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Abstract

Zinc (Zn) concentration in wheat grains is generally low, with an average value of
around 28-30 mg/kg. Therefore, increasing wheat grain Zn concentration for better
human health is the focus of HarvestPlus global initiatives. Source—sink interactions
have been intensively studied for decades to enhance crop yield potential, but less on
grain nutritional quality. This review applies concepts of source, sink, and their in-
teractions to the study of wheat grain Zn nutrition and biofortification. Increasing Zn
sources to wheat (via soil and foliar application) could directly enlarge available Zn
in vegetative tissues and grain Zn sink. Rational nitrogen (N) supply increases grain
Zn accumulation (N-Zn synergism), but phosphorus (P) input generally decreases
(P-Zn antagonism), and the potassium (K) effect is unclear. Conventional and genetic
breeding have potential to stimulate Zn flow from source to sink (uptake from soil,
root-to-shoot translocation, and remobilization). However, a rational manipulation
to establish a well-coordinated source—sink relationship is required to finally realize
the grain Zn target (40-50 mg/kg) and increase on-farm crop yield. Future studies
should focus more on fertilization modes adopted by farmers (uses of compound,
slow/controlled release, and organic and microbial fertilizers) and develop integrated
agronomic and genetic strategies for Zn biofortification. A highly systematic and
mechanistic model includes (a) migration paths of Zn (particularly from leaves to
different grain parts) using isotopic labeling methods, (b) cross-talks between Zn and
carbon, N, P, K, or other divalent cations, (c) inherent physiological and biochemical
processes of enzymes and signaling phytohormones, and (d) complex genetic sys-
tems governing Zn homeostasis and their relationships with other nutrients, signaling
molecules, and increase or dilution/penalty of yield under different environmental

conditions (soil, water, and future climatic changes) and managements (breeding and
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1 | INTRODUCTION
Zinc (Zn) is an essential micronutrient for the health of
plants, animals, and humans (Kr¢zel & Maret, 2016;
Marschner, 2012). It has been reported that more than 30% of
the world's 6 billion population show Zn deficiency symptoms
including retarded growth, anorexia, hypogeusia, diarrhea,
pneumonia, pregnancy problems, and several other chronic
diseases, especially in developing countries and rural areas
(Brown, Peerson, Rivera, & Allen, 2002; Cakmak, 2008a;
Das & Green, 2013; Ma et al., 2005; Ota et al., 2015;
Prasad, 2013; United Nations International Children’s
Emergency Fund, 2012; White & Broadley, 2009). Together,
Zn deficiency causes a 1.9% of the total global burden of
disease (Rodgers et al., 2004). Wheat (Triticum aestivum L.)
is one of the world's paramount cereal crops, providing up
to 30% of human daily calorie intake (Cakmak, 2008a), and
bread wheat alone is the staple food for 35% of the world's
population (Poursarebani et al., 2014). However, wheat grains
contain inherently low Zn, too low to meet daily human nutri-
tional requirements, particularly when grown on Zn-deficient
soils (Cakmak & Kutman, 2018). Furthermore, phytic acid
(PA) and phenolic compounds act as antinutritional com-
pounds in wheat grains and flour, which reduces the bioavail-
ability of Zn in the human digestive tract (Gibson, Bailey,
Gibbs, & Ferguson, 2010; Xia, Xue, Kong, et al., 2018; Xia,
Xue, Liu, et al., 2018; Xue, Eagling, et al., 2014; Xue, Xia,
McGrath, Shewry, & Zhao, 2015; Xue, Zhang, Liu, Xia, &
Zou, 2016). The milling of wheat grains into white flours
usually removes the Zn-rich parts (mainly the embryo and
aleurone layer) retaining only the Zn-poor endosperm, which
contains about 5-10 mg/kg Zn depending on the extraction
rate, and cannot meet dietary Zn requirement (15-30 mg/
kg in flour) (Brown, Hambridge, & Ranum, 2010; Cakmak,
Pfeiffer, & McClafferty, 2010). It is therefore of great interest
to biofortify wheat grain and flour with Zn to increase both
concentration and bioavailability for human health benefits.
The concept of source and sink of biomass in crops was
first proposed by Mason and Maskell (1928). It could also
be applied to the study of Zn. The flow of not only pho-
toassimilates, but also Zn, into developing grains (the sink)
is determined by the source-sink relationship during the
grain-filling period, and Zn may interact with photoassimi-
lates (Liu, Zhang, Liu, Chen, & Zou, 2020). The Zn source
is provided by both postanthesis Zn uptake and the remobi-
lization of existing Zn reserves in vegetative organs (Rose &

fertilization). These aspects require further elucidation to fully unravel the “black

box” of Zn flow from source to sink.

biofortification, foliar sprays, isotopes, micronutrient, phytohormones, remobilization

Bowden, 2013). Sink capacity/strength is determined by the
number and size of wheat grains and their ability to acquire
Zn from source organs. The concentration of Zn in grain
sink currently ranges between 20 and 35 mg/kg, at the global
scale, with an average below or around 28-30 mg/kg. This
concentration is well below the biofortification target range
for human health, set by the HarvestPlus program (http://
www.harvestplus.org) and FAO, which is usually 40-50 mg/
kg (Allen, de Benoist, Dary, & Hurrell, 2006; Cakmak,
Kalayci, et al., 2010; Chen, Zhang, et al., 2017; Graham
et al., 2007; Hao, Zhang, & He, 2015; Ortiz-Monasterio
et al., 2007; Pfeiffer & McClafferty, 2007; Tang et al., 2008;
Wang, Mao, Zhao, Huang, & Wang, 2012). Conventional
and molecular plant breeding, genetic engineering (trans-
genic technologies), and agronomic interventions including
appropriate fertilizer applications are the major tools used
to manipulate the source—sink relationship for the biofor-
tification of wheat with Zn. It seems Zn biofortification of
wheat can be achieved more rapidly by agronomic biofortifi-
cation than by breeding or genetic modification (Cakmak &
Kutman, 2018; Chen, Zhang, et al., 2017). Increasing source
supply of Zn through soil and foliar fertilization can effec-
tively improve grain Zn nutritional quality (concentration
and bioavailability), when Zn partitioning and factors influ-
encing sink growth and development remain unchanged. For
example, in a field experiment involving 320 paired plots,
an average increase in grain Zn of 10.5 mg/kg due to foliar
Zn application was observed by Chen, Zhang, et al. (2017).
Unfortunately, although much effort has been made, we are
still far from fully understanding the source—sink interaction,
and even further from rational manipulation. As a reflection
of this uncertainty, breeders usually struggle with the dilu-
tion of Zn in wheat grain because of increases in yield. With
the “Green Revolution” since the 1960s and improved soil
and crop management strategies, the average yield of wheat
has increased more than twofold (Curtis & Halford, 2014;
Davis, 2009; Grassini, Eskridge, & Cassman, 2013; Tilman,
Cassman, Matson, Naylor, & Polasky, 2002). However, these
large increases in yield have commensurately caused consid-
erable decreases in grain Zn concentrations, that is, the so-
called dilution effect (Davis, 2009; Fan et al., 2008; Garvin,
Welch, & Finley, 2006; Shewry, Pellny, & Lovegrove, 2016;
Zhao et al., 2009). Furthermore, relationships between
grain Zn concentrations and grain size or number of wheat
grains are still unclear (Morgounov et al., 2007; Nowack,
Schwyzer, & Schulin, 2008; Singh, Timsina, Lind, Cagno,
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& Janssens, 2018; Velu, Ortiz-Monasterio, Cakmak, Hao, &
Singh, 2014; Velu, Ortiz-Monasterio, Singh, & Payne, 2011;
Velu et al., 2012; Xia, Xue, Liu, et al., 2018). Concurrently,
biofortified genotypes newly developed by breeding or ge-
netic modification are still unable to realize their full biolog-
ical potential to acquire and accumulate the adequate target
amount of Zn in their grains for a marked human health ben-
efit, especially under “real-world” conditions without foliar
or soil Zn fertilization, with low Zn availability in soils, and
under various other environmental stresses such as drought
and heat (Cakmak & Kutman, 2018). Additionally, the rel-
ative contributions of postanthesis Zn uptake by roots from
soil and remobilization of Zn deposited in vegetative tissues
(leaves and stems) to grain Zn accumulation differ between
cultivars and even for the same cultivar under different con-
ditions (Garnett & Graham, 2005; Kutman, Kutman, Ceylan,
Ova, & Cakmak, 2012; Zhang et al., 2017). The source—sink
relationship of these two sources may be affected by several
plant and soil factors, including timing of senescence, length
of the grain-filling period, the nutritional (e.g., nitrogen) sta-
tus of the plant, and the Zn and water availability during grain
filling.

