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1. Introduction

Several biotic and abiotic stresses influence plant growth, yield of agricultural crops, and the
quality of plant products harvested for human or animal nutrition [1–6]. Abiotic stresses include
nutrient starvation, unbalanced nutrient supply, and pollution, as well as climatic factors such as
drought, flooding, heat waves, or low temperatures [7,8]. Climatic factors (especially extreme events)
become more relevant in the course of global change, and may affect plant nutrition. Besides responses
to individual stresses, combinations of stresses (e.g., drought and heat, drought and pests, drought,
and unbalanced nutrient supply) must be borne in mind [5,9]. The severity of stresses and the timing
of stress periods (phase of plant development, duration) are relevant for the impacts on various
plant species or various varieties of a given species. Furthermore, recovery phases following stress
periods must be also considered when evaluating stress impacts in a comprehensive manner [10].
This special issue addresses impacts of various stresses on plant nutrient acquisition, translocation,
and accumulation in the harvested plant parts; however, only a limited number of stress impacts can
be presented in detail.

2. Nutrient Availability and Acquisition

Liebig’s law (initially focused on the availability of mineral macronutrients, and later also
on micronutrients) was extended and integrated into a new concept presented in the review by
Haneklaus et al. [5]. A balanced supply of macro- and micronutrients is essential to decrease the
susceptibility of plants to biotic and abiotic stresses. Silicon—an element not belonging to the essential
nutrients—plays a key role in the response of plants to biotic stresses (e.g., fungal attack) and a series of
abiotic stresses such as drought or heavy metal stress [5,11–13]. For example, silicon can decrease the
toxic effects of heavy metals or play a protective role against fungal diseases by positively influencing
the structure and function of plant cell walls [5].

A research article contributed to this special issue by Bouranis et al. [14] addresses interactions
between various nutrients and forms of nutrients with special reference to elemental sulfur and to iron
in calcareous soils. Iron nutrition of crops can be improved by the addition of elemental sulfur to a
standard fertilizer mixture. This was demonstrated for durum wheat on a calcareous soil. The addition
of elemental sulfur lead to heavier vegetative plant parts and ears. Iron and organic sulfur contents
were increased in all plant parts by this treatment, and yield quantity was also positively influenced.
This paper nicely demonstrates the necessity to consider various aspects of plant nutrition in a broad
context, including plant/soil interactions, in order to optimize yield quantity and quality, as well as to
decrease the susceptibility of plants to various stresses.

Agriculture 2018, 8, 97; doi:10.3390/agriculture8070097 www.mdpi.com/journal/agriculture1
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Interactions between magnesium supply and light levels with respect to photosynthetic efficiency
were investigated by Dias et al. [15]. Experiments with coffee plants grown under controlled conditions
provide evidence that optimized magnesium concentrations in the nutrient medium are important
for maximal CO2 assimilation rate, as well as for highest water use efficiency. Stomatal conductance
depends on light and magnesium supply, illustrating the interaction between these two factors.
Furthermore, increased magnesium concentrations in the nutrient solution led to increased magnesium
and decreased potassium in leaf dry matter. Physiological processes (e.g., growth, photosynthesis,
transpiration, seed filling) and the composition of collected plant material (e.g., hay, cereal grains)
must be borne in mind when addressing aspects of plant nutrition in stressful environments.

The three papers mentioned above clearly illustrate the importance of addressing nutrient
disorders in a broader context. Various stresses may affect nutrient acquisition by plants and their
distribution within plants. In contrast, the nutritional status of plants is relevant for the responses
to stresses. Appropriate fertilization is a key aspect, but fertilizers must be applied before or at the
beginning of the main growth period when environmental conditions throughout this period and
during the subsequent maturation phase cannot yet be known. As a consequence, plant growth,
yield, and nutrient consumption may be negatively influenced, and deviate from average seasons.
In such situations corrections in agronomic practices may become necessary during the following
season(s). It remains a challenge to further integrate nutritional aspects and stress responses. In this
context, it must be borne in mind that agricultural practices and the genotype spectrum available for
crop production are permanently evolving, and may bring additional complexity to a comprehensive
network of regulatory interactions.

3. Nutrient Redistribution within Plants and Accumulation in Harvested Plant Parts

Besides nutrient availability in soils, nutrient distribution and redistribution within the plant
are important for the final contents of the various plant parts. Such transport processes and their
regulation allow an accumulation of nutrients in harvested vegetative [16] or reproductive plant
parts [17,18]. The mobility of an element or of certain forms of an element in the phloem is crucial for
redistribution processes within the plant [13,19,20]. Such redistribution processes are crucial for heavy
metal homeostasis [21], hyperaccumulation [22], and toxicity [11].

Possibilities to increase phosphorus use efficiency in wheat and Arabidopsis were reviewed by
Kisko et al. [19]. The optimized use of phosphorus is highly relevant from an ecological (e.g., risk of
eutrophication), as well as from an economical (e.g., fertilizer costs, quality of yield) point of view.
Inorganic phosphate transport is emphasized in this review with respect to optimal use of phosphorus
fertilizers and phosphorus contents in edible plant parts. A list of genes involved in sensing, uptake,
transport, and signaling of inorganic phosphate in Arabidopsis thaliana and wheat documents the actual
state of knowledge.

Biofortification is an important keyword in this context. Low zinc contents in plant products
are a serious issue for human nutrition, and may cause zinc deficiency for a large percentage of the
worldwide population [16,23]. Biofortification was, in the past, mainly investigated in staple crops
(e.g., wheat, potato). The research article by White et al. [16] is focused on the zinc biofortification in
leafy brassicas such as broccoli or cabbage. These plants, grown worldwide, are directly consumed
by humans, and improved zinc contents in their leaves may help to provide sufficient zinc for the
population in regions with inadequate zinc supplies. However, an excess of zinc can be phytotoxic.
Therefore, there are limits for increasing zinc levels in collected plant parts without negatively
influencing the plant itself. Based on these facts, zinc biofortification of leafy brassicas must be
optimized, taking into account the zinc demands for human nutrition, as well as the possible toxic
effects of elevated zinc on plant growth and/or metabolism [11,16,22].
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4. Impact of Global Change on Plant Nutrient Dynamics

Global climate change with a string of extreme events (e.g., heat waves, droughts) cannot be
ignored when addressing plant nutrient dynamics these days. The availability of nutrients in the soil,
their acquisition, assimilation, distribution/redistribution within the plants, and the nutrient balance
sheets for fields can be severely disturbed by climatic stress factors [13,24–27]. Such effects may not be
restricted to the actual growing season, and may be relevant for the subsequent years(s).

Etienne et al. [13] contributed a review focused on senescence of vegetative plant parts and
nutrient redistribution in annual crops. Drought effects on nutrient dynamics within the shoot,
including remobilization from senescing leaves and transport to reproductive structures via xylem
and phloem, are discussed in this paper. It must be assumed that the points addressed will become
more relevant in the course of climate change, with predicted more frequent and/or more severe
drought periods in many regions. Water fluxes, assimilatory activities, and the redistribution of
inorganic nutrients and of assimilates are affected by this stress. The relative mobilities within plants
vary between different macro- and micronutrients. Therefore, the drought effects on redistribution
must be considered in an element-specific manner, avoiding unjustified generalizations. Nutrient
deficiencies, or other stresses such as drought or heat, may influence the life span of leaves, as well as
the composition of the harvest (e.g., grains) or of the stover.

The impact of drought on nitrogen, phosphorus, and potassium nutrition was investigated in
young maize plants and documented in a research article by Studer et al. [25]. These three elements are
frequently limiting, and represent classical fertilizer components. Changes in root and shoot growth, as
documented with altered root/shoot ratios for dry matter, were identified as an important mechanism
to improve stress tolerance in crops. In a broader context, structural responses to stresses may be
as important as physiological changes to improve overall susceptibility [26–28]. Drought impact on
symbiotic interactions, such as nitrogen fixation in legumes [29], or on mycorrhizal symbiosis [30], is a
further important mechanism to influence the overall performance of crop plants.

5. Genetics and Breeding for Tolerant Crops

The elucidation of relevant genes and of genetic potentials are an important basis for breeding
crop varieties with improved performance in stressful environments [31–35]. Besides traditional
breeding programs, new tools to improve stress responses became available over recent decades, and
may allow more direct genetic improvements to be made. Such programs could further improve well
performing varieties when exposed to stresses.

Mastrodomenico et al. [31] started a research program in the corn belt based on old maize
varieties (expired plant variety protection germplasm) and aimed at identifying possibilities of improving
the performance under nitrogen stress (poor nitrogen availability). The paper is based on data from
field experiments from four years at eight locations. Large numbers of inbreds (53 non-stiff, stalk
synthetic and 36 stiff stalk synthetic) were included in this program to improve nitrogen-use efficiency.
The authors present a perspective to identify the genetic potential, and to breed genotypes with a good
overall performance under low nitrogen supply.

The research article by Chietera et al. [32] is also focused on nitrogen stress, and proposes new
breeding targets including morphological and physiological properties. This research article is based
on experiments with the hydroponically grown model plant Arabidopsis thaliana. A broad range of
nitrate concentrations in the nutrient medium allowed us to undertake comprehensive analyses of
four lines differing in their nitrate utilization properties. The findings were integrated into a statistical
model predicting biomass production from nitrate supply. The article may serve as a basis for refining
breeding programs for crops.

The possibilities of using all technologies available today—including genetic engineering
tools—are presented in a comprehensive review by Roberts and Mattoo [33]. Sustainable intensification
in agriculture to provide adequate food for an ever-growing worldwide population is a key aspect in
this paper. The authors emphasize the challenge for the scientific community to provide the basis and
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suitable techniques for breeding programs, taking into account changing environmental conditions
(e.g., global change), potentials of changes in cropping systems, as well as biotic stress impacts in the
future. Biotechnological approaches must be envisaged to provide cultivars with improved stress
tolerance (abiotic and biotic stresses) [33].

6. Conclusions

The papers included in this special issue cover a broad range of aspects ranging from genetics and
breeding to crop production in the field. Climate change, intensified agriculture, modifications of land
use, or pollution are often accompanied by larger fluctuations including extreme events. The growing
world’s population and nutrient deficiencies in agricultural products for human or animal nutrition,
or pollutants in harvested products in some regions (quality of yield), are important points to be
integrated in a comprehensive analysis aimed at supporting agriculture on the way into a challenging
future. It is therefore necessary to develop suitable models to identify potentials and risks. Instabilities
(e.g., caused by climatic factors or pests) should be detected as early as possible to initiate corrections
in the nutrient supply or in other growth conditions. Sensitive detection systems for nutrient disorders
in the field can facilitate this task, and are therefore, highly desirable [36].
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Abstract: Fertilisation is as old as is the cultivation of crops. In the 19th century, plant nutrition
became an area of research in the field of agricultural chemistry. Liebig’s “Law of the Minimum”
(1855) is still the basis for plant nutrition. It states that the exploitation of the genetically fixed yield
potential of crops is limited by that variable, which is insufficiently supplied to the greatest extent.
With a view to abiotic and biotic stress factors, this postulation should be extended by the phrase
“and/or impaired by the strongest stress factor”. Interactions between mineral elements and plant
diseases are well known for essential macro- and micronutrients, and silicon. In comparison, the
potential of fertilisation to alleviate abiotic stress has not been compiled in a user-orientated manner.
It is the aim of this chapter to summarise the influence of nutrient deficiency in general, and the
significance of sodium, potassium, and silicon, in particular, on resistance of crop plants to abiotic
stress factors such as drought, salinity, and heavy metal stress. In addition, the significance of seed
priming with various nutrients and water to provide tolerance against abiotic stress is discussed.
Underlying physiological mechanisms will be elaborated, and information on fertiliser application
rates from practical experiences provided.

Keywords: drought; heavy metal pollution; no-effect value; potassium; salinity; seed priming;
silicon; sodium

1. Introduction

Instinctive management practices feeding plants can be traced back to the Neolithic agricultural
revolution [1]. But it was the development of mineral fertilisers, in particular nitrogen (N), after
World War I which revolutionised agricultural production. Liebig’s “Law of the Minimum” (1855) is
still the basic concept of plant nutrition. It states that the “exploitation of the genetically fixed yield
potential of crops is limited by that nutrient, which is insufficiently supplied to the greatest extent”
(Figure 1). This principle assumes that all other growth factors, such as water supply and temperature,
are optimum. The significance of regularly occurring abiotic and biotic stress factors is neglected, but
deserves attention where they significantly affect crop production. Thus, Liebig’s law of the minimum
should be extended by the phrase “and/or is impaired by the strongest stress factor”.

Though the significance of individual nutrients for maintaining or promoting plant health saw
some interest in the 1960s and 1970s [2], research in the field of nutrient induced resistance mechanisms
has been scarce because of its complexity and limited practical significance, due to the availability of
effective pesticides. Recent omics approaches have enabled identification of underlying physiological
mechanisms of nutrient induced resistance against diseases [3] and tolerance against abiotic stress [4].
Abiotic stress factors comprise nutrient and water deficiency, soil pH, temperature, oxygen supply,
mechanical pressure, injury, chemical compounds, and heavy metals [5].
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Figure 1. Liebig’s law of the minimum (diagrammatic illustration).

Sulphate and phosphate fertiliser applications have been tested to fix Sr90 in soil, but even
excessively high rates yielded no significant effect on Sr90 uptake of plants in field experimentation [6].
Likewise, no data exist on a quantitatively relevant detoxification of heavy metals in plants by sulphur
(S) fertilisation through the formation of phytochelatins and metallothioneins. Both metabolites are
S-containing secondary compounds that bind, for instance, As, Cd, Cr, Cu, and Ni. The question
remains open as to whether graded S fertiliser rates yield a parallel increase in these secondary
components as has been shown, for example, for glucosinolates [7]. Rather, Ernst [8] stated that
phytochelatin synthesis is an unspecific metabolic reaction to increased heavy metal concentrations,
which bind only small amounts of metal, and that resistance of the biomembrane is a much more
efficient mechanism against heavy metal stress. The amelioration and reclamation of acid, saline, and
polluted soils by fertiliser practices are not subjects of this review, as these topics have been discussed
comprehensively before [9,10].

The phenomenon that mild stress induces yield gains and quality improvements is well known
from the cultivation and processing of herbal plants [11–13]. In both cases, the effect is explained by a
stimulation of metabolic processes in order to defy oxidative stress. By contrast, worldwide severe
stress conditions are a serious threat to crop productivity, and measures to alleviate temporal and
permanent abiotic stress are an important contribution to food security. Though various essential
macro- and micronutrients are involved in tolerance mechanisms against abiotic stress, only a limited
number of beneficial elements proved to alleviate stress conditions under field conditions. The aim
of this chapter is to compile fertiliser practices which have proved to significantly mitigate abiotic
and biotic stress under field conditions. In addition, underlying physiological mechanisms have been
assessed, and guidelines for fertilisation will be provided.

2. Balanced Nutrient Supply—Essential to Secure Productivity and Pivotal Barrier against
Abiotic and Biotic Stress

A balanced nutrient supply is a basic requirement to protect plants against all forms of stress.
The depletion of nutrients, soil organic matter, and erosion are the principal forms of soil degradation.
Nutrient deficiency is an abiotic stress factor, whereby a limited nutrient stock needs to be distinguished
from restricted nutrient availability. In the first case, the deficiency can be balanced by adequate
soil-applied fertiliser rates, in the second case, the mobility can be enhanced, for instance, by
increasing or decreasing the soil pH value by applying lime and acidifying fertilisers, respectively.
Another alternative is the use of foliar fertiliser applications. The ideal causal chain to avoid stress
induced by nutrient deficiency is assessment of the nutrient supply status–establishment of fertiliser
response curves–targeted fertiliser application.

The nutrient status of plants follows the typical Mitscherlich growth functions from severe over
moderate deficiency, to optimum supply, and finally, toxicity (Figure 2a). The so-called upper boundary
lines represent the mathematical, usually, 4th order polynomial functions of the impact of increasing
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nutrient concentrations in the plant tissue on crop yield at defined growth stages, if no other growth
factor is yield limiting [14]. The mathematical procedures to determine upper boundary line functions
have been developed by Schnug et al. [15]. Boundary lines describe the “pure effect of a nutrient” on
crop yield under ceteris paribus conditions [16–18], as the line describes the highest yields observed over
the range of nutrient values measured. Data points below this line relate to samples where some other
factor limited the crop’s response to the nutrient. It is important to note that the slopes of the growth
functions of essential macro- and micronutrients increase steeply with decreasing critical elemental
concentrations in the plant tissue (Figure 2a).

So far, it is not known what impact low input systems on their own, or combined with stress
conditions, have on curve progression (Figure 2). If another variable, for instance, a stress factor
(drought, salinity) and stress relieving minerals, such as sodium (Na) and silicon (Si), are having a
significant effect on the response to the nutrient, their presence will be indicated by two or more distinct
concentrations of points, each with its own boundary line response to the nutrient (Figure 2b). Then, the
data can be classified on the basis of stress factor and concentration of essential plant nutrient and stress
relieving minerals; then boundary lines can be determined separately for each class (Figure 2, [14]).

The physiological nutrient demand can be higher under stress conditions than needed for high
yield. This has been shown for S in order to trigger SIR (sulphur induced resistance) against fungal
pathogens [19], and also will be shown for the application of silicon (Si) against fungal diseases in
this chapter.

 
(a) (b) 

Figure 2. Common, abstract upper boundary line progression for essential macro- and micronutrients
and beneficial minerals in relation to abiotic stress, and predicted progression of upper boundary
lines for rare earth elements (REEs) (a); scattergram showing the relationship between essential plant
nutrients and beneficial elements on crop yield indicating two categories (+/−) of the discriminating
variable abiotic stress (b) (adapted from [20]).

Minerals are rated as beneficial for plants if they promote growth and yield, replace the function
of essential nutrients in plant metabolism, or strengthen the natural resistance of plants against abiotic
and biotic stress. Prominent examples are, for example, Na and Si. If abiotic stress reduces crop yield,
for instance, by 15%, a mineral should have the potential to compensate this gap. As a result, the
boundary line progression of the essential plant nutrient will not change under stress (Figure 2a).
Such stress-compensating effect has been postulated for rare earth elements (REEs), too, but data
suggest that REEs yield, most likely, a hormetic effect ([20], Figure 2a). It is difficult to come to a final
decision as to whether REEs are beneficial for plant growth and act as mediators against abiotic stress,
as contradictory findings exist.

Critical values are indispensable for evaluating the nutritional status of a crop. Important
threshold markers are the symptomatological value, which reflects the nutrient concentration below
which deficiency symptoms become visible; the no-effect value, which stands for the nutrient
concentration above which the plant is sufficiently supplied for achieving the maximum potential
yield, the critical nutrient value for realising a yield level which is 5, 10, and 20% lower than the
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maximum yield [21]; and the toxicological value, which indicates the nutrient concentration above
which toxicity symptoms can be observed (Figure 2a). The sufficiency range indicates the span of
concentrations within which any change of the nutrient content will not influence crop yield [22].

It is important to note that there is no one exclusive critical nutrient value for each crop, as this
depends on the growth conditions, the developmental stage of the plant at sampling, the specific plant
part, the determined nutrient species, the targeted yield and mathematical approach for calculating
it. This also implies that it is more or less impossible to compare results from different experiments,
particularly as critical values are often based on not more than a single experiment [23]. Consequently,
a sheer innumerable amount of critical nutrient values can be found in literature for different crops.
For these reasons, Smith and Loneragan [22] stressed that it is only possible to define ranges, and
not specific values, for different nutritional levels. As an example, Haneklaus et al. [7] compiled and
categorised available individual data with varying experimental conditions from the literature, for the
variables total S and sulphate concentrations, and N/S ratios in relation to different crop species, in
order to facilitate an easy and appropriate evaluation of the S status. Plant groups were assembled by
morphogenetic and physiological features. Because of the wide heterogeneity of results for similar
classes of S supply and for a better comparability of results, concentrations were combined in three
major categories: deficient, adequate, and high, irrespective of the sampled plant part during vegetative
growth. The results of the approach chosen by [7,14] were in close agreement with individual no-effect
values and ranges that the authors determined independently by employing BOLIDES ((Boundary
Line Development System), Table 1). The data sets interpreted by [14] comprised several thousand
entries for cereals and oilseed rape, and more than 500 for sugar beet from field surveys, field trials, or
pot experiments, which cover a wide range of growth factor combinations. In Table 1, the no-effect
values for macro- and micronutrients, and Na contents in cereals, sugar beet, and oilseed rape are
summarised. Nutrient concentrations which equal or are higher than the no-effect values are required
to achieve maximum crop yields.

Table 1. No-effect values for essential macro- and micronutrients, and Na concentrations in cereals,
oilseed rape, and sugar beet (extracted from [14]).

Nutrient Cereals Oilseed Rape Sugar Beet

(mg/g d.w.)

N 35 40 46
P 4 4.2 4.5
S 4 6.5 3.5
K 35 35 42
Ca 4 22.5 4.2
Mg 1.1 1.5 1.8
Na - - 2.0

(μg/g d.w.)

Fe 60 100 100
Mn 28 30 30
Zn 25 33 50
Cu 4 4.5 15
Cl 100 100 -
B 3 25 30

Mo 0.2 0.3 -

For sugar beet, the question arises as to whether the no-effect values vary in relation to the
reference value of productivity, namely root and sugar yield. The sugar beet root contains, on average,
18% sugar with a range of variation from 15 to 23%, depending on soil type, cultivar, and climate.
The upper boundary line analysis revealed that relevant differences in the sufficiency nutrient ranges
existed for Mg and Na with respect to root and sugar yield [14]. In the case of these elements, the
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concentration range for a sufficient supply with respect to the sugar yield was 2.2–4.0 mg/g for Mg
and 4.0–6.5 mg/g for Na. This means that for maximising the sugar yield, Mg and Na concentrations
that equal the no-effect values are not sufficient for maximising the sugar yield. This fact needs to be
taken into account when the nutrient status is assessed by plant analysis, and considered in fertiliser
management, respectively.

Where resilient critical nutrient values, sufficiency ranges or no-effect values are not available for
a specific crop species, it is recommended that these are calculated site-specifically for each location by
employing on-farm experimentation techniques, such as yield monitoring and directed sampling [24].
The overall advantage is that threshold values are tailor-made. The last step is the development of
algorithms for a variable rate application of nutrients and stress relieving minerals, in relation to
stress. The technology for continuous, variable rate application of fertilisers is available, and the best
option for realising the site-specific yield potential under stress conditions. In low input systems, in
particular, including organic farming, the systematic variable rate application of farmyard manure
offers a solution to the key problem of strictly limited N and phosphorus (P) sources. A local resource
management will harmonise the N and P supply. Where the technology is not available, “local
knowledge” may be an adequate alternative [24]. In comparison, in high input systems, the main
objective of variable rate mineral and organic fertilisation is to adjust rates in such way that crop
productivity is maintained, whilst negative environmental side effects, for instance, by leaching and
run-off of N and P, are avoided. Independently of the land use system, variable rate application of
lime seems an appropriate measure to reduce the availability of undesirable heavy metals in soils and
their uptake by plants.

3. Silicon—Multifunctional Mediator against Biotic, Drought, Salinity, and Heavy Metal Stress

Amongst all minerals, it is Si which manifests significant effects against biotic and abiotic stress
under field conditions. The Si content in plants varies between 0.1 and 10% d.w. [25]. Plants show an
active Si uptake, a passive Si uptake by diffusion, and a rejective Si uptake. Based on this differentiation
one can distinguish between Si accumulators (>1.0% Si), intermediates, and excluders (<0.5% Si).
Accumulating plants are sugarcane and rice, intermediates dryland Gramineae, while Brassica crops
and potatoes are Si rejective [26]. Intrinsically, positive effects of Si applications can be expected for Si
accumulating crop plants. Plants take up Si in the form of the uncharged molecule H4SiO4 (orthosilicic
acid) by roots, while no hard evidence exists that plants can absorb Si through their leaves. This implies,
in the case of biotic stress, that foliar sprays with Si have a direct impact on the pathogen, for instance,
an osmotic effect on spores. Alternatively, the alkalisation of condensate water in branches of the crop
may yield a fungitoxic effect [27]. Comprehensive data about Si in plants, the role of Si against biotic
and abiotic stress, and fertiliser recommendations have been published in textbooks and reviews, and
will provide detailed information about different aspects [3,28–30].

There is a green line through the mode of action of Si in response to abiotic and biotic stress, which
is a fortification of the structural integrity of cell walls, the stimulation of the synthesis of defence
components, and the contribution to the osmotic adjustment together with ion balance (homeostasis).
The key functions in relation to the various stress factors are summarised next.

Si proved to be highly efficient against biotrophic and hemi-biotrophic fungi, such as mildew,
Septoria tritici, and Fusarium, after soil application [31]. Several modes of action of Si against fungal
diseases seem to be involved in resistance to infection. Hereby, it can be seen that Si acts as a natural
activator of plant disease resistance. Si increases the structural integrity of cells by incorporating Si
(amorphous (SiO2)m·n(H2O)) in cell walls and intercellular spaces [32]. In the shoot, orthosilicic acid is
polymerised to amorphous silica ((SiO2)m·n(H2O)) which is deposited in specific cells. This deposited
Si in plants functions as a physical barrier. In addition, soluble silicic acid may act prophylactic
against pathogens. Besides this function, Si induces resistance pathways, for instance, phytoalexin
synthesis [32] and synthesis of phenolic compounds [33]. Si fertilisation at rates of 5–15 t/ha have
been most efficient in reducing the disease incidence of plants infected by biotrophic, hemi-biotrophic,
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and necrotrophic fungi by 40–70% in Si hyper- and semi-hyperaccumulating crops [3]. The disease
intensities of some diseases for Si-supplied plants were lowered to the same level achieved with
fungicides [28]. A similar efficacy has been observed for elemental S applications, and the disease
incidence and severity of cereals with Fusarium head blight [34].

Si mitigates phytotoxicity of heavy metals, such as Mn, Al, Cu, Zn, Cd, As, Cr, and Pb [29].
Most studies concentrated on the influence of Si applications on alleviating Mn and Al toxicity.
In principle, two mechanisms can be distinguished. Firstly, ex planta mechanisms in form of a pH effect,
which results in reduced availability of the heavy metal and formation of more stable heavy metal
fractions. The latter involves the formation of hydroxy-aluminosilicate (HAS) and binding of heavy
metals to organic matter and crystalline Fe-oxides instead of labile heavy metal pools. Secondly, are
in planta mechanisms that inhibit Mn uptake [35], restrict root to shoot transport, and induce a more
even co-distribution of Si and Mn. Other studies showed an enhanced binding of Mn in cell walls and
the detoxification of apoplastic Mn by soluble Si [36], and the co-precipitation and/or co-deposition of
Si and Al, which reduces the Al transport into the symplast [37].

The percentage of arable land worldwide, which is adversely affected by salinity, amounts to
some 20%, so any agrotechnical measure to tackle the problem deserves attention. Si increases the
tolerance against salt stress significantly [29]. Research suggests that phytoliths (SiO2)m·n(H2O)) in
the apoplast enhances water retention by reducing transpirational water loss. Next, soluble Si in the
symplast is involved in the biosynthesis of hormones, antioxidant defence enzymes, H+-pumps, and
osmolytes to rebalance ion stoichiometry, reduce membrane permeability and losses of electrolytes,
and improve membrane structure and stability [28,30]. Other studies showed that Si reduced Na and
increased K uptake/content of shoots and roots, in vivo, through the influence of proton pumps on
plasma membranes [29]. Thus, Si increased the photosynthetic activity, leaf area, chlorophyll content
chloroplast structure, and biomass production.

About 30% of land worldwide is arid or semi-arid, and climate change will enforce the problem of
drought in the near future. Si increases the tolerance to drought, low temperature, and UV-B radiation
stress [28,29,38]. Si decreases cuticle transpiration mechanically, and is involved in osmotic adjustment
in plant metabolism. Physiologically and biochemically, Si maintains membrane stability and functions,
decreases oxidative damage, and increases antioxidant defence. Thus, Si improves water retention,
root water uptake root growth, and increases photosynthesis and crop growth.

The positive effects of Si on plant metabolism, particularly against abiotic and biotic stress, are
numerous and impressive. Next, an attempt was made to attribute the various physiological effects of
Si to that of the corresponding essential plant nutrient and detrimental minerals, respectively, in order
to obtain an improved overview of the reaction behaviour of Si in plants (Table 2).

Sterner and Elser [39] have provided a comprehensive overview of homeostasis in the context of
stoichiometry in the animate and inanimate world. Homeostasis assumes that complex physiological
processes maintain a steady state in the plant organism, unless any severe imbalance of ions taken up by
the plant will impair, for instance, the functionality of chloroplasts and reduce biomass production [40].
Homeostasis is maintained most efficiently by balanced nutrient ratios in plant tissues, which then
foster crop productivity, quality, and plant health, while excessive loads of minerals will reduce yield.
Si seems to be able to mediate nutrient imbalances by biomineralisation and directed de-swelling of
Si(OH)4 after uptake by roots. A unique characteristic of Si is that it is taken up as a weak acid, Si(OH)4,
and by biomineralisation through a successive loss of water; heavy metals are bound in phytoliths,
and SiO2 is finally deposited in cell walls.
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Table 2. Silicon, essential plant nutrients, and pollutants involved in the regulation of some stress
related physiological processes.

Physiological Action
Essential

Nutrient/Pollutant
Interaction

Stimulating (+)
Repressive (−) Si Effect

Antagonistic uptake As, Sb, Mn, Na, Al, Cr −
Transpirational bypass flow change Na, Cl −

Biological silicification—heavy metals
bound in in cell walls and phytoliths Cd, Zn +

Stimulation of phytoalexin synthesis CuSO4 +

Osmotic adjustment K, Na, Cl +

Membrane stability (physical barrier) Ca +

Ion homeostasis K/Na balance (salt stress) +

Signalling oxidative stress K, SO4-S, Ca +

For references see [19,30,39,41–46]

Debona et al. [28] concluded in their review that a minimum Si concentration in the roots and/or
shoots of higher plants, especially monocots, is needed to effectively combat stress conditions that
would otherwise reduce yield. The beneficial effects of Si suggest a yield increase of potatoes by
22%, rice by 30%, and sugar cane by 45% [47,48]. Si showed its highest potency to increase yield
of various grasses under drought stress [49]. Similar positive effects were observed in upland rice
by [50]. Favourable effects of Si on yield and oil content of canola were most probably indirectly
induced through a strengthened resistance against disease, as this crop species actively excludes Si from
uptake [51].

In high input systems, Si fertilisation against abiotic and biotic stress will gain relevance if suitable
agrochemicals are not available and there is an augmentation of stress incidences that reduce crop
productivity. Currently, the net return of prophylactic Si applications is not predictable, even if
Si-containing fertiliser materials are available.

Though Si is the second most abundant element in the earth’s crust [25], it is hardly available
to crop plants. Basically, the following soluble Si sources are commercially available for fertilisation:
Ca-metasilicate; wollastonite (CaSiO3), which is an electric furnace calcium silicate slag from elemental
P processing; sodium silicate (water glass) for soil and foliar application; and by-product slags (blast
furnace slags, silico-manganese slags, stainless steel slags, converter slags). The major disadvantages
of the three sources are the putative radon (Rn) contamination of wollastonite, the high price of water
glass, and the limited solubility of by-products slags, which requires higher application rates.

4. Potassium and Sodium—Nutritional Associates against Drought

Positive yield effects of Na fertilisation are known since long [52,53]. Natrophilic crops, such as
sugar beet, spinach, celery, and cabbage, contain 1–3% Na in their leaves, and the prospect of beneficial
effects of Na fertilisation on crop growth are highest if the K supply is limited [54,55]. Marschner [55]
and Broadley et al. [56] summarised the physiological effects of Na as follows: Na regulates the water
supply by a faster closure of stomata; Na increases leaf area and number of stomata while it reduces
the chlorophyll content per unit leaf area; Na stimulates the assimilate transport to roots.

NaCl fertilisation decreased the K uptake in favour of Na and Cl, which induced a higher water
content in sugar beet leaves at growth stage BBCH33 and 39 ([57,58], Figure 3). Broadley et al. [56]
determined thicker, more succulent leaves, which stored more water per unit leaf area after
Na fertilisation.

Shabala and Cuin [59] see the maintenance of K-specific enzyme functions as the key role of
an adequate K supply. With respect to drought and salinity stress, a sufficiently high K supply is
indispensable for osmoregulation and stomatal functioning [43,60]. A balanced K and Na supply

13



Agriculture 2018, 8, 43

proved to be essential for achieving maximum yields; compensation of K by Na was obvious in the
range of moderate K deficiency, but for maximum yield, a minimum K concentration in leaves of
36 mg/g proved to be necessary [58]. For maximum root yield, a concentration of 2.0 mg/g Na was
required, and for maximum sugar yield, 4.0 mg/g Na was required (see Section 1). However, a higher
Na uptake lowers the quality of the beet root. Haneklaus et al. [58] determined that the Na content in
the beet root increased by 0.29 meq/kg f.w. per 10 kg/ha Na applied to the soil.

In 1995, a separate evaluation of the K and Na supply in northern Germany and Denmark revealed
that 38% of all Danish samples and only 1% of the German samples were in the range of an insufficient
K supply, with concentrations <35 mg/g K in the leaf tissue at row closing [58]. In the German samples,
4% revealed Na contents <2 mg/g, indicating a severe undersupply of this mineral. The distinctively
better Na supply of Danish samples can be explained by the fact that Na fertilisation at a rate of 60 k/ha
Na is a standard production technique in the country [61]. The results showed with respect to K/Na
ratios that, in total, 62% of the German, but only 10% of the Danish samples showed an unfavourable
nutrient relation. Highest yields could only be obtained if plants contained at least 35 mg/g K and
6 mg/g Na. Yield losses due to an imbalanced K/Na nutrition were as high as 60% or 37 t/ha [58,62].
In northern Germany, NaCl fertilisation increased beet root yield by 8.7 t/ha on a clayey soil, and 4.1
and 7.3 t/ha on loamy sand soils. The sugar yield remained unaffected on all sites [62].

 
(a) (b) 

Figure 3. Influence of graded rates of Na (kg/ha) applied as NaCl on the K (%) and Na (mg/g)
concentration (a), and water content (%) (b) of younger leaves of sugar beet at row closing (BBCH33
and BBCH39) at three experimental sites in northern Germany (extracted from [58,62]).

5. Seed Priming—Promoter for Improved Development at Early Stages Combats Salinity,
Drought, and Nutrient Deficiency Stress

Seed priming has been applied since the 1970s, and positive effects on germination rate, plant
vigour and development in early growth stages, and resistance against abiotic stress have been
described under field conditions. In general, priming techniques involve imbibitions of water,
hormones, chemicals, biota, and salts during the first reversible stages of germination [63]. These are
summarised under the terms osmo-, hormo-, chemical, bio-, and halopriming [63]. Seed priming yields
more homogenous development of seedlings and an advanced physiological status over a certain
period of time [63]. Other suggested improvements are an increased efficiency of nutrient use and
improved regulation of the plant water status. Seed priming not only accelerates germination, but
also mechanisms which improve seed vigour. Seed priming implies an osmotic (e.g., 0.1% copper
sulphate, 0.1% zinc sulphate, and 0.1% sodium sulphate) resulting in a water potential of −0.5 to
−2.0 MPa, the temperature varying between 15 and 20 ◦C, and a duration that ranges between hours
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and weeks in relation to crop type. Afterwards, seeds are rinsed and dried [64]. It seems to be important
during priming that the process is aerated, which improves seed performance [65]. Other factors are
temperature and solution concentration. It is not possible to provide general recommendations for
seed priming, as the best method varies in relation to variety, species, and seed lots [63].

Most field studies on seed priming were carried out in low input system in India and Pakistan.
Varier et al. [66] suggested that priming provides extra time for the repair of damaged DNA, and an
error free template for replication and transcription. Practically, the treatments improved seedling
vigour, ion homeostasis (higher uptake of beneficial than toxic minerals), and starch metabolism (starch
hydrolysis yields a higher content of soluble sugars) under normal and saline conditions. Primed
seeds show a higher capacity for osmotic adjustment because roots take up more Na and Cl, while
in leaves, the sugar and organic acid content is higher than in non-primed seeds [41]. Calcium (Ca)
salts were suggested to enhance oxygen uptake and promote α-amylase activity, resulting in a higher
content of total and reducing sugars [67]. Chilling stress delayed the germination of rice by more
than 3 days; priming with selenium (Se) enhanced the tolerance of rice against chilling through an
enhanced starch metabolism, respiration rate, anti-oxidative defence system (glutathione), and lower
lipid peroxidation [68].

