.

Breeding for drought tolerance

Breeding for drought tolerance has long been identified
as a sustainable and economic strategy to improve
wheat production and productivity in marginal regions,
especially as farmers try to cope with the impacts of
climate change. It has been shown that drought tolerance
can be improved by indirectly selecting for traits such as
early flowering, plant height, tiller number, thousand
kernel weight and grain yield (Mwadzingeni et al.
2016b). Early flowering has been the most exploited
trait for drought escape. This allows genotypes to com-
plete their life cycle before the onset of catastrophic
drought stress. This strategy is effective in environments
such as SSA where terminal drought stress is common
due to the farmers’ dependence on winter rainfall and
residual moisture. The main challenge encountered
when breeding for drought tolerance using this strategy
is that early flowering can lead to a yield penalty and
reduction in other agronomic traits such as plant height
and plant biomass, due to the shortened plant life cycle.

Other strategies to manage drought such as slowing
biological processes, or by enhancing drought tolerance
by accumulating solutes such as proline, have been
pursued but with relatively little success (Mwadzingeni
et al. 2016b). High proline accumulation under
drought stress has been identified as a proxy trait for
drought tolerance but its use has been limited by
difficulties encountered in chemical analysis (Maghsoudi
et al. 2018). In addition, the genetic basis of these strat-
egies is not well understood. There is a need for innova-
tive approaches to incorporate other traits and

strategies to accelerate breeding progress. For instance,
Si has been reported to improve growth in drought-
stressed plants through its role in stabilising the leaf
membrane, maintaining high relative water content,
enhancing antioxidant production and reducing oxi-
dative damage (Ahmed et al. 2016). However, Si
uptake has not been used as a proxy trait for drought
tolerance breeding.

Drought tolerance is a polygenic trait and is subject to
genotype by environment interactions, limiting the gen-
otype response to selection efficiency during phenotyp-
ing (Souza et al. 2004). The slow progress in developing
drought-tolerant cultivars has also been attributed to a
lack of robust and repeatable methods for screening
and maintaining of consistent drought stress conditions
(Nhemachena and Kirsten 2017). As a result, higher
genetic gains for yield have been achieved under
optimal growing conditions but not as efficiently
under drought stress conditions (Ahmed et al. 2007).

Selection of genotypes under both drought-stressed
and non-stressed drought conditions has the potential
to achieve high genetic gains during selection for devel-
oping wheat cultivars for the drought-prone environ-
ments (Trethowan et al., 2002). Screening for drought-
tolerant genotypes has been achieved using drought-
based grain yield indices under drought conditions in
comparison to non-stressed conditions. Despite the
associated large environmental variances, phenotyping
remains fundamental in selecting wheat genotypes
that exhibit drought adaptive and constitutive charac-
teristics (Monneveux et al. 2012; Passioura 2012; Mwad-
zingeni et al. 2016a). Evaluating a large panel of
genotypes in representative test environments and
using robust selection tools has been proposed to
counter genotype by environment interactions that con-
founds phenotypic selection. Multiple environment trials
enable the quantification of genetic and environmental
components, and the calculation of yield stability
(Mohamed 2013). Previously, selection for drought toler-
ance was mainly based on grain yield per se, but the
inclusion of selection indices has improved selection
efficiency (Crespo-Herrera et al. 2018). For instance,
indices such as the mean productivity index, stress sus-
ceptibility index and stress tolerance index have been
developed for improving selection efficiency. These
indices have been developed to improve selection
efficiency and assist in identifying drought-tolerant gen-
otypes (Grzesiak et al. 2019).

Selection for drought tolerance is complex and con-
founded by environmental variance. Hence, conven-
tional breeding must be complemented with
molecular breeding to improve selection efficiency.
Natural and controlled environments can be used
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during phenotypic screening to account for environ-
mental variance (Mwadzingeni et al. 2016b). Sub-
sequently, molecular data of the genotypes can be
generated to identify any markers linked to drought tol-
erance. The phenotypic and genetic data can then be
used in combination to establish marker-trait associ-
ations for marker-assisted selection (Motawea et al.
2015). The availability of genetic data has improved tre-
mendously in recent years due to the advent of the next
generation sequencing (NGS) technologies such as gen-
otyping by sequencing (GBS) for single nucleotide poly-
morphism (SNP) discovery (Tian et al. 2015). However,
the lack of computing capabilities to analyse large-
scale data and large panels of individuals remains an
obstacle for the full utilisation of these technologies in
resource-poor countries.

Successful breeding for drought tolerance will
depend on the availability of adequate genetic variation
for selection. Genetic variation for agronomic traits that
could be useful for improving tolerance to drought has
been reported previously (Ghaed-Rahimi et al. 2017).
World wheat genetic resources are available for improv-
ing drought tolerance in locally adapted varieties,
including modern and obsolete cultivars, landraces,
breeding populations and wild relatives, and are main-
tained and catalogued by several international and
national research programmes and genebanks (Mwad-
zingeni et al., 2017). National research programmes
should consider assessing the genetic variation for Si
uptake and its impact on drought tolerance among
the germplasm maintained at these centres to
augment other drought tolerance breeding pro-
grammes. This approach will add a different dimension
to the current efforts and will contribute to genetic
gains in drought tolerance breeding.