The different source—sink relationships between different
wheat cultivars/genotypes, or even within the same crop va-
riety under different conditions, demand a mechanistic and
systematic understanding of the source—sink interactions to
achieve optimal Zn biofortification. Furthermore, the chang-
ing global climate (e.g., the elevated ambient air temperature
and CO, concentration or the changed soil water availability
due to altered precipitation) has exacerbated Zn deficiency in
the soil—plant system in many countries and threatens human
nutrition (Li, Ulfat, et al., 2019; Moreno-Jiménez et al., 2019;
Myers et al., 2014). Understanding the source—sink relation-
ship is therefore of great importance in facilitating wheat
growth under stresses (Wang et al., 2019; Zhang et al., 2020),
as demonstrated by Karim et al. (2012), who showed that fo-
liar Zn spraying increased grain yield under drought, possibly
by reducing the drought-induced oxidative cell damage due
to improved antioxidative defense.

In this review, we apply the long-known concept of source
and sink to wheat grain Zn biofortification for the first time.
We summarize current observations and the effectiveness of
manipulating the source—sink relationship for wheat grain Zn
biofortification. We particularly focus on agronomic inter-
ventions and recapitulate what is known about the mecha-
nisms involved in the translocation of Zn from soil to root,
from root to shoot, and remobilization from vegetative tissues
(especially leaves) to wheat grains. However, a systematic
understanding of the source—sink interaction of Zn in wheat
grains (especially in terms of molecular systems biology)
and a well-coordinated source—sink relationship via a ratio-
nal manipulation are required finally to realize the promised
increase in grain Zn and crop yield on-farm. We also identify
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unanswered questions and topics in need of further investiga-
tion to fully unravel the “black box™ of Zn flow from source
to sink.

2 | PHYSICAL MANIPULATION
OF SOURCE/SINK BY DEFOLIATON,
SPIKE SHADING, AND PARTIAL
SPIKELET REMOVAL

Previous approaches for investigating the source—sink limi-
tations of crop assimilates for grain growth and dry matter
accumulation involve reducing the carbohydrate source from
photosynthesis (e.g., through defoliation or spike shading)
or reducing the grain sink size (e.g., through 50% spikelet
removal) after anthesis (Austin & Edrich, 1975; Chang &
Zhu, 2017). These approaches have also been applied to in-
vestigate the source—sink relationship of micronutrient accu-
mulation in wheat grains (Xia, Xue, Kong, et al., 2018; Zhang,
Zhang, et al., 2012; Zhang, Zhou, Zhang, & Wang, 2008).
Zhang et al. (2008), Zhang, Zhang, et al. (2012) and Xia,
Xue, Kong, et al. (2018) all reported experiments whereby
defoliation, spike shading, and spikelet removal were em-
ployed to manipulate the source or sink of Zn and dry matter
in wheat plants. Their results suggested that the accumula-
tion of Zn and dry matter in grains is restricted by source
supply and sink capacity, but the effects of reducing source
supply or sink capacity on grain Zn concentrations are incon-
sistent: (a) Defoliation by removing all the leaf blades from
tagged culms decreased the source-to-sink ratio, which led to
decreases in grain Zn concentrations in the studies of Zhang
et al. (2008) and Xia, Xue, Kong, et al. (2018), but increases
in grain Zn concentrations in Zhang, Zhang, et al. (2012). (b)
In experiments undertaken by Zhang et al. (2008), Zhang,
Zhang, et al. (2012), spike shading and partial spikelet re-
moval increased the source-to-sink ratio by reducing the grain
number and size and correspondingly increased the grain Zn
concentration, but Xia, Xue, Kong, et al. (2018) found that
spike shading reduced grain Zn concentration.

Whether the Zn concentrations depend on the size of
wheat grains and number of grains is also inconsistent in
other studies (Morgounov et al., 2007; Nowack et al., 2008;
Singh et al., 2018; Velu et al., 2011, 2012, 2014; Xia, Xue,
Liu, et al., 2018). There seems to be no correlation between
thousand grain weight and grain Zn in adapted wheat lines
(Velu et al., 2012), indicating no concentration effect due to
small grain size. However, there is a significant negative cor-
relation in unadapted wheat (Morgounov et al., 2007), and a
significant positive correlation found in our previous study
(Xia, Xue, Liu, et al., 2018). Grain Zn concentrations were
negatively correlated with grain numbers per m’ (Morgounov
et al., 2007), per pot (Singh et al., 2018), or spike numbers
(Xia, Xue, Liu, et al., 2018), but no significant correlation
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was observed between grain Zn concentrations and kernel
numbers per spike (Xia, Xue, Liu, et al., 2018).

Such inconsistent and contradictory results are possibly
due to different environmental conditions or the different
genotypes of wheat varieties used. Zhang et al. (2008) tested
nine different winter wheat cultivars, but Zhang, Zhang, et al.
(2012) and Xia, Xue, Kong, et al. (2018), where exceptions
to the trend were observed, used a single winter wheat cul-
tivar “cv. Shijiazhuang 8” and “cv. Kenong 9204,” respec-
tively. Therefore, the universality of the observations made
by Zhang et al. (2008) needs to be verified collaboratively
across multiple locations and multiple years and with more
wheat varieties to identify the physiological and molecular
regulatory mechanisms underpinning the above-mentioned
impact of artificial source or sink manipulations on grain
Zn accumulation and its interaction with the transport of
photosynthates.

The flag leaf is the main photoassimilate source to grain
filling, indicating the higher importance of the flag leaf than
the other leaves to source—sink strength/relationship. Wheat
flag leaf was found to contribute to more than 50% of grain
filling, while its defoliation generated grain yield losses of
18%—30% (Wazzike, Yousfi, & Serghat, 2015). Other studies
pointed out to the role of lower leaves that increases when the
flag leaf area is affected by shading or defoliation (Wazzike
et al., 2015). Similarly, the main source of micronutrients
(including Zn) in the wheat grain is the flag leaf and, to a
lesser extent, the lower leaves (Waters, Uauy, Dubcovsky, &
Grusak, 2009). However, the effect of flag leaf defoliation on
the source—sink relationship of grain Zn accumulation, the
role of lower leaves affected by flag leaf defoliation, and the
corresponding physiological and molecular mechanisms are
unclear.

Food and Ei Securit
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3 | INCREASING THE SOURCE
OF EXOGENOUS ZN BY SOIL
APPLICATION AND/OR FOLIAR
SPRAYING

3.1 | Soil application

Application of Zn fertilizer to soil ensures sufficient uptake
of Zn by wheat roots, prevents Zn deficiency symptoms,
and improves grain yield and nutritional quality, especially
Zn and protein concentration, particularly important for
calcareous soils with low soil moisture and organic matter,
and high pH (Cakmak, 2008a; Alloway, 2009; Cakmak &
Kutman, 2018; Rengel, 2015). Field experiments have indi-
cated that as the rate of Zn fertilizer applied to soil before
sowing winter wheat increased gradually from 0 to 150 kg
of ZnSO,-7H,0/ha, Zn concentrations in different milling
fractions of wheat grain increased (Liu, Liu, Zhang, Chen,

& Zou, 2017). In addition, the total daily absorbed Zn (TAZ)
by the human body (estimated Zn bioavailability using a
trivariate model based on Zn homeostasis in the human intes-
tine) and health impacts (as indicated by disability-adjusted
life years [DALYs] saved) increased in whole flour, coarse
flour, standard flour, and refined flour. Zn-biofortified stand-
ard and refined flour obtained with application of 50 kg of
ZnSO,-7TH,0/ha to the crop met the healthy diet requirement
(3 mg bioavailable Zn obtained from 300 g wheat flour) and
reduced the current health burden (DALYs) by >20% (Liu
et al., 2017). Applying 300-1,500 kg of ZnSO,-7H,0O/ha to
soil at the wheat jointing stage significantly increased grain
Zn concentrations from 31.9-46.0 to 58.0-71.6 mg/kg, while
the molar ratios of phytic acid to Zn were significantly re-
duced from 26.2-30.7 to 12.9-17.3 (values below 15 indi-
cating a good bioavailability) (Wang, Pan, et al., 2018). No
additional benefits to grain Zn concentration and bioavaila-
bility were observed when the rates of Zn fertilizer > 600 kg/
ha were applied. 300 kg/ha had the maximum economic
benefit due to lower costs associated with a lower Zn input
(Wang, Pan, et al., 2018).

To correct or prevent Zn deficiency and thus to improve
the yield in wheat plants (traditionally the main aim of Zn
fertilization), rates of Zn applied to deficient soils usually
range from 20 to 150 kg of ZnSO,-7H,0/ha (Abid, Ahmed,
Qayyum, Shaaban, & Rashid, 2013; Cakmak, 2008b; Liu
et al., 2017; Zhao, Tian, Cao, Lu, & Liu, 2014). Much more
attention has been paid recently to biofortify wheat with Zn
in the edible grains to improve human health outcomes since
the start of the International HarvestPlus program. However,
from an economic and environmental perspective, the opti-
mal rate of Zn fertilizer applied to soil is not “the more the
better.” Overuse of Zn, and the presence of contaminants
such as Cd in low-quality Zn fertilizers, poses a risk of soil
contamination and eventual toxicity to wheat plants and other
organisms (Cakmak & Kutman, 2018; Liu, Liu, et al., 2020).
A typical threshold concentration of Zn found in plant leaves,
above which symptoms of toxicity are observed, is 300 mg/
kg (Marschner, 2012). The optimal rate of soil Zn application
and the thresholds above which Zn toxicity in soils and plant
tissues occur depend on wheat cultivar, soil properties, and
the timing and method of fertilization (broadcasting or band-
ing) (Alloway, 2008; Liu, Liu, Zhang, Chen, & Zou, 2019;
Marschner, 2012), which need to be studied accordingly.