Main stress factors are limited soil moisture, high temperatures, and soil-crust formation in
semi-arid areas, which impair germination and seedling emergence [69]. Under severe stress conditions,
less than 10% of the sown seeds establish successfully [69]. Seed priming with water has been described
by Wilkinson [70], and its effect on germination, crop establishment, growth, and yield has been
intensely studied and reported [69,71,72]. Crop establishment in marginal rainfed areas was significantly
enhanced by seed priming with water and/or nutrient solutions [69]. Seed priming with water and
micronutrients was beneficial, in particular where stress affected juvenile plants [69]. As could be
expected, seed priming with micronutrients enhanced their concentration in the seeds, while the content
in the progeny seeds remained unaffected [73]. Calcium sulphate and calcium chloride proved to be
more effective at enhancing germination of wheat under salt stress than sodium chloride [74].

Farooq et al. [75] postulate the equality of fertilisers applied to soil, foliage, and seeds, but this
seems highly questionable, since under conditions of severe nutrient deficiency, particularly that of
macronutrients, the rates required can only be applied to the soil. In addition, the risk of burning
the plant tissue needs to be taken into account if the nutrient concentrations in foliar fertilisers are
too high [76]. The same applies to in seed priming solutions, since these may result in negative yield
effects [75].

The physiologically positive effects of seed priming transfer directly into yield increase. In on-farm
studies, wheat yield varied between 1.2–1.4 to 4.2 t/ha in India and Pakistan, and 2.3 t/ha in Nepal [69].
Priming increased yield by 152–505 kg/ha with a mean value of 270 kg/ha. In another study, wheat
grain yield increased by 200 kg/ha, and straw yield by 400 kg/ha, after seed priming with water [77].
With seed priming, 50 kg/ha N resulted in the same yield level as a crop that received 75 kg/ha
N without priming [69]. These data show that seed priming enhanced N uptake of the crop plants.
In addition, primed seeds showed an improved resistance to pest and diseases [69].

In the literature, results are expressed as increases in percentages, because the total yield increase
is rather low, as is the yield level in general (Table 3). Maximum yield increases of 34.9 to 53.7% have
been reported for seed priming of wheat with Zn, and common bean with Mo, respectively (Table 3).

To recap, it can be stated that seed priming is suitable for all crops, and proved to be effective
against moderate and severe abiotic stress. Seed priming with nutrients or water seems a practical
solution to alleviate nutrient deficiencies, drought, and salinity stress on marginal soils where crop
production levels are low.
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Table 3. Yield increase by seed priming 1.

Element Crop Yield Increase (%)

Zn rice 6.8–29.6
wheat 14.0–34.9

chickpea 17.7–36.0
B oats 8.4

cowpea 37.3
Mo chickpea 20.0

French bean 34.8
Mn wheat 12.8
Mo common bean 11.6–53.7
Co. common bean 5.0–52.5 2

1 references in [75]; 2 economic yield.

6. Significance of Fertiliser Practices against Abiotic Stress in Practice—a Critical Assessment

A proven positive effect of an essential plant nutrient or beneficial element on abiotic stress factors
under field conditions is a required premise for the recommendation and implementation of fertiliser
practices on production fields. Another important aspect is the positive long-term performance of
fertiliser applications in practice under stress conditions. For example, Na will increase yield of sugar
beet under conditions of transient drought, but putatively negative side effects have to be taken into
account, such as silting, and an increase in soluble salts in soils if Na is applied regularly. In addition, a
regular, prophylactic application of Na will only be profitable if drought is a regular phenomenon in
the production zone. In the case of Si fertiliser costs, efficacy of the fertiliser and practicability of the
handling and application of the fertiliser materials are the main obstacles for being part of a routine
fertiliser scheme. On-site experimentation seems the best solution for targeted fertiliser applications
against biotic and abiotic stress, though the possibility of alleviating abiotic stress by fertilisation is
strictly limited in high input systems. Rather, a balanced nutrient management seems important for
counteracting soil degradation, maintaining the soil organic matter content on a site-specific level, and
avoiding physical and chemical deterioration by regular liming. The implementation of biological
know-how into fertiliser strategies, for example, a crop-specific S and Si fertilisation in combination
with threshold applications of fungicides, would significantly limit the input of agrochemicals distinctly.
In low input systems seriously affected by abiotic stress factors, seed priming with water and nutrients
is a sensible measure to counteract drought and nutrient deficiencies.
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Abstract: The granules of conventional fertilizers have been enriched recently with 2% elemental
sulfur (S0) via a binding material of organic nature and such fertilizers are suitable for large scale
agriculture. In a previous work, we demonstrated that a durum wheat crop that received the
enriched fertilization scheme (FBS0-crop) accumulated a higher amount of Fe compared to the durum
wheat crop fertilized by the corresponding conventional fertilization scheme (F-crop). In this study,
we investigated the effect of S0 on the contingent mobilization of iron from the iron pools of the
calcareous field that affiliated the durum wheat crop and the corresponding effect on the crop’s iron
nutrition and sulfur nutrition. A sequential extraction of Fe from root zone soil (rhizosoil) was applied
and the fluctuations of these fractions during crop development were monitored. The fertilization
with FBS0 at sowing affected the iron fractions of the rhizosoil towards iron mobilization, thus
providing more iron to the crop, which apart from the iron nutrition fortified the crop’s sulfur
nutrition, too. No iron was found as iron attached to carbonates of the rhizosoil. Fluctuations of the
iron pool, bound or adsorbed to the organic matter, were exactly the opposite to those of the iron
pool associated with the clay particles in both treatments, suggesting iron exchange between the two
pools. Replenishment of the F-crop’s Fe content and a deficit in the FBS0-crop’s Fe content in the
rhizosoil were found at the end of the cultivation period. Furthermore, the initiation of the fast stem
elongation stage (day 125) constituted a turning point. Before day 125, the use of FBS0 increased
the iron concentration in the main stems and this was an early fortification effect, followed by an
increase in the organic S concentration. Following day 125, the FBS0-crop consisted of plants with
higher main stems and less tillers. A late fortification effect was observed in the iron concentration
of the main stems and their heads after the stage of complete flowering. Prior to harvesting in the
FBS0-crop, all plant parts were heavier, with more iron and organic sulfur accumulated in these plant
parts, and the obtained commercial yield of the FBS0-crop was higher by 27.3%.

Keywords: iron dynamics; sulfur; sulfate; durum wheat crop; calcareous soil; elemental sulfur;
enriched fertilizer; rhizosoil iron fractions

1. Introduction

Sulfur (S) fertilizers with very different physical and chemical forms, have been developed to
alleviate S deficiency, and they are distinguished by two categories: (1) S fertilizers containing sulfate
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forms, i.e., the directly available S chemical form for plant uptake and (2) S fertilizers containing
non-sulfate forms [1]. The S content of the latter is not directly available for plant uptake and requires
oxidative conversion to sulfate. Being effective in the rapid alleviation of crop S deficiency, sulfate
S fertilizers are widely used [1]. The factors affecting the oxidation of elemental S (S0) in soils have
been reviewed [2,3]. From the non-sulfate fertilizers, the ones based on S0 are still a challenge. S0 is an
emerging fertilizer product and market, which apart from the S0 itself includes micronized granular
S0, nitrogen and/or phosphate fertilizers enhanced/enriched with S0 and S0-coated fertilizers [4].

Recently, S0 has been attached successfully onto the surface of the granules of commercial
fertilizers (F) via a binder (B) by Sulphur Hellas S.A., under the commercial name “Sulfogrow”
(FBS0) [5] for use in large scale agriculture. The F granules act as a core, effectively covered by an
amount of 2% (w/w) of S0 yellow dust. Does such a small amount of S0 contribute to the efficacy of
the granules or is it negligible? In a previous work [6] on the nutritional dynamics of a durum wheat
(Triticum durum, Poaceae) commercial crop during development, we reported that the FBS0-treated crop
presented denser plantation with more robust plants in comparison to the conventional F-treated crop,
whilst the accumulated amounts of iron per plant were found to be significantly increased at day 61 after
sowing in the above ground crop part, comprising an early effect. After day 100, the accumulated dry
mass per plant was twice that of the control and iron accumulation curves per plant were statistically
higher than the control ones. It was suggested that the FBS0 product was more effective in comparison
to its core fertilizer, as regards the examined parameters, i.e., the dry mass, sulfate, total sulfur, organic
nitrogen, and iron concentrations in the above ground plant part, highlighting the fact that higher early
mobilization of Fe coincided with a decrease in rhizosoil content of humic substances [6]. Given that
the crop was established and developed on a calcareous soil, in which Fe availability is highly restricted
due to Fe3+ precipitation and immobilization, the fact that the FBS0-crop’s plants accumulated greater
amounts of Fe implies that soil reserves of Fe were of adequate amounts to support the enhanced
growth of FBS0-crop’s plants and that they had been mobilized.

In calcareous soils, calcium carbonate buffers soil solution pH in the range 7.5–8.5 [7] and elevated
bicarbonate concentration is present in the solution [8]. The solubility of Fe in well aerated soils is
controlled by both the Fe oxides [9] and the pH of calcareous soils. The most soluble Fe oxide limits
total soluble Fe concentration at around 10−10 M, much lower than that required (10−8 M) for optimal
plant growth [10]. In addition, bicarbonate may hinder Fe uptake and its translocation in plants [11].
In calcareous soils Fe not only is little soluble [12–14], but usually the concentrations of soluble and
exchangeable Fe are much lower than those necessary for adequate plant growth and plants have
also developed mechanisms to make other forms of Fe available [13]. Most Fe in soil is in the ferric
form. Being a Poaceae species, wheat follows the Strategy II to take up the ferric iron, by the action of
phytosiderophores [15].

The aim of this work was to elaborate on the effect of S0 as a fertilizer ingredient on the
mobilization of iron from the several iron pools of the calcareous field that affiliated the durum
wheat crop. To this end, a fractionation scheme was adopted to distinguish the various fractions of
rhizosoil iron, in order to depict the iron dynamics in the rhizosoil of FBS0-treated crop. The allocation
of iron among the various pools within the rhizosoil was correlated with the allocation of iron in
the main stem, the tillers, and the corresponding heads. Furthermore, given the strong relationship
between iron and sulfur metabolisms, iron allocation in the above ground plant parts was studied in
relation to the corresponding allocations of sulfate and organic (reduced) sulfur.

2. Materials and Methods

2.1. Experimental Field Trial

A durum wheat (Triticum durum, cv. SIMETO) commercial crop was established in Lefktra
(latitude 38.25◦ N, longitude 23.18◦ E, 352 m a.s.l.) at Viotia county, central Greece, in a production
field of 2.2 ha with calcareous soil. The area was divided into two parts of 1.1 ha each; one of them
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was subject to conventional F-treatment according to the local agricultural practices (F-crop), whilst
the other one received the corresponding FBS0-treatment (FBS0-crop, Figure 1). In order to ensure
comparable soil conditions, prior to crop establishment each area was arbitrarily divided into plots
15 m × 7 m (105 m2) each (105 plots in total). All 44 perimetric plots were excluded, whilst the internal
60 plots were grouped into five successive groups of 12 plots each. Within each group of plots, soil
quality was tested in a random fashion by analyzing one composite sample per plot collected at the
depth of ca 20 cm, until a set of (5 + 5) plots with comparable quality was secured, one plot within
each group (Table 1). Then, for each of these plots, two more composite soil samples per plot were
collected and analyzed. At each sampling day, sampling took place from the same plots.

November December JulyJanuary February March April May June

0 30 60 90 120 150 180

F2
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S  : sowing
h  : herbicide application
F  :  fertilizer application
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H : harvesting
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YF : 1657 kg/ha
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F3 : 34-0-0       150 kg/ha   51 kg N/ha

FBS01 :             306 kg /ha (6 kg S0 /ha)

Fertilizer application Herbicide application Yield

Figure 1. Overview of experimental work. On day 61 initiation of tillering took place. Stem elongation
proceeded between days 105 to 146, whilst on day 197 the crop was in the process of grain filling.

Table 1. Soil quality of the experimental fields.

Field Clay Loam Sand Class CaCO3 NO3
- P-Olsen Kexch Mn-DTPA Cu-DTPA Zn-DTPA

% % % % ppm ppm ppm ppm ppm ppm

F-crop 42 28 30 C 13.1 10.51 18.2 170 7.51 1.74 1.1
FBS0-crop 41 31 28 C 16.7 11.68 19.7 240 7.84 1.5 0.92

F-crop: the crop that was subject to conventional fertilization (F-) treatment according to the local agricultural
practices. FBS0-crop: the crop which received the corresponding FBS0-treatment. Kexch: soil exchangable potassium.
DTPA: diethylenetriaminepentaacetic acid

Sowing day and fertilizer application took place in 13 November 2014 (day 0). The control crop
was fertilized with a commercial 20-10-10 fertilizer (nitrogen was provided as ammonium sulfate,
phosphorus as triple superphosphate, whilst potassium was provided as potassium sulfate) at a rate
of 300 kg ha−1. The FBS0-treated crop received the equivalent fertilization with the corresponding
“Sulfogrow” 20-10-10 commercial fertilizer at the same rate, carrying 2% S0 (306 kg ha−1). At days
146 and 167 after sowing, additional fertilizations with commercial ammonium nitrate fertilizer took
place at the rates of 270 and 150 kg ha−1, respectively. At days 161 and 166 after sowing, herbicide
applications took place at the rates of 70 g ha−1 (Best) and 1.1 L ha−1 (Foxtrot 6.9W), respectively. Both
crops received no irrigation. For the determination of morphometric characteristics, 20 plants per
plot were used. For the chemical analyses, at least five plants per plot were collected with their root
system and the surrounding soil by means of a shovel. The excess of soil was removed by hand and
the soil within the root system mass, i.e., the rhizosoil (RS), was collected. The above ground plant
part was separated into the main stem, the accompanying tillers, and the corresponding heads, and
the fluctuation dynamics of iron, sulfate and organic sulfur were monitored in each plant part during
the crops’ development.
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2.2. The Nature of the FBS0 Fertilizer Granules

According to the patent [5], the fertilizer granules are mixed initially with elemental sulfur in the
form of dust at a percentage of 2% to 4% (w/w, S0: fertilizer’s granules). The mixture passes through a
shower of fine droplets consisting of a 1:1 mixture of molasses and glycerol, which acts as the binding
system, in such a way that the whole surface is exposed. The binder is added at a percentage of 0.4%
to 1.2% (w/w, binder: fertilizer granules). Then, the mixture is led to a mixer, where the sticky S0 dust
is evenly attached onto the sticky fertilizer granules, thus forming the final product FBS0.

2.3. Determinations of Soil Parameters

Determinations of pH, organic matter, CaCO3, NO3
−, P-Olsen, exchangeable potassium,

Mn-DTPA (DTPA: diethylenetriaminepentaacetic acid), Cu-DTPA, Zn-DTPA, and humic substances
content in the rhizosoil were performed according to the procedures described by Jones (1999) [16].

2.4. Preparation of Dry Mass Digests

Samples of the separated plant parts (main stems, tillers, heads) were oven-dried at 80 ◦C and
ground to pass a 40-mesh screen using an analytical mill (IKA, model A10). Prior to iron analysis,
samples were digested with hot H2SO4 and repeated additions of 30% H2O2 until the digestion was
complete [17].

2.5. Rhizosoil Fractionation Scheme

Rhizosoil samples were fractionated with the modified version of the BCR-three step sequential
extraction procedure, as described by Pueyo et al. (2008) [18].

Exchangeable and weak acid soluble fraction (1st fractionation step; 1st fraction): 1 g soil sample
was extracted with 40 mL of 0.11 mol L−1 acetic acid solution by shaking in a mechanical, end-over-end
shaker at 30 rpm at room temperature (20 ◦C) for 16 h. The extract was separated by centrifugation at
3000 rpm for 20 min, collected in polyethylene bottles and stored at 4 ◦C until analysis. The residue was
washed by shaking for 15 min with 20 mL of doubly distilled water and then centrifuged, discarding
the supernatant.

Reducible fraction (2nd fractionation step; 2nd fraction): 40 mL of 0.5 mol L−1 hydroxylammonium
chloride solution was added to the residue from the 1st step, and the mixture was shaken at 3000 rpm
at 22 ◦C for 16 h. The acidification of this reagent was by the addition of a 2.5% (v/v) HNO3 solution
(prepared by weighing from a suitable concentrated solution). The extract was separated and the
residue was washed as in the first step.

Oxidizable fraction (3rd fractionation step; 3rd fraction): 10 mL of 8.8 mol L−1 hydrogen peroxide
solution was carefully added to the residue from the 2nd step. The mixture was digested for 1 h at
22 ◦C and for 1 h at 85 ◦C, and the volume was reduced to less than 3 mL. A second aliquot of 10 mL
of H2O2 was added, the mixture was digested for 1 h at 85 ◦C, and the volume was reduced to about
1 mL. The residue was extracted with 50 mL of 1 mol L−1 ammonium acetate solution, adjusted to
pH 2.0, at 3000 rpm and 22 ◦C for 16 h. The extract was separated and the residue was washed as in
previous steps.

Residual fraction (4th fractionation step; 4th fraction): the residue from the 3rd step was digested
with aqua regia. In this case, the amount of acid used to attack 1 g of sample was reduced to keep the
same volume/mass ratio: 7.0 mL of HCl (37%) and 2.3 mL of HNO3 (70%) were added.

In the diluted dry mass (DM) digests or rhizosoil fraction extracts, Fe was determined by atomic
absorption spectrophotometry (GBC, Model Avanta spectrophotometer, GBC Scientific Equipment
PTY LTD, Dandenong, Victoria, Australia) [17].
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2.6. Sulfate and Total Sulfur Determination in the DM of the Plant Parts

Sulfate concentration was determined by extracting the oven-dried samples with 2% (v/v)
acetic acid aqueous solution and by analyzing by a turbidimetric method [19,20]. Total sulfur
content was determined after dry ashing at 600 ◦C [21]. The ash was dissolved in 2% (v/v) acetic
acid aqueous solution, filtered through Whatman No. 42 paper, and total sulfate was determined
turbidimetrically [19,20]. The content of the organic sulfur (Sorg) was calculated by subtracting the
total sulfate content from that of the total sulfur.

2.7. Statistical Analysis

The comparisons between the corresponding FBS0-crop and F-crop values in each case were
submitted to t-test variance analysis with two-tailed distribution and two-sample equal variance,
at p ≤ 5%. Where the differences between means of FBS0-crop and F-crop samples were statistically
significant, the percentage of the relative change is provided in the text.

3. Results

3.1. Dynamics of the Iron Fractions in Rhizosoil during the Crops’ Development

No iron was found as iron attached to carbonates of the rhizosoil (i.e., the exchangeable and weak
acid soluble fraction; fr1) throughout the experiment. At sowing, the total extracted iron from the
rhizosoil amounted to 8.3 mg g−1 RS, allocated by 11% as iron adsorbed on iron-manganese oxides
(i.e., the reducible fraction; fr2), 16% as iron bound or adsorbed to the organic matter of RS (i.e.,
the oxidizable fraction; fr3), and 73% as iron associated with the clay particles (i.e., the residual fraction;
fr4). In the F-crop the total extracted Fe started to lower at day 61, presented the lowest value at day
125 and then increased progressively, reaching the initial value at the end of the cultivation period.
In the FBS0-crop, the lowest value appeared already on day 61 and then it increased and stabilized
at a value of 6 mg g−1 RS, i.e., 72.3% of the initial, after day 105 onward (Figure 2A). Analyzing the
percentage contribution of each fraction to the total extracted iron a different profile appeared in each
treatment. In the F-crop (Figure 2B) the fluctuations of fr3 were the opposite of those of fr4. More
specifically, fr4 decreased between days 105–167, then it increased till the end of the cultivation, whilst
fr3 followed exactly the opposite course. The contribution of fr2 was a minor one and it could be
considered as rather stable. In the FBS0-crop (Figure 2C), the percentage contributions of fr4 and fr3
fluctuated in an exactly opposite fashion, and the fluctuation pattern was different from that of the
F-crop. In fact it appears that the percentage contributions of both Fe fractions oscillated around the
initial values of 73% and 16% respectively. Again the contribution of fr2 was a minor one, it was at the
same percentage (ca. 12%) of that of the F-crop and could be considered as stable, too. Regardless of
the pattern, fluctuations of fr3 were exactly the opposite of those of fr4 in both treatments, suggesting
iron exchange between the pool of iron bound or adsorbed to the organic matter and the pool of iron
associated with the clay particles. Analyzing the fractions dynamics it seems that day125 was a turning
point in the various fluctuation patterns.
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Figure 2. The dynamics of iron pools in the rhizosoil during the crop’s development. The total extracted
iron from the rhizosoil (RS; (A)), the percentage contribution of each fraction in the F-crop (B) and in
the FBS0-crop (C), along with the iron contents of 4th (D), 3rd (E), and the 2nd (F) fraction.

Was there a role of humic substances (HS) in the fluctuations of fr3? The third fraction contains
iron that is closely related to OM and HS are a functional component of the rhizosoil’s OM. The overall
picture of the HS content’s fluctuation of the rhizosoil revealed an oscillation around the value of
4.4 mg HS g−1 RS [6]. The incorporated S0 did not affect the oscillation pattern. However, up to day
125 there was a tendency for lower HS content, and a tendency for higher HS content afterwards [6].
The fr3-to-HS ratio presented the same fluctuation pattern around 0.3 mg fr3 per mg HS up to day 125,
and it differentiated thereafter (Figure 3A). In the FBS0-crop it followed the oscillation pattern of the
HS content in the rhizosoil around the value of 0.5 mg fr3 per mg HS, whilst in the F-crop it followed
the pattern exactly in reverse around the value of 0.2 mg fr3 per mg HS. Analyzing the patterns in
relation to organic matter dynamics (Figure 3B,C), again day 125 was a turning point. Before day 125,
in the FBS0-crop there was a tendency for less HS and more Fe per unit mass of organic matter, which
reversed thereafter. In relation to the initial conditions, at the end of the crop: (i) The HS content per
unit of RS was that of the initial one. (ii) The fr3:HS mass ratio increased (+48%) in the F-crop, whilst it
decreased (−29%) in the FBS0-crop. (iii) The HS:OM mass ratio decreased in both the F-crop (−8.5%)
and the FBS0-crop (−23%). (iv) The fr3:OM mass ratio increased (+43%) in the F-crop and decreased
(−43%) in the FBS0-crop.
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3.2. Dynamics of Iron and Sulfur Nutrition in the Crop’s above Ground Plant Parts during the Crops’
Development, in Relation to the Dynamics of Rhizosoil Iron Pools

At the initiation of the tillering stage (day 61) both crops presented the highest Fe concentration
in the DM of the main stems. In the FBS0-crop in relation to F-crop, iron concentration was 3300 ppm,
i.e., higher by 74% (Figure 4A), which resulted in higher accumulation of Fe in the above ground
part (+42%, Figure 5B), because, in addition, dry mass per plant was higher (+18%, Figure 5A). Both
sulfate concentration and accumulation remained unchanged (Figures 4B and 5C). Organic sulfur
concentration was lower (−24%, Figure 4C) and its accumulation lower (−37%, Figure 5D), too. Total
extracted Fe from the rhizosoil presented its lowest value (54.5% of the initial iron content at sowing,
Figure 2D). All fractions contributed to this loss by 16% (fr2), 28% (fr3), and 54% (fr4) (Figure 2C).
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At the initiation of the main stem elongation (day 105), the plants of both crops carried seven
leaves in the main stems and five leaves in the tillers. Iron concentration of the main stem (Figure 4A)
was found significantly reduced in both treatments in such a way that iron accumulation was the same
with that of day 61, indicating a dilution effect. Tillers carried the same iron concentration with the
main stem (Figure 4D). In both crops the total extracted iron from the rhizosoil was 78% of that at
sowing (Figure 2A). In the F-crop, 32% of the plants carried no tillers, i.e., there were main stems only,
whilst 5% of them carried three or more tillers (Table 2). In the FBS0-crop, 44% of the plants carried no
tillers and 16% 3+ tillers. Plants accumulated more dry mass in the main stems (+51.9%, Figure 5A)
and in the tillers (+102.3%, Figure 5E). Relative to day 61, the total extracted iron from the rhizosoil
increased (Figure 2A). The increase was due to increase of fr4 (+73%, Figure 2D), whilst fr3 remained
unchanged (Figure 2E) and fr2 decreased further (−37%, Figure 2F). Sulfate concentration was higher
in both the main stem (+42%, Figure 4B) and the tillers (+39%, Figure 4E), with a corresponding
increase in sulfate accumulation per plant in both the main stem (+120%, Figure 5C) and the tillers
(+180%, Figure 5G). Organic S concentration was higher in both the main stem (+157%, Figure 4C) and
the tillers (+50%, Figure 4F). The same held true for organic S accumulation per plant in both the main
stem (+66.7%, Figure 5D) and the tillers (+367%, Figure 5H).

Table 2. Tillering capacity and dynamics of the studied durum wheat variety, as affected by the applied
fertilization schemes.

Days after Sowing

number F-crop

of tillers 105 125 167 197

0 32 60 63 57
1 38 22 19 21
2 25 11 15 20

3+ 5 7 3 2

FBS0-crop

105 125 167 197

0 44 50 82 85

1 15 20 14 13
2 25 20 2 1

3+ 16 10 2 1

F-crop: the crop that was subject to conventional fertilization (F-) treatment according to the local agricultural
practices. FBS0-crop: the crop which received the corresponding FBS0-treatment.

At the stage of entering fast stem elongation (day 125), the plants of both crops carried eight
leaves in the main stems and six leaves in the tillers. In the F-crop, 60% of the plants carried no tillers,
and 7% three or more tillers. Between days 105 and 125 the main stem’s length increased at a rate of
0.18 cm per day. Per plant, dry mass was allocated by 18% in the tillers (Figure 6A). In the FBS0-crop,
50% of the plant carried no tillers, and 10% 3+ tillers. Between days 105 and 125 the main stem’s length
increased with a rate of 0.31 cm per day which resulted in higher main stems (+34.5%). Per plant, dry
mass was allocated by 22% in the tillers (Figure 6B). In relation to F-crop, plants were characterized
by higher accumulation of dry mass in the main stems (+84.7%, Figure 5A) and in the tillers (+35.6%,
Figure 5E). Iron concentration was less (−33.5%, Figure 4A) in the main stem and the same in the
tillers (Figure 4D), which resulted in a decrease in accumulated iron per main stem (Figure 5B) due to
further dilution and in no change in the accumulated iron per tiller (Figure 5F). Sulfate concentration
was higher in both the main stem (+270%, Figure 4B) and the tillers (+45%, Figure 4E), which resulted
in higher sulfate accumulation, too (+500%, Figure 5C; +50%, Figure 5G, respectively). Fr2 presented
its lowest value (Figure 2F) and the other two fractions minor changes.
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Figure 6. Comparison of the percentage contribution of the accumulated dry mass (DM: (A,E)), iron
(Fe: (B,F)), sulfate (SO4

2−: (C,G)), and organic sulfur (Sorg: (D,H)) per plant within the main stem, the
tillers and their heads, in the F-crop and the FBS0-crop during development, respectively.

At the stage of the complete emergence of head on the main stem (day 167), the plants of both
crops carried eleven leaves and heads in the main stems. Stem elongation started to retard, whilst
the boot was just visibly swollen in the tillers. Prior to this stage and between days 146 and 167 two
topdressing and two herbicide applications took place. Between days 125 and 167, in the F-crop the
lengths of the main stems increased with a rate of 0.61 cm per day. Of the plants 63% carried no tillers,
and 3% three or more tillers. Tillers were carrying nine or ten leaves. In the FBS0-crop the main stems
lengths increased with a rate of 0.65 cm per day, which resulted in statistically higher main stems
(+16.3%). Tillers were carrying five or six leaves. The 82% of the plants carried no tillers, and 2%
three or more tillers. Plants had accumulated more dry mass in the main stems (+103.2%, Figure 5A),
in the tillers (+63.1%, Figure 5E), and in the main stems’ heads (+36.7%, Figure 5I). In the tillers, iron
concentration decreased to half (Figure 4D) relative to day 125 and it was less by 30.6% relative to
F-crop. These changes kept the accumulated amount of iron higher in both the main stems (+41.2%,
Figure 5B) and the tillers (+73.4%, Figure 5F). In the heads of the main stems, iron concentration was
higher (+37.5%, Figure 4G), which resulted in more accumulated iron per head (+121.4%, Figure 5J).
Fr4 was at the same concentration compared with day 125 (Figure 2D), fr3 presented its lowest value
(Figure 2E), whilst fr2 kept increasing (Figure 2F) at the same rate as in F-crop. Sulfate concentration
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continued to lower in both the main stem (Figure 4B) and the tillers (Figure 4E), which resulted in
statistically the same amount per plant in the main stem (Figure 5C) but higher in the tillers (Figure 5F).
Organic S concentrations decreased in both the main stems (Figure 4C) and the tillers (Figure 4F),
whilst organic S accumulation presented its highest value in the main stem (Figure 5D) and remained
stable in the tillers (Figure 5H).

At the stage of complete flowering and the initiation of milk development (day 197), the plants
carried 11 leaves and heads in the main stems of both crops, stem elongation ceased, and the tillers
carried heads in both crops. In the F-crop, 57% of the plants carried no tillers, and 2% three or more
tillers. In the FBS0-crop, 85% of the plants carried no tillers, and 1% three or more tillers. Main stems
were higher by 17.4%. Plants presented more accumulated dry mass in the main stems (+75.2%,
Figure 5A), in the tillers (+83.9%, Figure 5E), in the main stems’ heads (+22.4%, Figure 5I), and in
the tillers’ heads (+109.1%, Figure 5M). The accumulated DM reached its peak in both the main stem
and the tillers. In the FBS0-crop, iron concentration was higher in main stems (+111.3%, Figure 4A)
and their heads (+41.7%, Figure 4G), as well as in the tillers (+9%, Figure 4D), and less in the tillers’
heads (−70.7%, Figure 4J). This resulted in a strong accumulation of iron in the main stem (+238%,
Figure 5B), and in their heads (+70%, Figure 5J). However, in the tillers a strong dilution effect took
place (Figure 5F), whilst in the tillers’ heads no change was observed (Figure 5N). Fr3 was twice
that of day 167 (Figure 2E), whilst fr2 increased (Figure 2F), too. Sulfate concentrations were higher
in the main stems (+63%, Figure 4B), and lower in the tillers (−17.4%, Figure 4E), the main stems’
heads (−59%, Figure 4H) and the tillers’ heads (−15.8%, Figure 4K), which translated into the same
accumulations of sulfate in the main stems (Figure 5C) and the tillers’ heads (Figure 5O), higher
accumulation in the tillers (+50%, Figure 5G), and a lower one in the main stems’ heads (−900%,
Figure 5K). As regards the concentrations of organic sulfur, they were the same in the main stem
(Figure 4C), the tillers (Figure 4F), and the main stem’s heads (Figure 4I), but higher in the tillers’
heads (+50%, Figure 4L). The corresponding accumulations were higher in the main stems (+71.1%,
Figure 5D), the tillers (+140%, Figure 5H), and the tillers’ heads (+185.7%, Figure 5P), whilst the same
in the main stem’s heads (Figure 5L).

At the stage of dough development (day 231), the accumulated DM decreased in both the main
stem (Figure 5A) and the tillers (Figure 5E) of both crops due to loss of lower leaves. In contrast, heads
still accumulated DM in both the main stems (Figure 5I) and the tillers (Figure 5M) of both crops. In the
FBS0-treated crop the same pattern was observed: plants with more accumulated dry mass in the main
stems (+64.5%), in the tillers (+100.1%), in the main stems’ heads (+61.4%), and in the tillers’ heads
(+80.1%). In the FBS0-crop, relative to day 197 the iron concentration of the main stems decreased
(Figure 4A), it was stabilized in the tillers (Figure 4D) and the main stems’ heads (Figure 4G), whilst
it increased in the tillers’ heads (Figure 4J). As regards iron accumulation it decreased in the main
stems (Figure 5B) and increased in the tillers (Figure 5F), tillers’ heads (Figure 5N) and main stems’
heads (Figure 5J). Sulfate and organic S concentrations did not change (Figure 4), with the exception of
sulfate concentration in the main stem’s heads (−82.9%, Figure 4H).

3.3. FBS0 Fortified the Crop’s Iron and Sulfur Nutrition and Increased the Yield

The used durum wheat cultivar created up to three tillers; plants with four or more tillers were
less than 1%. After day 167, in the F-crop the ratio of plants with main stems only stabilized to 60%
(Table 2), whilst the rest of the plants with one or two tillers shared the same percentage contribution
(20%). In the FBS0-crop the ratio of plants with main stems only stabilized to 85%, whilst the rest of the
plants carried only one tiller stabilized to 13%. FBS0 decreased the tillers’ production.

Moreover, the aforementioned dynamics clearly show that the corresponding fluctuations of the
rhizosoil’s iron did benefit the above ground plant parts in terms of dry mass, iron, sulfate, and organic
sulfur nutrition. Prior to harvesting in the FBS0-crop, per plant all plant parts had accumulated more
dry mass, i.e., they were heavier (main stems: +55%, tillers: +100%, main stems’ heads: +69%, tillers’
heads: +82%). In accordance, the obtained commercial yield of the FBS0-crop was higher by 27.3%.
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More iron and organic sulfur accumulated in these plant parts, too. Iron fortification was observed
in the main stems (+193%), in the tillers (+437%), in the main stems’ heads (+31%), and in the tillers’
heads (+250%). Organic sulfur fortification was found in the main stems (+191%), in the tillers (+231%),
in the main stems’ heads (+75%), and in the tillers’ heads (+38%). As regards sulfate, it was higher
in the main stems (+47%) and in the tillers (+58%). In the main stems’ heads it was less (−91%), and
unchanged in the tillers’ heads.

The F-crop started with high iron and sulfate concentrations in the main stem. Then, Fe concentration
decreased in parallel with sulfate concentration, whilst organic S concentration remained stable. Again,
day 125 was a turning point. Thereafter, Fe and organic S concentrations remained low, whilst sulfate
concentration increased significantly. In the tillers Fe concentration decreased, sulfate concentration
remained stable, whilst organic S concentration started decreasing later on.

Therefore, the use of FBS0 exerted some fortification effects. Initially iron concentration was even
higher (early fortification effect), quickly decreasing thereafter, sulfate concentration remained high
and organic S concentration increased. This fortification effect was observed to a lesser extent in the
F-crop at day 125. After day 125, all iron, sulfate, and organic S concentrations remained rather stable,
fluctuating around a mean value with a ratio of 1:4:2 in the main stem and 1:5:2 in the tillers. A late
fortification effect was observed in the iron concentration of the main stems and their heads after the
stage of complete flowering within the examined parameters.

The percentage partitioning of iron, sulfate, and organic sulfur were altered (Figure 6). Among
these alterations, the most prominent was that of sulfate at day 125 (Figure 6C), where more sulfate
was partitioned to the tillers. On that day, the sulfate concentration in the main stems presented a
characteristically low value (Figure 4B)

4. Discussion

The used FBS0 fertilizer in this work, apart from 2% S0, also contained sulfate as the accompanying
anion of ammonium and potassium cations. Therefore, it constitutes a third category in addition to
those distinguished by Jansen et al. (1986) [1], i.e., it contains both directly and non-directly available S
for plant uptake. Furthermore, both molasses and glycerol are water soluble and can be used by soil
microorganisms along with the elemental sulfur, thus sustaining microbial action around the granules.