Integrating silicon-use efficiency in breeding
programmes for improved grain yield and
quality under stress conditions

Successful breeding for enhanced Si uptake depends on
the availability of genetic variation for Si uptake in the
breeding population. The effect of Si is most widely
studied under stressed conditions (Zargar et al. 2019).
Genetic variation for Si-utilisation under drought stress
conditions has not been widely exploited for improving
drought tolerance, despite knowledge of its important
role in plant nutrient uptake and remobilisation, and
protection against biotic and abiotic stresses (Gokulraj
et al. 2018; Prasanna et al. 2018). McLarnon et al.
(2017) reported significant genotypic variation for Si
uptake in grasses. The authors discovered that Si
uptake increased under stress, which enhanced

drought tolerance. Enhanced Si uptake could be com-
bined with other drought response mechanisms such
as drought escape, avoidance, and tolerance to
improve wheat productivity in marginal conditions.
Efficient Si uptake can be used as a proxy trait for
drought tolerance and improved nutritional quality sim-
ultaneously. Selecting parental lines with superior Si
uptake could provide a basis for developing breeding
populations for improved Si uptake. There are indi-
cations that Si-use efficiency in wheat is a heritable
trait, controlled mostly by additive genes (Jackson
et al. 2019), which provide opportunities for early gener-
ation selection.

The role of Si in improving drought tolerance in
cereal crops and its additive inheritance pattern
opens opportunities for exploitation in breeding for
drought tolerance and grain quality in wheat. For
instance, mandatory incorporation of Si in fertiliser
could be encouraged because Si-enhanced fertiliser
application could be adopted by farmers as a way to
increase yields, grain quality and enhance drought tol-
erance. However, it would then be imperative for bree-
ders to identify and exploit genetic variation for Si
uptake to develop varieties that will efficiently utilise
the applied Si for improved drought tolerance, yield
and grain quality. This will have positive and cascading
effects on wheat productivity, food security and econ-
omic gains. Si-use efficiency research has predomi-
nantly focused on rice, with recent genome-wide
studies being carried out on multiple crops (Vatanser-
ver et al. 2017).

There are efforts to elucidate the genetic basis and
inheritance of Si-use efficiency, which will facilitate the
establishment of successful breeding programmes
(Jackson et al. 2019). However, the large and
complex wheat genome could pose a significant chal-
lenge in breeding for Si-use efficient wheat. So far, the
genetic basis underlying Si uptake and its inheritance
have not been established. It is, thus, important to
draw insights on the underlying genetics of Si in
other crops and infer possible implications for wheat
breeding.

Most studies on Si uptake focused on agronomy and
physiological responses. However, breeding methods
and genetic control of Si uptake in wheat can be
improved by adapting knowledge from other related
cereal crops, particularly rice. Reportedly, Si uptake is a
polygenic trait and its inheritance is conditioned by
many minor genes (Gómez-Merino et al. 2020). Also,
the expression of Si uptake is highly affected by geno-
type by environment interactions, suggesting the need
for multi-environmental selection of test genotypes to
identify varieties that are efficient in Si uptake, and are
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high yielding and stable candidates for production or
breeding. Due to the additive genetic effect for Si
uptake, this review proposes early generation selection
of candidate lines after initial crosses are performed.
This selection method would enable high genetic
gains for superior Si uptake and yield response. Recur-
rent selection for transgressive segregants would
enhance the response to selection for Si uptake. Simul-
taneous selection for Si uptake, and root biomass and
root hairs (which house the Si transporters) would
reduce linkage drag of undesirable genes, if any. This
may need other complementary breeding tools includ-
ing mutation induction and molecular marker-assisted
breeding. Genetic progress in the breeding for Si
uptake is limited by differential responses to different
Si formulations, concentrations and rates of Si appli-
cation, and a lack of knowledge on the genetics of
Si-uptake efficiency and genotype by environment inter-
action effects.

Outlook and recommendations

The main conclusions drawn from this review are:

. Drought stress and poor soil fertility are major chal-
lenges to crop production in SSA, especially in the
context of the growing climate crisis, driving the
need for climate-smart agriculture and improved
varieties.

. The narrowing crop genetic diversity in modern var-
ieties is likely to hinder progress in breeding for
drought tolerance and Si uptake.

. There is a need to harness the genetic diversity of
crop species and selection for novel traits such as
enhanced Si uptake and improved root systems.

. Enhancing Si-uptake efficiency in crop species such as
wheat is a novel strategy to improve nutrient acqui-
sition and utilisation. This is vital in SSA, where inor-
ganic fertiliser use is low.

. Genetic management of Si uptake in wheat requires
greater knowledge of the genes involved, and the
nature of gene action for Si uptake, to guide selection.

. Transgressive selection, marker-assisted and
mutation breeding techniques can be used to
develop wheat ideotypes with superior Si-uptake
efficiency and superior agronomic performance.

. Gene editing using candidate genes such as the Lsi1
gene in a reference wheat genome could be a poss-
ible strategy to induce elevated Si uptake.

. Application of Si fertilisers in a range of formulations
could be used to improve its availability in SSA soils
with low levels of plant-available Si. However, these

would need to be affordable and cost-effective Si
sources to make this approach viable.

. Future research direction includes standardising and
developing high throughput phenotyping platforms
for Si uptake evaluation, optimising Si concentration
and formulations for the target production environ-
ments, identifying QTLs governing Si uptake for
marker-assisted selection, and developing breeding
populations with high Si uptake efficiency,
drought tolerance and enhanced grain yield and
quality.

The above strategies will aid in the development and
deployment of silicon-uptake efficient, drought-tolerant
and high-quality wheat genotypes to promote sustain-
able production in drought-prone agro-ecologies.
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