3.2 | Foliar spraying

Besides the soil, there is another major source of Zn in the wheat
grain: Zn deposited or absorbed in vegetative tissues (leaves and
stems) can be remobilized and translocated into grains during the
reproductive stage due to the high mobility of Zn in the phloem
(Erenoglu, Nikolic, Romheld, & Cakmak, 2002; Erenoglu,
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Kutman, Ceylan, Yildiz, & Cakmak, 2011; Sperotto, 2013;
Waters et al., 2009). Many studies have demonstrated a posi-
tive correlation between the concentration of Zn in wheat grains
and in leaves (Cakmak, Kalayci, et al., 2010; Haslett, Reid, &
Rengel, 2001; Kutman, Yildiz, Ozturk, & Cakmak, 2010; Zou
et al., 2012). Kutman et al. (2012) observed that remobilization
of Zn from vegetative organs is critical for wheat grain Zn accu-
mulation when Zn availability in soil is restricted during grain-
filling period. Soils often have low moisture and organic matter
contents in wheat cultivation areas (Alloway, 2009). Such ad-
verse physical and chemical conditions considerably reduce the
soluble Zn in the rhizosphere environment (Cakmak, 2008a),
even after Zn fertilization of the soil. Therefore, providing a
sufficient pool of physiologically available Zn within vegeta-
tive tissues (mainly leaves) by foliar spraying of Zn fertilizer
effectively contributes to greater Zn deposition in wheat grains
after flowering (Xia, Xue, Liu, et al., 2018).

Zn concentrations in all the organs of wheat (stem, leaf, grain,
glume, and rachis) are significantly increased by foliar Zn spray-
ing and increased with greater spraying doses (Zhang, 2017).
However, the relationship between Zn fertilizer doses and in-
creases in Zn concentrations in the wheat organs is not linear
and foliar applications to wheat 10 days after flowering result
in higher Zn tissue concentrations than applications made at
flowering stage (Zhang, 2017). Therefore, the effectiveness of
foliar Zn applications is related to the spraying location, timing,
frequency, and rate (Cakmak, Kalayci, et al., 2010; Zhang, Sun,
etal.,2012). Appropriate concentrations of foliar Zn spraying are
generally in the range 0.1%—0.5% ZnSO,-7H,O (w/v) in water,
but excessive concentrations could cause severe foliar damage
and reduce yield (Cakmak, Kalayci, et al., 2010; Zhang, Sun,
et al., 2012; Zhang et al., 2017). Cakmak, Kalayci, et al. (2010)
found that the highest Zn concentrations in wheat grain are
achieved by applying 0.5% ZnSO,-7H,0O at each growth stage
of stem + booting + milk + dough (four times in total), and a
clear trend for later spraying (booting + milk) leading to higher
grain Zn concentrations than earlier spraying. Zhang, Sun,
et al. (2012) indicated that the spraying of 0.4% ZnSO,-7H,0
(compared with 0.2% and 0.5%) at both the booting stage and
7 days after anthesis had the most significant effect. In general,
differences observed may also relate to differences in soil type,
the extent of soil Zn deficiency, the wheat variety used, and the
climatic and environmental conditions at different experimen-
tal sites (Abdoli, Esfandiari, Mousavi, & Sadeghzadeh, 2014;
Boonchuay, Cakmak, Rerkasem, & Prom-U-Thai, 2013; Welch,
Graham, & Cakmak, 2013; Zhang et al., 2017).

3.3 | Foliar spraying versus soil application

Compared with soil Zn application, foliar Zn application
is much more effective at increasing wheat grain and flour
Zn concentration and bioavailability, leading to greater Zn
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fertilizer use efficiency (Cakmak, Kalayci, et al., 2010;
Cakmak, Pfeiffer, et al., 2010; Ozturk et al., 2006; Wang
etal., 2012; Zhang, Shi, Rezaul, Zhang, & Zou, 2010; Zhang,
Sun, et al., 2012). This may be due to the different routes of
Zn movement to the developing seeds of wheat. The foliar-
applied Zn can be directly transported from leaves to seeds
via phloem loading and unloading, while the xylem discon-
tinuity avoids direct Zn transport from roots to seeds and re-
sults in soil Zn first transferring from root to the shoot via
the long-distance transport pathway in the xylem followed
by the phloem before unloading into the grain (Erenoglu
et al.,, 2002, 2011; Gupta, Ram, & Kumar, 2016; Haslett
et al., 2001; Palmer et al., 2014). Moreover, mobility of Zn is
higher in phloem than xylem due to increased concentration
of chelating solutes (peptides, organic acids, etc.) in phloem
sap (Gupta et al., 2016). A long-term soil fertilization trial
whereby 15 kg/ha ZnSO,-7H,0 was applied for 18 consecu-
tive years on the Loess Plateau of China increased the grain
yield of wheat from 2,364 to 2,464 kg/ha (an increase of only
4.2%) and increased the grain Zn concentration from 18.8
to 22.4 mg/kg (an increase of 19.2%) (Hao, Wei, & Dang,
2003). The grain Zn recovery of foliar spraying exceeded
26.4%0 and that of soil application was no more than 1.7%o
(Wang et al., 2012). In the HarvestZinc project, an interna-
tional study covering seven countries (China, Kazakhstan,
Pakistan, India, Turkey, Zambia, and Mexico), 23 experi-
mental sites, 3 years, and 10 different wheat cultivars, an av-
erage 83.5% increase in grain Zn concentration was achieved
by foliar Zn spraying, while soil Zn application at the time of
sowing was less effective with an average increase of only
12% (Cakmak & Kutman, 2018; Zou et al., 2012).

In addition to its reliable adaptability and greater effective-
ness in terms of biofortification of wheat grain with Zn without
yield penalty, foliar Zn spraying is more economically efficient
and has a lower environmental impact than soil Zn fertilization.
A typical rate of Zn fertilizer applied as a foliar spray is usu-
ally only about 1 kg/ha or less (2-5 g/L. ZnSO,-7H,0, ~23% of
500-1,000 L/ha), which is at least five times less than the low-
est rate (5 kg Zn/ha) that is typically applied to soil (Boonchuay
et al., 2013; Cakmak, Kalayci, et al., 2010; Ram et al., 2016).
Applying foliar Zn fertilizer together with pesticides could re-
duce the cost of applying Zn, and there are no apparent compat-
ibility issues (Ortiz-Monasterio, Cardenas, & Cakmak, 2015;
Ram et al., 2016; Wang et al., 2015, 2016). Compared with
separate foliar applications of Zn and insecticide, applications
of insecticide/Zn mixtures could reduce the cost of application
by 120 USD/ha and increase the net income of farmers by 6.3%
(Wang et al., 2015).

There is uncertainty regarding whether wheat productiv-
ity is limited by the source or sink of photosynthates, or if
it is limited by both factors (Chang & Zhu, 2017; Foulkes
et al, 2011; Lv, Zhang, Zhang, Fan, & Kong, 2019).
Similarly, inconsistent observations have been observed in
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grain Zn accumulation of wheat. Zn concentrations in wheat
grains are positively and linearly correlated with the rate of
foliar Zn applied (Zhang, Sun, et al., 2012), indicating that
the translocation of Zn from vegetative organs to grains is not
a limiting factor and that grain Zn accumulation is most prob-
ably source limited. However, increasing the concentration of
Zn in a culture solution from 10 to 100 umol/L failed to result
in a corresponding 10-fold increase in the grain Zn concen-
tration of wheat, perhaps as a result of saturating the mem-
brane transporters during phloem loading (Pearson, Rengel,
Jenner, & Graham, 1996). Stable isotope labeling in the ear
culture system reveals two barriers for Zn transport into
wheat grains: between the stem tissue rachis and the grain,
and between the maternal and the filial tissue in the grain
(Wang, Specht, & Horst, 2011). Therefore, the circumstances
under which wheat grain Zn accumulation is limited by the
source or the sink, and the detailed regulatory mechanisms
responsible, require further study.
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4 | SUPPLY OF EXOGENOUS
CARBOHYDRATE, NITROGEN,
PHOSPHORUS, AND OTHER
NUTRIENTS, AND THEIR STATUS
WITHIN THE PLANT AFFECTS
GRAIN ZN ACCUMULATION OF
WHEAT

4.1 | Carbohydrate

Exogenous carbohydrate supply or its status within the crop
can influence the transport of Zn into the developing grains,
and vice versa (Liu, Zhang, et al., 2020). The loading of Zn
in phloem depends not only on the degree to which the mem-
brane transporters are saturated, but also on the loading ability
of sugars, amino acids, and macroelements (Grusak, Pearson,
& Marentes, 1999). Pearson, Rengel, et al. (1996) observed
that depletion of carbohydrate reserves in cultured wheat
ears after maintaining them in darkness (prior to labeling)
decreased the transport of radioisotope 7n into grains, per-
haps resulting from a decreased mass flow of carbohydrate in
the phloem. Due to the limited grain sink capacity, sucrose,
supplied at high amounts, may excessively accumulate in the
peduncle and chaff, resulting in stomatal closure, the abate-
ment of transportation via the xylem, and finally reduced Zn
deposition in grains (Ma, MacKown, & Van Sanford, 1996).
Several other studies observed that grain Zn concentration
in cultured detached ears decreased with the increasing sup-
ply of sucrose, due to the increase in grain weight (i.e., a di-
lution effect) (Liu et al., 2014; Zhang, Zhang, et al., 2012).
These observations may be due to the enhanced activities of
enzymes involved in starch synthesis (Sasaki et al., 2005).
Colabeling with %571 and "C-sucrose revealed that Zn was

not transported within the grain in the same way as sucrose
(Pearson, Jenner, Rengel, & Graham, 1996). 4C_sucrose
moves laterally out of the vascular system of the crease into
the endosperm cavity and is subsequently taken up and stored
in the endosperm. In contrast, %7n appears to be retained
within the vascular system of the crease and may be trans-
ported more slowly to grain parts such as the embryo and
pericarp tissue. These above-mentioned observations were
made on detached wheat ears. However, the effects of exog-
enous supply of sucrose (with or without Zn) on grain Zn ac-
cumulation of wheat grown in field conditions are unknown.