In the rhizosoil, apart from the crop’s root systems, there are at least two more iron consumers,
i.e., microbes and the root systems of the various weeds. In the case of the FBS0-crop, S0 increased the
total amount of bacterial populations [22]. Therefore, apart from the phytosiderophores (PS) released
by the durum wheat crop, more siderophore production, obviously of microbial origin, contributes to
iron mobilization in the rhizosoil. On the other hand, both stategies of iron uptake are in action due to
mixed root systems in the rhizosoil [14]. Being a graminaceous species, wheat utilizes Strategy II for
iron uptake by the root system. It releases the phytosiderophore 2′-deoxymugineic acid (DMA) from
roots, a chelating compound which is able to produce stable complexes with iron. Then the Fe-DMA
complex is transported through the cell membrane [21]. There are only a few studies that have looked
at PS concentrations in soil solution and release from soil-grown plants. It has been demonstrated [23]
that carbon and energy investment into Fe acquisition under natural growth conditions is significantly
smaller than previously derived from zero Fe-hydroponic studies. It has been reported that during
the investigated period (21–47 days after germination), PS release initially exceeded Fe plant uptake
10-fold, but it significantly declined ca five weeks after germination [23]. PS released by strategy II
plants are highly susceptible to microbial decomposition. However, to date very little is known about
the fate of PS in soil. As regards the mineralization dynamics in the wheat rhizosphere and bulk
soil of alkaline soils, between 40% and 65% of the DMA was either respired or incorporated into soil
microbial biomass after 24 h, with the largest part of total incorporated DMA being recovered in gram
negative bacteria [24]. Considering root growth dynamics, and taking into account that PS are mainly
exuded from root tips, the significantly slower mineralization of DMA in bulk soil is of high ecological
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importance to enhance the Fe scavenging efficiency of PS released into the soil [24]. The adsorption
and desorption of phytosiderophores by the soil solid phase has also been studied [25].

Another fact was that the FBS0-crop hosted less weeds, which definitely merits further
investigation [6]. This most probably explains the reported statistically lower organic matter
concentration in the FBS0-crop’s rhizosoil at day 197, twenty days after the second herbicide
application [6]. The significant increase in the organic matter of the F-crop’s rhizosoil at that day seems
to originate from the dead root system of the eliminated weeds. After the herbicide application, the
dead root system of weeds was added to the already existing organic matter and the conventional
F-crop showed much higher organic matter. This probably explains the replenishment of F-crop’s
Fe content and the observed deficit of FBS0-crop’s Fe content in the rhizosoil at the end of the
cultivation period.

The dynamics of HS content in the rhizosoil is another point which requires a further study.
Humic substances are heterogeneous high-molecular-weight organic materials which are ubiquitous
in the soil. In the present study, the rhizosoil environment was well oxygenated, i.e., not reduced.
The interactions between the carbon, nitrogen, sulfur, and iron biogeochemical cycles in dynamic redox
environments have been illustrated [26]. The findings of this work suggest that HS are involved in the
affected processes in the rhizosoil and this may be due to the presence of elemental sulfur itself or to the
various intermediates of the S biogeochemical cycle, as described in [26]. The aforementioned dynamics
clearly depict that the addition of elemental sulfur as an ingredient of the fertilizer along with the
initial fertilization differentiated the behavior of the rhizosoil’s examined parameters. The rhizosoil’s
pH did not decrease [6]; instead the system behaved as buffer. Furthermore, the added FBS0 in a
follow up field experiment increased the total microbial population, as well as promoting the activity
of the sulfatase producing microbial populations in the rhizosoil of the studied commercial wheat crop
grown on calcareous soil [22]. The amount of S0 provided with the fertilizer significantly enhanced
the mobilization of the labile pool of sulfate esters in the organic matter of the soil. Therefore, apart
from the sulfate added by the fertilizer at sowing, there was sulfate input, too, due to sulfatase activity,
which suggests a sustained input of sulfate during crop development.

The developmental events during wheat growth and development are complex [27] and the
developmental sequence of the generic winter wheat shoot apex for optimal conditions has been
discussed in detail [28]. Furthermore, the characterization of the wheat leaf metabolome (including
sulfate) during grain filling and under varied N-supply has been reported [29]. On the other hand, the
interactions between iron nutrition and sulfur nutrition have received increasing attention. The finding
that methionine is the sole percursor of mugineic acid [30] and the demonstration that the methionine
cycle (or Yang cycle) in roots is one of the methionine sources [31] led Astolfi et al. [21,32,33] to further
investigate the interactions between Fe nutrition and S nutrition, concluding that “the interaction can
occur determining rapid adjustments of sulfate uptake and assimilation which conceivably lead to a
re-distribution of reduced S pool. Fe availability might represent a signal able to modulate production
and utilization of thiols at root level, where phytosiderophores are effectively synthesized” [32]. The
iron nutrition of both crops was adequate. According to Mills and Jones [34], the sufficiency range
for iron concentration in the top two leaves just before heading ranges between 10 ppm and 300 ppm
for winter wheat collected from production fields. This held true for S nutrition, too, based on the
detailed data of Reuter and Robinson plant analysis interpretation manual and the references therein
for wheat [35].

5. Conclusions

The incorporation of 2% elemental sulfur as an ingredient of the applied fertilizer at sowing
affected the iron fractions of the rhizosoil towards iron mobilization, thus providing more iron to the
crop, which apart from the iron nutrition aspect fortified the crop’s sulfur nutrition, too. Summarizing
the prominent facts, no iron was found as iron attached to carbonates of the rhizosoil. Fluctuations
of the iron pool bound or adsorbed to the organic matter were exactly the opposite to those of the
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iron pool associated with the clay particles in both treatments, suggesting iron exchange between the
two pools. Replenishment of the F-crop’s Fe content and a deficit in the FBS0-crop’s Fe content in the
rhizosoil were found at the end of the cultivation period. The initiation of the fast stem elongation stage
(day 125) marked a turning point. Before day 125, the use of FBS0 increased the iron concentration
in the main stems and this was an early fortification effect, followed by an increase in the organic S
concentration. After day 125, the FBS0-crop consisted of plants with higher main stems and less tillers.
A late fortification effect was observed in the iron concentration of the main stems and their heads after
the stage of complete flowering. Prior to harvesting in the FBS0-crop, all the plant’s parts were heavier,
more iron and organic sulfur were accumulated in these plant parts, and the obtained commercial
yield of the FBS0-crop was higher by 27.3%.
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Abstract: The aim of the present study was to investigate the effects of magnesium on the gas
exchange and photosynthetic efficiency of Coffee seedlings grown in nutrient solution under different
light levels. The experiment was conducted under controlled conditions in growth chambers
and nutrient solution at the Department of Plant Pathology of the Federal University of Lavras.
The treatments consisted of five different Mg concentrations (0, 48, 96, 192 and 384 mg·L−1) and four
light levels (80, 160, 240 and 320 μmol photon m−2·s−1). Both the Mg concentration and light levels
affected gas exchange in the coffee plants. Photosynthesis increased linearly with the increasing light,
indicating that the light levels tested were low for this crop. The highest CO2 assimilation rate, lowest
transpiration, and highest water use efficiency were observed with 250 mg·Mg·L−1, indicating that
this concentration was the optimal Mg supply for the tested light levels.

Keywords: coffee plant nutrition; photoinhibition; photoprotection; leaf scald

1. Introduction

Coffee was originally an understory plant, however, it is now mostly grown under full sunshine
conditions in Brazil [1]. This crop presents the lowest net CO2 assimilation rates reported for C3 woody
plants grown in tropical climates [2]. The low photosynthetic capacity of coffee plants is a physiological
trait characteristic of shade-adapted plants grown under full sunshine conditions [3].

Coffee leaves are saturated at relatively low light levels (between 300 and 700 μmol·m−2·s−1) due
to the induction of strong stomatal control of photosynthesis [4]. On a clear day (without clouds),
the photon flux may reach approximately 2000 μmol·m−2·s−1 during the afternoon [2,3]. Therefore,
irradiance levels higher than the coffee photosynthesis saturation point are common.

When leaves are exposed to more light than they can use, the photosystem II (PSII) reaction
center is inactivated and frequently damaged. Chlorophylls in their excited state may react with
molecular oxygen due to the absorption of excess light, resulting in the production of reactive oxygen
species (ROS), which damage the photosynthetic apparatus [5,6]. This stress resulting from excess
light is known as photoinhibition and in more serious cases may result in photooxidation, with visible
damage to leaf tissues [7]. Photooxidation is most likely responsible for leaf scald symptoms in coffee
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plants, which are increasingly more common, especially in the frontal face of planting rows (facing the
afternoon sun) [8].

The expansion of coffee plantations towards Cerrado areas and climate changes such as long
periods of dry weather with heat waves and increased irradiance peaks [9] have worsened this
problem. Crop shading is not a good option in large-scale cultivation. Although this approach
decreases photoinhibition, it also typically decreases coffee plant productivity [1] due to a lower
CO2 assimilation rate, and causes greater stimulation of vegetative growth with negative effects on
floral bud emission, a reduced number of nodes, and lower development of flowers per node [10].
Additionally, shading restricts mechanization and increases production costs.

In chloroplasts, the light triggers activation of ribulose-1,5-bisphosphate (RuBP) carboxylase,
the main enzyme responsible for the photosynthesis process. On the other hand, magnesium (Mg)
deficiency negatively affects many fundamental physiological and biochemical processes that are
required for plant growth and development. Suitable Mg concentrations increase the activity of RuBP
carboxylase and also of other stromal enzymes. Recent studies showed that Mg-deficient plants were
more susceptible to photooxidation damage, indicating that plants growing under high light conditions
have higher Mg requirements [11,12]. Thus, Mg availability in the environment could lead to better
photosynthetic capacity, especially at high light levels.

The aim of the present study was to investigate the effects of Mg on the gas exchange and
photosynthetic efficiency of Coffea arabica L. seedlings grown in nutrient solution under different
light levels.

2. Materials and Methods

The experiments were conducted under controlled conditions in growth chambers at the
Department of Plant Pathology (Departamento de Fitopatologia) of the Federal University of Lavras
(Universidade Federal de Lavras—UFLA). The plants were grown in nutrient solution. Five different
Mg concentrations and four light levels were tested. The Mg concentrations tested were 0, 48 (the Mg
concentration in Hoagland solution; [13]), 96, 192 and 384 mg·Mg·L−1. The light levels tested were
80, 160, 240 and 320 μmol·m−2·s−1. The lowest light level was chosen to resemble the low lighting
conditions experienced by coffee plants grown in understories under shaded conditions or under a high
planting density. The highest light level (320 μmol·m−2·s−1) simulated the light level in which coffee
leaves should be saturated [4]. Two intermediate light levels (160 and 240 μmol·m−2·s−1) were also
tested to establish a gradient of light incidence on plants and enable the fitting of regression equations.

Three-liter pots were used in these experiments. A randomized block experimental design was
applied with a 5 × 4 factorial scheme, with 6 replicates and one plant per experimental unit in a total
of 120 plots.

Seedlings of the coffee cultivar Mundo Novo IAC 379/19 were used. The seedlings had 4 pairs of
true leaves and were grown in soil not subjected to liming at the Experimental Farm of the Agricultural
Research Company of Minas Gerais (Fazenda Experimental da Empresa de Pesquisa Agropecuária de
Minas Gerais (EPAMIG)) in Machado. The seedlings were removed from the soil and placed in trays
containing deionized water for 10 days until new roots emerged. Then, the seedlings were transferred
to 3 L pots containing half-strength Hoagland and Arnon nutrient solution [13] from which Mg was
omitted. The seedlings remained in the pots for 15 days with constant aeration.

Following this period, the seedlings were transferred to full-strength Hoagland solution with
one of the following Mg concentrations: 0, 48, 96, 192 or 384 mg·Mg·L−1. The nutrient solution was
constantly aerated. The solution volume was refilled daily with deionized water, and the pH was
corrected to 5.0–5.5 using 0.1 mol·L−1 HCl or 0.1 mol·L−1 NaOH. When Mg depletion reached 70%
of the initial concentration, all solutions were exchanged for corresponding solutions to maintain
approximately constant Mg availability during the experimental period.

Light was provided by daylight tubular fluorescent lamps (Osram 20 W). Different light levels
were achieved by varying the distance between the plants and the light source using different shelf
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heights. The plants were grown under a 12 hour light: 12 hour dark photoperiod. The light levels at
the different plant heights were measured using a quantum sensor (Licor LI-190SA; Li-Cor Biosciences,
Inc., Lincoln, NE, USA).

Ninety days following the beginning of the treatments, ecophysiological measurements were
performed in fully expanded leaves using an infrared gas analyzer (IRGA) (LI-6400XT Portable
Photosynthesis System, LI-COR, Lincoln, NE, USA). The following parameters were directly measured:
delta CO2 and delta H2O, leaf temperature, light intensity in the chamber and gas flux; while the
following were indirectly assessed, based on the algorithms, by the software of the system: CO2 internal
concentration (Ci; μmol·m−2·s−1), transpiration (E; mmol H2O m−2·s−1), stomatal conductance (Gs;
mol H2O m−2·s−1), vapor pressure deficit (VPD; kPa), and CO2 assimilation rate (photosynthesis,
A; μmol·m−2·s−1), water use efficiency (WUE; A/E; μmol CO2 mol−1 H2O) and instantaneous
carboxylation efficiency (A/Ci) [14,15].

Measurements were performed one hour after the onset of illumination in the growth chamber.
The measurements were performed within a closed chamber (Blue + Red LED LI-6400-02B, LI-COR,
Lincoln, NE, USA) using an artificial source of photosynthetically active radiation (PAR) at the same
light intensity under which the plants were grown. The CO2 assimilation rate in the chamber was
measured using the environment CO2 concentration (453.1 ± 40 μmol CO2 mol−1).

After photosynthetic evaluation, the leaves were washed and packaged separately in paper
bags and oven dried at 60 ◦ C until reaching constant weight. The coffee leaves were ground for
chemical analysis.

A variance analysis using the F test was applied to test for significant differences between
treatments. When significant differences were found, the effect of Mg concentrations and light level
were analyzed using regression analysis. Non-significant interactions were not shown, thus in those
cases, each factor was analyzed using the mean of another. All analyses were performed using the
Sisvar software [16], and graphs were built using the SigmaPlot 11.0 software souced by Systat Software
Inc. Chicago, USA. The maximum and minimum points for the quadratic equations were calculated
by equaling the first derivative to zero.

3. Results and Discussion

3.1. Stomatal Conductance and Leaf Temperature

A significant interaction between the Mg concentration and light level was observed for stomatal
conductance (Gs) (Figure 1A). The Gs decreased with the increasing Mg concentration at all light
levels, with a tendency to stabilize from 192 mg·Mg·L−1. This result was related to the decrease in
potassium (K) availability with the increasing Mg concentration (Figure 2). K plays an important role
in stomatal conductance. Its accumulation and release by stomatal guard cells leads to changes in cell
turgor, resulting in stomatal opening and closing [6,17].

The reduction in leaf K contents as a function of the increase in Mg doses is due to the
antagonistic effect among these nutrients. In general, increasing the amount absorbed from one
cation can result in the reduction of the absorption of another cation [18]. This inhibition between
these nutrients is competitive, that is, there is competition by the same site of the “carriers” in the
membrane [19]. The antagonistic relationship between Mg and K was observed in experiments with
several cultures [20–22].
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Another factor that decreased stomatal conductance was the vapor pressure deficit (VPD)
(Figure 1B). The difference between vapor pressure inside the leaves and in the air induces stomatal
movement; this difference depends on the total leaf transpiration rate and water potential gradient
between guard cells and other epidermal cells [23]. High VPD values may cause stomatal closing to
prevent excessive water loss through transpiration [6]. Marenco et al. [24] observed a pronounced
decrease in Gs and photosynthesis with the increasing VPD.

Chaves et al. [25] studied coffee plants under field conditions in 2007 and observed low Gs
values (approximately 0.06 mol H2O m−2·s−1) with high VPDs. Therefore, VPD and Gs were
negatively correlated.
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Figure 1. (A) Stomatal conductance (Gs; mol H2O m−2·s−1), (B) vapor pressure deficit (VPD; kPa),
and (C,D) leaf temperature (Tleaf; ◦C) in coffee seedlings grown with different Mg concentrations and
under different light levels. (*) Significant according to the t test at p < 0.05. (**) Significant according to
the t test at p < 0.01.

The average Gs for coffee plants is 0.108 mol H2O m−2·s−1 [26]. The low Gs values observed in
the present study (even for the control treatment 0 mg·Mg·L−1, which presented a lower VPD) were
probably due to the low light levels.

The Gs value was highest with the lowest light level tested (80 μmol·m−2·s−1), which was related
to the lower leaf temperatures observed for this light level (Figure 1D). This finding was especially
true for the treatment lacking Mg (0 mg·Mg·L−1) that did not have competition between Mg and K.
So the K uptake had no negative effect. Leaf temperatures higher than the air temperature may cause
stomatal closing and decrease the Gs [27].
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Figure 2. Contents of Mg and K in leaves of coffee seedlings grown with different Mg concentrations
and under different light levels. (*) Significant according to the t test at p < 0.05. (**) Significant
according to the t test at p < 0.01.

3.2. Gas Exchange

No significant interactions were observed between the Mg concentration and light level for the
CO2 internal concentration (Ci), transpiration (E) and photosynthesis (A) (Figure 3).

The Ci decreased linearly with the increasing Mg supply; its variation depending on the light level
was best fitted by a positive quadratic equation (Figure 3A, B). The decrease in Ci with the increasing
Mg supply was a result of the improved CO2 use, due to the higher efficiency of the photosynthetic
apparatus (Figure 3E). CO2 concentrations tend to be lower with higher photosynthetic rates and Ci
has a negative linear correlation with the photosynthetic rate [28]. Mg binding increases the affinity of
Rubisco for CO2 and doubles its maximum reaction velocity [11].

The lower Ci observed with the intermediate light levels might be related to the higher leaf
temperatures observed for these light levels (Figure 1D). Increased leaf temperatures in coffee plants
may cause a gradual increase in photorespiration and the internal CO2 concentration [1].

The variation observed in the transpiration (E) with the increasing Mg supply was best fitted
by a positive quadratic equation (Figure 3C). The leaf transpiration rate is primarily determined by
the light level, VDP, and Gs [29]. The decrease in transpiration observed with 250 mg·Mg·L−1 down
to 0.324 mmol H2O m−2·s−1 might have been related to the Gs, which presented variation with the
increasing Mg, best fitted by a positive quadratic equation (Figure 1A). This result was in accordance
with Assad et al. (2004), who observed a decrease in transpiration due to stomatal closing as a result of
the increasing VPD. In a field study, Gutiérrez and Meinzer [30] attributed the decrease in transpiration
of coffee plants to the stomatal closing induced by high temperatures and VPDs.

E decreased with increasing light levels starting from 125 μmol·m−2·s−1 (Figure 3D). Coffee
plants tend to decrease their transpiration and increase their photosynthetic capacity at high light
levels by increasing their specific leaf mass (ratio between the leaf mass and area) [31]. In contrast,
decreasing transpiration with decreasing irradiance has been observed in shaded coffee plants [4,32].
However, the light levels in the field are higher than those tested in the present study.

41



Agriculture 2017, 7, 85

0 48 96 192 384

A
 (μ

m
ol

 m
-2

 s
-1

)

0.0

4.0

4.5

5.0

0 48 96 192 384

C
i

0
180

200

220

240
y= 233.2** - 0.144**x  R²= 0.92

80 160 240 320

y= 276**- 0.76**x + 0.02**x²  R²=0.98

Mg concentration (mg L-1)

0 48 96 192 384

 E
 (m

m
ol

 H
2O

 m
-2

s-1
)

0.00
0.35

0.40

0.45

0.50

y=0.53** - 0.0015**x + 0.000003**x²  R²=0.98

80 160 240 320

y=0.04**+ 0.001***x - 0.000004*x²  R²=0.95

y= 4** + 0.01**x - 0.00002**x²  R²=0.99

80 160 240 320

y= 3.9** + 0.003*x  R²= 0.89

A B

C D

E F

light level ( μmol m-2 s-1)

Figure 3. (A,B) CO2 internal concentration (Ci; μmol·mol−1), (C,D) transpiration (E; mmol H2O
m−2·s−1), and (E,F) CO2 assimilation rate (photosynthesis, A; μmol·m−2·s−1) in coffee seedlings
grown with different Mg concentrations and under different light levels. (*) Significant according to
the t test at p < 0.05. (**) Significant according to the t test at p < 0.01.

Similar to the VPD, the high temperatures that usually accompany high light levels have a
high impact on C assimilation and transpiration [1]. Additionally, the increase in VPD under
higher temperatures results in stomatal closing and decreased transpiration [33], thereby preventing
the evaporative cooling of leaves and the maintenance of leaf temperatures at higher light levels
(Figure 3D).

The variation in photosynthesis (A) with the increasing Mg supply was best fitted by a negative
quadratic equation, with a maximum value of 5.25 μmol·m−2·s−1 observed with 250 mg Mg·L−1.
Photosynthesis exhibited a positive linear correlation with the light level (Figure 3E,F).

The increase in photosynthesis with the increasing Mg supply is related to several key roles of
Mg in plant functions, including the regulation of photophosphorylation (adenosine triphosphate
formation in chloroplasts), CO2 photosynthetic fixation, protein synthesis, chlorophyll formation,
phloem loading, the partitioning and utilization of photoassimilates, the generation of reactive
oxygen species (ROSs), photooxidation in leaf tissues, and enzyme activation. Mg is the nutrient that
activates most enzymes in plants (i.e. ATPases and Rubisco) [11]. Mg deficiency causes carbohydrate
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accumulation in leaves [11,17,34], which may affect the photosynthetic metabolism and decrease the
use of absorbed light for photosynthesis.

The decrease in photosynthesis from 250 mg Mg·L−1 may be related to the imbalance caused
by excess Mg, especially due to the decreased K uptake (Figure 2). K is extremely important for
the activation of the carboxylase function of Rubisco [35], which has been proposed to explain the
increased photosynthetic rates observed with an adequate K supply [36,37].

The photosynthesis rates in C3 plants generally vary between 10 and 20 μmol·m−2·s−1 [6].
However, due to the limiting CO2 supply coffee plants present low net CO2 assimilation rates (between
4 and 11 μmol·m−2·s−1) [1]. Therefore, the net CO2 assimilation rates of 4 to 6 μmol·m−2·s−1 observed
in the present study can be considered normal for coffee plants, even with the low tested light levels
and the low observed Gs (Figure 1A).

Chaves et al. [20] observed photosynthesis rates of approximately 2.5 μmol·m−2·s−1 in the field.
According to these authors, coffee plant leaves present plasticity and are able to adapt to environments
with different light levels. However, higher light than the level needed for photosynthesis may
results in an energy imbalance, often resulting in photoinhibition. Photoinhibition is a complex set of
molecular processes that leads to the inhibition of photosynthesis due to excess light [25].

Prolonged exposure of plants or organelles to excess light may result in photodestruction of
photosynthetic pigments as a result of light- and oxygen-dependent bleaching. This process is usually
called photooxidation and may lead to cell or organism death. In most cases, photooxidation is a
secondary phenomenon that occurs following a distinct lag phase. During this lag phase, there is a
decline in photosynthesis that is dependent on the light intensity and exposure time (photoinhibition)
and a lack of change in the composition of the pigment reserves [7]. Photoinhibition is not a
consequence of pigment destruction; instead, pigment bleaching occurs following a certain degree of
photoinhibition. Thus, these processes represent two different phenomena [7].

Photooxidation is most likely responsible for leaf scald symptoms in coffee plants. ROS are
produced during photoinhibition and can result in oxidative stress (photooxidation) if the plant
antioxidant complex is not capable of removing the generated ROS [38].

Leaf scald symptoms have been observed in several coffee producing regions. Photoinhibition
preceding photooxidation should be even more common because the photon flux from early morning
until midday generally varies between 800 and 1200 μmol·m−2·s−1, and may reach 2000 μmol·m−2·s−1

during the afternoon [2,3] and coffee leaves are saturated by relatively low irradiances between
300 and 700 μmol·m−2·s−1 [1]. Photorespiration is an effective mechanism for protection against
photoinhibition and Mg plays a direct role in photorespiration. During photorespiration, excess energy
stored as ATP and NADPH during the photochemical phase of photosynthesis is dissipated [6]. Energy
transference from chlorophylls to carotenoids formed during the xanthophyll cycle leads to energy
dissipation as heat at the PSII light-harvesting complex [39].

Although the photosynthesis rate increased with the increasing light level (Figure 3F), an increase
in the superoxide dismutase (SOD) and ascorbate peroxidase (APX) activities was also observed [17].
Prior to the appearance of the visual symptoms of Mg deficiency, enzyme activities from the plant
antioxidant complex delay the photooxidative damages caused by ROS and the inactivation of
photosynthetic enzymes. Photosynthesis is only decreased during the more advanced phases of
Mg deficiency [40].

3.3. Water Use Efficiency and Instantaneous Carboxylation Efficiency

The variation in the water use efficiency (WUE)—the ratio between photosynthesis and
transpiration—with the increasing Mg supply was best fitted by a negative quadratic equation, with
a maximum value observed with 245 mg·Mg·L−1 (Figure 4A). The WUE increased due to higher
photosynthetic efficiency and decreased transpiration with the increasing Mg supply. The lower WUEs
observed with the higher Mg concentrations were related to the imbalance caused by excess Mg, which
had a negative effect on the photosynthetic rates.
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The WUE increased linearly with the increasing light level (Figure 4B) due to the increased
photosynthetic rate (Figure 3F) and decreased transpiration (Figure 3D). In field experiments with
shaded coffee plants, the WUE was higher with 0% and 50% shading [32].
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Figure 4. (A,B) Water use efficiency (WUE) and (C,D) instantaneous carboxylation efficiency (A/Ci) in
coffee seedlings grown with different Mg concentrations and under different light levels. (*) Significant
according to the t test at p < 0.05. (**) Significant according to the t test at p < 0.01.

The instantaneous carboxylation efficiency (A/Ci) calculated as the ratio between photosynthesis
and the CO2 internal concentration are closely related to the intracellular CO2 concentration and CO2

assimilation rate [41]. The variations in the A/Ci with the increasing Mg supply and light levels were
best fitted by negative quadratic equations (Figure 4A, B). An increased A/Ci with an increasing Mg
supply and light level is related to an increase in the photosynthesis rate (Figure 3E, F) and a decrease
in the internal C concentration (Figure 3A,B).

The highest CO2 assimilation rate, lowest transpiration, and highest water use efficiency were
observed with 250 mg·Mg·L−1, indicating that this concentration was the optimal Mg supply for the
tested light levels. The critical Mg supply for coffee plants most likely varies with the light level.
For example, coffee plants grown in the west region of Bahia may need more Mg than those grown in
the south of Minas or in regions with lower light levels.

4. Conclusions

Both the Mg supply and the light level affected gas exchange in coffee plants. The positive linear
correlation between photosynthesis and the light level showed that the tested light levels were low for
coffee plants. The highest CO2 assimilation rate, lowest transpiration, and highest water use efficiency
were observed with approximately 250 mg Mg·L−1, indicating that this concentration represented the
optimal Mg supply for the tested light levels.
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Abstract: Phosphorus (P) is an essential macronutrient for plants to complete their life cycle. P taken
up from the soil by the roots is transported to the rest of the plant and ultimately stored in seeds.
This stored P is used during germination to sustain the nutritional demands of the growing seedling
in the absence of a developed root system. Nevertheless, P deficiency, an increasing global issue,
greatly decreases the vigour of afflicted seeds. To combat P deficiency, current crop production
methods rely on heavy P fertilizer application, an unsustainable practice in light of a speculated
decrease in worldwide P stocks. Therefore, the overall goal in optimizing P usage for agricultural
purposes is both to decrease our dependency on P fertilizers and enhance the P-use efficiency in plants.
Achieving this goal requires a robust understanding of how plants regulate inorganic phosphate (Pi)
transport, during vegetative growth as well as the reproductive stages of development. In this short
review, we present the current knowledge on Pi transport in the model plant Arabidopsis thaliana
and apply the information towards the economically important cereal crop wheat. We highlight the
importance of developing our knowledge on the regulation of these plants’ P transport systems and
P accumulation in seeds due to its involvement in maintaining their vigour and nutritional quality.
We additionally discuss further discoveries in the subjects this review discusses substantiate this
importance in their practical applications for practical food security and geopolitical applications.

Keywords: phosphate; seeds; Arabidopsis; wheat

1. Introduction

Phosphorus (P) is an essential macronutrient for plant growth and production [1,2]. P deficiency
is a generally widespread stressor occurring in natural and agricultural environments. Consequently,
global agricultural crop production has been severely affected [2,3]. It is estimated that crop yield on
30–40% of the world’s total arable land is limited by inorganic phosphate (Pi) bioavailability [4,5].
Many causes could explain the low availability of Pi to plants, such as the Pi (HPO4

2−) interaction
with soil cations such as zinc (Zn2+) or iron (Fe2+), which form an insoluble complex [6–8]. In addition,
and most importantly, global Pi reserves are rapidly decreasing due to an increase in its demand [2,9–11].
Analysis of data collected over 14 years revealed that the usage of global P fertilizer considerably
increased at a rate of about 357,000 t/annum (i.e., an annual increase of 2.4%) [12,13]. Experts agree
that the world is facing serious P crisis [14,15] and that the global P reserve is not distributed
uniformly [5]. Taken together, these issues constitute compelling evidence justifying a direct link
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between Pi availability and the overwhelming world food security in coming few years. Developing a
better understanding of how plants regulate Pi uptake for transport to different organs and seeds will
help design new strategies to increase crop yield and simultaneously reduce P input.

Approximately 75% of Pi taken up by plant roots for use by vegetative tissues and vital storage in
developing seeds is stored in the form of phytic acid (PA) [3]. Although P fertilizer supply has increased
the yield of cereal grains such as wheat, a recent analysis showed that about 37% of wheat areas
worldwide have experienced yield stagnation [16], highlighting the importance of precise management
of P fertilizer application to achieve high wheat yield and quality. Achieving this objective necessitates
a better understanding of how crops regulate P homeostasis. During the last decades, our knowledge
on the molecular regulation of P transport and P redistribution in different plant organs during
vegetative phase has progressed mainly in model plants such as Arabidopsis thaliana (for review, [17]).
However, limited progress was achieved in crops such as wheat, a major dietary source of calories and
protein for humans. In this short review, we present the recent progress of our understanding on Pi
transport in wheat through information obtained for A. thaliana. We next highlight the importance
of the knowledge generated on the molecular mechanisms which regulate the Pi transport and its
accumulation in grains.

2. Phosphate Uptake and Transport in Wheat and Arabidopsis

In plants, Pi deficiency affects growth that manifests itself at a phenotypic level by affecting the
aboveground and underground biomass. The effects of Pi availability on wheat growth is presented in
Figure 1.

Figure 1. Changes in wheat growth under different phosphate conditions. (A) Wheat were grown
hydroponically for three weeks in presence (+P) or absence (−P) of inorganic phosphate (KH2PO4).
(B) shoot and (C) root of wheat grown either in presence (0.5 mM) or in absence of inorganic phosphate
for three weeks.

Pi is acquired by root systems, which undergo a significant architectural change in response
to Pi deficiency (for review, [18]) that is associated with increasing Pi uptake capacity through an
upregulation of regulators and transporters involved in P-homeostasis [19]. To improve P use efficiency
in crop plants, it is therefore prerequisite to understand P distribution within the plant.

Numerous Pi transporters have been identified in wheat [20–22] Gradual elucidation of these
components and their roles have been effectively achieved through experiments either increasing
P remobilization from senescing tissue or reducing the partition of P to developing grains [23].
However, initial identification of these transporters were generated from data collected for those
of the model plant Arabidopsis [24]. In this dicot model plant, Pi transporters generally belong to
a gene family referred to as phosphate transporter (PHT) [25]. The PHT family is divided into five
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groups (PHT1, PHT2, PHT3, PHT4, and PHT5) differentiated primarily by their sub-cellular localization
and functional properties. Plasma membrane-bound proteins belonging to the PHT1 subfamily are
primarily responsible for Pi uptake in Arabidopsis [25]. In contrast, PHT2 proteins are localized
in chloroplasts, while PHT3/MPT proteins are mostly mitochondrial membrane transporters and
PHT4 proteins are Golgi-apparatus located transporters. A vacuolar Pi transporter was identified in
Arabidopsis and designated as PHT5/VPT/SPX-MFS proteins [26].

Pi is also transported outside the root cells for distribution between different plant organs.
The Phosphate 1 (PHO1) gene family contains 11 Pi exporter proteins mostly involved in the
translocation of Pi from roots to shoots [27,28]. Among these molecular players, the mutation of both
PHT1;1 and PHT1;4 or PHO1 and PHO1;H1 causes the most severe phenotype that is characterized
by a decreased Pi accumulation in Arabidopsis [19,28], demonstrating the importance of these Pi
transporters and exporters in Pi uptake and Pi translocation to shoots. For more information, readers
are referred to these reviews [25,29].

The identification of Arabidopsis proteins involved in Pi distribution accelerated the discovery of
wheat Pi transporters by exploring regions of the wheat genome with similar sequence to the genomic
sequences of these Arabidopsis Pi transporters [20]. Validation and characterization of identified wheat
Pi transporter candidates have been attained through evaluation of their genetic function either in
Arabidopsis or by means of complementation with yeast mutants defective in Pi transport [30,31].
A cumulative list of members of the crop origin Pi-transporters is summarized in Table 1.

Table 1. Inventory for the list of genes and regulators those are involved in sensing, uptake and
signaling during Pi limiting conditions in model plant Arabidopsis and Triticum aestivum.

Components of
Phosphate Transport

Arabidopsis thaliana Triticum aestivum

Sensing

AtSIZ1 ([32]) NA*

AtSPX1, AtSPX2, AtSPX3 & AtSPX4 ([33,34]) TaSPX1 ([35])

AtIPK1 ([36]) TaIPK1 ([37])

Uptake & Transport

AtPHT1;1–AtPHT1;9 ([38]) TaPHT1.1-TaPHT1.13 ([20–22,39])

AtPHT2;1 ([40]) TaPHT2.1 ([41])

AtPHT3;1–AtPHT3.3 ([42,43]) TaPHT3.1–TaPHT3.3 ([20,44])

AtPHT4;1–AtPHT4;6 ([45]) TaPHT4.1–TaPHT4.6 ([20])

AtPHT5;1–AtPHT5;3 ([46]) NA

AtPHO1 ([27]) TaPHO1 ([47])

Signaling

AtPHR1 ([48]) TaPHR1 ([49])

AtPHL1 ([50]) NA

AtPHF1 ([51]) NA

AtPHO1 ([52]) NA

AtPHO2 ([53]) TaPHO2 ([47])

AtZAT6 ([54]) NA

AtARP6 ([55]) NA

AtH2A.Z ([55]) NA

AtWRKY6 ([56]) NA

AtWRKY42 ([57]) NA

AtWRKY45 ([58]) NA

AtWRKY75 ([59]) NA

AtNLA ([60]) NA

AtIPS1 ([61]) TaIPS1 ([44])

AtmiR399 ([62]) Tae-miR399-A1 ([47])

AtMiR827 ([63]) NA

AtALIX ([64]) NA

* NA: Not applicable.

50



Agriculture 2018, 8, 27

The wheat genome contains several TaPHT members that could be divided into four
subfamilies, PHT1 (TaPHT1.1–1.13), PHT2 (TaPHT2.1), PHT3 (TaPHT3.1–3.3), and PHT4 (TaPHT4.1–4.6).
Their transcripts demonstrate enhanced expression in Pi limited roots and shoots ([20]). The complexity
in discerning a total number of TaPHT1 members within the wheat genome has been recently
discussed ([21]) while experiments characterizing the role of specific members involved in P uptake
within two wheat genotypes (KN9204 and SJZ8) have been performed. Differential expression pattern
of high-affinity TaPHTs was observed in different wheat varieties under varying Pi regimes ([39]).
Interestingly, the expression of TaPHT1.1, 1.2, 1.9, and 1.10 at flowering positively correlated with
P uptake after stem elongation in different wheat varieties under field conditions supplemented
with different P rates ([21]). Under Pi deprivation, Pi uptake increases and involves a high-affinity
PHT1 member TaPT2 ([65]). Down-regulation of TaPHT2.1 was able to induce a pronounced decrease
in Pi accumulation in both sufficient and Pi-deficient wheat, suggesting its association with other
PHTs involved in Pi uptake and translocation within plants ([41]). This reinforces the impact the
intracellular Pi transport mechanism has upon regulating the plant Pi uptake efficiency. Still, in contrast
to the data known about Arabidopsis, little is known about the regulation of wheat Pi transporters
at the protein levels ([66]). It is worth to note that apart from its role in Pi uptake, TaPHT2.1 was
functionally characterized as an important P signalling component involved in Pi translocation from
cytosol to chloroplast in Pi-stressed leaves ([41]). Whether any Pi transporter in wheat could play an
additional transceptor role remains an open question. Membrane proteins that fulfil a dual nutrient
transport function, such as the PHO1 ([67]) or nitrogen transporter NRT1 ([68]), serve as extant
examples. Other than PHT2 members and some reports showing differential expression of TaPHT3
and four transcript abundance under Pi-depleted roots and shoots ([20,44]), there is no detail on their
precise biological role in wheat tissues/cell. In addition, recent expression profiles of wheat PHT1
sub-family genes during hydroponic and field-grown plant tissues were correlated with the presence of
cis-acting promoter elements ([22]). These studies showed growing interests in the crop Pi-transporters
among researchers.

3. Phosphate Sensing and Signalling in Arabidopsis and Wheat

How plants sense and signal Pi deficiency has been a long-standing question. In Arabidopsis,
decades of research eventually identified the Pi starvation signalling pathway, defined as SPX1-PHR1-
miR399-PHO2-PHT1/PHO1 (for review: [29,69]). Key genes encoding for SPX proteins was initially
reported to be upregulated in response to P deficiency via transcriptome analysis ([70]). SPX genes
perform diverse functions in plant tolerance to Pi starvation ([33]) and play an important role in
sensing P concentration in the cytosol through its ability to bind the inositol polyphosphate signalling
molecule ([71]). SPX1 interacts with the transcription factor Phosphate Response 1 (PHR1) in presence
of Pi and dissociates under Pi deficiency ([71]). PHR1 regulates many Pi-related genes ([50]), such as
the miRNA399 that eventually targets Phosphate 2 (PHO2) transcripts. The reduction of PHO2
protein abundance leads to the accumulation of PHT1 and PHO1 proteins ([72]) and consequently an
increase of the plant capacity to uptake Pi and translocate Pi to shoots ([73]). Noteworthy, the proper
functioning of this signalling pathway requires the contribution of many others genes such the
SUMO E3 ligase SIZ1 ([32]), PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR1 (PHF1), ([51]) and
NITROGEN LIMITATION ADAPTATION (NLA), ([60]). SIZ1 is involved in the regulation of PHR1 by
sumoylation ([32]). PHF1 is required for the trafficking of Pi transporters to the plasma membrane [51].
NLA is proposed to function at the plasma membrane to direct the degradation of PHT1s ([60]),
a fine-tuning process required for Pi uptake capacity of plants.

In wheat, transcript profiles of genes involved in Pi starvation response with organ-specific Pi
allocation patterns were studied in roots and shoots of Chinese 80–55 (P-efficient cultivar) and Machete
(less-efficient cultivar) under Pi deficiency [44]. This report revealed the distinct modes for allocation
of Pi and organic P compounds between the source and sink tissues that modulate the adaptation
under varying Pi condition. The P-allocation patterns in the multiple plant organs correlated with

51



Agriculture 2018, 8, 27

the transcript expression patterns, suggestive of molecular signatures for improved phosphorus use
efficiency (PUE) during limited Pi supply. Few genes involved in Pi starvation signalling responses
have been reported for hexaploid wheat [35], such as an ortholog of the Arabidopsis transcription
factor PHR1 characterized for its function in regulating Pi-signalling and plant growth in wheat [49].
Under both Pi-sufficient and deficient conditions, over-expression of the TaPHR1-A1 homolog
moderately up-regulated the expression levels of TaPHR1 throughout the plant, resulting in a
moderate increase of leaf Pi concentration and thus avoiding resultant toxicity ([49]). Pi uptake was
positively favoured by TaPHR1-A1 over-expression by increasing root tip number, lateral root length,
and TaPHTs expression (TaPHT1.2 in roots and TaPHT1.6 in shoots). Utilizing bimolecular fluorescence
complementation assays, it has been confirmed that wheat PHR1 forms a homodimer and confers
transcriptional activation of a putative downstream target Pi-transporter TaPHT1.2 [49].

The presence of Arabidopsis PHO2 orthologs in hexaploid wheat has also been proposed [35].
Detailed analysis of respective mutant lines for three TaPHO2 genes from homologous group1 (A1,
B1, and D1) showed remarkably different effects on P uptake, distribution, and plant growth [47].
The overall expression of TaPHO2 in wheat was severely reduced in a tapho2-d1 mutant, leading
to high total shoot P under limited Pi conditions, but also showed inhibited growth and yield [47].
This resembled the phenotype observed in a pho2 mutant of both monocots (e.g., rice) and dicots
(e.g., Arabidopsis) [74,75]. Interestingly, tapho2-a1 knockout mutant plants showed reduced TaPHO2
expression that leads to only a moderate increase of total P and Pi levels in leaf under both sufficient and
deficient P conditions [47]. Unlike the tapho2-d1 mutant, tapho2-a1 mutants demonstrated a moderate
increase in P levels and accumulation alongside improved plant growth and grain yield [47]. In light of
these interesting data, the involvement of TaPHO2-D1 in Pi homeostasis to maintain plant growth rather
than a simple Pi starvation signalling pathway has been proposed [47]. The Pi starvation signalling
pathway PHR1-IPS1-miR399-UBC24/PHO2-PHT1/PHO1 seems to be conserved and functional in
numerous plant species. Manipulating the components of this pathway could be an important strategy
for improving Pi nutrition in crops.

These genes and molecular mechanisms involved in Pi stress response are specifically induced
during Pi deficiency and not under any other modes of stress known to alter Pi homeostasis.
These observations indicate the existence of additional unknown genes and pathways regulating
the Pi content in plants [8,52]. For instance, it is now well established that Pi content in plants is altered
when plants are challenged by zinc limitation (−Zn) [6,76–79]. Intriguingly, under single −Zn stress,
an excess of Pi supply causes loss of wheat biomass in comparison with plants grown under –P-Zn
simultaneous stress [78]. Nevertheless, despite its fundamental importance, very little is known about
the regulatory network established during Zn deficiency to control Pi homeostasis [52]. Studying
Zn/Pi homeostasis interactions will lead us to uncover new genes and pathways controlling plant
Pi homeostasis. This knowledge will be an additional resource for the improving Pi usage through
perturbing Zn deficiency signalling pathways.

These experiments have all begun to clarify the components and systems that regulate P/Pi
sensing and signalling within plants. The emergence of genome editing tools holds promise for further
studies perturbing specific Pi-related genes/pathways, or genes involved in modulating the Pi content,
such as genes involved in Zn deficiency signalling, to ultimately improve Pi nutrition in crops [80].

4. Phosphate in Seeds

The accumulation of nutrients in the seed is important for seed vigour and germination [81].
The amount of micronutrients in seeds has declined systematically since the beginning of the green
revolution in the 1960s [82,83]. In contrast, phytic acid (PA), the organic form of P in seeds, has increased
following global changes (e.g., elevated atmospheric CO2) in various plant species including wheat [84].
Since PA is considered an anti-nutrient, increasing Pi content in grain while decreasing PA has become
a trait of great interest [85].
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In general, while Pi uptake and its intracellular and long-distance transport in plants has been
extensively studied, the Pi transport in seeds has received little attention [86]. Current knowledge
on the role of seed-specific PHTs is largely lacking [87]. In the seeds, nutrients reach the embryo via
various pathways and at different developmental stages. Transfer of nutrients from the maternal
seed coat to the filial endosperm and embryo is required for seed production and quality. In the case
of Pi, the transfer of this element from the seed coat to the embryo requires Pi exporters. Recently,
the PHO1 gene was shown to be expressed in the chalazal seed coat in Arabidopsis, suggesting a role
in the transfer of P from the seed coat to the embryo in developing seeds [88]. Consistently, Pi transfer
from the seed coat to the embryo is perturbed in the pho1 mutant. This observation and experimental
data state the ignition point for a deep investigation of Pi transport in seeds, which may help to start
understanding the mechanism regulating P accumulation.

In wheat, the mature grain may contain up to 90% of the total shoot P, with 20–90% of this
being translocated from other tissues (for details, see [89]). PA accounts for up to 1–2% of the total
weight [90,91]. P and PA concentrations in the grain increases as P application increases [92]. Increased
PA concentration greatly decreases the bioavailability of nutritional minerals in wheat grain, such as
Zn [92]. Therefore, reduction of PA in cereal grains is considered an important trait that is generated
either through breeding or biotechnological approaches. Reducing PA in grains may provide a dual
gain with less grain P loss and more micronutrient retention [93,94]. Generation of low PA crops may
be achieved by targeting PA biosynthesis genes or transport [29,95–98]. As an alternative strategy
to achieve low PA grains, roles for other families of transporters are also emerging. For instance,
knockdown of the rice Pi transporter OsPHT1.8 resulted in lowered PA accumulation in the embryo and
mature grains [94]. Subsequently, they showed that rice PHT1.8 performs a novel biological function
during crosstalk between Pi and auxin signalling. This was one of the recent reports that provided
clues for the link between auxin and -Pi responses [99]. Sulphate transporters have also implicated
in grain PA and P content regulation. Map-based cloning and complementation tools resulted in the
identification of rice sulphate transporters referred as OsSULTR3;3, which are involved in compositional
changes of Pi and PA in developing grains [100]. Subsequently, another sulphate transporter family
gene named the SULTR-like phosphorus distribution transporter (SPDT) has demonstrated involvement
in the intervascular transfer of P, especially at the nodes by unloading P from xylem toward the
phloem [101]. Therefore, such studies have suggested that node-localized transporters could affect the
preferential accumulation of P in grains [101].

Nevertheless, the relative dearth of information has led to few varieties of wheat being studied in
regards to grain total P and PA. It is still unclear whether transportation of P to the grain occurs directly
from phloem or via xylem through recycling from roots, and to what extent translocation of P between
plant organs is altered at different P-regimes [102]. In wheat, only two significant transgenic studies
that include over-expression of TaPHR1-A1 and knockout of TaPHO2-A1 were able to achieve enhanced
P uptake and grain yield under low Pi condition [47,49]. It is reasonable to speculate that manipulating
these Pi-related genes, among others yet to be discovered, will allow intentional modulation of Pi
loading in grains [20,88].

Although the current knowledge of PHT expression and that of other regulators in seeds is in
its early stage across plant species, some rice transporters demonstrate function in seed filling with
Pi. A recent study investigating suppression of rice OsPHT1;8 suggested its role in P redistribution
and allocation of Pi in both embryo and endosperm seed tissue [94]. Hence, it will be important to
implement such functional strategies for addressing transport and accumulation of Pi into grains [20].

5. Conclusions

It has been reported that plants use only 20%–30% of the Pi fertilizers applied to soil [103].
The significant remaining Pi is lost and can leach into aquatic ecosystems, instigating ecological
issues such as eutrophication. Thus, it is clear that the excessive use of Pi fertilizers is not only an
unsustainable and costly practice, but also ecologically unfriendly. Therefore, research on Pi nutrition
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in plants should lead to changes in agricultural practices that would be both economically and
environmentally beneficial.

How societally pertinent crop plants such as wheat maintain P homeostasis and respond to
changes of Pi concentration remain poorly understood. Improving wheat Pi nutrition will require a
full understanding of the physiology and molecular regulation of P remobilization from vegetative
tissues to grains. In the future, it will be interesting to identify the complete list of genes that are
involved in Pi transport between different wheat grain tissues, Pi acquisition, and Pi mobilization
in embryo development. Although some uptake Pi transporters were discovered through classical
molecular approaches, their regulatory mechanisms at the transcriptional and posttranscriptional
levels remain obscure. This is particularly challenging in wheat because of the current unavailability
of the complete genomic sequence. For the ones identified, the availability of sequenced mutant
populations [104] alongside current genome editing tools like Clustered regularly interspaced short
palindromic repeats-Cas9 technology will constitute an invaluable resource for their functional
validation. In addition, a proper combination of omics approaches (such as RNA-seq), empowered
with system biology tools, will help to construct regulatory pathways regulating Pi accumulation
in wheat during its different developmental stages. Gaining this knowledge is vital to create crop
varieties with improved P-use efficiency and modulate the Pi accumulation in grain.
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Abstract: Many humans lack sufficient zinc (Zn) in their diet for their wellbeing and increasing Zn
concentrations in edible produce (biofortification) can mitigate this. Recent efforts have focused on
biofortifying staple crops. However, greater Zn concentrations can be achieved in leafy vegetables
than in fruits, seeds, or tubers. Brassicas, such as cabbage and broccoli, are widely consumed and
might provide an additional means to increase dietary Zn intake. Zinc concentrations in brassicas
are limited primarily by Zn phytotoxicity. To assess the limits of Zn biofortification of brassicas, the
Zn concentration in a peat:sand (v/v 75:25) medium was manipulated to examine the relationship
between shoot Zn concentration and shoot dry weight (DW) and thereby determine the critical
shoot Zn concentrations, defined as the shoot Zn concentration at which yield is reduced below
90%. The critical shoot Zn concentration was regarded as the commercial limit to Zn biofortification.
Experiments were undertaken over six successive years. A linear relationship between Zn fertiliser
application and shoot Zn concentration was observed at low application rates. Critical shoot Zn
concentrations ranged from 0.074 to 1.201 mg Zn g−1 DW among cabbage genotypes studied in 2014,
and between 0.117 and 1.666 mg Zn g−1 DW among broccoli genotypes studied in 2015–2017. It is
concluded that if 5% of the dietary Zn intake of a population is currently delivered through brassicas,
then the biofortification of brassicas from 0.057 to > 0.100 mg Zn g−1 DW through the application of
Zn fertilisers could increase dietary Zn intake substantially.

Keywords: biofortification; Brassica oleracea L.; broccoli; cabbage; nutrition; toxicity; zinc

1. Introduction

It is estimated that over one-fifth of the world’s population suffers from zinc (Zn) deficiency,
which results in impaired development, ill health, and a reduction in gross domestic product [1–5].
One strategy to increase human dietary Zn intake is to increase Zn concentrations in edible produce.
This strategy is termed biofortification and can be achieved through the use of Zn fertilisers on
plant genotypes that have greater ability to acquire and accumulate Zn in their edible tissues [1,4–9].
Zinc might be applied to the soil as inorganic or organic fertilisers or to foliage as soluble salts [1,7,9–11].
Inorganic fertilisers are often preferred because of their consistent composition; foliar applications
are most effective where the phytoavailability of Zn decreases rapidly when applied to the soil [1,5].
Recent biofortification efforts have focused largely on developing germplasm and agronomic strategies
to increase Zn concentrations in staple crops including cereals, pulses, cassava and potatoes, and Zn
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concentrations approaching 0.02–0.10 mg g−1 dry weight (DW), depending upon the crop, have been
achieved [1,6,9,12–21]. However, greater Zn concentrations can be achieved in leafy vegetables than
in fruits, seeds or tubers because Zn transport in the phloem limits Zn accumulation in the latter
tissues [13]. Zinc concentrations in leafy vegetables appear to be limited primarily by Zn phytotoxicity,
suggesting that concentrations of 0.10–0.70 mg Zn g−1 DW shoot might be achieved without loss of
yield [13]. Thus, Zn biofortification of leafy vegetables might also provide a means to increase Zn
intake by human populations.

Leafy vegetables are a significant source of micronutrients for human populations, especially
those with low incomes or with a vegetarian diet [3,4]. Brassicaceous vegetables, such as cabbage
(Brassica oleracea var. capitata) and broccoli (B. oleracea L. var. italica), are among the most commonly
consumed and economically important vegetables in the world [22,23]. The health benefits of
brassicaceous vegetables are not only associated with their mineral composition but also their vitamin
content and the presence of other organic compounds, particularly glucosinolates [22,24,25]. Although
leafy vegetables currently contribute proportionally less Zn to human diets than animal products or
cereals [3,4], their greater potential for Zn biofortification could be exploited to increase Zn intake and
improve human health.

A large variation in shoot Zn concentration has been reported among the genotypes of
B. oleracea [26–32]. For example, shoot Zn concentration among 36 cabbage genotypes grown together in
a field in Himachal Pradesh, India, ranged from 0.002 to 0.005 mg Zn g−1 fresh weight [29]; significant
differences in leaf Zn concentrations were observed among three cabbage genotypes grown together in
the field in Pennsylvania, USA [26]; floret Zn concentrations of 10 broccoli genotypes grown together in
Poznań, Poland, ranged from 0.042 to 0.066 mg Zn g−1 DW [30]; the average shoot Zn concentration of
22 kale (B. oleracea var. acephala) genotypes grown together in the field in New Hampshire, USA, over
two years ranged from 0.033 to 0.060 mg Zn g−1 DW [27]; and leaf Zn concentrations of 6 kale genotypes
grown in the field in KwaZulu-Natal Province, South Africa, ranged from 0.025 to 0.032 mg Zn g−1

DW [33]. However, although the heritability of shoot Zn concentration in B. oleracea is significant and
several chromosomal quantitative trait loci (QTL) affecting shoot Zn concentration have been identified in
this species, the heritability is often low and the QTL identified depends on the growth conditions [28,29,34].
The aim of the experiments reported here was, therefore, to determine the limit to Zn biofortification—using
a Zn fertiliser—of two leafy brassicas, cabbage and broccoli, which contribute significantly to human diets
worldwide. The Zn concentration in a peat:sand (v/v 75:25) potting medium was manipulated using
zinc nitrate in order to examine the relationship between shoot Zn concentration and shoot dry biomass.
This was to determine the critical shoot Zn concentration—defined as the shoot Zn concentration at which
the yield was reduced below 90% [35]—of different genotypes. This value was regarded as the commercial
limit to Zn biofortification. The manipulation of shoot Zn concentration through Zn applications to
the substrate was necessary because the Zn concentrations of shoot tissues are difficult to determine
unambiguously following the application of foliar Zn fertilisers. The Zn concentration in the substrate was
manipulated using an inorganic Zn fertiliser rather than an organic amendment to avoid any potential
effects of other components of organic amendments.

2. Materials and Methods

2.1. Plant Material

Five cabbage (Brassica oleracea L. var. capitata) genotypes were selected for study on the basis of
their potentially large leaf zinc (Zn) concentrations based on data presented by [28]. The genotypes
Bison, Cape Horn and Red Drumhead were grown in 2012, 2013 and 2014. The genotype Elisa
was grown only in 2012. The genotype Tundra was grown only in 2013 and 2014. Seeds of Bison,
Cape Horn, Red Drumhead and Tundra were obtained from Kings Seeds (Colchester, UK) and seeds
of Elisa were obtained from Thompson & Morgan (Ipswich, UK). Four broccoli (Brassica oleracea L. var.
italica) genotypes, Belstar, Chevalier, Marathon and Waltham 29, were studied in 2015, 2016 and 2017.
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These genotypes were selected on the basis of their potentially contrasting leaf Zn concentrations based
on data presented by [28]. Seeds of Belstar, Chevalier, Marathon and Waltham 29 were obtained from
Van Meuwen (Spalding, UK), Kings Seeds Direct (Colchester, UK) and Unwins (Huntingdon, UK).

2.2. Growth Conditions

Seeds of cabbage were germinated in square Petri dishes (length × width × depth = 100 mm ×
100 mm × 18 mm; Camlab, Cambridge, UK) on blue germination paper (Anchor Paper Company, St Paul,
MN, USA) moistened with 10 mL deionised water. One week after placing the seeds in the Petri dishes,
three to ten germinated seedlings of a genotype were transplanted to each pot containing 1 litre of the
potting medium described in the next paragraph. Seedlings were thinned to a density of one seedling
per pot two weeks after transplanting and grown for a further four weeks before harvesting. Ten seeds
of broccoli were sown directly into pots containing 1 litre of potting medium. Broccoli seedlings were
thinned to a density of one seedling per pot three weeks after sowing and grown for a further six weeks
before harvesting. Thus, cabbage was harvested six weeks after transplanting pre-germinated seedlings
to pots and broccoli was harvested nine weeks after sowing seeds into pots. Both cabbage and broccoli
plants were at the true leaf/rosette stage of development, immediately prior to heading.

Plants were grown in an unheated glasshouse at The James Hutton Institute, Dundee, UK (latitude
56.4566◦ N, longitude 3.0708◦ W) in a potting medium, henceforth described as a “substrate”, with Zn
concentrations ranging from sufficient to phytotoxic. The standard substrate was made in bulk each
year and comprised 75% peat (Sinclairs Professional Peat, Sinclair Pro, Ellesmere Port, UK) and 25%
sand mixed with 0.225 g L−1 single superphosphate, 0.4 g L−1 ammonium nitrate, 0.75 g L−1 potassium
nitrate, 2.25 g L−1 ground limestone, 2.25 g L−1 Magnesian limestone and 0.51 g L−1 of a trace element
mixture containing 0.16% boron, 0.79% copper, 11.82% iron, 1.97% manganese, and 0.04% molybdenum
by weight. The density of the substrate was 625 g L−1 when dry and 822 g L−1 when watered to
holding capacity. The standard substrate contained 9.4 mg Zn L−1 and <0.1 mg L−1 water-extractable
Zn (n = 6) prior to any further additions.

The standard substrate was thoroughly mixed and sieved before zinc nitrate was added to
achieve the specified Zn concentrations. Zinc nitrate was employed rather than zinc sulphate to avoid
any potential effect of increasing sulphate bioavailability on Zn accumulation. Six treatments were
established in all experiments. In 2012, the treatments were the additions of 0, 0.075, 0.15, 1.5, 150
or 3000 mg Zn L−1 substrate. In 2013, the treatments were the additions of 0, 0.15, 150, 500, 1000 or
1500 mg Zn L−1 substrate. In 2014, 2015, 2016 and 2017 the treatments were the additions of 0, 1.5,
15, 150, 300 or 450 mg Zn L−1 substrate. The substrate was watered to holding capacity immediately
before the experiments. When watered to holding capacity the pH of the solution in the substrate
was ca. 6.8. Three replicate pots of each genotype x treatment were established in 2012 and 2013.
Ten replicate pots of each genotype x treatment were established in 2014, 2015, 2016 and 2017. Pots
were arranged in a blocked design with one replicate of each genotype x treatment combination in a
random location within each block.

Surviving plants were harvested on 12 September 2012, 27 June 2013, 22 July 2014, 29 July 2015,
5 October 2016 and 25 July 2017. The accumulated temperature x time during plant growth in the
glasshouse was 606.7 ◦C day in 2012, 525.3 ◦C day in 2013, 638.7 ◦C day in 2014, 820.1 ◦C day in 2015,
929.4 ◦C day in 2016 and 908.9 ◦C day in 2017. The accumulated solar radiation in the glasshouse during
plant growth was 524.0 MJ m−2 in 2012, 702.5 MJ m−2 in 2013, 716.3 MJ m−2 in 2014, 1046.4 MJ m−2 in
2015, 702.4 MJ m−2 in 2016 and 1011.7 MJ m−2 in 2017.

2.3. Plant Analysis

Shoot fresh weight (FW) was determined at harvest and shoot dry weight (DW) was determined
following drying to a constant weight in an oven at 70 ◦C. Zinc concentrations were determined
following acid digestion of dried shoot material using inductively coupled plasma mass spectrometry
(ICP-MS) as described by White et al. [36]. Accurately weighed subsamples (c. 50 mg DW) were
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digested in closed vessels using a microwave digester (MARS Xpress, CEM Microwave Technology,
Buckingham, UK). Samples were first digested with 10 mL concentrated nitric acid (HNO3) before 3 mL
of 30% hydrogen peroxide (H2O2) was added to each vessel and digestion completed. Digested samples
were diluted with milliQ (sterile, 18.2 MΩ cm) water before Zn concentrations were determined using
ICP-MS (PerkinElmer ELAN, DRCe, Monza, Italy). Blank digestions were performed to determine
background Zn concentrations and a tomato leaf standard (Reference 1573a; National Institute of
Standards and Technology, NIST, Gaithersburg, MD, USA) was used as an analytical control.

2.4. Statistics

Data are expressed as the mean ± standard error of the mean (SE) for n observations. The relationships
between shoot biomass (W) and the zinc concentration (Zn) in the substrate or shoot tissue were fitted
to a sigmoidal function: W = a/(1 + EXP(b*((Zn) − c))) + d, where the minimum biomass equals d,
the maximum biomass equals a + d, c is the (Zn) at the point of inflection and the slope of the relationship
at the point of inflection is given by −ab/4.

3. Results

The relationships between substrate fertiliser Zn concentration, which is less than the actual
substrate Zn concentration but is henceforth termed ‘substrate Zn concentration’ for brevity, and shoot
fresh weight (FW), shoot dry weight (DW) and shoot Zn concentration of cabbage seedlings were
studied in experiments performed in 2012, 2013 and 2014 (Table S1). The experiments performed
in 2012 and 2013 narrowed the range of substrate Zn concentrations required to determine the
‘critical’ substrate and shoot Zn concentrations at which shoot DW was 90% of its maximal value [13].
The experiment performed in 2012 indicated that neither shoot FW nor shoot DW of cabbage genotypes
was greatly reduced at substrate concentrations up to 150 mg L−1 and that shoot Zn concentration
increased as the substrate Zn concentration was increased (Table S1). The genotype Elisa did not
grow well in the substrate employed in these experiments and was replaced by Tundra in subsequent
experiments. The experiment performed in 2013 indicated that the sensitivity of shoot FW and shoot
DW to increasing substrate Zn concentration followed the sequence Red Drumhead > Bison > Cape
Horn > Tundra (Table S1). The critical substrate Zn concentration at which shoot DW was 90% of its
maximal value was < 0.15 mg L−1 for Red Drumhead, between 0.15 and 150 mg L−1 for Bison and
between 150 and 500 mg L−1 for Cape Horn and Tundra. Shoot Zn concentration increased linearly
with increasing substrate Zn concentration with gradients between 7.2 and 13.6 mg Zn kg−1 DW/
mg Zn L−1 (Bison = 9.9, Cape Horn = 8.4, Red Drumhead = 13.6, Tundra = 7.2). The critical shoot
Zn concentrations were <0.18 mg g−1 DW for Red Drumhead, between 0.05 and 1.65 mg g−1 DW
for Bison, between 1.36 and 4.27 mg g−1 DW for Cape Horn and between 1.05 and 3.73 mg g−1 DW
for Tundra. Experiments in both 2012 and 2013 indicated considerable variation in the responses of
individual plants of all genotypes grown under identical conditions to substrate Zn concentration, and
that a large number of replicates would be required to obtain a more precise estimate of the critical
substrate and shoot Zn concentrations for shoot DW accumulation.

In the experiments performed on cabbage in 2014, increasing substrate Zn concentration above
about 100–150 mg L−1 reduced shoot DW of all cabbage genotypes studied (Figure 1A–D). However,
estimates of critical substrate Zn concentrations were relatively imprecise. For Bison, the relationship
between substrate Zn concentration and shoot DW could be fitted with a sigmoidal function, indicating
a critical substrate Zn concentration of 96 mg fertiliser Zn g−1 DW substrate (Figure 1A, Table 1).
Shoot DW of the Cape Horn genotype increased greatly with the addition of 0.15 mg L−1 Zn to the
substrate, suggesting that the Zn in the substrate itself was insufficient to support maximal growth
of this genotype in this experiment. The relationship between substrate Zn concentration above
0.15 mg L−1 and shoot DW could, however, be fitted by a sigmoidal function indicating a critical
substrate Zn concentration of 100 mg L−1 (Figure 1B, Table 1). The relationship between substrate
Zn concentration and shoot DW for Red Drumhead could not be fitted by a sigmoidal function but
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indicated a critical substrate Zn concentration of 5 mg L−1 (Figure 1C, Table 1). The genotype Tundra
was relatively insensitive to the addition of <450 mg Zn L−1 and was estimated to have a critical
substrate Zn concentration of 260 mg L−1 (Figure 1D, Table 1). The ranking of genotypes and estimates
of critical values were generally consistent with data obtained in 2013.

Increasing the substrate Zn concentration increased shoot Zn concentration in all cabbage genotypes
(Figure 1E–H). The relationship between substrate Zn concentration and shoot Zn concentration was
linear in the genotypes Bison and Tundra, with a gradient of 5.80 and 4.62 L kg−1 DW, respectively, but
asymptotic in Cape Horn and Red Drumhead, reaching a maximum of 1.70 and 1.91 mg Zn g−1 DW,
respectively (Figure 1I–L, Table 2). From the experiments performed in 2014, the critical shoot Zn
concentrations of Bison, Cape Horn, Red Drumhead and Tundra were estimated to be 0.79, 0.80, 0.074
and 1.20 mg Zn g−1 DW, respectively (Figure 1I–L, Table 1). The ranking of genotypes and the estimates
of critical values were generally consistent with data obtained in 2013.

Figure 1. Response of cabbage genotypes to the addition of zinc (Zn) fertiliser to the substrate. Top row:
Relationship between the addition of Zn fertiliser to substrate (substrate Zn concentration, (Zn)) and
shoot dry weight (DW) of (A) Bison, (B) Cape Horn, (C) Red Drumhead and (D) Tundra genotypes
grown in 2014. Middle row: Relationship between substrate Zn concentration and shoot Zn concentration
of (E) Bison, (F) Cape Horn, (G) Red Drumhead and (H) Tundra genotypes grown in 2014. Parameters
for linear regression lines are given in Table 2. Bottom row: Relationship between shoot Zn concentration
((Zn)) and shoot dry weight of (I) Bison, (J) Cape Horn, (K) Red Drumhead and (L) Tundra genotypes.
Regression lines are fitted to the equation DW = a/(1 + EXP(b*((Zn) − c))) + d, where the minimum
biomass equals d, the maximum biomass equals a + d, c is the substrate (A–D) or shoot (I–L) Zn
concentration at the point of inflection and the slope of the relationship at the point of inflection is
given by −ab/4. For all lines d = 0 and a is the maximum shoot biomass. Parameters a, b and c were:
(A) a = 1.26, b = 0.0114, c = 248 for Bison, (B) a = 2.41, b = 0.0130, c = 241 for Cape Horn, (C) not fitted
for Red Drumhead, (D) a = 1.77, b = 0.0049, c = 633 for Tundra, (I) a = 1.21, b = 2.19, c = 1.68 for Bison,
(J) a = 2.31, b = 4.18, c = 1.31 for Cape Horn, (K) not fitted for Red Drumhead, (L) a = 1.77, b = 1.05,
c = 2.91 for Tundra. Data are shown as the mean and standard error of the mean (Table S1).

The relationships between substrate Zn concentration and shoot FW, shoot DW and shoot Zn
concentration of broccoli seedlings were studied in experiments performed in 2015, 2016 and 2017
(Table S1; Figures 2–4). In all years there was considerable variation in the responses of individual
plants of all genotypes grown under identical conditions to substrate Zn concentration (Table S1) and
estimates of critical substrate and shoot Zn concentrations were relatively imprecise (Figures 2 and 4).
Shoot DW was reduced by increasing substrate Zn concentration in all years in all genotypes (Figure 2).
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However, the estimated critical substrate Zn concentration for shoot DW differed between years and,
apparently, among genotypes (Table 1). The critical substrate Zn concentration was greater in 2017,
ranging from 271 to 408 mg Zn L−1 among genotypes, than in 2016, ranging from 43 to 139 mg Zn
L−1 among genotypes, and 2015, ranging from 107 to 121 mg Zn L−1 among genotypes (Table 1).
In 2015, the critical substrate Zn concentration was similar for all genotypes but in both 2016 and
2017, the shoot DW of Belstar appeared less sensitive to substrate Zn concentration than the other
cultivars, whereas the shoot DW of Waltham 29 was among the most sensitive genotypes to substrate
Zn concentration (Table 1).

Figure 2. Relationship between substrate zinc concentration (Zn) and shoot dry weight (DW) of (A,E,I)
Belstar, (B,F,J) Chevalier, (C,G,K) Marathon and (D,H,L) Waltham 29 broccoli genotypes grown in
2015 (top row), 2016 (middle row) and 2017 (bottom row). Regression lines are fitted to the equation
DW = a/(1 + EXP(b*((Zn) − c))) + d, where the minimum biomass equals d, the maximum biomass
equals a + d, c is the substrate Zn concentration at the point of inflection and the slope of the relationship
at the point of inflection is given by −ab/4. For all lines d = 0 and a is the maximum shoot biomass.
Parameters a, b and c were: (A) a = 11.3, b = 0.0893, c = 131 for Belstar in 2015, (B) a = 10.7, b = 0.0862,
c = 130 for Chevalier in 2015, (C) a = 11.9, b = 0.2041, c = 131 for Marathon in 2015, (D) a = 9.40, b = 0.2181,
c = 131 for Waltham 29 in 2015, (E) a = 3.16, b = 0.0164, c = 265 for Belstar in 2016, (F) a = 3.72, b = 0.0197,
c = 225 for Chevalier in 2016, (G) a = 4.95, b = 0.01, c = 135 for Marathon in 2016, (H) a = 3.51, b = 0.0132,
c = 189 for Waltham 29 in 2016, (I) a = 5.51, b = 0.0264, c = 408 for Belstar in 2017, (J) a = 7.03, b = 0.0380,
c = 308 for Chevalier in 2017, (K) a = 6.68, b = 0.0193, c = 332 for Marathon in 2017, (L) a = 6.18, b = 0.0255,
c = 271 for Waltham 29 in 2017. Data are shown as the mean and standard error of the mean (Table S1).

Shoot Zn concentration generally increased linearly with increasing substrate Zn concentration,
although this relationship had an exponential tendency in Chevalier, Marathon and Waltham 29 in
2015 and tended towards an asymptotic maximum in Marathon in 2016 (Figure 3). The shoots of
plants grown in 2015 had greater shoot Zn concentrations than those grown in 2016, which had greater
shoot Zn concentrations than those grown in 2017 when grown in the same substrates (Table S1,
Figure 3). Genotypes differed in their relationship between shoot Zn concentration and substrate Zn
concentration (Figure 3). In general, the shoot Zn concentration in Belstar increased the least and the
shoot Zn concentration in Waltham 29 the most, with increasing substrate Zn concentration across the
three years of the study (Figure 3).
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Table 1. Maximum shoot biomass and critical substrate zinc (Zn) and shoot Zn concentrations at which
shoot dry biomass was reduced below 90%, estimated from the relationships shown in Figures 1 and 2
derived from the data expressed on a dry weight (DW) basis presented in Supplementary Table S1.

Year Genotypes

Maximum Shoot Biomass Critical Zn Concentration

Substrate Zn
Regression (g DW)

Shoot Zn
Regression (g DW)

Substrate (mg L−1) Shoot (mg g−1 DW)

Cabbage

2014 Bison 1.07 1.06 96 0.789
2014 Cape Horn 2.08 2.06 100 0.802
2014 Tundra 1.52 1.52 260 1.201
2014 Red Drumhead 1.48 1.45 5 0.074

Broccoli

2015 Belstar 11.33 11.33 107 0.434
2015 Chevalier 10.72 10.72 105 0.499
2015 Marathon 11.87 11.87 121 0.514
2015 Waltham 29 9.40 9.64 121 0.117
2016 Belstar 3.12 3.12 139 1.018
2016 Chevalier 3.68 3.68 120 0.901
2016 Marathon 3.54 3.55 43 0.277
2016 Waltham 29 2.91 2.91 68 0.406
2017 Belstar 5.51 5.51 408 1.666
2017 Chevalier 7.03 7.03 308 1..424
2017 Marathon 6.68 6.70 332 1.527
2017 Waltham 29 6.18 6.24 271 1.195

Table 2. Gradients and intercepts for linear regressions between shoot zinc (Zn) concentrations and
substrate Zn concentrations of four cabbage genotypes studied in 2014 and four broccoli genotypes
studied in 2015, 2016 and 2017.

Year
Gradient (mg Zn kg−1 DW/mg Zn L−1), Intercept (mg Zn kg−1 DW)

Bison Cape Horn Tundra Red Drumhead

2014 5.802,
73.64 5.209, 85.92 (A) 4.620, 4.706 5.641, 83.76 (A)

Belstar Chevalier Marathon Waltham 29

2015 7.126,
70.16 5.170, 5.644 (E) 5.015, 12.83 (E) 6.853, 36.36 (E)

2016 5.654,
74.84 5.714, 80.16 5.894, 88.42 6.350, 12.32

2017 3.997,
49.46 4.837, 8.768 4.680, 7.523 4.452, 11.53

Data are regressions based on six substrate Zn concentrations, except for the cabbage genotypes Cape Horn and Red
Drumhead in 2014 and the broccoli genotypes Chevalier, Marathon and Waltham 29 in 2015, which are regressions
based on five substrate Zn concentrations ≤300 mg Zn L−1. (A) Asymptotic, and (E) exponential regressions shown
in Figures 1 and 3.