As early as in 1953, the addition of sucrose into urea sprays
reduced the injury of maize leaves, perhaps by reducing the
absorption rate and increasing the translocation rate of urea
within the plant (Foy, Montenegro, & Barber, 1953). The im-
pact of sucrose foliar sprays on grain Zn concentrations varies
among different wheat cultivars and different environmental
conditions (Xia, Xue, Kong, et al., 2018). Remarkably, a syn-
ergistic interaction was observed when spraying a combined
foliar application of Zn and sucrose that resulted in improved
wheat grain Zn concentration and bioavailability, compared
to applications of Zn alone (Xia, Xue, Kong, et al., 2018;
Xia, Xue, Kong, et al., 2018). Following Zhao et al. (2014),
the synergistic impact of sucrose on Zn grain accumulation
may be explained by the following three mechanisms: (a) a
longer drying time of the mixed solution; (b) an improved
penetration through the leaf cuticle; and (c) an enhanced rate
of Zn translocation from the absorption site to the grain. As
identified by Fernandez et al. (2017), some additives to foliar
sprays may lower the deliquescence relative humidity, thus
promoting the rate of foliar absorption. Additionally, swell-
ing of the cuticle due to absorption of substantial amounts
of water may form “water-filled pores” (Schreiber, 2005),
which benefit the penetration of hydrophilic solutes across
the cuticle (Fernandez et al., 2017). Therefore, sucrose may
have played such roles, resulting in greater Zn absorption by
the leaf. Further isotopic colabeling studies of 314 sucrose
and %/ 68Zn-ZnSO4 are required to ascertain whether the fo-
liar-applied sucrose enters the leaf cells, accompanies, and
facilitates the migration of exogenous and/or inherent Zn to
grain, implicating cotransportation of carbohydrate and Zn
through the plant.

4.2 | Nitrogen

In addition to the central role of nitrogen (N) fertilization
in increasing wheat grain productivity, it also offers some
benefits in terms of grain Zn biofortification. Interactions
between N application and grain Zn nutrition have been in-
vestigated extensively on wheat. It has been found that zero
or relatively low N supply results in low wheat grain Zn con-
centration, whereas optimal N supply achieves high grain Zn
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concentration, but excess N supply does not further increase
grain Zn, grain N, or protein concentrations (Chen, Zhang,
et al., 2017; Gooding, Fan, McGrath, Shewry, & Zhao, 2012;
Kutman et al., 2010; Shi et al., 2010; Xia, Xue, Liu, et al.,
2018; Xue et al., 2012; Xue, Zhang, et al., 2014; Figure 1).
The use of radioisotope labeling (®Zn) along with whole-
plant partitioning revealed that optimal or adequate N supply
not only improved Zn uptake by roots, but also the transport of
Zn from roots to shoots and remobilization of Zn from leaves
into wheat grains (Erenoglu et al., 2011; Kutman, Yildiz, &
Cakmak, 2011; Xue, Zhang, et al., 2014). The reason is that
appropriate N supply may promote the biosynthesis of ni-
trogenous Zn chelators or transporters, which play critical
roles in Zn uptake, transport via xylem, and remobilization
via phloem, as well as determining the wheat grain sink size
for Zn (Chen, Zhang, et al., 2017; Kutman et al., 2010; Uauy,
Distelfeld, Fahima, Blechl, & Dubcovsky, 2006). Analysis
of the speciation and localization of Zn in wheat grains indi-
cates that Zn interacts with proteins, and therefore, grain pro-
tein content (as a physiological sink for Zn) may determine
the sink capacity (Cakmak, Pfeiffer, et al., 2010; Eagling
et al., 2014; Ozturk et al., 2006; Persson et al., 2016; Xue,
Eagling, et al., 2014; Xue, Zhang, et al., 2016). For exam-
ple, protein and Zn staining showed colocalization of both
within the grain of durum wheat, largely in the embryo and
aleurone (Kutman et al., 2010). There was a significant posi-
tive correlation between concentrations of Zn and protein or
N in wheat grain (Kutman et al., 2010; Xia, Xue, Liu, et al.,
2018).

Clearly, optimized N management is required both from
the perspective of yield improvement and environmental

A

(@)

Zn and N concentration
in grain/tissue
and grain yield

ﬁ-ﬁ_m Food and Energy Securit _W | LEYM

protection (Cui et al., 2018). In practice, the “Action Plan for
Zero Growth of Fertilizer Use by 2020 was formally issued
by the Ministry of Agriculture of China in 2015 to reduce
chemical fertilizer use nationally. Hence, China is undergoing
a transformation from the overuse of N to a rational N input
in crop production, and a 6-year field experiment with bread
wheat (Chen, Zhang, et al., 2017) and our latest findings with
four cultivars (Xia, Xue, Liu, et al., 2018) both highlight that
such transformation will have no negative impacts on wheat

grain yield or Zn concentration and bioavailability. However,
N deficiency is still prevalent in parts of many developing
countries (particularly those in sub-Saharan Africa), which
may not only limit grain production, but also cause low grain
nutritional quality (e.g., protein and Zn) (Abedi, Alemzadeh,
& Kazemeini, 2011; Chen, Zhang, et al., 2017; Kutman
et al., 2010; de Onis, Monteiro, Akré, & Clugston, 1993;
Vitousek et al., 2009). Therefore, optimal N supply is nec-
essary to sustain high grain yields to achieve food quantity
security, and also to improve human dietary protein and Zn
nutrition.

In addition to soil N application, foliar N spraying as urea
has also been demonstrated to improve the Zn concentration
of wheat grain (Kutman et al., 2010; Zhang, Sun, et al., 2012).
Zn has a high mobility and can be easily translocated in the
phloem tissue, and the remobilization of Zn from vegetative
organs into seeds is an important mechanism for Zn deposi-
tion in the grain (Erenoglu et al., 2002; Haslett et al., 2001;
Kutman et al., 2010). It seems that the exogenous foliar-ap-
plied N accelerates the route of inherent Zn from leaves to the
grain; however, to the authors’ knowledge, the specific mi-
gration footprint and underlying physiological, biochemical,
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and molecular mechanisms have never been investigated.
Most previous studies focus on quantity effects of N, Zn, and
their interactions on wheat grain yields and Zn nutrition (Liu
et al., 2017; Xue, Eagling, et al., 2014; Xue, Eagling, et al.,
2014; Xue, Xia, et al., 2016). However, very little attention
has been paid to the influence of different chemical forms of
N in fertilizers (e.g., urea-N, nitrate-N, ammonium-N), and
the impacts of co-amendments applied to enhance N use effi-
ciency (e.g., nitrification inhibitors, urease inhibitors, double
inhibitors, and polymer-coated controlled release fertilizer)
on grain Zn accumulation (Li et al., 2018; Zhang et al., 2013).
This is a key area for future work.
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4.3 | Phosphorus

Phosphorus (P) applied in excess of wheat requirements
elevates plant-available P concentration in the soil, particu-
larly after continuous P input for several crop seasons, and
results in greater grain P, but a dramatic reduction in grain
Zn concentration in wheat (Chen, Zhang, et al., 2017; Zhang
et al., 2015, 2016; Zhang, Liu, Liu, Chen, & Zou, 2017;
Zhang, Deng, et al., 2012). During year 2009-2012, a field
experiment growing wheat was treated with various P rates
(0, 25, 50, 100, 200, and 400 kg/ha calcium superphosphate)
and demonstrated that, with an increase of soil Olsen-P from
3.4 to 40 mg/kg, grain Zn concentration declined from >30 to
<15 mg/kg (Chen, Zhang, et al., 2017). Such phosphorus-in-
duced reductions in the grain Zn concentration of wheat (i.e.,
density effect) may be caused by several processes, includ-
ing (a) reduced plant availability of Zn due to precipitation
as zinc phosphates, (b) decreased root exudation of organic
anions that mobilize Zn, (c) decreased colonization of roots
by arbuscular mycorrhizae (AM), (d) less translocation and
remobilization of Zn from root and vegetative tissues to
grains, and (e) the dilution effect induced by a yield increase
(Hoffland, Wei, & Wissuwa, 2006; Mandal & Mandal, 1990;
Ova, Kutman, Ozturk, & Cakmak, 2015; Teng et al., 2013;
Yang, Tian, Lu, Cao, & Chen, 2011; Zhang et al., 2015,
2016; Zhang, Deng, et al., 2012). Furthermore, increasing
soil P application rates also increases the phytate concentra-
tion in grain, coarse flour, standard flour, bread flour, and
refined flour of wheat, thus decreasing Zn bioavailability
(Zhang et al., 2017).