Shoot DW decreased with increasing shoot Zn concentration in all years in all genotypes (Figure 4).
However, the estimated critical shoot Zn concentration for shoot DW accumulation differed between years
and, apparently, among genotypes (Table 1). In general, shoot DW of Belstar appeared less sensitive to shoot
Zn concentration than the other cultivars, particularly in 2016 and 2017, whilst Waltham 29 was among the
most sensitive genotypes to shoot Zn concentration (Table 1). In 2015, the critical shoot Zn concentrations
ranged between 0.117 mg g−1 DW for Waltham 29 and 0.514 mg g−1 DW for Marathon. In 2016, the critical
shoot Zn concentrations ranged between 0.277 mg g−1 DW for Marathon and 1.018 mg g−1 DW for
Belstar. In 2017, the critical shoot Zn concentrations ranged between 1.195 mg g−1 DW for Waltham 29
and 1.666 mg g−1 DW for Belstar.
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Figure 3. Relationship between substrate zinc (Zn) concentration and shoot Zn concentration of (A,E,I)
Belstar, (B,F,J) Chevalier, (C,G,K) Marathon and (D,H,L) Waltham 29 broccoli genotypes grown in 2015
(top row), 2016 (middle row) and 2017 (bottom row). Parameters for linear regression lines are given
in Table 2. Data are shown as the mean and standard error of the mean (Table S1).

Figure 4. Relationship between shoot zinc concentration (Zn) and shoot dry weight (DW) of (A,E,I)
Belstar, (B,F,J) Chevalier, (C,G,K) Marathon and (D,H,L) Waltham 29 broccoli genotypes grown in
2015 (top row), 2016 (middle row) and 2017 (bottom row). Regression lines are fitted to the equation
DW = a/(1 + EXP(b*((Zn) − c))) + d, where the minimum biomass equals d, the maximum biomass
equals a + d, c is the substrate Zn concentration at the point of inflection and the slope of the relationship
at the point of inflection is given by −ab/4. For all lines d = 0 and a is the maximum shoot biomass.
Parameters a, b and c were: (A) a = 11.3, b = 20.3, c = 0.542 for Belstar in 2015, (B) a = 10.7, b = 19.5,
c = 0.612 for Chevalier in 2015, (C) a = 11.9, b = 30.8, c = 0.585 for Marathon in 2015, (D) a = 10.4,
b = 10.5, c = 0.272 for Waltham 29 in 2015, (E) a = 3.13, b = 3.63, c = 1.61 for Belstar in 2016, (F) a = 3.69,
b = 3.75, c = 1.47 for Chevalier in 2016, (G) a = 5.97, b = 1.19, c = 0.596 for Marathon in 2016, (H) a = 3.64,
b = 1.89, c = 1.14 for Waltham 29 in 2016, (I) a = 5.51, b = 7.17, c = 1.66 for Belstar in 2017, (J) a = 7.02,
b = 13.1, c = 1.42 for Chevalier in 2017, (K) a = 6.70, b = 3.66, c = 1.53 for Marathon in 2017, (L) a = 6.24,
b = 4.05, c = 1.20 for Waltham 29 in 2017. Data are shown as the mean and standard error of the mean
(Table S1).
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There was no relationship between shoot DW of broccoli genotypes and either the critical substrate
Zn concentration or the critical shoot Zn concentration (data not shown). However, although estimates
of both the critical substrate Zn concentration and the critical shoot Zn concentration differed among
experiments (Table 1), there was a linear relationship between the critical shoot Zn concentration and
the critical substrate Zn concentration both among genotypes in 2016 and 2017 and among experiments
performed in different years (Figure 5A). Data for cabbage genotypes obtained in 2014 also exhibited a
similar relationship (Figure 5A). Thus, plants that are better able to tolerate the accumulation of Zn in
their shoots can survive and grow in substrates with larger substrate Zn concentrations. There was
also a negative relationship between the critical substrate Zn concentration and the initial linear rate of
change of Zn uptake with increasing substrate Zn concentration in broccoli (Figure 5B), which might
be explained because greater shoot Zn accumulation at any given substrate Zn concentration will
result in a lower critical substrate Zn concentration should all other factors remain constant. However,
there was also a negative relationship between the critical shoot Zn concentration and the initial
linear rate of change of Zn uptake with increasing substrate Zn concentration in broccoli (Figure 5C).
This observation might suggest that tolerance to increasing shoot Zn concentration is promoted by
(unknown) substrate factors that change with increasing substrate Zn concentrations. Similar negative
relationships between both the critical substrate and shoot Zn concentrations and the initial linear
rate of change of Zn uptake with increasing substrate Zn concentration were also observed in cabbage
(Figure 5B,C).

Figure 5. Relationship between (A) critical shoot zinc (Zn) concentrations and critical substrate Zn
concentrations, (B) critical substrate Zn concentrations and the linear rates of change of Zn uptake with
increasing substrate Zn concentration and (C) critical shoot Zn concentrations and the linear rate of
change of Zn uptake with increasing substrate Zn concentration among four genotypes of broccoli
studied in 2015 (closed circles), 2016 (squares) and 2017 (triangles), and four genotypes of cabbage
studied in 2014 (open circles). The regression line in panels A (y = 4.09x + 101 mg kg−1/mg L−1,
R2 = 0.840, n = 12) and B (y = −0.438x + 3.232, R2 = 0.640, n = 12) and C (y = −93.96x + 693.2, R2 = 0.585,
n = 12) are for broccoli only. Data are presented in Tables 1 and 2.

4. Discussion

Increasing the substrate Zn concentration above a critical value reduced the shoot DW of all
cabbage and broccoli genotypes studied (Table S1, Figures 1 and 2). The critical substrate fertiliser
Zn concentration, which is less than the total available Zn in the substrate but approximates the Zn
readily available to the plant in the substrate, varied between years and differed among the genotypes,
ranging from 5 to 260 mg Zn L−1 among cabbage genotypes studied in 2014 and between 43 and
408 mg Zn L−1 for the broccoli genotypes studied in 2015–2017 (Table 1). These values are much lower
than statutory maximum annual Zn loading rates to soils in Europe and elsewhere [37].

The phytoavailability of soil Zn is affected by many factors [38]. These are often soil-specific.
A major determinant of Zn phytoavailability in soils is pH but soil organic matter content, mineral and
clay composition, porosity and moisture content are also influential. In addition, although brassicas
are non-mycorrhizal, interactions with soil biota can also affect Zn phytoavailability in soils. It is,
therefore, unwise to extrapolate from the critical substrate fertiliser Zn concentrations obtained in the
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experiments reported here (Table 1) directly to farmers’ fields. It is also noteworthy that in soils where
the phytoavailability of Zn applied as fertiliser decreases rapidly, the Zn biofortification of crops is
generally achieved by foliar application of Zn fertilisers [1,5,9,11,13,15,20,37].

A variety of relationships between substrate Zn concentration and shoot Zn concentration were
observed (Figures 1 and 3). A linear relationship between substrate Zn concentration and shoot
Zn concentration was often observed but an asymptotic relationship toward a maximum shoot Zn
concentration was observed for cabbage genotypes Cape Horn and Red Drumhead in 2014 and an
exponential relationship was observed for broccoli genotypes Chevalier, Marathon and Waltham 29 in
2015. Previous studies of cabbage suggest a linear relationship between soil Zn concentration and shoot
Zn concentration [39,40]. It is possible that the asymptotic relationship towards a maximum shoot Zn
concentration was a consequence of measuring shoot Zn concentrations of only plants that survived
the presence of a given substrate Zn concentration, which might have restricted Zn accumulation.

Differences in the gradients of the relationship between substrate Zn concentration and shoot
Zn concentration were observed among both cabbage and broccoli genotypes (Table 1). Among the
cabbage genotypes, shoot Zn concentrations were greatest in Bison and least in Tundra (Table S1,
Figure 1), which is consistent with the observations of Broadley et al. [28] when ample phosphorus was
supplied. Among the broccoli genotypes, Waltham 29 generally had the greatest shoot Zn concentration
and Belstar the smallest shoot Zn concentration when Zn fertiliser was applied, although this order
was reversed when no Zn fertiliser was applied (Table S1, Figure 3). These data reinforce previous
studies reporting significant differences in shoot Zn concentrations among both cabbage [26,29] and
broccoli genotypes [30,31]. Shoot Zn concentrations determined at the same substrate Zn concentration
differed between years for all broccoli genotypes (Table S1, Figure 3). A similar observation was made
by [27], who reported that there were significant differences in the shoot Zn concentrations of kale
and collard genotypes grown in different years in the field. The differences reported here might be
related to the season in which the plants were grown and, therefore, the glasshouse temperature,
incident photosynthetically active radiation, day length or another uncontrolled environmental factor.
However, no obvious relationships between accumulated temperature (◦C day) or solar radiation
were observed for the relationships between substrate Zn concentration, shoot Zn concentration and
shoot DW.

Critical shoot Zn concentrations ranged from 0.074 to 1.201 mg Zn g−1 DW among the cabbage
genotypes studied in 2014 and between 0.117 and 1.666 mg Zn g−1 DW among the broccoli genotypes
studied in 2015–2017 (Table 1). The smallest values are within the range (0.1–0.3 mg Zn g−1 DW)
that is commonly quoted for critical shoot Zn concentrations of plants [35,41] and the largest values
exceed current estimates of the Zn biofortification potential of leafy vegetables (0.7 mg Zn g−1 DW; [13]).
The cabbage genotypes studied appeared to have very different critical shoot Zn concentrations, ranging
from 0.074 mg Zn g−1 DW for Red Drumhead to 1.201 mg Zn g−1 DW for Tundra (Table 1; Figure 1).
These data are consistent with previous studies indicating that the critical shoot Zn concentration of
cabbage approximates 0.05–0.40 mg Zn g−1 DW [35,40,42,43] and that cabbage genotypes differ in their
critical shoot Zn concentration [44]. Differences in critical shoot Zn concentration appeared to be less
pronounced among the broccoli genotypes studied, although Waltham 29 appeared more sensitive and
Belstar less sensitive than the other genotypes to increasing shoot Zn concentration (Table 1; Figure 4).
Estimates of critical shoot Zn concentrations for broccoli genotypes differed between years (Table 1,
Figure 4). This might be attributed to differences in the growth environment in different years. Variation
in critical shoot Zn concentration is observed among studies of other brassicaceous species, such as
Brassica napus L. (compare [45–49]) and Brassica juncea (L.) Czern [50–52] that might be related to either
the genotypes studied or the experimental conditions.

5. Conclusions

Recent efforts to biofortify edible crops with Zn have focused primarily on staple crops, such
as cereals, pulses, cassava and potatoes, and maximum Zn concentrations of 0.02–0.10 mg g−1 DW,
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depending upon the crop, have been achieved without loss of yield [1,6,9,12–21]. The critical shoot
Zn concentrations in cabbage and broccoli reported here generally exceed these values (Table 1).
This supports the general hypothesis that greater Zn concentrations can be achieved in leafy vegetables
than in seeds, roots or tubers [13]. Furthermore, since leafy brassicas, unlike the seeds of legumes
and cereals, do not contain large concentrations of phytic acid, the Zn in cabbage and broccoli should
be readily bioavailable to humans [8]. This observation could have implications for increasing
dietary Zn intake and the alleviation of Zn deficiencies in human populations. If it is assumed
that brassicas constitute 5% of the Zn in current diets [3,4], increasing their shoot Zn concentrations
from 0.057 mg Zn g−1 DW—the average value obtained without the addition of Zn fertilisers in the
six experiments reported here (Table S1)—to 0.10–0.30 mg Zn g−1 DW through the application of Zn
fertilisers to appropriate genotypes could increase dietary Zn intake by 3.8–21.3% without loss of crop
yield. This has the potential to raise the Zn status and general health of human populations without
any necessity for people to change their diets. However, there might be socioeconomic constraints to
developing a strategy to alleviate Zn deficiencies in human populations through Zn biofortification
of leafy vegetables because (1) the application of Zn fertilisers for Zn biofortification is an additional
production cost and (2) appropriate infrastructure is required to distribute Zn fertilisers to produce Zn
biofortified crops and to distribute Zn biofortified crops to populations that lack sufficient Zn in their
diets [1].

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/8/3/32/s1,
Table S1: The number of replicate plants surviving and the mean fresh weight (FW), dry weight (DW) and zinc (Zn)
concentrations of the shoots of five cabbage (Brassica oleracea L. var. capitata) genotypes (Bison, Cape Horn, Elisa, Red
Drumhead and Tundra) grown in 2012, 2013 and 2014 in a standard substrate into which no Zn, 0.075 mg Zn L−1

substrate, 0.15 mg Zn L−1 substrate, 1.5 mg Zn L−1 substrate, 15 mg Zn L−1 substrate, 150 mg Zn L−1 substrate,
300 mg Zn L−1 substrate or 450 mg Zn L−1 substrate, 500 mg Zn L−1 substrate, 1000 mg Zn L−1 substrate,
1500 mg Zn L−1 substrate or 3000 mg Zn L−1 substrate was incorporated depending on the year of the study,
and four broccoli (Brassica oleracea L. var. italica) genotypes (Belstar, Chevalier, Marathon and Waltham 29) grown
in 2015, 2016 and 2017 in a standard substrate into which no Zn, 1.5 mg Zn L−1 substrate, 15 mg Zn L−1 substrate,
150 mg Zn L−1 substrate, 300 mg Zn L−1 substrate or 450 mg Zn L−1 substrate was incorporated. Data for FW,
DW and shoot Zn concentrations are expressed as the mean ± standard error of the mean (SE) for n surviving
replicate plants.
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Abstract: Human mineral malnutrition or hidden hunger is considered a global challenge, affecting
a large proportion of the world’s population. The reduction in the mineral content of edible plant
products is frequently found in cultivars bred for higher yields, and is probably increased by intensive
agricultural practices. The filling of grain with macro and micronutrients is partly the result of a direct
allocation from root uptake and remobilization from vegetative tissues. The aim of this bibliographic
review is to focus on recent knowledge obtained from ionomic analysis of plant tissues in order to
build a global appraisal of the potential remobilization of all macro and micronutrients, and especially
those from leaves. Nitrogen is always remobilized from leaves of all plant species, although with
different efficiencies, while nutrients such as K, S, P, Mg, Cu, Mo, Fe and Zn can be mobilized to
a certain extent when plants are facing deficiencies. On the opposite, there is few evidence for leaf
mobilization of Ca, Mn, Ni and B. Mechanisms related to the remobilization process (remobilization
of mineral forms from vacuolar and organic compounds associated with senescence, respectively) are
also discussed in the context of drought, an abiotic stress that is thought to increase and known to
modulate the ionic composition of grain in crops.

Keywords: grain filling; nutrient remobilization; senescence; abiotic stress

1. Introduction

Mineral malnutrition is considered to be the most serious global challenge to humankind with
over 60, 30, 30 and 15% of the world population being Fe, Zn, I or Se deficient, respectively. In addition,
Ca, Mg and Cu deficiencies are common in many developed and developing countries (see the
extensive review [1]). Because plants are the basis of nearly all food chains, the production of
biofortified seeds, fruits or edible vegetative organs with increased concentrations of micronutrients
could reduce what is considered “hidden hunger”.

Plants are sessile organisms that have to cope with a permanently fluctuating environment, both in
space and time, and this includes changes in abiotic factors such as light, temperature, water and
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nutrient availabilities that are tightly linked to biotic interactions with other plants or rhizosphere
microorganisms such as bacteria and fungi. To cope with these variable environments, plants through
their evolution have developed multiple mechanisms allowing their survival, growth and reproductive
success. For example, the uptake of soil minerals is achieved via many processes to minimize transient
deficiency [2–5] including stimulation of root transporter activities, oriented root growth and/or root
exudation. Plants may also increase soil mineral availability and improve their nutrient uptake through
interactions with rhizospheric microorganisms [6].

Hence, a better understanding of the mechanisms involved in plant nutrient acquisition and
distribution in edible products with increased micronutrient concentrations could pave the way to the
development of improved plant varieties, and participate in an amelioration of human malnutrition.
Seed micronutrient enrichment depends upon the uptake, storage, mobilization and translocation
of the micronutrients. All of these complex processes require the coordinated regulation of many
genes. For example, a recent study has shown that two chromosome regions were associated with
Quantitative Trait Loci for improvement of zinc and iron content in grains [7]. Therefore, breeding for
bio-fortification combined with improvement of a well-synchronized supply of various amounts and
forms of fertilizers in crop rotations are considered appropriate to alleviate mineral malnutrition [8].
The study by Fan et al. [9] shows that breeding wheat for a better yield could be achieved via enhanced
photosynthesis combined with an ample supply of macro-nutrients (N, P, K), but this led to a negative
selection for micronutrient content in seeds. These authors analysed mineral concentrations of archived
wheat grains and soil samples between 1843 and 2008 in relation to cultivar, yield and harvest index,
and reported that the seed micronutrient contents remained stable between 1843 and the mid 1960s
but decreased significantly after that time. This coincides with the introduction of semi-dwarf and
high-yielding cultivars, while at the same time the soil concentrations of Zn, Fe, Cu and Mg either
increased or remained stable. Overall, this indicates that the reduced mineral content of seeds partly
resulted from this negative genetic selection and thus manifested as hidden hunger [9].

Additionally, in the context of global changes resulting from increased accumulation of greenhouse
gases [10] associated with an increase in temperature and the occurrence of greater risk of aridity [11,12],
the mineral contents of seeds may also be adversely affected. For example, a meta-analysis of the
literature that considered the effect of increased atmospheric CO2 on the plant ionome [10] indicated in
the majority of cases that leaf and seed N content and most of their mineral nutrients (P, K, Ca, S, Mg,
Fe, Zn, Cu, Mn) were negatively impacted as the seed carbon concentration increased. This empirically
robust relationship was systemic i.e., independent of plant species, cropping areas and experimental
designs, including Free-air CO2 enrichment (FACE) experiments. Another meta-analysis [11] revealed
that drought stress in plants had a short-term (<90 days) negative effect on N and P contents in plants,
alleviated either in the long term or by drying-rewetting cycles.

Soil mineral nutrient deficiency may be the consequence of different constraints including intrinsic
low soil mineral contents, sub-optimal abiotic conditions like extreme temperatures, pH, low soil
water content or anaerobic conditions that will alter mineralization and hence phytoavailability.
When nutrient availability is too low, several strategies have been described that enable plants to cope
with most macronutrient and some micronutrient deficiencies, and they rely on (i) an over expression
of genes encoding for increased or decreased nutrient specific root transporters coupled in the longer
term with (ii) an increased exploration of soil due to enhanced root branching and growth [13,14].
Mineral nutrient deficiencies usually elicit mechanisms that rely mostly on an up-regulation of specific
root membrane high- or low-affinity transport systems. These mechanisms have been extensively
described for N, P, and S [2,3] and the complexity of their regulation is being progressively unravelled.
The involvement of multiple transporters in several regulation pathways suggests that higher plants
have a sophisticated uptake system finely tuned to external nutrient availability and internal plant
needs. However, although up-regulation of nutrient uptake by roots coupled with increased root
exploration and/or microbial stimulation via root exudation are among the common coping strategies,
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they can be unsuccessful under certain circumstances. This may be the case when soil nutrient
availability remains too low or when low soil water content restricts nutrient mobility.

Besides its implication in photosynthesis and loss of water through the stomatal aperture [15],
plant transpiration conveys many functions such as cooling leaves and driving both the mass flow
of nutrients from the soil to the rhizosphere and the xylem flow from roots to the shoot. An increase
in transpiratory flux is usually correlated with [15] an increase in photosynthesis activity, leading to
loss of water when stomata are open for CO2 uptake. Mass flow, driven by transpiration, leads to
substantial nutrient delivery to the root surface. For example, plants of Zea mays grown in a fertile
loam had the potential to accumulate 95% of the S, 88% of the Mg, 79% of the N, 73% of the Ca,
18% the K, and the 5% of P by mass flow, the remainder being taken up through diffusion and uptake
by the roots [16]. Similar situations where mass flow and hence nutrient mobility in the soil may be
reduced can be found when plant transpiration is low. This may occur during the spring bud growth of
deciduous trees, regrowth of forage species subjected to mechanical or animal defoliation, or the spring
resumption of growth of hemicryptophyte and cryptophyte plant species. Moreover, this could also
be the case during the development of annual species. For example, in Brassica napus it has been
shown that nutrient uptake (especially N) is considerably reduced during the reproductive stage.
Consequently, development of reproductive tissues and seed filling relies on monocarpic senescence,
which allows degradation of organic compounds associated with internal recycling of nutrients [17].

Whatever the reasons for decreased nutrient uptake (environmental or developmental), short-term
use of macro and micronutrients previously stored within tissues may be an effective alternative for
sustaining plant growth. Moreover, in the long term, i.e., when nutrient deficiency becomes severe,
degradation of organic compounds (which may also contain micronutrients) is associated with leaf
senescence [18,19] in order to provide nutrients useful to sustain plant growth. In such situations,
plant growth mostly relies on internal stores than can be mobilized from the short term to the
long term. However, the importance of nutrient storage and recycling are not always recognized.
Thus, some authors [3] consider that recycling of pools of essential macronutrients (N, P, S) previously
stored in plant tissues is not sufficient to support normal growth for more than a few days in
most higher plants. In contrast, other reports have [19,20] clearly stated that manipulating nutrient
remobilization is a major challenge for modern agriculture. For example, some authors suggest that
an improvement in nutrient remobilization from senescing tissues constitutes an appropriate lever to
increase global nutrient use efficiency (especially N) [17,21] or to biofortify edible products [22–24].
In any case, efficient nutrient mobilization in plants needs to satisfy several conditions, such as the
possibility to accumulate large amounts of nutrients in plant parts without reaching a toxicity level,
an ability to be moved from storage compartments (e.g., the vacuole) and their capability to be
transported [23] between tissues through xylem or phloem vessels (Figure 1). A fourth condition
may be a requirement when nutrients have been stored within fairly complex compounds that are
either not easily transported by the phloem or the xylem or that require dismantling into mobile and
nontoxic forms.

The overall objectives of this review are to focus on the body of knowledge related to plant
nutrient mobilization from leaves (the main source organs) to the seeds (the main sink organs)
that to our knowledge has never been reviewed at the level of ionome. Moreover, because one
of the main effect of drought is to reduce mass flow and hence mineral nutrient uptake, it can be
hypothesized that under this abiotic stress, grain filling will mostly rely on leaf nutrient remobilization.
In the most part, this review references studies of plant ionome analysis to (i) identify general
patterns of leaf accumulation and remobilization according to the nutrient considered and the
plant species, (ii) relate these patterns to potential mechanisms (including mineral vacuolar
sequestration/mobilization capacity and mobilization of organic compounds associated with
senescence), (iii) evaluate from the literature how these mechanisms and the resulting nutrient
remobilizations are affected by drought, and finally (iv) estimate from the literature how seed nutrient
contents are affected by drought and whether they can be related to leaf remobilization processes.
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Figure 1. Proposed model for leaf remobilization of macro and micronutrients towards seed
filling under normal conditions or during severe drought illustrating the involvement of vacuolar
sequestration capacity, coupled under severe drought with increased monocarpic senescence and
reduced photosynthesis. NA: nicotianamide, PC: phytochelatin.

2. General Patterns of Nutrient Mobilization from Leaves

Because of the concomitant root uptake, the quantification of nutrient mobilization from
vegetative to reproductive tissues usually requires the use of either stable or radioactive isotopes [25].
Numerous studies have used pulse chase labelling of 15N or 13C, and more recently 34S or 65Zn [26,27],
and very occasionally 54Mn [28], but only a few other elements have been considered under very
specific circumstances (effects of genetic modifications or environmental constraints such as deficiencies
or water supply). Alternatively, changes in the ionomic composition of leaves have been used to
evaluate (by mass balance) the net remobilization of most leaf nutrients during irreversible processes
such as monocarpic senescence [29–33].

Data from a meta-analysis designed to evaluate specific and genetic variations under a wide
range of plant culture conditions, tissues, species and genotypes [1], showed that the ratio between the
maximum and minimum contents of nutrients such as Fe, Zn, Mg and Cu have a much wider variation
in leaves than in seeds, suggesting a remobilization potential in vegetative tissues. The general pattern
of nutrient accumulation and remobilization during leaf development is probably nutrient and species
dependent (Table 1), being affected by either nutrient availability or plant phenology (reproductive
versus vegetative growth). However, according to the previously cited literature, three types of
potential recycling can be hypothesized (Figure 2), at least for nutrients for which enough information
is available (Table 1). Irrespective of the plant species, N is always remobilized from leaves (Table 1)
and requires a proteolytic system to degrade proteins during leaf senescence. However, depending
on the plant species, the efficiency of N mobilization is variable, reaching about 90% in Triticum
aestivum, Hordeum vulgare and Arabidopsis thaliana against only 39% in Zea mays, while Brassica napus,
Pisum sativum and Glycine max show intermediate values (Table 1). Other macronutrients such as K,
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S, and P are also remobilized from leaves at a rate similar or lower to N, except in Z. mays leaves,
which only remobilize K with a fairly high efficiency. Magnesium (Mg) is also remobilized from leaves,
except in Z. mays, A. thaliana and P. sativum. Calcium (Ca), is a macronutrient that is considered to have
a limited mobility in the phloem. Consequently, Ca stored in leaves is not remobilized, at least not in
non-poaceae species. Overall, it should be pointed out that for a given species the rates of mobilization
of macronutrients (except for Ca) is relative to that of N withdrawal from leaves (Table 1), suggesting
that they depend on leaf senescence. The situation for micronutrients (Table 1) is far more complex,
showing more interspecies variations. Boron (except in Z. mays) and nickel (except in B. napus) seem to
be fairly immobile in the leaves of all species, while in contrast copper (Cu) is exported from leaves of
all species (Table 1). Manganese (Mn), like Ca as previously reported, is only remobilized in T. aestivum,
O. vulgare and O. sativa, which may be the result of a rapid release of water during plant dehydration
provoking Mn or Ca movement in the xylem [34,35]. Molybdenum (Mo), iron (Fe) and zinc (Zn) show
the greatest variation between species, with B. napus and Z. mays being unable to export Zn and Mo
from the leaves, while Fe is not remobilized in poaceae plants (except at a low level in rice) or in
P. sativum. Similarly, studies in soybean [36] and wheat [37] revealed that levels of Cu, Fe and Zn
declined in leaves undergoing senescence. This apparent heterogeneity in the potential remobilization
of micronutrients might be linked to the fact that the requirements for these elements in seeds are
fairly low, and might be fulfilled by the translocation of nutrient taken up by the roots post anthesis.
Accordingly, Sankaran and Grusak [33] suggested that the remobilization of micronutrients would be
required only when soil deficiencies limit root uptake.

Based on the previous information, the patterns of leaf nutrient remobilization could be separated
into three nutrient groups (Figure 2). Group I corresponds mostly to N, a highly mobile nutrient
with a predominantly organic form of storage (especially proteins), and it is accumulated in leaves
up to the beginning of leaf senescence (Figure 2). Subsequently N is exported to young developing
leaves and/or reproductive tissues in nearly all plant species. When facing N deficiencies during
early or late leaf development, the mobilization rates can usually be increased concomitantly with
senescence induction [38–41]. Group II (Figure 2) corresponds to nutrients like K, S, P, Mg, Cu, Fe,
Zn and Mo, which are more variable in their mobility and mostly found in either inorganic forms or
associated with cellular organic molecules such as proteins that are constantly accumulated during
leaf development until full expansion. Their remobilization may occur during monocarpic senescence,
but can be increased (probably from mineral storage forms) when plants are facing a deficiency,
without necessarily inducing senescence. For example, it has been well characterized in B. napus that
a moderate S deficiency increases leaf S mobilization (mostly from SO4

2−), whereas leaf senescence is
delayed [42]. Likewise, in the case of Cu and Fe in wheat [42] and Fe [31] or P [43] in rice, increased
remobilization from leaves is triggered by reduced root uptake, which in turn is a consequence of
soil mineral deficiencies. Group III (Figure 2) corresponds to fairly immobile nutrients such as Ca,
Mn (at least in non poaceae species), B and Ni, which accumulate during the entire leaf life span
or reach a plateau after the onset of senescence, without any effect of deficiency on mobilization
and/or senescence [32]. Such a lack of remobilization could result from (i) a very low phloem mobility
(Ca and Mn), (ii) nutrient sequestration into a fairly complex molecule that is not dismantled during
senescence (for example, B and rhamnogalacturonan located in cell walls [44]), or (iii) by potential
nutrient toxicity at the cellular level (such as Ni, [45]) precluding its remobilization. In the meantime,
whichever nutrient group is considered, the accumulation of all nutrients in leaves can be reduced in
a similar way if deficiencies occur in early leaf development (Figure 2) and lead to reduced storage in
leaves before seed development. However, while these general patterns of nutrient remobilization
from leaves offer an easy way to compare nutrients and plants species, they do not take account of
the mechanisms involved. Indeed, processes associated with the mobilization of short- or long-term
nutrient storage pools may be affected by the severity of environmental stresses such as drought.
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Figure 2. General patterns of macro and micronutrient contents of leaves resulting from their allocation
from root uptake before senescence followed by their remobilisation (net loss) as a function of relative
leaf lifespan. According to the macro or micronutrient considered, senescence and/or nutrient
deficiency induce high (Type I), variable (Type II) or low remobilization (Type III) from the leaves to
the seeds.

3. Short-Term Mobilization of Stored Compounds When Facing Nutrient Deficiencies or High
Nutrient Needs

For most nutrients, short-term storage compounds are mostly found in the vacuoles (Figure 1),
under inorganic (NO3

−, SO4
2−, K+, Mg2+, PP, Pi) or complexed forms with organic compounds such

as organic acids (Ca, Mo), amino acids (Ni, Se), nicotinamide (NA), specific chelates such as ferritin
(Fe, although mostly in chloroplasts), and even proteins (Cu and Zn). Mineral micronutrients are
thought to be in chelated or ligand-bound forms when not incorporated into proteins, including during
their phloem transport (Figure 1). As reported in the review of Peng and Gong [46], studies on long
distance transport of nutrients have focused on transporters expressed in xylem parenchyma cells
or in phloem companion cells, as well as the role of phytochelators such as NA and phytochelatins.
Considering the vacuole as a pivotal organelle for storage of metabolites and minerals, Peng and
Gong [46] proposed the concept of vacuolar sequestration capacity (VSC) acting as a buffering pool not
only controlling accumulation in cells but also dynamically mediating transport of nutrients over long
distances. Complex regulation of the VSC of metals would involve the modulation of (i) the expression
of tonoplast specific transporters (MTP1/MTP3/ZIF1 for Zn, NRAMP3/NRAMP4 for Fe, COPT5 for
Cu) or other transporters with lower specificity (VIT1/VIT2 for Fe and Zn, FPN2 for Fe, Co and Ni) and
(ii) the synthesis of chelators such as NA that modulate the VSC of Fe and Zn [47] and phytochelatin
modulating the VSC of Cu. NA, which is also a precursor of phytosiderophores in grasses, has the
capacity to bind Cu, Co, Fe(II) and Fe(III), Mn, Ni, and Zn. This body of evidence strongly suggests
that NA is a vital chelator of micronutrients for homeostasis during growth, for translocation within
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vegetative parts of the plant and also in phloem transport of micronutrients to the seeds. Proteins that
transport these NA complexes are the yellow-stripe-like (YSL) proteins, which are members of the
oligopeptide transport (OPT) family [48].

While some nutrients such as Ca or Mn are recognized as showing little mobility between tissues,
and for which, like Cu and Ni, the transport is poorly understood, others like N, S, P, Fe, Zn are
considered to be potentially highly mobile in either xylem or phloem vessels (Figure 1). For example,
S is usually recognized as showing variable mobility [49]. In fact, the S content itself in tissues
is highly variable and can be correlated with SO4

2− content, which may account for more than
80% of total S in leaves of field grown B. napus [50]. As a consequence, when facing S deficiency,
plant growth can be sustained for several weeks [51], provided that enough SO4

2− was accumulated,
and thanks to its remobilization and high mobility. In contrast, plants containing only organic S
pools (i.e., low mobile compounds) are unable to grow without a significant S supply. A much
wider variation was observed for S and SO4

2− concentrations than for N or NO3
− concentrations,

which suggests a smaller contribution of vacuolar NO3
− to N remobilization, and most of it derived

from organic N. However, recent results [52] obtained in B. napus suggest that a decrease in the VSC
of NO3

− in roots enhances N transport to shoots and essentially contributes to higher N use efficiency.
This occurs by promoting NO3

− allocation to aerial parts, likely through coordinated regulation of
the NO3

− tonoplastic transporters, NRT1.5 and NRT1.8. Based on this evidence, there is obviously
a relationship between the variable capacity to accumulate a nutrient in vegetative tissue and the
potential to remobilize a portion of it when facing a restriction.

4. Monocarpic Senescence and Remobilization of Nutrients

Long-term storage may also occur for some nutrients, mostly in a complex form requiring specific
catabolic transformations, first to enabling their remobilization, then their transport. This is the case for
nutrients that are components of various polymer structures (e.g., N and S in proteins, S and P in lipids,
B in rhamnogalacturonan II, Zn in numerous proteins) or involved in their physiological function
(Fe and ferritin, Mo as a co-factor, Mg in chlorophyll, Mn as a catalytically active metal in proteins).
It is usually assumed that their mobilization is an intrinsic feature of plant senescence [18]. The complex
mobilization process of these nutrients, eventually leading to the death of vegetative organs, involves
a well-orchestrated activation of genes encoding catabolic enzymes that gradually dismantle cellular
components that are mostly located in chloroplasts. At the same time, basic metabolic activities are
kept intact until cell death to ensure the processing of high molecular weight components and the
subsequent export of the degradation products and minerals to the phloem [53]. Recent research [17,54]
suggests that the link between growth and the ageing process is nutritional in nature, by which
resources (most of the time, only N is considered) are recycled from obsolete body parts to newly
developing structures. For example, feeding the plant with N fertilizer increases the amount of Rubisco
but does not change its turnover, and this N responsive behaviour is characteristic of a storage protein.
When the N demand cannot be met by uptake from the rhizosphere alone, N, and potentially its
associated nutrients, is withdrawn from older tissues. Similarly, it was suggested that sequential
senescence (i.e., acropetal senescence occurring during the vegetative stage) is a useful adaptation
because it buffers growth against fluctuation in the supply of N and other elements. Results from
studies on legumes demonstrate that the N being remobilized from vegetative parts to fill seeds
arises from a common N pool translocated throughout the plant [55]. Although various proteomic
and metabolomic studies are being conducted, the detailed catabolic pathways involved are not
yet fully characterized. The mechanism of autophagy, consisting of the allocation of unnecessary
or damaged cytosolic components (such as organelles and macromolecules) for degradation and
recycling by the vacuole (see [56] for review), has been recently characterized during senescence [57].
Such a mechanism might explain how nutrients other than N may also be mobilized, as numerous
proteins contain elements such as Zn, Cu, Mn, Fe or N.
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The results of Distefeld et al. [58], who compared a wild tetraploid wheat (Triticum turgidum ssp.
dicoccoides) to a cultivated wheat (Triticum durum), strengthen the hypothesis that senescence process
may increase the mobilization of micronutrients other than N. These authors found a higher
mobilization of Zn, Mn and Fe in wild wheat and attributed it in part to allelic variation at
a chromosome locus that promotes early senescence and remobilization of proteins from senescing
leaves to seeds. Waters and Sankaran [23] considered that because Cu, Zn and Fe transport frequently
involves chelation with amino acids, remobilization of these elements might be tightly linked
with N catabolism occurring during senescence. This could be further supported by the fact that
wheat lines with delayed leaf senescence have lower amounts of Fe and Zn in their seeds [59].
Ricachenevsky et al. [48] suggest a major role of some NAC (acronym derived from three genes
that were initially discovered to contain a particular domain (the NAC domain): NAM for no
apical meristem, ATAF for Arabidopsis thaliana activating factor, and CUC2 for cup-shaped cotyledon)
transcription factors in wheat and rice that could regulate the onset of leaf senescence, together with
an increased Fe and Zn remobilization, through an increased synthesis of nicotianamine associated
with a higher expression of a metal-NA transporter (YSL2). Similarly, Pearce et al. [60] showed
that a wheat mutant under-expressing GPC1, a transcription factor that reduces leaf senescence,
had lower Zn and Fe in the seeds, probably as a result of a down regulation of Zip and YSL
genes coding for Fe and Zn transporters. In legumes, leaf and nodule senescence is a programmed
process concomitant with the transition to the reproductive stage in the host plant life cycle [55,61].
Van de Verlde et al. [62] highlighted that the transcriptome of nodule senescence shared a high
functional overlap with the transcriptome of leaf senescence, indicating a shift from a carbon sink to
a nutrient source tissue. In particular, in soybean, it has been estimated that around 50% of the nodule
Fe content was recycled to the seeds [63] and in Lotus japonicus, a nodule-specific NA synthase has
been identified [64]. Taken together, these results suggest that nodules could also contribute to the
mobilization of micronutrients to the seeds [65].

5. How Drought Affects Leaf Accumulation of Nutrients, Leaf Senescence, Mobilization of
Nutrients and Seed Filling

Drought reduces the diffusion rate of nutrients in the soil towards the roots, the nutrient
uptake by the roots, and their transport to the shoots due to concomitant decreases in transpiration
flux, active transport and membrane permeability (see the review from Hu and Schmidhalter [66].
Drought during the vegetative stage in Arabidopsis thaliana induces a decrease in the concentration of
almost all minerals including Zn, Fe, Mn, Ca and Mg in leaves, except for K [67]. The authors explain
these reductions by a preferential allocation of resources to the roots, at the expense of leaf growth.
Otherwise, the increase in leaf K content under drought could be related to its role in maintaining
plant water potential and in alleviating drought-induced oxidative damage through inhibition of the
production of reactive oxygen species (ROS) [68]. Yet from a mechanistic point of view, how vacuolar
storage and long distance transport of nutrients is affected by drought during the reproductive stage is
fairly unknown. However, it could be postulated that a reduction in mass flow resulting from drought,
and hence a reduction in the phytoavailability of soil nutrients, could be similar to a situation of nutrient
deficiency (previously described in paragraph 3). Under this assumption, long distance transport
would be regulated through modulation of VSC by the changes in both transporter expression and
chelate synthesis (Figure 1). For example, in Medicago truncatula, genes coding for sulfate transporters
involved in sulfate uptake (SULTR of Group 1) are down-regulated in roots, while genes coding for
sulfate transporters involved in the efflux of sulfate from the vacuole lumen to the cytosol (SULTR of
Group 4) are up-regulated in shoots [69]. Consequently, short-term vacuolar storage of nutrients would
be of prime importance to buffer transient and moderate drought, which could be, at least partly,
independent of senescence.

Among environmental stresses, drought is known to induce leaf senescence, especially via
changes in hormonal balance related to the concomitant decrease and increase in cytokinin (CKs) and
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abscisic acid (ABA) contents, respectively [70,71]. Drought-induced senescence is associated with
numerous morphological, physiological and molecular modifications in several species including
nutrient remobilization from senescing organs (mainly leaves, and to a much smaller extent nodules
in legumes) to young tissues (leaves or seeds), thus compensating for the nutrient uptake deficit that
results from low soil water content [72,73]. While much work has been conducted to evaluate the
consequences of drought on seed nutrient contents, to our knowledge studies focusing on the effect
of drought specifically on nutrient remobilization from leaves (estimated from a net balance during
senescence) are very scarce.

According to Wang and Frei [74], accelerated senescence under many types of stress, including
drought, affects nutrient translocation processes, inducing the remobilization of N from vegetative
to reproductive plant parts, and shortening the maturation time, which tends to favour proteins
over starch accumulation in cereal grains. Decreased mineral content in seeds can therefore
result from reduced root uptake and translocation and/or insufficient remobilization from leaves.
This contrasts with reports of increases in some mineral contents in seeds following drought,
which are probably a result of reduced photosynthesis leading to reduced C content in the seeds.
However, most conclusions appear to be heterogeneous if not opposite (Table 2), even within the same
plant species. New experimental design, in which both the severity of drought and the availability
of nutrients are finely monitored will be required to obtain more relevant data with different plant
species. As pointed out in the reviews of Lawlor [75] and He and Dijkstra [11], many different
experimental procedures have been used to subject plants to drought, ranging from field to controlled
conditions, using PEG (Polyethylen Glycol) or mannitol in nutrient solution, manipulating soil water
content from progressive reductions to complete cessation of watering and finally using cycles of soil
drying/rewatering.

Table 2. Effect of drought on the nutrient contents of seeds in different plant species submitted to
severe (% decrease in seed yield is given when available) or moderate drought from studies using
multi-element analysis. Drought is considered to be severe as opposed to moderate when it significantly
reduced grain yield.

Species Drought
Increased Seed

Nutrient Content
Decreased Seed

Nutrient Content
Refs.

Hordeum vulgare
Severe N P, K, Mg [76]

Moderate No effect No effect [76]
Severe N, Zn, Mn No effect [77]

Triticum turgidum Severe N, Fe, Zn No effect [78]
Moderate No effect No effect [78]

Triticum aestivum

Severe N Not quantified [79]
Severe (N not quantified), K, Ca No effect [80]

Moderate [80]
Moderate P, Mg, Zn K [81]

Severe P, Ca, Mg, Zn K [81]

Zea mays
Severe N, Ca, Mg, Cu, N P, K [82]
Severe N Fe, Zn, Cu [83]

Moderate Fe, Zn, Cu [83]

Glycine max

Moderate No effect N, K, P, Ca, Fe [84]
Severe P, Ca, Mn, Zn, Mo No effect [85]
Severe Ca, Fe K, P, Mn, Cu, Zn [86]

Moderate Ca, K P, Mn, Cu, Zn [86]

Oryza sativa Severe N Cu, Fe [87]

Phaseolus vulgaris Moderate Fe, Zn [88]

For example, it has been shown that high molecular weight PEG can be taken up by roots and
accumulated in extracellular spaces inducing cellular but not tissue dehydration [89]. Moreover,
Verslues et al. [90] showed that the use of PEG in the nutrient solution also decreased dioxygen
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movement by increasing solution viscosity, which in turn led to root hypoxia and inhibition of root
elongation. It may also be assumed that the use of mannitol or PEG in nutrient solutions have
little relevance for natural drought conditions in the fields where drought conditions, and hence,
plant perception appear more progressively allowing the plants to acclimate during several days.
In order to discriminate between experiments that used moderate (coupled with maintained yield)
or severe drought (associated with a yield reduction) and associated mechanisms (Figure 1, i.e., balance
between C and mineral nutrients transported to the seeds), Table 2 presents the effect of drought
(severe or moderate) on changes to seed nutrient contents in different species. In most species
(except for soybean), a severe drought leads to an increased N concentration in grains (Table 2),
which may be the result of a balance in favour of leaf N export relative to C, as opposed to a moderate
drought that will less strongly affect photosynthesis.

The seed contents of other macronutrients like P, K, Mg, and sometimes Ca, are reduced most
of the time (or remain unaffected) by severe drought (Table 2). The situation is more variable for
Zn, Fe, Mn or Cu for which seed contents can be decreased or increased by severe or moderate
drought, not only as a function of species but also for a given species subjected to different experiments
(Table 2). In a hypothesis that parallels the one for N content, seed micronutrient contents are a result
of a balance between C export from leaves and starch deposition in grains, and micronutrient leaf
remobilization. For such micronutrients, the level of remobilization in leaves could be a function
of only the vacuolar sequestration capacity and therefore dependent on root uptake (and storage)
before anthesis. However, an extra supply of some micronutrients to the seeds could be provided by
catabolism of polymers that may contain such micronutrients, and as a consequence of senescence
induced by severe drought conditions. This could be the case for Zn, for example, which is associated
with a large diversity of proteins (more than 1200 in Arabidospis) and for Fe, which is mostly stored in
chloroplasts as ferritin. Mn and Ca are more difficult to understand because they are recognized as
having little phloem mobility, and consequently a reduced leaf remobilization. However, it has been
shown recently [32] that even though Mn and Ca can be efficiently mobilized from roots (probably
through xylem vessels), they would require a significant mass flow, which is not compatible with the
main effect of drought.

Other reasons may be invoked to explain changes in nutrient contents in seeds subjected to high
or low drought severity, even though, to our knowledge, no literature is yet available. The ionomic
content of vegetative tissue can be affected in a very unspecific way by mineral deficiencies or even
by drought. The study by Maillard et al. [91] on the effect of individual nutrient deficiencies on
the uptake of other nutrients in B. napus, found about 18 different situations where the uptake
of other nutrients was increased. Such cross talk between nutrients was found, for example,
during S and K deficiencies, which increased Mo and Na uptake, respectively. In both cases,
this could be explained by the lack of specificity of some transporters that are up-regulated during
deficiency. For example, sulfate transporters are mostly responsible for higher molybdate uptake
under S deficiency, while K transporters, which are up-regulated by K deficiency, increased Na
uptake. Similarly, Acosta-Gamboa et al. [92] showed that drought increases the leaf content of Mn
and Cu, whereas it decreased Fe content and it was hypothesized that this was partly due to a higher
requirement for Mn superoxide dismutase, which is involved in the ROS detoxification induced by
drought stress. However, alternative explanations can be provided from [91] who showed that increases
in Cu and Mn uptake in response to Fe deficiency can also be explained by the non-specific transport
of these nutrients being shared by similar up-regulated transporters [93]. Ghandilyan et al. [67]
highlighted that depending on the water availability, correlations between leaf nutrient contents were
not necessarily maintained. In particular, correlations between K and Ca concentrations were positive
under optimal water conditions, and negative under drought. Taken together, these results suggest
that drought, while affecting root nutrient uptake may also modify cross talk between micronutrients
(uptake and storage) and hence modify the composition of the leaf with potential consequences for
seed composition.
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A better knowledge of how ionomic composition of grain, and hence their quality, are modified
by drought requires future experiments in which both drought conditions (repeated and moderated or
severe) and mineral nutrient supplies are finely controlled under soil culture. A precise estimation
of the modification of grain ionomic signature by drought should be done in relation to a kinetic
analysis of leaf remobilization of each nutrient. Such experimental design was not previously used
to our knowledge and should be considered. In such a way, it should be possible to distinguish
(i) nutrients for which grain content is decreased as a result of limited leaf remobilization, from (ii)
nutrient whose grain content is increased such as N (Table 2 and Figure 1), as a result of an efficient leaf
remobilization coupled with a yield reduction and finally, (iii) nutrients that are indirectly increased in
grain by drought as a result of nutrient crosstalk (see previous paragraph for examples). This would
also require a better knowledge of all nutrient crosstalks induced by individual mineral deficiency as
previously described [91] and for a larger range of plant species. This approach could also include the
analysis of ionomic signatures combined with molecular analysis that would give access to metabolic
pathways modulated by deficiencies and/or drought.

Moreover, the plant nutrient composition as well as the plant physiological response to drought
are both genotype-dependent [67,83,92,94,95]. This emphasizes the need to take advantage of genetic
variability, first to understand processes underlying micronutrient remobilization under drought and
secondly to breed crops with higher seed micronutrient contents under water fluctuating environments.
For the moment, strategies for enhancing drought stress tolerance by delaying senescence either via
increasing chloroplast stability [96] or via induced production of CKs and the alteration in C and N
homeostasis [97] have been tested and resulted in an increased grain yield, but could also lead to
a limited N remobilization efficiency, implying a decreased protein content [54,98].

6. Conclusions and Perspectives

Under normal growth conditions, the storage and remobilization of macronutrients in particular
have been extensively studied, but the handling of micronutrients remains less well known.
Further, the mechanisms underlying nutrient remobilization to the seeds under drought conditions
have been poorly addressed. In the context of human micronutrient malnutrition and climate change
involving more frequent drought episodes, the need to breed for biofortified crops [99] adapted to
water deprivation should become a major focus. Efforts are necessary concerning the understanding
of micronutrient fluxes under limited mass flow due to decreased plant transpiration. These efforts
may be coupled on the one hand with the screening of large collections of genotypes, and on the other
hand with the exploitation of plant microbe interactions [100], which could enhance micronutrient
availability, plant uptake, storage and remobilization to the seeds.
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Abstract: Global climate change is likely to increase the risk of frequent drought. Maize, as the
principal global cereal, is particularly impacted by drought. Nutrient supply may improve plant
drought tolerance for better plant establishment during seedling growth stages. Thus, this study
investigated the interactive effects of drought and the application of the nutrients N, P and K either
individually or in combination. The maize seedlings were harvested between 12 and 20 days after
sowing, and the leaf area, shoot fresh and dry weight and root dry weight were determined, and shoot
water content and root/shoot dry weight ratio were calculated. Among the N, P and K fertilization
treatments applied individually or in combination, the results showed that there was generally
a positive effect of combined NPK and/or NP nutrient supply on shoot growth such as leaf area,
shoot fresh and dry weight at day 20 after sowing under both well-watered and drought conditions
compared with no nutrient supply. Compared with the effect of N and P nutrient supply, it seems
that K was not limiting to plant growth due to the mineralogical characteristics of the illitic-chloritic
silt loam used, which provided sufficient K, even though soil tests showed a low K nutrient status.
Interestingly, the root/shoot ratio remained high and constant under drought regardless of NPK
application, while it decreased with NPK applications in the well-watered treatment. This suggests
that the higher root/shoot ratios with N, NP, PK and NPK under drought could be exploited as
a strategy for stress tolerance in crop plants.

Keywords: drought stress; maize; nitrogen; phosphorus; potassium; root growth; shoot growth

1. Introduction

Drought is a primary constraint to global crop production, and global climate change is likely to
increase the risk of frequent drought, especially in rain-fed agriculture [1,2]. Maize, as the principal
global cereal, is particularly impacted by frequent drought spells. Under drought stress, reduced
nutrient availability is one of the most important factors limiting plant growth [3]. Drought reduces
nutrient uptake by the roots, in part, because the decline in soil moisture results in a decreased
rate of diffusion of nutrients from the soil matrix to the absorbing root surface [3–5]. Moreover,
nutrient transport from the roots to the shoots is also restricted by reduced transpiration rates and
impaired active transport and membrane permeability, together resulting in a reduced root absorbing
power by crop plants [6,7]. Thus, nutrient supply strongly affects crop productivity under drought
conditions, but this is also very complex [8–10]. The positive effects of N and P on plant growth under
drought conditions are attributed to an increase in water-use efficiency, stomatal conductance [11–14],
photosynthesis and ATPase activity [5,15], as well as higher cell membrane stability and improved
osmotic adjustment [16,17]. However, K increases a plant′s drought tolerance through its functions in
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stomatal regulation, energy status, charge balance, protein synthesis and homeostasis [18–20]. Many
physiological mechanisms are involved in the improvement of plant growth through nutrient supply.
However, the different studies on the benefit of N, P and K fertilization on plant growth under drought
stress are controversial [14,21,22]. Thus, it is necessary to compare the effect of a single nutrient supply,
such as N, P and K, and/or combined nutrients on plant growth within the same experiment.

Maize growth is most sensitive to drought during the early growth stages [23–30]. At seedling
growth stages, maize growth is characterized by leaf initiation and elongation and by changes in
relative root growth maintenance and root architecture [31,32]. Such growth processes react sensitively
to drought [31,33–36]. In addition, the seedling growth stage of maize is highly relevant for P deficiency,
since most P-deficiencies in maize are often observed in western Europe at an early growth stage,
which has been shown in long-term experimentation [37]. Therefore, it is important to understand
how nutrient supply can maintain shoot and root growth, especially during the early growth of plants
under drought stress.

The objective of this study was to investigate the interactive effects of different N-, P- and
K-nutrition supplementations singly and in combination, as well as the effect of drought stress on
shoot and root development of young maize plants, and to understand the different sensitivities of root
and shoot growth to drought stress during the early growth stages under different nutrient supplies.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

Maize seeds (Zea mays L. cv Issa), pre-germinated for one day in distilled water, were sown
in a pot (10.5 cm in diameter and 20 cm tall), containing 1.5 L of silty soil. The wetted soil was
mixed thoroughly and allowed to equilibrate for more than two days. Thereafter, the soil was sieved
and filled into the pots. To minimize water loss through evaporation, a 2-cm layer of quartz sand
(φ = 2 mm) covered the soil surface. Four days after sowing, the seedlings were thinned from four to
three plants per pot. There were 3 pots per treatment, i.e., all treatments were replicated three times.
The properties of the soil are shown in Table 1 [38]. The nitrate, P, K and Mg contents of the soil were
determined in NH4-acetate-EDTA extracts before the experiment started (Table 2). For the nutrient
treatments, modified Hoagland’s nutrient solution was added to the dry soil to obtain the following:
(a) a gravimetric soil water content of 27% and (b) eight nutrient treatments, i.e., no nutrients (control),
single nutrient treatments consisting of N, P and K and combined nutrient treatments consisting
of NP, NK, PK and NPK. The soil nutrient status in the different treatments is presented in Table 2.
The experiment was conducted in a growth chamber with a 12 h photoperiod. The photosynthetic
photon flux density (PPFD) was approximately 450 μmol m−2 s−1. The air temperature was 20/18 ◦C
day/night and the relative humidity was maintained at 50–65%.

The soil moisture content in all treatments was maintained at the initial content by adding tap
water until day 10 after sowing. Then, the soil water content for the well-watered treatments (half of the
pots) was continually maintained at the initial water content by adding tap water daily. The drought
treatments for the other half of pots were obtained by drying the soil out without further watering.

During the experiment, pots were weighed daily before watering. The bulk soil water content was
determined from gravimetric measurements of the pots (plant weight was estimated and considered
in the calculations). At each harvest, the soil water content was determined gravimetrically using soil
samples (mixed samples from the whole soil volume). Soil matric potential was calculated using a soil
retention curve that was previously established (data not shown) and is presented in Table 3.

Table 1. Soil characteristics (CEC: cation exchange capacity).

Clay (%) Silt (%) Sand (%) Organic Matter (%) pH CEC (mmol kg−1) Ca (g kg−1)

9.1 59.5 31.4 0.85 8.2 48 3.07
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Table 2. Composition of the different levels of the NPK nutrients based on an EDTA extraction for the
well-watered and drought treatments.

Nutrient Treatments
Composition of Nutrients (mg kg−1 soil)

NO3
− P K Mg

NPK 295 98 70 1045
NP 288 106 30 965
NK 312 66 82 937
PK 41 110 82 924
N 255 69 31 948
P 48 101 30 687
K 52 74 88 677
0 51 69 30 1022

Table 3. Bulk soil matric potentials in pots of the different nutrient treatments on different harvest days.

Nutrient Treatments

Soil Matric Potential (MPa)

Well-Watered

Drought

Days after Sowing

12 14 16 18 20

NPK

−0.04–0.07

−0.055 −0.072 −0.134 −0.207 −0.637
NP −0.058 −0.08 −0.126 −0.138 −0.503
NK −0.056 −0.078 −0.095 −0.116 −0.162
PK −0.052 −0.071 −0.084 −0.097 −0.135
N −0.062 −0.077 −0.112 −0.135 −0.278
PK −0.051 −0.079 −0.099 −0.129 −0.189
K −0.054 −0.066 −0.088 −0.094 −0.127
0 −0.055 −0.074 −0.091 −0.113 −0.166

2.2. Determination of the Leaf Area, the Shoot and Root Biomass and the Shoot Water Content

The maize plants were harvested on days 12, 14, 16, 18 and 20 after sowing. At each harvest date,
the leaf area was measured with a leaf area meter (accuracy: ±2%) (LI-300A, Bioscienses, Lincoln,
Nebraska, USA). The shoot fresh weight (FW) was weighed using a balance (accuracy: 0.01 g) (Sartorius
AG, Goettingen, Germany), and then the shoots were dried in an oven for 24 h for the determination
of the dry weight (DW). The roots were washed on a sieve and were subsequently dried in an oven for
24 h for the determination of the DW. The root/shoot ratios, based on the shoot and root DW, were
calculated. The shoot water content was calculated from the shoot FW and DW using the equation:
WC (%) = (FW − DW)/FW.

2.3. Statistical Analysis of the Data

A randomized complete design was used. The data were analysed by an analysis of variance
(ANOVA) using SAS (SAS, Institute Inc., Cary, NC, USA) to test the significance of the main effects.
Duncan’s test was applied for the post hoc multiple comparisons within the well-watered or drought
treatment. The terms were considered to be significant at nominal p < 0.05.

3. Results

3.1. Analysis of Variance (ANOVA)

The results from the analysis of variance (Tables 4–6) show that the single and combined nutrient
treatments were significant as main effect in the ANOVAs, while the water supply was significant as
a main effect for leaf area, whole plant DW, shoot water content, root DW and root/shoot ratio at day
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20 after sowing and for shoot FW at days 18 and 20 after sowing. An interaction between nutrient
treatments and soil water conditions was found for the shoot water content, root/shoot ratio (p < 0.001)
and shoot FW (p < 0.01) at day 20 after sowing (Table 4).

Table 4. Analysis of variance (ANOVA) results for leaf area, whole plant dry weight (DW), shoot water
content (WC), root dry weight (DW) and root/shoot DW ratios at day 20 after sowing.

Source of Variation df Significance of F Ratio

Leaf Area Whole Plant DW Shoot WC Root DW Root/Shoot Ratio

Nutrient treatments (N) 7 *** *** *** *** ***
Water supply (W) 1 *** ns *** * ***

N × W 7 ns ns *** ns ***

* Significant at the 0.05 level; *** Significant at the 0.001 level; ns—not significant. df : the degrees of freedom in
the source

Table 5. Analysis of variance (ANOVA) results for shoot fresh weight (FW) at days 12, 14, 16, 18 and 20
after sowing.

Source of Variation df

Significance of F Ratio

Days after Sowing

12 14 16 18 20

Nutrient treatments (N) 7 *** * *** *** ***
Water supply (W) 1 ns ns ns ** ***

N × W 7 ns ns ns ns **

* Significant at the 0.05 level; ** Significant at the 0.01 level; *** Significant at the 0.001 level; ns—not significant.

Table 6. Analysis of variance (ANOVA) results for shoot dry weight (DW) at days of 12, 14, 16, 18
and 20.

Source of Variation df

Significance of F Ratio

Days after Sowing

12 14 16 18 20

Nutrient treatments (N) 7 *** ns *** *** ***
Water supply (W) 1 ns ns ns ns ns

N × W 7 ns ns ns ns ns

*** Significant at the 0.001 level; ns—not significant.

3.2. Interactive Effects of NPK Nutrients and Drought on the Total Plant Dry Weight and Leaf Area of
Maize Seedlings

Compared to the control treatment (without nutrient supply), the leaf area of the maize seedlings
under both drought and well-watered conditions was significantly increased with the supplementation
of NP and NPK (Figure 1). However, nitrogen supply only significantly enhanced leaf area under
well-watered conditions. The results in Figure 1 also show a significant difference between the
drought and well-watered conditions with single N and combined NP and NPK fertilization at day 20
after sowing.

Figure 2 presents the interactive effects of drought and nutrients on the total plant dry weight
(DW) of the maize seedlings (shoot DW + root DW) at day 20 after sowing. The NPK supply
significantly enhanced the total dry weight under well-watered conditions, and the NP and NPK
significantly increased the total dry weight under drought compared with the no nutrient supply
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condition. In contrast to leaf area, there was no significant difference in the total plant DW between
well-watered and drought conditions regardless of nutrient treatment.
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Figure 1. Interactive effects of drought and the N, P and K nutrients applied individually or in
combination, or with no nutrient application (0) on the leaf area of the maize seedlings at day 20 after
sowing. The error bars represent the standard errors of the mean (n = 3) and fit within the plot symbol
if not visible. Means accompanied by different letters are significantly different at p < 0.05.
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Figure 2. Interactive effects of drought and the N, P and K nutrients applied individually or in
combination, or with no nutrient application (0) on the total dry weight (shoots + roots) of the maize
seedlings at day 20 after sowing. The error bars represent the standard errors of the mean (n = 3) and fit
within the plot symbol if not visible. Means accompanied by different letters are significantly different
at p < 0.05.

3.3. Interactive Effects of NPK Nutrients and Drought on the Fresh and Dry Weights of the Shoots and the
Water Content of the Maize Seedlings

Figures 3 and 4 reveal different effects of the nutrient supply on the development of the shoot FW
and DW of the maize seedlings under both the drought and well-watered conditions. At day 12 after
sowing, the results in Figure 3 show that NPK fertilization already significantly increased shoot FW
compared with no nutrient supply. At day 20 after sowing, the shoot FW was significantly enhanced by
N, NP and NPK in the well-watered treatments and NP and NPK in the drought treatment compared
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with no nutrient supply. A significant difference between well-watered and drought conditions was
found for the nutrient supply with NP and NPK at day 18 after sowing and N, NP and NPK at day 20
after sowing.

Although N, NP and NPK fertilization significantly increased shoot DW at day 12 after sowing
for the well-watered treatment and N and NP nutrient supply for the drought treatment compared
with no nutrient supply (Figure 4), the effect of nutrient supply individually and in combination on
the shoot DW under both well-watered and drought conditions was not consistent between day 12
and day 20 after sowing. At day 20, the NP and NPK fertilization significantly increased shoot DW for
both well-watered and drought conditions compared with no nutrient supply. In contrast to shoot
FW, there was no significant difference in shoot DW between well-watered and drought treatments
regardless of harvest time (Figure 4).

Nutrient supply increased shoot water content compared with no nutrient supply treatment,
especially under well-watered conditions (Figure 5). For example, except for P and PK, N, K, NP, NK,
NPK fertilization significantly increased the shoot water content compared with no nutrient supply
under well-watered conditions, whereas, under drought stress, a significant increase in shoot water
content was found for K, NK and NP treatments. The shoot water content was significantly reduced
by drought stress for all nutrient treatments (Figure 5).
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Figure 3. Interactive effects of drought and the N, P and K nutrients applied individually or in
combination, or with no nutrient application (0) on the shoot fresh weight of the maize seedlings at
days 12, 14, 16, 18 and 20 after sowing. The error bars represent the standard errors of the mean (n = 3)
and fit within the plot symbol if not visible. Means accompanied by different letters are significantly
different at p < 0.05.
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Figure 4. Interactive effects of drought and the N, P and K nutrients applied individually or in
combination, or with no nutrient application (0) on the shoot dry weight of the maize seedlings at days
12, 14, 16, 18 and 20 after sowing. The error bars represent the standard errors of the mean (n = 3)
and fit within the plot symbol if not visible. Means accompanied by different letters are significantly
different at p < 0.05.
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3.4. Interactive Effects of NPK Nutrients and Drought on the Root Dry Weight and Root/Shoot Dry Weight
Ratios of the Maize Seedlings

Compared with no nutrient supply treatments, there was no significant change in root DW with
N, P individually and NP, NK and NPK in combination (Figure 6). Similar to the effect of drought on
the shoot DW, there was no significant effect of drought on the root DW at day 20 after sowing for all
other nutrient treatments except NK supply.
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Figure 6. Interactive effects of drought and the N, P and K nutrients applied individually or in
combination, or with no nutrient application (0) on the root dry weight of the maize seedlings at day
20 after sowing. The error bars represent the standard errors of the mean (n= 3) and fit within the plot
symbol if not visible. Means accompanied by different letters are significantly different at p < 0.05.

Compared with no nutrient supply treatments, the root/shoot DW ratio tended to be reduced by
nutrient supply under well-watered conditions and to remain unchanged under drought conditions.
However, a significant decrease in the root/shoot DW ratio was found in response to NP and NPK
under well-watered conditions and NK and NPK under drought stress compared with no nutrient
supply (Figure 7). Drought enhanced the root/shoot DW ratio at day 20 after sowing for all other
nutrient treatments except NK supply. A significant increase in the root/shoot DW ratio under drought
was found with N, NP, PK and NPK fertilization (Figure 7).
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Figure 7. Interactive effects of drought and the N, P and K nutrients applied individually or in
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seedlings at day 20 after sowing. The error bars represent the standard errors of the mean (n = 3) and fit
within the plot symbol if not visible. Means accompanied by different letters are significantly different
at p < 0.05.
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4. Discussion

The results in this study showed that there was generally a positive effect of combined NPK
and/or NP nutrient supply on shoot growth, such as leaf area, shoot FW and DW at day 20 after
sowing, not only under well-watered conditions, but also under drought compared with no nutrient
supply treatment (Figures 1, 3 and 4). Nitrogen, P and K are the major nutrients required for plant
growth. According to Liebig′s law of the minimum [4], any nutrient at a limiting concentration in
soil will inhibit plant growth. Compared with N and P nutrient supply, it seems that K was not
limiting to plant growth in this study. This might be because the mineralogical characteristics of the
illitic-chloritic silt loam (fine mixed mesic Aquic Ustifluvent [32]) used in this investigation makes
it plausible that a sufficient supply is still rendered possible without further K supply. This might
indicate that current soil test methods used do not adequately indicate the soil nutrient supply for
the given soil. Optimal nutrient levels of fertilization are even more important under water deficit
conditions, since reduced nutrient availability is one of the major factors limiting plant growth under
drought [5,9,14]. To our knowledge, this is the first report of a comparison of maize seedling growth
with N, P and K nutrient application individually or in combination under drought and well-watered
conditions. Thus, the results here may suggest that supplying nutrients under deficient conditions
could increase the drought tolerance of plants by increasing plant biomass for early growth vigour and
establishment, which is in agreement with reports from the literature [9,10,31,34,35]. According to the
literature [9], however, caution should be taken when considering an increase in the supply of nutrients
to alleviate the adverse effects of drought stress only if the nutrient is present in the soil in insufficient
amounts and the drought stress is not severe. The positive effects of nutrients on plant growth under
drought conditions can be explained by their physiological functions. For example, such positive
effects of N and P are attributed to an increase in photosynthesis [15], stomatal conductance and
water-use efficiency [11] and higher cell membrane stability and osmotic adjustment [16]. Nitrogen
fertilization, particularly using nitrate [12], regulates water flux through plants by N-flux-linked
signalling mechanisms [39–41]. In most cases, the reports in the literature show that an improved K
nutritional status in plants is of great importance for maintaining the osmotic potential and turgor of
the cells [5,22] and for regulating the stomatal function and water use efficiency [4,19].

Drought stress at different growth stages causes various morpho-physiological changes in
plants [42]. At the seedling growth stage, drought stress might result in higher root dry weights
and longer roots and/or reduced shoot growth [1,24–26,43–45]. Although our study did not show
a significant increase in root DW or a significant decrease in shoot DW under drought stress for all
nutrient treatments, the results in Figures 4 and 6 demonstrated that there was a tendency of higher
root DW for all nutrient treatments except for NK fertilization at day 20 after sowing and of lower
shoot DW for single N and combined NP and NPK under drought than under well-watered conditions.
Consequently, the root/shoot ratios were significantly increased with N, NP, PK and NPK supply
under drought conditions compared with well-watered conditions (Figure 7). Possibly, with the
development of less soil moisture, plants respond to drought by increasing root biomass or a root
absorptive surface relative to the shoot biomass [25,26,30]. The enhanced root growth may be able to
explore and absorb more water and nutrients from the soil [8,24,46]. The lower shoot DW with N, NP
and NPK fertilization may be due to an increase in assimilate allocation to roots for maintaining root
growth, for osmotic adjustment and for turgor maintenance [10,25,26]. Similar results were reported
by other authors [21,47,48]. Therefore, higher root/shoot ratios could be exploited as a strategy for
stress tolerance in crop plants.

In conclusion, the results in this study showed that there was generally a positive effect of
combined NPK and/or NP nutrient supply on shoot growth, such as leaf area, shoot FW and DW,
at day 20 after sowing under both well-watered and drought conditions compared with no nutrient
supply treatment. Compared with the effect of N and P nutrient supply, it seems that K was not
limiting plant growth due to the mineralogical characteristics of the illitic-chloritic silt loam (fine mixed
mesic Aquic Ustifluvent) used, which contained sufficient K. Compared with well-watered conditions,
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the higher root/shoot ratios with N, NP, PK and NPK under drought could be exploited as a strategy
for stress tolerance in crop plants.
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Abstract: Nitrogen use efficiency (NUE) in maize (Zea mays L.) is an important trait to optimize yield
with minimal input of nitrogen (N) fertilizer. Expired Plant Variety Protection (ex-PVP) Act-certified
germplasm may be an important genetic resource for public breeding sectors. The objectives
of this research were to evaluate the genetic variation of N-use traits and to characterize maize
ex-PVP inbreds that are adapted to the U.S. Corn Belt for NUE performance. Eighty-nine ex-PVP
inbreds (36 stiff stalk synthetic (SSS), and 53 non-stiff stalk synthetic (NSSS)) were genotyped
using 26,769 single-nucleotide polymorphisms, then 263 single-cross maize hybrids derived from
these inbreds were grown in eight environments from 2011 to 2015 at two N fertilizer rates (0 and
252 kg N ha−1) and three replications. Genetic utilization of inherent soil nitrogen and the yield
response to N fertilizer were stable across environments and were highly correlated with yield under
low and high N conditions, respectively. Cluster analysis identified inbreds with desirable NUE
performance. However, only one inbred (PHK56) was ranked in the top 10% for yield under both
N-stress and high N conditions. Broad-sense heritability across 12 different N-use traits varied from
0.11 to 0.77, but was not associated with breeding value accuracy. Nitrogen-stress tolerance was
negatively correlated with the yield increase from N fertilizer.

Keywords: expired Plant Variety Protection (ex-PVP); maize; nitrogen stress; nitrogen use efficiency
(NUE); U.S. Corn Belt germplasm

1. Introduction

World-wide, producers used approximately 109 million tons of nitrogen (N) fertilizer in 2014 [1].
Of that amount, more than 5 million tons are used for maize (Zea mays L.) production in the United
States (U.S.) [2]. Nitrogen is the mineral macronutrient required in the greatest amount by the maize
crop, with uptake values being measured at 280 kg N ha−1 for a crop producing 14.4 Mg ha−1

of grain [3]. Although supplemental N fertilizer is often necessary to increase maize grain yield,
N fertilizer consumption has remained constant in the U.S. for the last 20 years [1]. The maize yield
increases observed, despite the constant N fertilizer consumption in the United States during the last
two decades, were a result of both genetic improvement and better agronomic practices [4]. In contrast,
in some regions, such as sub-Saharan Africa, limited N fertilizer use and soil availability prevent
achieving yields that are similar to the United States [5]. The world population growth will require
increased grain production, and therefore more N fertilizer efficiency will be necessary to meet the
world’s demand [6]. Innovative agricultural technologies, such as new N fertilizer sources, precision
agriculture, and crop genetic improvement will be important to increase nitrogen use efficiency in
maize production [7].
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Nitrogen use efficiency (NUE) is defined as the ratio of grain yield to N fertilizer that is supplied [8],
and is the product of nitrogen uptake efficiency (NUpE, the ratio of the additional plant N content
due to fertilizer N to the amount of fertilizer-applied N) and nitrogen utilization efficiency (NUtE,
the ratio of yield increase to the difference in plant N content compared to those of an unfertilized
crop). In addition, NUE is a complex phenotypic trait influenced by several plant physiological
mechanisms [9]. Nitrogen uptake has been correlated to increased yield via many physiological factors,
including: increased plant biomass, root architecture, photosynthesis, leaf area index, nitrate content,
glutamine synthetase, Rubisco, PEP carboxylase, and asparagine [10–13]. Additionally, NUtE has been
associated with factors, such as increased photosynthesis, remobilization, transport, and the balance of
carbon and nitrogen assimilates, as well as kernel set, [14–17]. Since most maize breeding programs
developed their germplasm under high soil N conditions, genetic selection for improved NUE is often
ignored [18]. The genetic improvement of NUE in maize up to now was mainly achieved through
indirect selection for increased hybrid yield performance. Nonetheless, large genotypic differences in
maize NUE have been reported [18–20].