It appears the P-Zn antagonism mainly occurred be-
tween P and Zn concentrations within the wheat plant or
between soil P application rates and wheat grain/shoot/root
Zn concentrations. However, it does not always hold true
for the relationship between soil P application rates and Zn
contents/accumulation or remobilization in wheat (Zhang
etal., 2015, 2016; Figure 1). With increasing P supply, Zn ac-
cumulation and Zn remobilization to grain, especially during

postanthesis, increased initially at low P application rates (25
and 50 kg P/ha), and then decreased gradually at higher rates
(100400 kg P/ha) (Zhang et al., 2015). Wheat grain yield and
P concentration and accumulation increased with increasing
P application rate, but then plateaued at higher rates (Chen
etal., 2019; Zhang et al., 2015, 2016, 2017; Figure 1). Unlike
the linear plateau model that applies to the relationship be-
tween P application rate and grain yield/shoot biomass/grain/
shoot P accumulation of wheat, a single-peak curve may de-
scribe the tendency for root Zn uptake along with increasing
P application rates (Figure 1). This curve also well describes
the relationship between AM colonization and Zn accumu-
lation in root and shoot of wheat at flowering stage, and in
grain at maturity (Zhang et al., 2016). Therefore, the effect of
P application rates on Zn concentration in wheat is different
from that on Zn content/accumulation. P and Zn homeostasis
within the wheat plant should both be further investigated to
better understand such “concentration-content,” that is, “dou-
ble C” relationships (Figure 1).

The P-Zn antagonism also occurs after foliar P spray-
ing (Wang, Li, et al., 2018), which may on one hand result
from reduced Zn penetration and absorption by leaves due
to formation of phosphate precipitate in solution, on the sur-
face of the leaf blade (Milani et al., 2012), or on the other
hand result from a reduction in the physiological availabil-
ity of Zn for translocation from leaves to grains via phloem
(Cakmak & Marschner, 1987; Loneragan, Grove, Robson, &
Snowball, 1979). Cakmak and Marschner (1987) indicated
that sparingly soluble Zn-phosphate precipitates were the
main reason why the physiological availability of Zn in cot-
ton leaves decreased with increasing P supply.

During the last three decades, the available P concentra-
tions in agricultural soils globally have dramatically increased,
which may exacerbate Zn malnutrition (Alloway, 2008; Hotz
& Brown, 2004; Li et al., 2011; MacDonald, Bennett, Potter,
& Ramankutty, 2011). To achieve high wheat yields, the ap-
plication of P is required. However, excessive P fertilization
leads to surplus levels of P in croplands and eutrophication
of water, and threatens human Zn nutrition (Chen, Zhang,
et al., 2017; Cordell, Drangert, & White, 2009; Gemenet
et al., 2015; MacDonald et al., 2011; Zhang et al., 2017).
Therefore, optimal P management in intensive wheat pro-
duction systems is needed to ensure high wheat yields, high
levels of Zn in grain for human nutrition, and the protection
of environmental quality. A systematic understanding of
the physiological and molecular mechanisms responsible
for plant uptake of P and Zn by roots from soil, their root-
to-shoot translocation, and remobilization from vegetative
tissues to grains under varying soil and environmental con-
ditions is required for optimal P management, and improved
genetic or agronomic Zn biofortification of wheat in the soil—
crop—human continuum.
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4.4 | Potassium

Combined foliar application of Zn and K has been shown
to achieve greater uptake, concentration, and remobiliza-
tion of Zn to wheat grain than spraying Zn alone (Wang,
Li, et al., 2018). Moreover, a synergistic effect between K
and Zn was observed by Srivastava, Ansari, Pachauri, and
Tyagi (2016), in which soil applied K and soil/foliar-applied
Zn increased the uptake of each other in grain, straw, and
total uptake by wheat significantly, and thus enhanced the
apparent utilization efficiency of each other. The facilitation
effect of applied K on Zn absorption and translocation could
be ascribed to its role in increasing (a) the leaf epidermis
permeability and/or the stomatal activity for Zn penetration
(Domnguez, Heredia-Guerrero, & Heredia, 2011; Roelfsema
& Hedrich, 2005), (b) the nitrate reductase (NR) activity and
the production of ATP leading to the efficient formation of
N-containing molecules (e.g., NA, DMA, amino acids, and
polypeptide) and transport of Zn through phloem to grain
(Mohammad & Naseem, 2006), or (c) the sink size, that is,
the synthesis of proteins in grain responsible for Zn storage
(Mengel & Kirkby, 1987). Gao, Mohr, McLaren, and Grant
(2011), however, found that potassium chloride (KCI) ferti-
lizer increased wheat grain yield but concurrently decreased
grain Zn concentration in 4 out of 6 site years, likely as a
result of biological dilution. Therefore, there is no consensus
on how Zn concentration and accumulation in wheat grains
is affected by K application, which thus requires further
investigation.

4.5 | Some other nutrients, including the
Irving—Williams series metals

Irving—Williams divalent cations like Fe, Mn, Cu, Mg, Cd,
Ni, and Co would compete with Zn for the same ligand-
binding sites such as in phytosiderophores (PS), transporter
proteins (like iron-regulated transporter 1), and nonselec-
tive cation channels (Gupta et al., 2016). Binding of Cd2+,
Pb>*, Ni**, and Hg2+ ions to thiol groups of proteins causes
protein inactivation and denaturation of various enzymes,
and thus has detrimental effects on plant growth and also
Zn accumulation, particularly in soils contaminated with
such heavy metals (Gupta et al., 2016). Regarding Zn-Fe
interactions, both metal ions have common transporter pro-
teins required for their absorption by roots and transport to
shoots (Gupta et al., 2016; Singh & Prasanna, 2020; Xue,
Xia, et al., 2016). The concentrations of Zn and Fe in wheat
grains were simultaneously increased by foliar Fe fertiliza-
tion (Rakshit et al., 2016).

In terms of Se, Nawaz, Ahmad, Ashraf, Waraich, and
Khan (2015) reported foliar Se application significantly
increased shoot Se contents of wheat, whereas it reduced
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Zn accumulation by 54% under drought stress. Xia, Yang,
et al. (2019) reported the concentrations of Se and Zn in
wheat grains were both elevated by foliar Se application.
Interestingly, foliar application of Zn efficiently enhanced the
wheat growth and Zn concentrations, and simultaneously al-
leviated wheat Cd toxicity and uptake from Cd-contaminated
soil (Wu, Dun, Zhang, Li, & Wu, 2020). Simultaneous bio-
fortification of wheat with Zn, I, Se, and Fe was obtained
through foliar treatment of a micronutrient cocktail in six
countries (Zou et al., 2019). Therefore, different elements
influence the uptake and translocation each other, and result
in antagonistic or synergistic effects. The impact of other
nutrients on the source—sink relationships of Zn needs more
extensive investigation and in-depth study.

5 | MOLECULAR MECHANISMS
GOVERNING THE SOURCE-SINK
FLOW OF ZN

5.1 | Uptake from soil and root-to-shoot
translocation

Zn uptake and translocation are mainly influenced by the ac-
tivities of transporter proteins located in the plasma mem-
brane of root cells or the transporters participating in xylem
loading and unloading (Erenoglu et al., 2011). At least six
transporter families are involved in the uptake and/or trans-
port of Zn, including Zn- and iron-regulated transporter-like
proteins (ZIP), natural resistance-associated macrophage
proteins (NRAMP), cation diffusion facilitator proteins
(CDF), heavy metal ATPases (HMA), and yellow stripe-
like (YSL) and ATP-binding cassette transporters. Among
these, ZIP perform the function of Zn influx into the cyto-
sol, are reported to facilitate Zn uptake by roots, and could
also transport other metal ions (such as Fe*", Cu®*, and Cd*")
to the shoot (Guerinot, 2000; Ishimaru et al., 2005; Palmer
& Guerinot, 2009). NRAMP also contribute to the trans-
port of various divalent metal cations including Zn2+, Fez+,
Mn2+, and Cu>* (Nevo & Nelson, 2006). CDF are involved
mainly in the sequestration of Zn into organelles (such as
vacuoles, endoplasmic reticulum) or transfer the excess in-
tracellular Zn** out of the cell when present at high Zn con-
centrations (Ricachenevsky, Menguer, Sperotto, Williams, &
Fett, 2013). HMA participate in efflux of Zn to the apoplast
and with YSL are responsible for xylem loading and unload-
ing of Zn and other heavy metals (Curie et al., 2009; Hussain
et al., 2004).