Over the past few decades, maize hybrids in North America have increased yield performance
under both low and high N availability conditions [21], but the genetic gain of maize performance
when grown under low N was almost twice the genetic gain found when hybrids were grown with high
N fertility [20]. Genetic variation of NUE in maize has been attributed to hybrids expressing NUpE and
NUtE at different levels [20,22]. These N-responsive traits contribute differently to NUE depending on
the germplasm [23], the soil N status [7,9], and the progeny seed quality composition [19]. Using the
Illinois Protein Strain collection, strain-hybrids with high seed protein concentration exhibited greater
NUpE and lesser NUtE than the strain-hybrids with low seed protein concentration [20]. Phenotypic
evaluation of NUpE and NUtE in a breeding population may be an important method to characterize
and identify maize genotypes with desirable NUE performance [20,24]. Genetic improvement of
NUE in U.S. germplasm using conventional or molecular breeding will require the simultaneous
enhancement of both NUpE and NUtE. As a result, more research is needed to evaluate the genetic
characteristics underlying NUE in the U.S. Corn Belt germplasm.

Since the U.S. Plant Variety Protection (PVP) Act was passed in 1970, which protects seed-bearing
varieties for 20 years, plant breeders have been generating new genetic combinations using only the
most elite material available, thereby decreasing the genetic diversity of commercial breeding programs
in the U.S. [25]. Expired PVP Act-certified germplasm, named ex-PVP, are publically available and
may represent an important genetic resource for both public and private breeding programs. Current
U.S. maize germplasm has reduced allelic diversity; most of the current germplasm originated from
only seven progenitor lines: B73, Mo17, PH207, PHG39, LH123Ht, LH82, and PH595 [26]. However,
elite ex-PVP inbreds may be genetically diverse and an important genetic resource for maize breeding
programs [27]. Although ex-PVP germplasm may not be integrated directly into a commercial breeding
program, these genotypes can be used to originate new genetic combinations with desirable traits [28].
Up to now, little agronomic and quantitative breeding research has been done using a representative
number of maize ex-PVP parental lines and hybrid combinations.

The objectives of this research were to characterize ex-PVP maize hybrids for N-use traits, evaluate
the genetic variation and the phenotypic correlation of different N-responsive traits across different
maize heterotic groups, and identify the parental lines and hybrid combinations with desirable
NUE performance.

2. Materials and Methods

2.1. Germplasm and Genomic Data

A collection of 89 ex-PVP and two public maize inbreds, B73 and Mo17, were selected for this
study (Table S1). All of the germplasm seed was obtained from the North Central Regional Plant
Introduction Station (http://www.ars-grin.gov/npgs, verified 24 August 2016). Twelve ex-PVP
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inbreds were selected that contain the majority of allelic diversity encountered in current U.S. maize
germplasm [27]. In addition, a random set of inbreds adapted to the U.S. Corn Belt with more recently
expired PVP certificates from a selection of seed companies were included. Findings from these most
recently-released ex-PVP lines may reveal the genetic diversity shifts observed during the past 20 years
in germplasm usage by different breeding programs [29]. Overall, the ex-PVP collection used for
this study contains genotypes that were released from 1972 to 2011, as developed by six different
seed companies.

Leaf samples from all the inbreds (14-day old seedlings) were collected for DNA extraction using
the CTAB protocol [30]. Inbreds were genotyped using the genotype-by-sequencing method [31] and
two enzyme combinations were used to reduce genomic complexity: PstI-HF-Bfal and PstI-HF-HinP1I.
The enzyme PstI-HF is considered a rare cutter, while HinP1I and BfaI are common cutters.
These enzyme combinations were used to obtain adequate genome coverage. Sequenced data were
obtained using an Illumina HiSeq2000 (W.M. Keck Center for Comparative and Functional Genomics,
Urbana, IL, USA) and single-nucleotide-polymorphism (SNP) data were called using the GBS pipeline
in TASSEL 3.0 [32]. Minor allele frequency cutoff was set to 10%, and SNPs with more than 50%
missing data were removed. A total of 26,769 SNPs were used for the analyses.

Discriminant analysis of principal components (DAPC) was performed for all of the inbred lines
using the Adegenet package [33] in R Studio [34]. Since pedigrees from ex-PVP’s are often vague [26],
DAPC is well suited to define genetic clusters in these situations [33]. Genotyping revealed that
the ex-PVP germplasm used in this study was composed of 36 stiff-stalk synthetic (SSS) lines and
53 non-SSS (NSSS) lines; the latter of which included 19 lines from the Iodent sub-heterotic group, and
34 lines from the Lancaster sub-heterotic group (Figure 1). Knowledge of genetic relatedness between
parental inbreds is fundamental for hybrid heterosis, due to dominance and epistatic effects [35].
Therefore, all of the single cross maize hybrids evaluated in this study were generated between SSS
and NSSS parental lines.

 

Figure 1. Scatterplots of the discriminant analysis of principal components of 89 ex-Plant Variety
Protection (ex-PVP) maize inbred lines. Scatterplot displays the first two components using 26,768 single
nucleotide polymorphism markers. Heterotic groups are represented by different colors: Iodent (black),
Lancaster (yellow), and Stiff-stalk synthetic (blue), and each dot represents an individual inbred line.

Hybrid seed were created in an incomplete factorial design between SSS and NSSS inbred lines
from 2011 to 2014 at Champaign, IL, USA. A total of 263 single cross maize hybrids that were derived
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from a random combination between SSS and NSSS parental lines were evaluated. On average,
each SSS line was combined in 20 (range 3–57), and each NSSS line was combined in 13 (range
3–38) different hybrid combinations. A heatmap view of the incomplete factorial hybrid combination
evaluated can be found online as Supplemental Figure S1.

2.2. Research Sites and Crop Management

Maize hybrids were grown in eight field environments from 2011 through 2015. Data from
2012 of the original experiment was excluded from the analysis due to severe drought stress.
Research sites were planted in one environment at DeKalb, IL, USA (41◦47′ N, 88◦50′ W; 19 May
2014), five environments at Champaign, IL, USA (40◦3′ N, 88◦14′ W; 17 May 2011, 20 May 2013,
22 April 2014, 24 April 2015, and 19 May 2015), and two environments at Harrisburg, IL, USA
(37◦43′ N, 88◦27′ W; 29 May 2013, and 23 May 2014). Soil types at the research sites were primarily
Flanagan silt loam at DeKalb, IL, USA, Drummer silty clay loam at Champaign, IL, USA, and
Patton silty clay loam at Harrisburg, IL, USA. The previous crop planted in each environment
was soybean (Glycine max (L.) Merr.). The experiment was planted using a precision plot planter
(SeedPro 360, ALMACO, Nevada, IA, USA) and plots were 5.6 m in length with 0.76 m row spacing
and two rows in width. The target plant density was 79,000 plants ha−1. All seeds were treated
with Maxim® XL fungicide (Fludioxonil and Mefenoxam at 0.07 mg active ingredient kernel−1;
Syngenta Crop Protection, Greensburo, NC, USA), and Cruiser® 5FS insecticide (Thiamethoxam at
0.80 mg active ingredient kernel−1; Syngenta Crop Protection, Greensburo, NC, USA) to prevent
early season disease and insect damage, respectively. In addition, Force 3G® insecticide (Tefluthrin
2,3,5,6-tetrafluoro-4-methylphenyl)methyl-(1α,3α)-(Z)-(±)-3-(2-chloro-3,3,3-trifluoro-1-propenyl)-2,
2-dimethylcyclopropanecarboxylate; Syngenta Crop Protection, Greensburo, NC, USA) was applied
at planting in-furrow (0.15 kg active ingredient ha−1) in order to control soil pests. Pre-emergence
herbicide Lumax® EZ (mixture of S-Metolachlor, Atrazine, and Mesotrione; Syngenta Crop Protection,
Greensburo, NC, USA) was applied at a rate of 7 L ha−1 to control early season weeds.

At maturity, plots were harvested with a two-row plot combine (SPC40, ALMACO, Nevada, IA,
USA). Grain yield is reported as Mg ha−1 at 15.5% grain moisture. Grain protein concentrations were
estimated from a representative grain subsample from each plot that was collected during harvest
using near infrared transmittance (NIT) spectroscopy (Infratec 1241, FOSS, Eden Prairie, MN, USA).

2.3. Experimental Treatments and Design

The 263 single-cross maize hybrids were grown as part of a randomized complete block design,
with three replications and two N fertilizer rates (0 and 252 kg N ha−1; designated low and high N,
or −N and +N, respectively) in a split-plot arrangement. The main-plot was hybrid and the split-plot
was N fertilizer rate. On average, 83 hybrids were tested in each environment (Supplemental Figure
S1). Nitrogen stress tolerance was measured by yield of the check plot (0 kg N ha−1), while 252 kg N
ha−1 was used to maximize the yield response to N from all of the hybrids, regardless of their yield
potential. Nitrogen fertilizer was hand applied in a diffuse band as urea (46-0-0) during the V2 to V3
growth stages [36]. Nitrogen application dates were 17 June 2014 at DeKalb, IL, USA, 2 June 2011,
4 June 2013, 4 June 2014, 18 May 2015, and 10 June 2015 at Champaign, IL, USA, and 25 June 2013, and
13 June 2014 at Harrisburg, IL, USA.

2.4. Phenotype Measurements

Aboveground plant biomass from each plot was sampled at the R6 growth stage (physiological
maturity), when the maximum biomass accumulation for maize is achieved [36]. Six representative
plants (visual assessment) from each plot were sampled and separated into stover (leaf, stem, and
husks) and ear (grain and cob). The sampling criteria established consisted of selecting two adjacent
plants near one end of the plot (1.2 m along the length of the first row), two adjacent plants at the
center of the plot (approximately 2.7 m from the origin), and two adjacent plants at the other end of
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the plot (approximately 4.1 m along the length of the second row). Whole stover fresh weight was
determined before shredding in a brush chipper (Vermeer BC600XL; Vermeer Midwest, Goodfield,
IL, USA). A representative subsample of the fresh shredded material was weighed and dried in a
forced-draft oven (75 ◦C) for approximately five days. Total stover dry weight was calculated using
the fresh stover weight and the moisture level of the shredded material. Individual plant dry total
biomass (g plant−1) was the sum of the dry stover, cob, and grain weights (adjusted to 0% moisture).
Dried stover samples were ground in a Wiley mill (Thomas Scientific, Swedesboro, NJ, USA) to pass a
20-mesh screen, and N concentration (g kg−1) was analyzed by using a combustion technique (EA1112
N-Protein analyzer; CE Elantech, Inc., Lakewood, NJ, USA). Grain protein concentration was estimated
by multiplying N concentration by a factor of 6.25, and was abbreviated as Protein−N or Protein+N,
from plants grown at 0 or 252 N ha−1, respectively). Stover N content (g N plant−1) was calculated
by multiplying stover dry weight (g plant−1) by stover N concentration. Similarly, grain N content
(g N plant−1) was calculated by multiplying grain dry weight (g plant−1) by grain N concentration.
Individual plant N content (g N plant−1) was calculated as the sum of stover and grain N contents.
Shelled grain weights from the ears sampled at R6 were combined with the remaining plot grain
weight for yield determination.

In combination with grain yield and plant N content, NUE, N-uptake efficiency (NUpE),
N-utilization efficiency (NUtE), harvest index (HI), and N-harvest index (NHI) were calculated
according to Equations (1)–(7), with the expressed units shown:

NUE = (Yield+N − Yield−N)/NR = (kg yield) (kg N)−1, (1)

NUpE = (PN+N − PN−N)/NR = (kg plant N) (kg N)−1, (2)

NUtE = (Yield+N − Yield−N)/(PN+N − PN−N) = (kg yield) (kg plant N)−1, (3)

HI+N = (kg grain+N plant−1)/(kg dry weight+N plant−1) = kg kg-1, (4)

HI−N = (kg grain−N plant−1)/(kg dry weight−N plant−1) = kg kg-1, (5)

NHI+N = kg grainN+N/PN+N = (kg grain N) (kg plant N)-1, (6)

NHI−N = kg grainN−N/PN−N = (kg grain N) (kg plant N)-1, (7)

in which Yield+N corresponds to grain yield (kg ha−1) at 252 kg N ha−1, Yield−N corresponds to
grain yield at 0 kg N ha−1, NR is the N fertilizer rate (kg N, 252 kg N ha−1), PN represents the total
plant N content (kg plant N ha–1) at 252 kg N ha−1 (PN+N) and at 0 kg N ha−1 (PN−N). In addition,
genetic utilization (GU) (kg yield kg–1 plant N), which measures the physiological efficiency of plants
to produce grain utilizing the plant N accumulated when grown without N fertilizer [18–20] was
calculated according to Equation (8), with the expressed units shown:

GU = PG−N/PN−N = (kg) (kg plant N)−1, (8)

in which PG−N is the individual plant grain mass (kg plant−1) at 0 kg N ha−1 and PN−N represents the
total per plant N content (kg plant N) at physiological maturity derived from residual or mineralized
soil N.

2.5. Statistical Analysis

Since there is a weak correlation between the performances of inbred parents and their hybrid
progeny’s performance for NUE [37], the effects of general combining ability (GCA) and specific
combining ability (SCA) of inbreds were evaluated using a random combination of ex-PVP hybrids.
Moreover, the genetic variance and covariances between hybrids were calculated separately for each
heterotic group [38]. Best linear unbiased predictions (BLUPs) were calculated for each phenotypic
trait using the restricted maximum likelihood method to account for the unbalanced data. In addition,
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year-location combinations were considered environments. General and specific combining abilities
were obtained in PROC MIXED SAS version 9.4 [39]. A linear model for an incomplete factorial design,
according to Equation (9), was used:

Yijklm = μ + Ei + Bj(i) + Sk + Nl + SNkl + ESik + ENil + ESNikl + εijklm, (9)

where Yijklm is the mth observation of the klth hybrid in the jth block in the ith environment; μ is the
grand mean, Ei is the random effect of ith environment (I = 1 to 8); Bj(i) is the random effect of jth block
nested within the ith environment (j = 1 to 3); Sk is the GCA effect of kth SSS inbred (k = 1 to 36); Nl is
the random GCA effect of lth NSSS inbred (l = 1 to 53); SNkl is the SCA effect of klth hybrid (kl = 1 to
522); ESik is the random environment by SSS interaction; ENil is the random environment by NSSS
interaction; ESNikl is the random environment by hybrid interaction; and, εijklm is the random error
term. Genotypic variance was calculated by multiplying the sum of the genetic variance components
(SSS, NSSS, and hybrid) by two. Phenotypic variance was calculated as the sum of all the variance
components, except for the variance component for block effect [40]. Broad-sense heritability was
calculated as the ratio of genotypic and phenotypic variance. The estimated breeding value of each
hybrid was calculated, according to Equation (10):

EBVkl = μ + GCAk + GCAl + SCAkl, (10)

where EBVkl is the estimated breeding value of klth hybrid; μ is the grand mean; GCAk is the GCA
effect of kth inbred; GCAl is the GCA effect of lth inbred; and, SCAkl is the SCA effect of klth hybrid.
Estimated breeding value (EBV) measures the average effect of an individual’s genotypic value on the
mean performance of its progeny [41] and is a widely-used measurement in maize breeding programs
for the selection of superior genotypes.

Pearson’s correlation coefficients were calculated in SAS version 9.4 [39] between the GCA’s of
different N-use traits. Hierarchical cluster analysis was conducted on each heterotic group across
different N-use traits, using the Euclidean method in R Studio [34]. The estimated breeding value
(EBV) accuracy of the phenotypic traits was calculated according to Equation (11), [42]:

EBVAccuracy =
√(

(1 − SE)/
(
(1 + F)× σ2

A
))

, (11)

where SE is the standard error of the inbred GCA, F is the inbreeding coefficient of the individual
(assumed to be zero), and σA

2 is the additive variance component of the heterotic group (SSS or NSSS).

3. Results and Discussion

3.1. Phenotypic Variation of N-Use Traits

Yield under low N conditions (Yield−N) accounted for 54% of the yield that was produced by
the hybrids under high N conditions (Yield+N) (Table 1). In addition, N fertilizer increased the mean
harvest index (HI), the nitrogen harvest index (NHI), and the grain protein concentration. Average
NUE, NUpE, NUtE, and GU values of 16.7 kg kgNfert

−1, 0.43 kgplantN kgNfert
−1, 41.8 kg kgplantN

−1, and
59.0 kg kgplantN

−1, respectively, are similar to other reports using U.S. Corn Belt germplasm [19,20].
Moreover, the additive effect distribution (range in GCA) of the two maize heterotic groups were
similar for most N-use traits. In contrast, the NSSS group exhibited a greater additive effect range for
NUE than the SSS group. The large additive effect variation that was observed among different N-use
traits indicates that an opportunity exists for selecting maize genotypes with an improved NUE.

The relative importance of the genotypic and phenotypic variation to broad-sense heritability
was dependent on the N-use trait and the N fertilizer rate (Table 1). Yield at high N exhibited greater
genetic variance (within heterotic groups and hybrids) and environmental variance, but lower residual
variance than Yield−N. Greater genetic variance under high N when compared to low N has also been
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documented previously [43,44]. Conversely, genetic and environmental variance for harvest index
at low N (HI−N) were greater than at high N (HI+N). Additionally, the genotype by environment
interaction was greater under high N for yield and grain protein concentration, but greater at low N
for HI and NHI.

Broad-sense heritability (H2) ranged from 0.11 to 0.77 across phenotypic traits (Table 1), indicating
a difference in additive and dominant effects among N-use traits (Table 1). Relatively large residual
variances for Yield−N, HI−N, NHI at low N (NHI−N), NUpE, and NUtE resulted in low H2 of these
traits. However, heritability was higher for GU than NUpE or NUtE. The large genotypic variance of
GU found is consistent with previous studies [20].

Pearson’s pairwise correlations between the GCA effects of different N-use traits are presented
in Table 2. Yield at high N is generally positively correlated with Yield−N, but the correlation tends
to be less under greater N stress [22,45]. Similarly, in this study, the correlation between Yield+N and
Yield−N was +0.31. Hybrid correlation coefficients between Yield+N and NUE, NUpE, and NUtE were
+0.74, +0.64, and +0.44, respectively, which is in agreement with reports that these traits are frequently
positively correlated [20,46]. On the other hand, Yield−N was positively correlated with HI−N, HI+N,
NHI+N, and GU.

While significant genetic gains in maize yield have been documented over the past 60 years,
the grain protein concentration has consistently decreased during the same period [47]. When averaged
over hybrids and environments, grain protein concentration was negatively correlated to yield within
each N fertilizer rate (Table 2). In addition, NUpE was positively correlated with grain protein
concentration at low N (r = 0.22, p ≤ 0.05) and NUtE was negatively correlated with grain protein
concentration at high N (Protein+N), (r = −0.47, p ≤ 0.001) (Table 2). This finding reinforces the
concept of the inverse relationship of starch and protein in maize grain, with greater N utilization
underlying a greater proportion of starch than protein accumulation in the grain. Under high N
fertility conditions, NHI was positively correlated to Protein+N. Hybrids of the Illinois Protein-Strains
germplasm, generating low or high grain protein concentration, exhibited the same overall NUE; while
hybrids with high grain protein concentration exhibited high NUpE and NHI, and hybrids with low
grain protein concentration exhibited high NUtE [19]. Therefore, maize hybrids with high NUpE may
exhibit greater root development and N uptake, while hybrids with high NUtE will show more ability
to utilize N for starch production.

Genetic improvements have increased maize yield under low and high N conditions, yet plant
N uptake levels have only increased under high N [20]. As such, the genotypic correlations between
N-use traits indicate that traits that are related to N fertilizer response (NUE, NUpE, and NUtE) are
associated with yield performance under high N conditions, and traits related to the efficiency of
nutrient or biomass partitioning to the grain (HI−N, HI+N, NHI+N, and GU) are associated with yield
performance under N stress conditions. Although Yield−N and Yield+N are positively correlated,
developing maize genotypes with high yield performance under high and low N conditions may be
challenging, since the desirable traits for each of these N conditions are negatively correlated (HI, NHI,
and GU vs. NUE, NUpE, and NUtE) (Table 2).
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3.2. Genotype × Environment Interaction of N-Use Traits

In addition to the genotypic correlation between traits, another major challenge for breeding
programs is to model the effect of the genotype × environment interaction (G × E) on the desirable
phenotypic traits [48]. While the genetic correlation of some N-use traits may be correlated to yield
at low or high N conditions, their relationship might differ depending on other environmental
conditions influencing yield. A way to compare the effect of an environment on yield is by measuring
the average yield of multiple hybrids in each environment receiving similar crop management,
termed the ‘environmental index’. Several studies have investigated the genetic variability of N-use
traits across different N soil conditions [8,20,43,49], but few studies have investigated the effect of
G × E on N-use traits. Therefore, regression analysis between an inbreds’ EBV at each environment
(GCA + GCA × E + E) and the environmental index (E) was performed using the phenotypic traits
that correlated to yield at low and high N conditions, respectively (Figure 2). Under low N conditions,
GU was stable across environmental indices, and HI−N (0.04 kg kg−1/Mg ha−1), HI+N (0.02 kg
kg−1/Mg ha−1), and NHI+N (0.02 kg kg−1/Mg ha−1) increased as the environmental index increased
(Figure 2A). Under high N conditions, NUE was stable across environmental indices, while NUtE
decreased (−3.60 kg kgplantN

−1/Mg ha−1) and NUpE increased (+0.03 kgplantN kgNfert
−1/Mg ha−1) as

the environmental index increased (Figure 2B). The relationship between the G × E effect on N-use
traits and the environmental index indicates the degree of trait dominance effects across different
environmental yield conditions. A stable additive effect of NUE and GU across environmental indices
is desirable for breeding selection in a wide range of environments.

Figure 2. Influence of N supply and environment on selected N-use traits. (A) Changes in harvest
index at low and high N (HI−N and HI+N), N-harvest index at high N (NHI+N), and genetic utilization
(GU) due to the environmental index for maize hybrids grown at low N (0 kg N ha−1); and (B) Changes
in N-use efficiency (NUE), N-utilization efficiency (NUtE), and N-uptake efficiency (NUpE) due to the
environmental index for maize hybrids grown with high N (252 kg N ha−1). Values shown for each
phenotypic trait are averaged over all the hybrids grown in each of the eight environments from 2011
to 2015. * Indicates significant slopes at p ≤ 0.001.
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3.3. Identification of Maize Genotypes with Improved NUE

Hybrid NUE performance is determined by the plant’s ability to take up nitrogen from the soil
(NUpE), the physiological capacity to generate and partition N to the grain (HI and NHI), and the
sink strength to set kernels and accumulate starch under high or low N conditions (NUtE and GU,
respectively). Consequently, the aim of NUE breeding should be to integrate multiple desirable N-use
traits into the same maize genotype. Hierarchical cluster analysis using the GCA effect of different
phenotypic traits have categorized SSS (Group 1) and NSSS lines (Group 2) based on their NUE
performance (Figure 3). Clusters within heterotic groups consisted of inbreds exhibiting correlated
N-use traits (Table 3).

Figure 3. Hierarchical cluster analysis using different N-use traits of 36 stiff-stalk synthetic (SSS, Group
1) and 53 non-SSS (NSSS, Group 2) inbred lines. Clusters A, B, C, D, and E represent groups of inbreds
with similar N-use trait performances. Clusters were generated using the inbreds’ GCA from 12 N-use
traits. Inbred GCAs were calculated from 263 maize hybrids grown from 2011 to 2015 under low and
high N conditions (0 and 252 kg N ha−1, respectively).
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In the SSS cluster, groups 1A and 1B exhibited unique characteristics with the lowest Yield−N and
the lowest Yield+N, respectively (Table 3). Group 1A also exhibited high grain protein concentration
(under low and high N conditions), NUE, and NUpE, but the lowest GU within the SSS group.
In contrast, groups 1B and 1C exhibited high Yield−N, but group 1B had the highest GU. Lastly, group
1D exhibited high Yield+N, NUE, and NUtE, while group 1E had an average performance for most of
the N-use traits. In the NSSS cluster, groups 2A, 2B, and 2C exhibited higher HI and GU than groups
2D and 2E, but groups 2A and 2B had the lowest grain protein concentrations. Group 2A exhibited
high Yield−N and Yield+N and the highest GU within the NSSS group. In contrast, group 2D presented
high Yield+N and the lowest GU.

Across heterotic groups, only seven inbreds (78551S, B73, LH128, ICI740, PHK56, W8304, and
W8555) ranked in the top 25% GCA for both Yield−N and Yield+N, and only one inbred (PHK56) ranked
in the top 10% for high yield performance under both N conditions (data not shown). Inbred PHK56
was one of the most referenced lines in the U.S. Patent database, and it was derived from PHG35 (from
recombination of PHG47 and Oh07-Midland) from the Oh43 background [25]. In addition, inbreds
that are genetically related exhibited similar NUE performance (Figure 3). As such, inbreds Mo17
and LH51 (97% identical by descent from Mo17), which are important progenitors of the Lancaster
germplasm [25], were categorized in the same cluster (group 2E). Likewise, inbred PH207 is the main
founder of the Iodent heterotic group and is an ancestor of several Pioneer Hi-Bred inbreds such
as PHG29 and PHG50 [25]. These inbreds exhibited high tolerance to N deficiency and high GU
(Group 2C).

One breeding strategy for NUE improvement could be to utilize new inbred or hybrid
combinations from the cluster groups with desirable N-use traits. Interestingly, group 2A was the only
group exhibiting the combination of high Yield−N and Yield+N. Group 2A represents approximately
5% of all NSSS lines tested in this study and could be used as a potential genetic resource for the
development of maize genotypes with an improved performance under high N or under N-stress
conditions. Inbred combinations between groups 1C × 2A and 1D × 2D, in theory would produce
single cross hybrids with high NUE performance under low and high N conditions, respectively.

The identification of maize genotypes with high N-deficiency tolerance and/or high yield
performance under sufficient soil N conditions is important for better hybrid placement and agronomic
management positioning for maximum and efficient yields. Among the 263 hybrids that were
evaluated, only 22 produced yields ranked in the top 25% for both Yield−N and Yield+N, and only
five hybrids obtained yields ranked in the top 10% for both of the N conditions. Moreover, hybrid
ICI740 × PHK56 (combination between groups 1C × 2A) exhibited high yield performance under
low and high N conditions (Figure 4). This hybrid exhibited the highest average EBV for Yield−N

(6.2 Mg ha−1) and the 9th highest EBV for Yield+N (10.3 Mg ha−1). Hybrid LH145×83IBI3 (groups
1B × 2C) exhibited high tolerance to N deficiency (Yield−N = 5.2 Mg ha−1), but low EBV for Yield+N

(8.2 Mg ha−1). This hybrid also combined above average EBV for HI and GU, and below average EBV
for NUE and NUtE. In contrast, hybrid F118 × LH214 (groups 1A × 2D) presented the highest average
EBVs for Yield+N (11.1 Mg ha−1), NUE, and NUpE, but low EBV for Yield−N (4.4 Mg ha−1) and GU.

Estimated breeding value accuracy is an important method to compare the prediction reliability
of desirable traits. Estimated breeding value accuracy ranged from 0.12 to 0.92, and, with the exception
of NHI−N, EBV accuracies were similar among heterotic groups (Figure 5). While the majority of the
inbreds exhibited high EBV accuracy, some of the genotypes did not. Skewness of EBV accuracy may
be related to unbalanced data and genotypes with low yield stability across environments.

While precise estimates of H2 and EBV accuracy are a function of genetic and residual variance,
there was no relationship between EBV accuracy averaged across heterotic groups and H2 (Table 1 and
Figure 5). While the H2 for NUtE and NHI−N was both 0.11, their EBV accuracies were 0.61 and 0.28,
respectively. Broad-sense heritability for Yield−N was almost 50% less than H2 for Yield+N. However,
these traits presented similar EBV accuracy (approximately 0.82). Discrepancies between H2 and EBV
accuracy can be associated with the genetic architecture of complex traits. Though large residual
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variance reduced the H2 of some phenotypic traits (e.g., Yield−N, NUpE, and NUtE), large additive
variances increased their EBV accuracies.

 

Figure 4. Yield of select hybrids across environmental indices when grown with (A) low N
(0 kg N ha−1), and (B) high N (252 kg N ha−1). Data values are the average yields within an
environment for ICI740 × PHK56 (high tolerance to N-deficiency and high positive response to
N fertilizer), LH145 × 83IBI3 (high tolerance to N-deficiency and low positive response to N fertilizer),
and F118 × LH214 (low tolerance to N-deficiency and high positive response to N fertilizer).

Figure 5. Box-plot of breeding value accuracies for yield at low and high N (Yield−N and Yield+N),
harvest index at low and high N (HI−N and HI+N), N-harvest index at low and high N (NHI−N and
NHI+N), grain protein concentration at low and high N (Protein−N and Protein+N), N-use efficiency
(NUE), N-uptake efficiency (NUpE), N-utilization efficiency (NUtE), and genetic utilization (GU) in
stiff-stalk synthetic (SSS) and non-stiff-stalk synthetic (NSSS) maize lines. Breeding value accuracy
was estimated according to Equation (11). Values are based on the yield performance of 263 hybrids
developed from these lines and grown in eight environments from 2011 to 2015 under low and high N
conditions (0 and 252 kg N ha−1, respectively).
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4. Conclusions

Although 89 inbred lines were evaluated, there were certainly more ex-PVP lines available at the
National Plant Germplasm System. Even so, this subset was able to display large genetic variation
among ex-PVP lines for most N-use traits. The large range of broad-sense heritabilities that were
found for phenotypic traits highlights the importance of accurate phenotypic selection under field
conditions. In addition, differences in the stability of N-use traits across environments will have
important implications for phenotypic selection. Genetic utilization and NUE were stable across
environments and were highly correlated with yield under low and high N conditions, respectively.
Hybrids with high N-deficiency tolerance or high yield response to N fertilizer were associated with
different phenotypic traits, allowing for breeders to more easily select genotypes that would optimize
yields in the respective expected situations. However, because of this dichotomy, less than 2% of the
hybrids evaluated exhibited high yield performance under both low and high N conditions. Increasing
yields worldwide will require a combination of developing hybrids that have tolerance to low-N
situations, as well as hybrids that can take advantage of optimum conditions for a grower’s best
crop production in their environment. Nitrogen use efficiency is the end result of highly polygenic
and complex traits, therefore, deciding which traits are relevant can speed hybrid selection. Future
genetic improvement of NUE will require effective integration between accurate field phenotyping and
marker-assisted breeding strategies, such as genome-wide prediction and metabolic profiling studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/8/1/3/s1,
Table S1: Maize line name, year of release, heterotic group, and proprietary company name of Ex-Plant Variety
Protection (PVP) inbreds used as parents in this study, Figure S1: Heatmap showing maize hybrid combinations
between 36 stiff-stalk synthetic and 53 non-stiff-stalk synthetic lines developed with the corresponding number of
environments tested over three locations in Illinois from 2011 to 2015.
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Abstract: Mineral nutrient availability and in particular nitrogen abundance has a huge impact on
plant fitness and yield, so that plants have developed sophisticated adaptive mechanisms to cope
with environmental fluctuations. The vast natural variation existing among the individuals of a
single species constitutes a great potential to decipher complex traits such as nutrient use efficiency.
By using natural accessions of Arabidopsis thaliana that differ for their pattern of adaptation to nitrogen
stress, we investigated the plant response to nitrate supplies ranging from 0.01 mM up to 50 mM
nitrate. The biomass allocation and the different nitrogen pools in shoot and in roots were monitored
to establish the nutrition status of each plant. Analysis of variation for these traits revealed genetic
differences between accessions for their sensibility to nitrate availability and for their capacity to
produce shoot biomass with the same nitrogen nutrition index. From the correlation matrix of all
traits measured, a statistical model was formulated to predict the shoot projected area from the
nitrate supply. The proposed model points out the importance of genetic variation with respect to the
correlation between root thickness and amino acids content in roots. The model provides potential
new targets in plant breeding for nitrogen use efficiency.

Keywords: nitrogen use efficiency; G × E interaction; natural variation; nitrogen stress;
Arabidopsis thaliana

1. Introduction

In addition to light, water and temperature, mineral nutrient availability has a huge impact
on plant growth and fitness, and in an agricultural context, on crop yield. As sessile organisms,
plants cannot escape unfavorable atmospheric or edaphic conditions; therefore, they have developed
sophisticated adaptive mechanisms allowing them to cope with the dramatic fluctuations of their
environment. This is particularly well illustrated by the strategic acquisition of mineral nutrients from
the soil by the roots. For instance, the availability of nitrate (NO3), the main nitrogen (N) source for
nutrition in most high plant species, can vary dramatically in both time and space. Plants are able
to react to these variations thanks to specific NO3 sensing systems, making this ion one of the most
potent signal molecule affecting plant physiology and development [1]. The biochemical mechanisms
involved in NO3 uptake, assimilation and remobilization have been widely studied in order to identify
the features that determine the nitrogen use efficiency (NUE) of a plant [2–6]. The effect of low
N availability on plant biomass, NO3 uptake, ion contents and root architecture has been widely
investigated [7–10]. There is evidence that plants modify their root architecture, changing the lateral
to primary roots ratio and decreasing the shoot-to-root ratio at the same time, to forage the soil for
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nutrients. This foraging response normally involves increased proliferation of lateral roots within
nutrient-rich soil patches [11]. Genome-wide microarray analysis in the model plant Arabidopsis
thaliana under limiting nitrogen conditions shows extensive changes in primary and secondary
metabolisms, protein synthesis, and cellular growth processes, with numerous changes to regulatory
genes and other cellular pathways [8]. The phenotypic description of Arabidopsis Recombinant Inbred
Lines (RIL) built-up to study the plant response to low and high N supplies [12], identified multiple
sources of physiological variation, such as those leading to the variations of shoot biomass, nitrogen
percentage and free amino-acids content [13]. Several studies showed decreases in total N%, in NO3

reserves and in total free amino-acids content in plants grown on low regimes [14–16], while soluble
proteins content remains unchanged in rosettes [10]. On the other hand, rubisco degradation releases
numerous free amino acids available for phloem loading and other interconversions in N depleted
plants [2]. One possibility is that amino acids would be interconverted to increase the synthesis of
amino acids dedicated to transport, such as glutamine and asparagine. It has also been proposed
by Richard-Molard et al. [15] that the initial size of the N storage pool is crucial for the capacity of
plants to cope with nitrate starvation, unlike the remobilization dynamics and the composition of the
internal N pool [14]. The reduction of growth and photosynthesis, the remobilization of N from old,
mature organs to actively growing ones, and the accumulation of abundant anthocyanins, have also
been observed in N-starved plants [17]. The complexity of plant responses to temporary or chronic
N depletion makes it difficult to give simple explanations, and very often results are contradictory,
mainly because of different experimental conditions.

Among individuals belonging to the same plant species, there are great genetic variations for traits
that contribute to NUE, including total N uptake, post-anthesis N uptake, N translocation from roots
to shoot, and N assimilation [18]. Plant responsiveness to N availability depends on both genotype
and the interaction of genotype with N supply level [19]. Root architecture plasticity traits have
been investigated in Arabidopsis in relation to N availability by De Pessemier et al. [7]. This study,
conducted on a core-collection of 24 accessions, together with the one conducted by Sulpice et al. [20]
on 97 Arabidopsis accessions for biomass traits in response to carbon (C) and N nutrition, confirms
that a large genetic variation exists in response to nutrient availability within the same species.
Results point out the existence of a huge potential to elucidate complex traits such as NUE. Using a
natural variation approach, several studies have been conducted in different species in order to
individuate the most performing genotypes in response to nutrients availability [21]. Since Arabidopsis
accessions have been found in a wide range of habitats differing notably in soil richness, this species
constitutes a very suitable model for studying genetic variability of plant adaptation to nutrient
availability [22]. Recent investigations on N perturbed environments have underlined some major
differences between Arabidopsis accessions when they face N fluctuations [14,16]. In particular,
Ikram et al. [16] identified accessions showing contrasted responses and different growth adaptive
strategies using a core-collection of 23 accessions. Thanks to the comparison of N-limited and N-starved
plants to control ones, it was possible to differentiate the adaptive responses of plants by highlighting
master traits influencing growth under each nutritional condition. Moreover, it was possible to depict
four distinct patterns of adaptation that exist among Arabidopsis accessions that allow the plants to
tolerate the imbalance in exogenous N supply.