Multiple ZIP members have been identified in
Arabidopsis, alfalfa, barley, grape, rice, soybean, and other
plants (Nie et al.,, 2019). The expressions of ZIP genes
in roots of several plant species are important in adap-
tation or response to Zn deficiency or fluctuations in soil
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(Chen, Feng, & Chao, 2008; Grotz et al., 1998; Ishimaru
et al., 2005; Li et al., 2013). Some of these genes are ex-
pressed in both epidermal/cortical and stellar cells in root,
indicating potential roles in both Zn uptake and root-to-
shoot translocation (Ishimaru et al., 2005; Milner, Seamon,
Craft, & Kochian, 2013; Tiong et al., 2014, 2015). In wheat,
little is known about this ZIP family with an exception of
the higher expression of a Zn transporter 7dZIP1 from wild
emmer wheat under Zn deficiency (Durmaz et al., 2011). A
recent investigation using hydroponic and pot trials demon-
strated that N supply enhanced Zn uptake and root-to-shoot
translocation via up-regulating the expression of TaZIP3
and TaZIP7 in roots of winter wheat (Triticum aestivum)
(Nie et al., 2019). The findings of Evens, Buchner, and
Williams (2017) further demonstrated that the hexaploid
wheat (Triticum aestivum) contains an expanded number of
group F bZIP transcription factors that alter the expression
of ZIPs by binding to Zn-deficiency-response elements in
their promoters. The variation in particular conservation of
cysteine-histidine-rich motifs throughout the wheat group F
bZIPs and the corresponding spatial and temporal expres-
sion patterns of these genes may refine our understanding
of the complex homeostatic network that serves in regulat-
ing Zn uptake and distribution during adaptation to low or
changing Zn availability.

As strategy-II plant, roots of wheat can secrete mugineic
acids (MA) or PS to chelate Zn**, which are subsequently
taken up by roots through transporters (Gupta et al., 2020).
Recently, twelve genes including nicotianamine synthase
(NASI A), YSL6, nicotianamine aminotransferase (NAAT 2D),
deoxymugineic acid synthase (DMAS-1B), 2’-deoxymugineic
acid 2’-dioxygenase, NRAMP?2, zinc transporter 9-like, ferri-
tin 1, mitoferrin-like 1, ZIP5, Fe’t transporter protein 1-like
(IRT1), and zinc induced facilitator-like 1 (ZIF 1), involved
in MA/PS biosynthesis and Fe/Zn uptake and transport, were
identified in seedling and flag leaf, and showed higher ex-
pression in efficient wheat genotypes compared to inefficient
genotypes for Fe and Zn accumulation (Gupta et al., 2020).
miRNAs targeting the genes of Fe/Zn transportation and MA
biosynthesis were also identified in this investigation (Gupta
et al., 2020). These results will provide valuable resources for
a better understanding of Zn transport and accumulation in
wheat at the molecular level.
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5.2 | Leaf senescence and remobilization

Nutrients and proteins in wheat grains are largely derived
from the remobilization of degraded macromolecules dur-
ing monocarpic leaf senescence, which is a genetically
programmed and developmentally controlled active pro-
cess characterized by large-scale coordinated changes in
gene expression, catabolic activities, active transport, and

functional conduction (Cantu et al., 2011; Lim, Kim, &
Nam, 2007; Woo, Kim, Lim, & Nam, 2019). NAC (NAM,
ATAF1,2, CUC2) genes play important roles in plant de-
velopmental processes, auxin signaling, defense and abiotic
stress responses, and leaf senescence (Lim et al., 2007; Woo
etal., 2019). Uauy et al. (2006) reported the positional clon-
ing of Gpc-Bl, a wheat quantitative trait locus associated
with increased protein, Zn, and Fe contents in grains. The
ancestral wild emmer wheat allele encodes a NAC tran-
scription factor (VAM-B1) that accelerates senescence and
increases the remobilization of N, Zn, and Fe from leaves
to developing grains. Five genes homologous to TtNAM-B1
were isolated in common wheat. Depending on the homolo-
gous groups of chromosomes in which these genes reside,
they are classified as GPC-1 (TaNAM-Al, TaNAM-B1, and
TaNAM-DI) and GPC-2 (TaNAM-B2 and TaNAM-D2)
(Cantu et al., 2011; Wu, Dong, Yao, Zhao, & Gao, 2015).
Most modern cultivated wheat varieties (i.e., 57 cultivated
durum lines and a collection of 34 varieties of hexaploid
wheat including the “Chinese Spring” and “Bobwhite”) lack
the functional allele of NAM-BI or carry a nonfunctional
NAM-BI allele due to a 1-bp frameshift insertion, only a
few wheat varieties retain the wild-type NAM-BI allele
(Uauy et al., 2006).

Uauy et al. (2006) further reduced the transcript/RNA
levels of all the multiple NAM homologs using RNA inter-
ference (RNAI) to determine their effects on wheat develop-
ment and nutrient remobilization. An RNAIi construct was
transformed into the hexaploid wheat variety “Bobwhite,”
selected for its higher transformation efficiency rela-
tive to tetraploid wheat. A reduction in RNA levels of the
TaNAM genes (TaNAM-Al, TaNAM-B2, TaNAM-DI, and
TaNAM-D?2) was associated with more than 3 weeks delay
in whole-plant senescence, more than 30% decrease in grain
protein, Zn, and Fe concentrations, and an increase in resid-
ual N, Zn, and Fe in the flag leaf, indicating the functional
redundancy of these four genes and TtNAM-BI. To deter-
mine whether decreased remobilization, lower plant uptake,
or decreased partitioning to grain are responsible for lower
grain protein, Zn and Fe concentrations in the NAM knock-
down line of “Bobwhite,” control and the RNAi wheat line
with reduced expression of NAM genes were grown in potting
mix and hydroponics when Fe or Zn was either withheld or
provided in ample supply postanthesis. The results of Waters
et al. (2009) suggest that a major effect of the NAM genes
is an enhanced remobilization or efflux of nutrients from
the vegetative tissues and a higher partitioning into grain,
but not greater overall plant uptake. These above-mentioned
researches indicate a central role for the NAM genes as tran-
scriptional regulators of a direct link between the leaf senes-
cence and nutrient remobilization to the developing wheat
grain. Deciphering specific genes operating downstream of
the NAM genes could provide new targets or a valuable entry
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point to engineer more efficient efflux or remobilization of
Fe, Zn, and N from source tissues to grain sink at the appro-
priate developmental stages (Waters et al., 2009).

A spatiotemporal expression pattern analysis of NAM
transcription factors Gpc-1 and Gpc-2 in bread wheat culti-
var “Chinese Spring” during grain filling showed, contrary
to the observations of Uauy et al. (2006), that the functional
TaNAM-BI rather than its dysfunctional paralog was found in
“Chinese Spring,” and its nucleotide sequence was identical
to the wild-type TtNAM-BI in T. turgidum var.dicoccoides (a
wild emmer wheat) (Wu et al., 2015). All the results demon-
strated that the no apical meristem (NAM) transcription fac-
tors Gpc-1 (TaNAM-A1, TaNAM-B1, TaNAM-D1) and Gpc-2
(TaNAM-B2, TaNAM-D?2) were all widely expressed in stud-
ied tissues (penultimate leaf, flag leaf, peduncle, glume, ra-
chis, and the kernel), with the exception in root where only
the transcript of Gpc-1 was observed. Wu et al. (2015) con-
cluded that Gpc-1 and Gpc-2 were closely associated with
mineral translocation in the grain. However, no obvious re-
lationships between five NAM genes and the programmed
cell death in wheat grains were found, and the discrepant
temporal expression dynamics suggested that their functions
were not identical. In addition, the potential effect of these
genes on senescence in vegetative tissues was still elusive.
Combined with previous findings, it is proposed that Gpc-
1 and Gpc-2 may directly regulate nutrient remobilization
alone or in parallel with senescence during grain filling (Wu
et al.,, 2015).

The study of the transport mechanisms activated in the
flag leaf of tetraploid wheat during monocarpic senescence
confirms that GPC/ is a key regulator of Zn remobilization
which acts predominantly during the early stages of senes-
cence (Pearce et al., 2014). GPCI has a clear role in the up-
regulation of transmembrane transporter genes responsible
for loading Zn into the phloem (ZIP and YSL) and in the up-
regulation of genes involved in the biosynthesis of chelators
(e.g., PS) that facilitate the phloem-based transport of Zn to
the grains (NAS, NAAT) (Pearce et al., 2014).

Therefore, Zn remobilization and leaf senescence are
intrinsically interconnected processes in most situations.
Unfortunately, the gene regulatory networks controlling
neither processes have been investigated under source—sink
manipulations (e.g., foliar Zn spraying) nor elucidated to
great depth. As Cantu et al. (2011) highlights, dedicated se-
nescence libraries are absent in currently available wheat ex-
pressed sequence tag (EST) resources in the National Center
for Biotechnology Information (NCBI). A better understand-
ing of the gene regulatory networks is urgently required for
further improvements in grain Zn nutritional value. The mo-
lecular mechanisms concerning the movement of Zn in dif-
ferent grain tissues such as embryo, scutellum, and aleurone
layer need a further investigation.
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6 | SIGNALING MOLECULES
(PHYTOHORMONES) IN SOURCE-
SINK INTERACTIONS
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Phytohormones play important signaling roles in source—sink
interaction. Various hormones coordinate responses to stress
and the initiation and progression of monocarpic senescence
in plants (Woo et al., 2019), with abscisic acid (ABA)-based
chemical signaling playing an important role in promoting
leaf senescence (Lim et al., 2007; Wilkinson & Davies, 2002;
Woo et al., 2019). Exogenous ABA application induces se-
nescence-associated mRNAs and accelerates leaf senescence
(Lee et al., 2011). ABA levels appear to be elevated during
senescence induced by a variety of biotic and abiotic stresses
(e.g., drought or heat) (Sah, Reddy, & Li, 2016). Global
gene expression analysis and characterization of genetic mu-
tants have revealed that several other plant hormones poten-
tially play roles in the promotion (e.g., jasmonic acid (JA),
salicylic acid (SA), ethylene, and gibberellins (GAs, Chen,
Xiang, Chen, Li, & Yu, 2017)) or suppression (e.g., cyto-
kinins (Cortleven & Schmiilling, 2015; Lim et al., 2007) and
auxin (Cha et al., 2016; Feng, Xu, Wang, & Zhuoma, 2016;
Kim et al., 2011; Lim et al., 2010)) of leaf senescence at all
stages of leaf development (Woo et al., 2019). Melatonin
improves the photosynthetic carbon assimilation and antioxi-
dant capacity in wheat leaves exposed to Nano-ZnO stress
(Zuo et al., 2017).

In addition to leaf development, ABA, ethylene, GAs,
and cytokinins can greatly influence the wheat grain-fill-
ing process and Zn nutritional status. Generally, GA; and
kinetin applications by seed soaking increased Zn contents
in young barley plants; however, the highest Zn values in
young wheat plants were obtained from the treatment that
had no hormone (Akman, 2009). Yang, Zhang, Liu, Wang,
and Liu (2006); Yang and Zhang (2018) found that ele-
vated levels of endogenous ABA and higher ABA/ethylene
and ABA/GAs ratios were required for the efficient fill-
ing of grain during the active wheat grain-filling period.
Postanthesis moderate soil-drying or applying ABA at a
low concentration elevated the ABA level, which can in-
crease the activities of the key enzymes involved in carbo-
hydrate metabolism in stem and grain, enhance assimilate
loading and unloading capacity, and thereby accelerate
transport and remobilization of assimilates to grains and
promote starch synthesis in grain. Recent publications are
showing clear impacts of manipulation of cytokinin dehy-
drogenase (CKX, the enzyme that inactivates cytokinin) in
cereals on yield, root growth and orientation, and grain Zn
nutrition (Chen, Zhao, Song, & Jameson, 2020). However,
the direct relationship between CKX and Zn homeostasis
genes/Zn-binding proteins in wheat plants has not been ob-
served or established.
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Since hormone signaling, root growth, leaf senescence,
Zn remobilization, and kernel development are intrinsically
linked together during the wheat grain-filling stage after an-
thesis (Cantu et al., 2011; Chen et al., 2020; Lim et al., 2007;
Uauy et al., 2006; Woo et al., 2019; Wu et al., 2015; Yang &
Zhang, 2018; Yang et al., 2006), the physiological and molec-
ular mechanisms underlying their complex crosstalk need to be
elucidated systematically to enable biofortification through ef-
ficient agronomic manipulation and agricultural improvement.
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7 | GENETIC BIOFORTIFICATION
OF WHEAT WITH ZN BY
CONVENTIONAL AND MOLECULAR
BREEDING AND GENETIC
ENGINEERING

In addition to agronomic interventions, conventional
and molecular breeding and genetic modification (trans-
genic technologies) are the other major tools available
for improved biofortification of wheat with Zn (Cakmak
& Kutman, 2018). Plant breeding represents the most
economic and sustainable solution to malnutrition prob-
lems by exploiting natural genetic variation to produce
new Zn-enriched wheat varieties (Sharma, Aggarwal, &
Kaur, 2017; Stein, 2010). Substantial genetic variation in
grain Zn densities among different wheat germplasms has
been observed and exploited for breeding in recent years in
the HarvestZinc project (Chen, Zhang, et al., 2017; www.
harvestzinc.org). Published data from multiple field trials
show that an increase of grain Zn by 6.5-10 mg/kg could
be achieved by elite lines compared to local controls, indi-
cating a marked biological effect in target populations and
promising progress in breeding and bringing Zn-enriched
wheat varieties to market (Bouis, Hotz, McClafferty,
Meenakshi, & Pfeiffer, 2011; Chen, Zhang, et al., 2017;
Velu et al., 2014). However, the development of new geno-
types by breeding or genetic engineering also risks draw-
backs, such as yield trade-off, the inability to realize their
full potential and unstable traits of grain Zn under differ-
ent soils and environmental conditions, particularly with
inadequate soil Zn availability (Cakmak & Kutman, 2018;
Stein, 2010).

Transgenic research is still in its infancy, and there are
very few encouraging examples of transgenic wheat plants
developed for improved root uptake, transport, and grain
accretion capacity for Zn (Borrill et al., 2014). Genetically
modified plants are often tested in controlled environments,
mostly with sufficient Zn availability, and lack performance
verification under natural field conditions with limited Zn
availability alongside various other stresses such as drought,
heat, and disease. As Cakmak and Kutman (2018) state:
“what purpose can an upgraded transport and storage system

serve if the amount of goods to be transported and stored is
limited anyway?”

Looking to the future, a range of emerging proteomic,
metabolomic, transcriptomic, and epigenomic studies and
genome-wide association studies (GWAS) for investigating
Zn uptake, Zn transport, and Zn grain deposition to iden-
tify the bottlenecks of Zn biofortification in wheat would
greatly improve our current understanding on the Zn ho-
meostasis network. These investigations would undoubt-
edly contribute to molecular design, molecular-assisted
labeling, and transgenic breeding, which can increase the
selection efficiency and breeding accuracy and shorten
the breeding duration. Grain Zn accumulation involves the
spatiotemporal regulation of complex networks, and there
are rapidly expanding genetic resources and knowledge for
manipulating Zn homeostasis in wheat. Therefore, a finer
approach, such as the emerging hot CRISPR/Cas9 system
for genome editing, should help accelerate advances in Zn
biofortification.

8 | IMPACTS AND MITIGATION
OF CLIMATIC CHANGE

Moreno-Jiménez et al. (2019) suggest that the increased
aridity driven by climate change (rising temperatures, less
rainfall, and lower water availability) will indirectly limit
the availability of essential micronutrients for organisms,
particularly Fe and Zn, by increasing soil pH and decreasing
soil organic matter in drylands. These negative impacts may
pose serious threats to key ecological processes and services,
compromising global food security. However, zinc fertilizer
is known to alleviate the negative effects of high-temperature
stress on flag leaf nitrate reductase and glutamine synthetase
activities, and on grain and protein yields of wheat (Tao
et al., 2018). Furthermore, foliar spraying of Zn improved the
grain yield of wheat under drought conditions, even in a soil
with high DTPA-extractable Zn (Karim et al., 2012). This is
possibly because the extra Zn supplemented the Zn require-
ment of wheat plants, enhances antioxidative defenses, and
thus decreases the drought-induced oxidative cell damage
(Cakmak, 2000).

Multigenerational exposure to elevated atmospheric
CO, could enhance grain yields but reduce grain N, K,
calcium (Ca), protein, glutenin macropolymer, and total
amino acid concentrations in wheat (Li, Ulfat, et al.,
2019). Myers et al. (2014) reported that C; (e.g., wheat,
barley, rice) grains had lower Zn concentrations when
grown under field conditions at elevated atmospheric CO,
concentration, whereas C, crops (e.g., maize) seemed to
be less affected, due to their different physiology. A rela-
tively greater amount of CO, concentrating internally in C,
crops, compared to C; crops, may lead to photosynthesis
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being CO,-saturated even under ambient CO, conditions,
thus resulting in no stimulation of photosynthetic carbon
assimilation at elevated CO, levels under mesic growing
conditions (Leakey, 2009). Therefore, the greater effective-
ness of spraying foliar “sucrose + Zn” rather than Zn only
in improving Zn concentration and bioavailability in wheat
(Xia, Xue, Kong, et al., 2018; Xia, Xue, Kong, et al., 2018),
but not in maize grains (Xia, Kong, et al., 2019), may also
be related to the different physiology of these two crops.
As C, maize has a higher photosynthetic capacity to pro-
duce more carboxylates than C; wheat, its grain mineral
accumulation is thus less dependent on an exogenous fo-
liar sucrose supply. Differences between different cultivars
of a single crop suggest that breeding for decreased sensi-
tivity to increasing atmospheric CO, could partly address
the emerging threat of climate change to human nutrition
(Myers et al., 2014).

Unfortunately, the impacts of climatic change on the
source—sink relationship of Zn in wheat plants and their
adaption strategy have been much less investigated. These
impacts must be considered when designing sustainable or
climate-smart management actions (including breeding) to
achieve the goal of biofortification, and to fully understand
how forecasted scenarios of climatic change will affect the
agricultural and nutritional potential of wheat worldwide.
Drought and heat stresses, elevated atmospheric CO, con-
centration, and their interactive effects, influence wheat
growth parameters (such as the stomatal conductance, plant
water relation, ABA concentrations in leaf and spike, photo-
synthesis, leaf senescence, and grain yield components) (Li,
Kristiansen, Rosenqvist, & Liu, 2019; Li, Li, et al., 2019; Li,
Ulfat, et al., 2019). However, it is unclear how these parame-
ters may affect the source—sink relationship of Zn, and what
the underlying physiological, biochemical, and molecular
mechanisms are.

9 | CONCLUSIONS AND FUTURE
DIRECTIONS

9.1 | Integrated strategies for zinc
biofortification

Different results have been obtained for Zn biofortification
in wheat grains from different experiments. In some experi-
ments, higher soil DTPA-extractable Zn concentrations did
not lead to higher wheat grain Zn concentration (Cakmak,
Kalayci, et al., 2010). Other experiments reveal a large gen-
otypic variation in wheat grain Zn concentrations (Gomez-
Coronado, Poblaciones, Almeida, & Cakmak, 2016). The
increases in grain Zn concentration after foliar Zn spraying
varied widely from 14.9% to 106.9% (Cakmak, Kalayci,
et al., 2010; Wang et al., 2012; Zhang, Sun, et al., 2012;
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Zou et al., 2012), with even greater increases (from 12-20 to
42-52 mg/kg) recorded by Gomez-Coronado et al., (2016). It
appears that while foliar Zn spraying is more effective than
soil N or Zn application to enrich wheat grains with Zn, the
grain Zn bioavailability is influenced more by cultivar selec-
tion (Xia, Xue, Liu, et al., 2018). Trends in land manage-
ment and environmental change may decrease future wheat
grain Zn accumulation due to adverse soil and climatic fac-
tors including inadequate N use or overuse of P, depleting
the already low soil available Zn and drought prevalence, and
increasing atmospheric CO, concentrations (Chen, Zhang,
etal., 2017).

In addition to the need to improve wheat grain Zn nutri-
tional quality, there is also a need to produce grain with a
similar yield and mineral concentration using less fertilizer
(e.g., Zn, N, and P) and other exogenous inputs to obtain eco-
nomic and environmental benefits. No single intervention or
strategy may work alone to effectively achieve the biofortifi-
cation target. Integrative strategies are particularly needed, in
which all factors, including cultivars, soil type, environmen-
tal conditions, and agronomy (e.g., soil and foliar fertiliza-
tion), are considered and managed holistically. Several case
studies have shown a clear potential for an integrated strategy.
Zhang, Deng, et al. (2012) indicated that the reduction in Zn
concentration in wheat grain due to increased P fertilization
could be mitigated by foliar Zn application. A combination
of “Zn + N” or “Zn + K” spraying was more effective than
Zn alone for enrichment of wheat grains with Zn (Wang, Li,
et al., 2018). Xia, Xue, Liu, et al. (2018) also showed that
optimal soil N and foliar Zn management together with suit-
able wheat cultivars maintained high grain yield with lower
N input and simultaneously substantially increased the Zn
concentration, bioavailability, and thus the nutritional quality
of whole flours.

Here, we propose a conceptual framework for an inte-
grated strategy to maximize grain Zn nutritional quality while
ensuring high yields and protecting the environment. At least
four factors should be managed in coordination in a sustain-
able and intensified wheat production system: (a) adoption of
biofortified cultivars with low grain phytate and high grain
Zn concentration, high yield, and resistance to biotic and abi-
otic stresses; (b) creation of an adequate available Zn pool
in wheat shoots for Zn retranslocation to grain during pos-
tanthesis via efficient foliar Zn spraying in combination with
soil Zn application based on the initial soil DTPA-extractable
Zn status prior to sowing; (c) optimization of N fertilizer ap-
plication rates that ensure optimal grain yield, greater grain
Zn concentrations, and lower N losses; and (d) avoiding the
overuse of P fertilizer by maintaining soil available P at ap-
propriate levels that meet crop requirements but prevent P-Zn
antagonism and environmental pollution. Using our strategy,
the target for biofortification will be rapidly achieved by com-
bining agronomic and genetic strategies. The development of
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a molecular systems model of source—sink interactions (link-
ing the molecular mechanisms to physiological functions and
the outcome of grain Zn status) is required to develop a strat-
egy to rationally manipulate the source—sink relationship for
Zn biofortification of wheat based on specific requirements
(Chang & Zhu, 2017).

9.2 | Greater focus on farmers’
fertilization practice

The development of basic concepts and theory of Zn nutri-
tion in wheat plants has resulted in a separation between ex-
perimental work and the practices that farmers adopt when
they apply fertilizer. In many studies, the frequency of fo-
liar spraying is at least 2 or 3 times, which creates additional
labor costs for farmers. Furthermore, farmer adoption of
experimental treatments is hampered by the lack of newly
developed high-efficient foliar Zn fertilizers that are unavail-
able to farmers. Much more attention has been paid to the

Plant architecture

Framework

Plant function involving genetic
and physiological processes

dose effects of a single element (Zn, N, or P), but not on their
chemical forms or the interactions between these elements.
There is a lack of research on compound, slow/controlled
release, and organic and microbial fertilizers. Therefore, the
development of new types of foliar Zn fertilizers and research
on the efficacy of compound, slow/controlled release, and or-
ganic and microbial fertilizers on Zn nutrition in wheat plants
should be strengthened in the very near future.

9.3 | Unraveling the uncertain fate of foliar-
applied Zn

There is abundant evidence showing that foliar Zn spraying
has great potential for improving grain Zn nutritional qual-
ity of wheat. However, our current understanding of the
fate of foliar-applied Zn from wheat surface to metabolism
and the factors that influence the ultimate efficacy of foliar
Zn application is uncertain and incomplete (Fernandez &
Brown, 2013). In wheat, significant Zn mobility can occur
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FIGURE 2 A schematic diagram of the proposed framework of a mechanistic model representing source—sink relationships of Zn in
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but it is strongly dependent on factors such as plant nutri-
tional status or plant phenological state determining the
import or export of Zn (Erenoglu et al., 2011; Fernandez &
Brown, 2013; Kutman et al., 2012; Lim et al., 2007; Woo
et al., 2019). Specifically, the pathway of the exogenous
Zn penetrating the wheat epidermis (the cuticle, the epi-
dermal cells including trichomes or stomata), the apoplast,
the symplast, and finally transport from leaf to sink grain,
and the underlying molecular, physiological, and biochem-
ical mechanisms, need to be elucidated systematically. Use
of radioisotopes (®*Zn) or stable isotopes (°®Zn) is a prom-
ising technology to track the movement of Zn within wheat
plants (Erenoglu et al., 2011; Xue et al., 2015). Here, we
suggest that colabeling of foliar-applied 651687, 1314¢,
5N, and even **P in combination with hormone signaling
and a series of omics analysis including proteome, metabo-
lome, transcriptome, genome, and ionome is required to
fully unravel the uncertain fate of foliar-applied Zn and
influencing factors, especially during leaf senescence of
wheat. A sound understanding of the complex mechanisms
responsible for the ultimate delivery of foliar-applied Zn
to sink grain involves anatomical, physicochemical, bio-
logical, and environmental principles that govern the ab-
sorption, translocation, and utilization of foliar-applied Zn
by wheat, and this understanding is essential for improving
the effectiveness and performance of foliar Zn fertilizers.

9.4 | Toward a mechanistic model of source—
sink interactions of Zn in wheat

A mechanistic model of source—sink interactions of Zn in
wheat could be developed to include modules for source
(vegetative tissues), sink (grains), and the related trans-
port processes (flow via xylem and phloem) (Figure 2). At
a minimum, detailed Zn metabolic processes in different
organs (roots, leaves, and grains), the transport processes
in stem and between organs, and the architecture of wheat
plants need to be considered in this model. Preexisting mod-
els could be adapted or used to define the framework of
a new model of Zn source—sink interactions. Examples of
such models include the C and N metabolism model in root,
temporary storage pool, leaf, and seeds/fruits, the short-dis-
tance or long-distance transport model, and the 3D shoot or
root architecture model (Chang & Zhu, 2017). The complex
genetic control system regulating the source—sink flow of
Zn (including uptake from soil, root-to-shoot translocation,
and leaf senescence and remobilization) and its response
and adaptation to various environmental conditions (e.g.,
soil type, water availability, climatic conditions) and man-
agement tools (e.g., breeding and fertilization) should be
the core of this mechanistic model (Figure 2). From inside
out, the model framework should establish the relationships
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between inner genes (G) regulating Zn homeostasis in the
wheat plant and outer influencing factors, such as the envi-
ronment (E) and management (M). The model should also
link molecular mechanisms to physiological functions and
the outcome of grain Zn status. With a greater understand-
ing of G X E X M interactions, more available knowledge
can be incorporated and the model updated to fully repre-
sent the “black box” of the source—sink relationships of Zn
in wheat.
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