Despite the efforts to discover genes involved in NUE, few crop-breeding programs today include
genomic selection [23]. The first limitation of the selection progress comes from the complexity
of the genetic architecture of the NUE process. The second limitation is the existence of a strong
genotype × environment interaction (G × E) that modulates the number of key genes and their
interactions in the network controlling the process. These G × E interactions require considerable
experimental effort to identify the persistent traits that contribute to NUE increases across many
environments. Computer-based modelling approaches have recently emerged as a method to save
time, labor, and resources, and to infer trait values beyond field experiments [24]. Early models focused
on leaf to canopy assimilation, with emphasis on light interception and canopy architecture [25].
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Subsequent modelling efforts progressed to develop whole crop models where life cycle prediction,
life-long C balance and growth of different organs were emphasized. For example, this has been done
for phenological development in soybean [26], leaf elongation rate in maize [27], or fruit quality in
peach [28]. All of these studies pointed out the necessity for linking model parameters with easily
measurable physiological traits [29]. Among the processes that are needed for improving plants
models, Boote et al. [25] highlight the importance of mechanistic methods for predicting allocation
of C and N assimilates among plant organs and a better linkage to soil nutrients and soil fertility.
An eco-physiological model simulating relations between leaf area and root N retrieval has been
developed in Medicago truncatula [30], another pointed out the relationship between yield-related traits,
N uptake and assimilates with drought stress in rice [31], while in wheat, nine nitrogen treatments
have been put in correlation with the grain protein composition [32].

In our study, we investigate the Genotype by Nutrition interaction by describing responses of
four Arabidopsis accessions to six different N environments. We first characterize the plant response
to N stress following variations of the morphological and metabolic traits measured both in shoot and
roots. We then present an integrated genetic and physiological model obtained from the investigation
of important traits related to N nutrition management in Arabidopsis, thanks to the description of the
responses of four contrasted accessions to six different N environments. The proposed model allows
the prediction of relevant biomass values from the environmental N availability thanks to strong
correlations between different metabolic and morphological traits. The model can moreover lead to
a predictive description of the principal entities that respond to N stress environment as well as to
estimate the main variations among accessions that might explain differences in their NUE.

2. Materials and Methods

2.1. Selection of Accessions

Each one of the accessions used in this study, Bur-0, Col-0, Cvi-0, and Ge-0, belongs to one
of the four classes described in Ikram et al. [16]. They are therefore characterized by contrasted
responses to an N-perturbed environment. Seeds were obtained from a Versailles stock center
(http://publiclines.versailles.inra.fr/).

2.2. Growth Conditions and Experimental Design

Seeds were surface-sterilized by using ethanol-‘bayrochlor’ (95–5% v/v) and shaken in this
solution shaken for 8 min, then they were rinsed in clear sterile water and allowed to dry. Sowing was
done using a toothpick, placing two seeds on the top of one cut Eppendorf tube filled with 0.7% agar
and inserted into 96-wells trays filled with distilled water. Seeds were then stratified at 4 ◦C for three
days before transfer to the growth chamber. Growth chamber conditions were as follows: short-day
photoperiod of 8 h light at 21 ◦C, and 16 h darkness at 17 ◦C, 150 μmol m−2 s−1 photon flux density
and relative humidity was 65%. On the seventh day of growth, seedlings were transferred to six black
plastic tanks (1 tank per nutrition) each one hosting 54 plants in a 6 × 9 grid. Each genotype was
represented by 12 plants per nutrition regime that where harvested by groups of three to form four
biological replicates. Spare holes were filled with additional plants in order to dispose of the highest
number of homogeneous plants to compose replicates at harvest. Plastic tanks were filled with 15 L
of nutrient solution. The whole set of plants was grown in complete nutrient solution (4 mM NO3)
until the 21st day after sowing (das) in order to give them a common background and to allow the
formation of N initial stock, then split onto 6 different NO3 regimes for a 14 day period (up to harvest).
Solutions were renewed once a week. Nutrition regimes contained respectively NO3 at a concentration
of 0.01 mM, 0.2 mM, 1 mM, 4 mM, 10 mM, and 50 mM. One set of plants constituted a control group,
since it was grown always at 4 mM NO3 during the whole experiment. Hydroponic culture lasted
35 days in total, in which all plants remained in vegetative stage. Shoots and roots of each plant were
separated at harvest. Roots were measured for primary root length and patted dry with a paper towel
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before weighting. Root thickness values were obtained by simply dividing root weight by primary
root length. After weighing, shoots and roots were frozen in liquid nitrogen. The same experimental
culture was repeated three times and collected samples were stored at −80 ◦C until the metabolite
extraction procedure.

2.3. Composition of Solutions

Complete nutrient solution contained 4mM nitrate as a sole nitrogen source and it was composed
as follows: 3 mM KNO3, 1.7 mM CaCl2, 2 mM MgSO4, 2 mM KH2PO4, 1 mM K2SO4, and 0.5 mM
Ca(NO3)2. In 0.01 mM, 0.2 mM, and 1 mM NO3 nutrition, only KNO3 was present to constitute the
desired N concentration. Deficits of potassium and calcium compared to the complete nutrition solution
were compensated by using K2SO4 at a concentration of 2.5 mM, 2.4 mM, and 2 mM respectively,
and CaCl2 at a concentration of 2.2 mM. In 10 mM and 50 mM NO3 solutions, KNO3 was added at
a concentration of 3 mM and 5 mM respectively, while Ca(NO3)2 was added at a concentration of
3 mM and 22.5 mM respectively. CaCl2 was decreased to 0.3 mM in both solutions while K2SO4 was
eliminated in 50 mM NO3 solution. All nutrient solution contained microelements in the same amount
as follows: 22 μM Na2EDTA, 0.01 μM CoCl2, 0.9 μM CuSO4, 0.2 μM Na2MoO4, 0.5 μM KI, and a
solution of NaFeEDDHA in final concentration of 1 mL·L−1.

2.4. Extraction of Metabolites

Samples were ground with the help of steel bullets in a shaking grinder, and an aliquot of the
obtained powder was weighed and used for extraction of metabolites. A two-step ethanol–water
extraction was used, as described in Loudet et al. [13]. The first step consisted in a 25-min extraction
at 80 ◦C using 500 μL of 80% (v/v) ethanol, whereas the second step completed the extraction by
using 500 μL of double-distilled water at 80 ◦C for 20 min. Supernatants obtained from the two
extractions were collected and put together in a well of a 2 mL-96 well plate and dried overnight in a
speed-vacuum machine. Samples were then dissolved in 600 μL of double-distilled water and frozen
at −20 ◦C before analysis. Pellets obtained after removing supernatants were dried for one night at
40 ◦C and used for starch extraction.

2.5. Starch Content

Pellets were mixed with 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS) (pH 7) and an
amylase solution (15 U) was added to each sample. Samples were incubated at a temperature of 100 ◦C
for 6 min. Later, amyloglucosidase (35 U) dissolved in 0.2 M sodium acetate (pH 4.8) was added.
After agitation and incubation for 5 hours at a temperature of 50 ◦C, samples were spun for 10 min at
14,000 r/min. Supernatants were collected and conserved at −20 ◦C before dosage. Starch content was
quantified from extracts using the Roche analysis kit, using glucose as a standard. The results were
expressed in nmol/mg of dry matter.

2.6. Nitrate Content

Extracts were evaporated and diluted in water before analysing them for nitrate contents.
The method used was as described by Miranda et al. [33]. The reactant was prepared by dissolving
vanadium III chloride (0.5 g), N-(1-naphthyl)ethylenediamine (0.01 g), and sulphanilamide (0.2 g) in
HCl (0.5 M); 1 mM NaNO3 was used as standard. After loading the plate with samples (100μL), an
equal volume of reactant was added to each well and the reaction was carried out at room temperature
for 5–6 h. The absorbance at 540 nm was measured using a spectrophotometer (Labsystem iEMS
Reader MF) and used to estimate the nitrate content in nmol mg−1 dry matter (DM).
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2.7. Amino Acids Content

The same extracts were subjected to an evaluation of free amino acid content using glutamine as a
standard Rosen [34]. Briefly, ninhydrin colour reagent was first made by dissolving 0.3 g of ninhydrin
(Sigma-Aldrich Chimie, Lyon, France) in 10 mL of methyl cellosolve (Sigma-Aldrich Chimie, Lyon,
France). Cyanide acetate reagent was then prepared by mixing Na-acetate buffer (25 mL, 2.5 M, pH 5.2)
with the KCN (10 mM) solution 2/100 (v/v) just prior to reaction. In a 96-well (2 mL) plate containing
200μL of sample (diluted), 100μL of ninhydrin colour reagent followed by 100μL of cyanide acetate
reagent were added. The plate was shaken and heated for 15 min at 100 ◦C. After cooling, 1 mL of
isopropanol (50% v/v) was added to the wells of the plate and mixed well. Absorbance was read at
570 nm on a spectrophotometer. This result was used to calculate the amino acid content in nmol mg−1

DM using a glutamine 4 mM dilution set as calibration standard.

2.8. Ammonium Content

Ammonium was determined adding a solution of 2% 5-sulfosalicylic acid according to the
Berthelot method to samples extracted in a hydro-alcoholic procedure as previously described.
Calibration curve was obtained using a 1 mM (NH4)2SO4 dilution series.

2.9. Nitrogen and Carbon Percentage

N% and C% were determined using lyophilized plant powder (1 mg) and the Dumas combustion
method with an NA1500CN Fisons instrument (Thermoquest, Runcorn, Cheshire, UK) analyzer.

2.10. Soluble Proteins Content

Soluble proteins were extracted from 30 mg of fresh shoots material, and ground in a shaker
with Eppendorf safe-lock 2 mL tubes. In each tube, one spatula of Fontainebleau sand was added
to plant material in order to facilitate a homogeneous grinding procedure, together with 250 μL of
buffer composed as follows: 250 mM Tris HCl at pH 7.6, 10 mM Na-EDTA, 10 mM MgCl2, 28.6 μM
β-mercaptoethanol and 2 μM leupeptine. Tubes were kept at low temperature by cooling them in
liquid nitrogen before the grinding process and keeping them on ice afterward. After extraction,
samples were centrifuged and 200 μL from each tube were transferred to a 96-well plate which was
then stored at −20 ◦C. Protein concentration was determined using a commercially available kit
(Coomassie Protein assay reagent, BioRad, Hercules, CA, USA) and bovine serum albumin (BSA) as
a standard.

2.11. Shoot Projected Area

The shoot projected area was obtained by area calculation of rosettes pictures of each genotype,
with the software ImageJ (https://imagej.nih.gov/ij/index.html); the selected surface area was then
divided by the number of plants grown in the same tank to give an average estimation for a single plant.

2.12. Determination of Nc and Nutrition Indexes

Nc was obtained by choosing the average N% in shoots in plants growing at 4 mM. Nutrition
indexes were calculated by the following formula usually used to compute the Nitrogen Nutrition
Index (NNI) [35], but generalized to others N pools:

Nutrition Index = (Poolobserved × SFMobserved)/(Poolcontrol × SFMcontrol)

where:
SFMcontrol is the shoot fresh matter (SFM) value at 4 mM NO3,
SFMobserved is the SFM value observed,
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Poolcontrol is the N pool value at 4 mM (N% for NNI, SAA and RAA for AANI, and SNO3 and RNO3
for NO3NI),
Poolobserved is the N pool observed.

2.13. Statistical Analyses

Type III analysis of variance (ANOVA) analyses was carried out using XLSTAT. The ANOVA
model for the phenotypical and metabolic data included three main effects (Genotype, Nutrition and
Experiment) and the interactions combining all the effects. The ANOVA model for nutrition indexes
included only the three main effects (Genotype, Nutrition and Experiment), the interaction effects were
generally not significant. Effects were significant when the p-value was less than 0.001 for phenotypical
and metabolic data and 0.05 for nutrition indexes.

The pairwise differences of slope of the linear regression of SFM against NNI among accessions
were computed following the following adapted T-test:

Ttest =
(b1 − b2)/

√
(n1 + n2 − 2)√

SRR.
[

1
∑n1(NNI1,n1−NNI1)

2 +
1

∑n2(NNI2,n2−NNI2)
2

]

where:
b1 is the slope of accession 1,
b2 is the slope of accession 2,
n1 and n2 are the number of observation for the two accessions,
SSR is the sum of squared of the residuals,
NNI1 is the average NNI of accession 1,
NNI2 is the average NNI of accession 2,
NNI1,n1 is the nth observed NNI of accession 1,
NNI2,n2 is the nth average NNI of accession 2.

2.14. Statistical Modelling

Pairwise correlations between phenotypical and metabolic traits were calculated for all with a
Pearson’s correlation method. Correlation coefficients were tested for significance (p value < 0.01)
by Excel spreadsheet at http://www.stat-help.com/notes.html with DeCoster utility for Applied
Linear Regression [36]. For each correlation pair selected in the model, linear, logarithmic, and power
regression were run on the whole data by using least squares methods in Excel spreadsheet. For each
regression tested, the R-squared was recorded. Regression with the best R-squared was selected to fit
the curve to the whole data. The same regressions were used on subsets concerning a single accession
to fit the curve and determine the smooth parameters for the considered accessions.

3. Results

In order to investigate the effect of N environmental availability on Arabidopsis plants, six
different supplies were tested with four accessions (Bur-0, Col-0, Cvi-0 and Ge-0) belonging to different
classes on the basis of their response to NO3 nutrition [16]. All plants were grown at a control nutrition
regime (4 mM NO3) for three weeks, to give them a common background and to allow the formation of
an initial N stock. Plants were then moved onto different N treatments. In nutritive solution, NO3 was
present at a concentration of 0.01 mM, 0.2 mM, 1 mM, 4 mM, 10 mM, and 50 mM. It constituted the
only N source provided to the plants, which were harvested in their vegetative growth period, 35 days
after sowing (das). The response to available N was evaluated by measuring 6 morphological and
13 metabolic traits at harvest, commonly used to give a description of the status of plants in nutritional
studies [13,15,16,19]. The morphological traits were SFM, root fresh matter (RFM), the ratio between
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shoot and roots fresh matter (SRFM), primary root length (RL), root thickness (RT), and the shoot
projected area (SPA). The metabolic traits were shoot nitrate content (SNO3), roots nitrate content
(RNO3), their ratio (SRNO3), shoot free amino-acids content (SAA), root free amino acid content
(RNO3), their ratio (SRAA), total shoot carbon (C%), total shoot nitrate (N%), their ratio (C/N), shoot
ammonium content (SNH4), root ammonium content (RNH4), shoot protein content (SPC), and shoot
starch content (SStarch). All measurements were done on three independent and identical cultures.
The raw data for the three cultures are in listed in Supplemental Table S1.

In order to determine the proportion of variance explained by genetic and environmental effects,
ANOVA were performed for all studied traits under the six different nutrition regimes. Nutrition,
accession (i.e., genotype), and culture (i.e., experiment) were considered as the main effects with
potential interactions. ANOVA results are shown in Figure 1 and the proportion of explained variance
for each effect are listed in Supplemental Table S2. Genotype has a significant impact on the variance
of all the investigated traits, even when the percentage of explained variance was weak (Supplemental
Table S2), expect for N%. Morphological traits variation were confirmed to be mainly driven by
genotype constraints, as already stated in Ikram et al. [16], with only one exception for SRFM whose
variation was affected mainly by nutrition (40% of explained variation). Nutrition explained most of
the variation for all metabolite traits, with a different percentage of explained variation depending
upon each trait. However, RNH4 and SRAA were two exceptions, in which genotype effect has a
higher impact than nutrition effect on the observed variation. ANOVA results indicated that metabolite
traits were more affected by N status than by the genetic origin of accessions.

Figure 1. ANOVA of six morphological and 13 metabolic traits in four Arabidopsis accessions cultivated
on six different nutrient supplies in three independent experiments. The morphological traits are: shoot
fresh matter (SFM), roots fresh matter (RFM), shoot-to-root fresh matter ratio (SRFM), primary root
length (RL) and root thickness (RT). The metabolic traits are: shoot protein content (SPC), shoot nitrate
content (SNO3), roots nitrate content (RNO3), shoot-to-root nitrate content ratio (SRNO3), shoot amino
acids content (SAA), roots amino acids content (RAA), shoot-to-root amino acids content ratio (SRAA),
total nitrogen percentage (N%), total carbon percentage (C%), carbon to nitrogen percentages ratio
(C/N), shoot ammonium content (SNH4), roots ammonium content (RNH4), shoot projected area (SPA)
and shoot starch content (SStarch). Histograms show the effects due to: genotype (Gen), experiment
(Exp), nutrition (Nut), interactions and residual (Residual), as percentages of the total variation.
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3.1. Global Response of Arabidopsis Plants to a WIDE Range of NO3 Supplies

The average morphological traits on the four accessions among the six nutrient regimes are
presented in Figure 2.

SFM and SPA, two highly correlated traits (r2 = 0.88), responded negatively to the extreme N
supplies, both decreasing for the lowest as well as for the highest NO3 concentrations (Figure 2A,B).
SRFM showed the highest values at 4 mM, 10 mM, and 50 mM (Figure 2C). For root-related traits,
responses to nitrate availability were the opposite of the responses of shoot-related traits. RFM showed
the highest levels at low N (0.01 mM, 0.2 mM and 1 mM) and control (4 mM) conditions, while the
lowest RFM were observed at 10 mM and 50 mM NO3 (Figure 2D). RT showed medium values in the
control condition (4 mM), with a significantly increased and decreased level in the lowest and in the
highest NO3 supplies respectively (Figure 2E). RL was at its maximum in the control condition (4 mM).
It fell with decreasing NO3 concentration in the media, with a significant change detectable at 0.01 mM
as well as at 10 mM and 50 mM supplies (Figure 2F).

Figure 2. Average of morphological traits on the four Arabidopsis accessions grown in six different
NO3 supplies. On the x axis, nutrition regimes are reported in bars of different shades of grey, according
to NO3 concentration (mM). On the y axis, shoot fresh matter ((A)-SFM), shoot projected area ((B)-SPA),
shoot-to-root fresh matter ratio ((C)-SRFM), root fresh matter ((D)-RFM), root thickness ((E)-RT) and
primary root length ((F)-RL) are reported. Different letters indicate values that are significantly different
at p < 0.05.

Average Arabidopsis metabolic traits for the six nutrition regimes are reported in Figure 3. By far,
metabolic traits had a larger percentage of variation explained by nutrition compared to morphological
traits (Figure 1). Interestingly, SNO3, RNO3, SAA, RAA, SNH4, and RNH4 steadily increased following
the increase of NO3 in solution (Figure 3A–F). This was also observed for N% from 0.01 mM, but it
remained fairly constant between 0.2 mM and 50 mM (Figure 3G). C% had average values in the control
condition with significantly higher and lower values at 0.01 mM and 50 mM respectively (Figure 3H).
SPC showed a different trend in which the highest content was found at 1 mM and a gradual, but
significant, decrease was observed at higher N supplies and at 0.01 mM (Figure 3L). The C/N ratio did
not vary significantly except at 0.01 (Figure 3I). The nitrate ratio SRNO3 remained stable in supplies
between 1 mM to 50 mM, but it increased at supplies below 1 mM (Figure 3J). In contrast, the amino
acid ratio SRAA remained constant in all conditions (Figure 3K). The average starch contents in shoot
were higher than in the control condition in extreme supplies, at 0.01 mM and 50 mM (Figure 3M).
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Beyond the potential offered by genotype for further investigations, a G × E interaction
represented the specific genetic response to perturbed N environment. This was a significant source of
variation for all the investigated traits to different extents, as SRNO3 and SRFM explained variations
of 15.6% and 8.5% respectively (Supplemental Table S2).

Figure 3. Average of metabolic traits on four Arabidopsis accessions grown in six different NO3

supplies. On the x axis nutrition regimes are reported in bards of different shades of grey, according to
NO3 concentration (mM). On y axis are reported shoot nitrate ((A)-SNO3), roots nitrate ((B)-RNO3),
shoot amino acids ((C)-SAA), roots amino acids ((D)-RAA), shoot ammonium ((E)-SNH4), roots
ammonium ((F)-RNH4), nitrogen percentage ((G)-N%), carbon percentage ((H)-C%), carbon to nitrogen
percentages ratio ((I)-C/N), shoot-to-root nitrate ratio ((J)-SRNO3), shoot-to-root amino acids ratio
((K)-SRAA), shoot protein content ((L)-SPC) and shoot starch ((M)-Sstarch). Different letters indicate
values significantly different at p < 0.05.

The average Arabidopsis variation for SRNO3 showed the highest value at 0.01 mM NO3, an
intermediate value at 0.2 mM, and lower ones from 1 mM to 50 mM. This general trend was observed
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in Bur-0 and Cvi-0 (Figure 4A). In Col-0, SRNO3 remained steady for any nutrition regime and SRNO3
varied significantly only for the two extreme NO3 supplies (0.01 mM and 50 mM) in Ge-0. Among the
morphological traits, SRFM showed the highest variation driven by G × E interaction (6% of explained
variation). For Bur-0 and Cvi-0, SRFM decreased significantly only at 0.01 mM, whereas in the two last
accessions, SRFM was significantly different among low N conditions (0.01 mM, 0.2 mM and 1 mM)
compared to high N conditions (4 mM, 10 mM and 50 mM, Figure 4B).

Figure 4. Genotype by nutrition interaction on trait variation. Shoot-to-root NO3 content ratio ((A)-SRNO3)
and shoot-to-root fresh matter ratio ((B)-SRFM). The six different NO3 supplies are reported in bars of
different shades of grey. Different letters indicate values significantly different at p < 0.05.

3.2. Genetic Response to N Stress Environment

When we investigated morphological traits in the different conditions compared to the control
at 4 mM, we distinguished clear differences among the 4 investigated accessions. A synthesis of the
response of accessions to nutritional change compared to the control condition together with a plot for
the average response are shown in Figure 5.

Compared to the situation at 4 mM, SFM and RFM decreased when plants were grown in other
supplies in Bur-0, Col-0, and Ge-0, but the two traits increased in Cvi-0 at 0.2 mM and 1 mM. Col-0
showed a greater reduction of shoots and roots compared to Bur-0 and Ge-0. These results suggested
that Cvi-0 was the most adapted accession to low N supplies, whereas Col-0 was the accession the
most sensitive accession to N fluctuation. The dramatic sensitivity of Col-0 was observable on its
root architecture. RL was reduced between −10% and −31% in the different N supplies for Col-0,
whereas RL varied between 4% and −17% in others accessions. Interestingly, Bur-0 did not show any
significant difference for RL compared to the control condition. SRFM, the morphological trait for
which the highest impact of G × E interaction was found, tended to decrease for all accessions in N
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concentrations lower than the control, reaching significantly lower values at 0.01 mM, 0.2 mM, and
1 mM NO3 for Col-0 and Ge-0, while only at 0.01 mM NO3 for Bur-0 and Cvi-0. Among metabolic
traits, we observed similarly various responses to N environment among accessions. For instance,
SAA increased at 50 mM compared to the control condition (4 mM), but this trend was lower in Col-0
compared to the other accessions (+12% in Col-0 and +25% in average for the others). We noticed a
great reduction of SAA in Ge-0 at 0.01 mM although the reduction was weaker for the 3 other accessions
(−26% for Ge-0 and on average −0.14% for the others). At the roots level, the amino acids tended to
increase with NO3 availability (Figure 3E). However, RNO3 was higher in all N conditions compared
to the control condition in Col-0 whereas in the three other accessions RNO3 was reduced in low N
conditions (0.01 mM, 0.2 mM and 1 mM) and increased at 50 mM. Compared to the control condition,
SRNO3 remained stable in other NO3 conditions except at 0.01 mM where SRNO3 increased for Bur-0,
Cvi-0, and Ge-0. Col-0 did not show any significant change at 0.01 mM NO3 regime. These variations in
the accession response to NO3 availability suggested the existence of a natural variation for dynamics
of nitrogen pools and sensitivity to external NO3 concentration.

Figure 5. Heat-map of accession changes according to N fluctuations. Values measured in the different
N condition are expressed as a ratio to control values (4 mM NO3) for the four accessions (Bur-0, Col-0,
Cvi-0 and Ge-0) and for the total average (Average). Decreased and increased values in comparison to
control are shown in blue and red shades, respectively.

Critical N concentration (Nc), i.e., the minimum N concentration in plants needed for the
maximum growth rate [35], was estimated to be 6.4 N% in shoots for all accessions at the control
condition (4 mM NO3). Nc was stable at all N supplies above 0.2 mM NO3, but fell when plants were
grown below this nitrate threshold. We then calculated the Nitrogen Nutrition Index (NNI) as the
ratio between the amounts of N in plants growing in a specific supply compared to the N amount
in plants growing in the control condition (Supplemental Table S3). This index allowed agronomists
to diagnose nitrogen deficiency in crops [35]. NNI can vary from 0 in very deficient conditions, to
values greater than 1 for ad lib consumption of N. The four studied accessions showed variation in
their NNI under stress conditions (Figure 6A). Cvi-0 seemed to have a good capacity to store N, since
its NNI was greater than 1 when it grew between 1 mM and 10 mM NO3. We tested the effect of
genotype on observed variation of NNI using an ANOVA with three main effects: genotype, nutrition,
and experiment. The results of ANOVA, recorded in Supplemental Table S4, showed that the NNI of
Cvi-0 was significantly higher than the values of the three other accessions. For instance, the NNI of

130



Agriculture 2018, 8, 28

Cvi-0 reached a maximum at 1 mM NO3. In contrast, the three other accessions always showed a NNI
below 1 in conditions different from control (Figure 6A). At 0.01 mM, 38% of N present at the control
condition (4 mM) was in Cvi-0, while other accessions had only between 22% and 27% of the N needed
for the normal growth. In the same manner for NNI, we estimated the variation in the NO3 pool
and the amino acid pool respectively by calculating the nitrate nutrition index (NO3NI) and amino
acids nutrition index (AANI—Supplemental Table S3). NO3NI is the ratio between the amounts of
nitrate stored in plants growing in a particular supply, divided by the nitrate amount stored in plants
growing at the control condition. AANI is the ratio between the amount of free amino acids in plants
growing in particular supply divided by the amount stored in plants growing at the control condition,
both in shoots and roots for each accession (Figure 6B–E). For the two nutrition indexes, Cvi-0 showed
significant higher indexes than the others accessions (supplementary Table S4). For instance, in shoot
at 1 mM, around 75% of the nitrate pool and 80% of the free amino acid pool were filled for Bur-0,
Col-0 and Ge-0 plants (NO3NI = 0.75 and AANI = 0.80) whereas the nitrate pool and the free amino
acid pool in Cvi-0 were optimal (NO3NI = 0.96 and AANI = 1.12, Figure 6B,C). Similarly, in roots at
0.02 mM, around 60% of the nitrate pool 70% of the free amino acid pool were filled for Bur-0, Col-0,
and Ge-0 plants (NO3NI = 0.54 and AANI = 0.71) whereas the nitrate pool and the free amino acid
pool in Cvi-0 were less reduced (NO3NI = 0.80 and AANI = 0.98, Figure 6D,E). The results suggested
Cvi-0 was less sensitive to NO3 availability than the three other accessions since its pools of nitrogen
remained full in N stress condition unlikely the common pattern in others accessions.

Figure 6. Nutrition Index of different N pools in four Arabidopsis accessions. On the y axis, Nitrogen
Nutrition Index (NNI, (A), Nitrate Nutrition Index (NO3NI, (B) in shoot, (D) in roots) and Amino
Acids Nutrition Index (AANI, (C) in shoot, (E) in roots) are reported, plotted against environmental
NO3 concentration on a logarithmic scale. Accessions are shown by squares, diamonds, triangles, and
circles in different shades of grey for Bur-0, Col-0, Cvi-0 and Ge-0, respectively.

To give an idea of natural variation for NUE, we plotted the SFM of each accession against their
NNI (Figure 7). We observed a strong positive correlation between the two traits, suggesting a linear
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response of plant growth to the N nutrition status in all accessions. However, the slopes of the linear
regression line among accessions were significantly different among the four accessions (Supplemental
Figure S1). These slopes allowed us to distinguish three groups of accession: Bur-0 with the highest
slope (77.6), Cvi-0 and Ge-0 with intermediate slopes (57.2 and 50.4, respectively) and Col-0 with
the lowest slope (28.8). Interestingly, we noticed that the order of efficiencies between accessions
was the same when we considered the NO3NI and AANI in the shoots (Supplemental Figure S2A,B).
In contrast, the relationship between RFM and NO3NI and AANI in roots was not linear (Supplemental
Figure S2C,D). Taking together these results suggested that for a same nitrogen nutrition index, Bur-0
was an efficient accession to produce shoot biomass whereas Col-0 was an inefficient accession.

Figure 7. Nutrition Use Efficiency in four Arabidopsis accessions. Shoot fresh matter (SFM) of the
four accessions are plotted against their Nitrogen Nutrition Index. Accessions are showed by squares,
diamonds, triangles and circles in different shades of grey for Bur-0, Col-0, Cvi-0, and Ge-0, respectively.

3.3. Strong Correlations Drive the Construction of a Genetic-Physiologic Model of NUE in Arabidopsis

Because there was a strong genetic variation between plants, N nutrition did not correlate globally
with easy-to-measure morphological traits such as SFM and SPA (r2 = −0.05 and r2 = 0.01, respectively).
N nutrition only slightly correlated with RFM (r2 = −0.19). It was thus not possible to predict
plant biomass by only knowing the nutritional regime applied. Using Pearson’s correlation matrix
(Supplemental Table S5), we recorded the two highest correlations for each trait to build up a descriptive
model starting from the traits that correlated with N nutrition the most, such as SNO3 and RNO3
(r2 = 0.60 and r2 = 0.51 respectively), towards biomass traits (Figure 8). Analyzing the correlation
matrix, we identified four groups of traits corresponding to defined pools that were strongly correlated
among them (Figure 8). The nitrate pools in shoot and roots were correlated directly to N regime.
Traits linked to elements such as N% and C% followed the group of nitrate pools, and in particular
SNO3, by which they were linked by strong correlations. In a similar manner, a third group of traits
related to amino acids and ammonium pools were well correlated to the group of nitrate pools. Lastly,
traits related to biomass allocation, which includes SFM and RFM, were connected to the amino acids
and ammonium pool, in view of the good correlation existing between RAA and RT (r2 = −0.61).
Interestingly, SPC represents a completely independent trait, showing weak correlations to others
traits. From Figure 8, we drew the shorter pathway to connect the N nutrition of plants to SPA, in
accordance to the arrow orientations. The model then consisted of six steps, connecting N nutrition to
RNO3, RAA, RT, RFM, SFM, and finally SPA (Table 1).

Plotting on x and y axis the observed values of traits that are linked by the black dotted line
in Figure 8, we tested different equations to fit a regression curve to the whole data. For each step,
we choose the curve that fit the better with the observed values, i.e., the highest R-squared value
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(Table 1). Nutrition-RNO3 and RAA-RT plots fitted with a logarithmic curve, RNO3-RAA, RT-RFM,
and SFM-SPA with a linear line, RFM-SFM with an exponential curve. Each parameter of these curves
was first computed from the best fitted equation from all the available data (Table 1). We then estimated
smooth parameters from datasets corresponding to each accession and each experiment (Supplemental
Table S6). Finally, we estimated SPA using the six steps of the statistical model (Table 1), the smooth
parameters estimated for each accessions and the initial NO3 concentration. The computed SPA values
were close to the observed SPA values (R2 = 0.55), supporting the idea that the model simulated well
the process of NUE in the studied plants.

 

Figure 8. Descriptive model of morphological and metabolic responses to N nutrition. Traits are linked
to each other by strong correlative relationships. Dark and light grey arrows link traits with the first and
second highest correlated traits, respectively, according to Pearson’s correlation matrix (Supplemental
Table S5). The black dotted line indicates the pathway used in the model to estimate RFM, SFM and
SPA from the nutrition regime. Four groups of correlated traits are classified as elements, nitrate pool,
free amino acids-ammonium pool, and biomass allocation.

Table 1. Formulas and parameters used by the model to estimate morphological traits according to
N nutrition status. In the first three columns, the traits included in the descriptive model are listed,
and the formulas and model parameters that fit with all the data. Model parameters refined for each
genotype in the three experiments are listed in the Supplemental Table S6.

Model Formula Model Parameters
ANOVA

Par. G E

EnvNO3→RNO3 RNO3 = A1.ln(EnvNO3) + A2
A1 = 60 A1 * **
A2 = 325 A2 (*) **

RNO3→RAA RAA = B1.(RNO3) + B2
B1 = 0.018 B1 Ns (*)
B2 = 15.87 B2 Ns (*)

RAA→RT RT = C1.ln(RAA) + C2
C1 = 0.58 C1 * ns
C2 = 2.51 C2 ** ns

RT→RFM RFM= D1.(RT) + D2
D1 = 22.14 D1 Ns ns
D2 = −1.76 D2 Ns ns

RFM→SFM SFM = E1.(RFM)E2 E1 = 11.72 E1 Ns (*)
E2 = 0.62 E2 Ns (*)

SFM→SPA SPA = F1.(SFM) + F2
F1 = 0.05 F1 Ns ns
F2 = 0.7 F2 Ns ns

Significance of the variation due to genotype (G) and to experience (E) for the refined parameters (Par.) in
ANOVA is reported by “**” for highly significant (p < 0.01), “*” for significant (p < 0.05), “(*)” for nearly significant
(0.05 < p < 0.06) and “ns” for not significant.
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The ANOVA of these smooth parameters allowed to identifying the ones that respond to
experimental and/or genotype factors. Significance of experimental and genotype factors for each
parameter were displayed in Table 1. The parameters A1 and A2 of the first equation connecting RNO3
to the NO3 environment were significantly genotype-dependent (p-value < 0.05 and p-value < 0.06,
respectively). In addition, the parameters C1 and C2 in the equation linking RAA to RT were explained
by a genotype factor (p-value < 0.05 and p-value < 0.01, respectively). Genetic variation for the A1
parameter revealed a higher and faster nitrate accumulation in roots depending on nutrition regimes
in Col-0 compared to the other accessions. Genetic variation for C1 and C2 parameters revealed a
difference in the relationship linking RAA to RT between accessions. Characterized by the highest
C1 and C2 values, Bur-0 was the accession showing the highest increase of its root thickness when
RAA decreased. In contrast, following the statistical model, Col-0 showed the lowest modulation of RT
when RAA varied. Significant variation was observed between experiments for A1 and A2 parameters
(p-value < 0.01 and p-value < 0.055, respectively), suggesting a continuum environmental differences
between experiments.

4. Discussion

Natural variation provides an excellent framework to investigate plant adaptation to simultaneous
genetic changes and environmental variations. Plant response to N availability has been widely studied
in Arabidopsis as well as in crop species, most often focusing only on ample, limiting, and scarcity
conditions [14,16,19,37,38]. With this study, we quantified the Arabidopsis response to an ampler
set of nutrition regimes, ranging from 0.01 mM up to 50 mM NO3, taking into account genotype
features. We investigated both induced increases and decreases of N concentration compared to a
control nutrition regime, a likely scenario that describes what plants face in an agricultural context.
This allowed an accurate description of the dynamics of N pools (total N%, NO3 pools, free amino
acid and ammonium pools) and the formulation of a statistic model to correlate nutrition-responsive
traits in Arabidopsis.

The present study gives the global response of Arabidopsis to a wide range of N regimes,
computed from the average of contrasted genotypes, and completes some previous studies [13–16].
We observed first that the expected positive correlation existing between NO3 abundance in media and
certain metabolic traits such as the total N percentage and free amino acid content [13,15] was only
partially confirmed in our study. Total N percentage indeed remained substantially stable from 0.2 mM
to 50 mM nutrition, while we clearly observed an increase of nitrate, amino acids, and ammonium in
both shoots and roots towards the highest NO3 media concentrations (Figure 3). The break happens
when total N percentage decreases under the critical N value (the amount of supplied nitrogen beyond
which plants stop biomass production). This threshold is reached when the external NO3 is between
0.2 mM and 1 mM in Arabidopsis (Figure 6). We observed a decrease of protein content in shoots
(SPC) under both low and high nutrition regimes (Figure 3). This result is in contrast with previous
descriptions [10,13,15] where no changes were detected between low and high N regimes for SPC.
We hypothesized a change in the dynamics of N pools when the plants are growing at high NO3

concentrations. Total N percentage remains stable, but the amount of proteins decreases in favor
of accumulation of free amino acids, ammonium, and nitrate. A negative impact at extreme NO3

concentrations was remarked in our investigation on shoot biomass, a trait which is usually known
to be highly impacted by N scarcity [16,18,39]. A decrease in SFM was expected and found at a NO3

availability lower than the control. In this case, all N-related traits decreased, due the scarcity of the N
resource. Interestingly, we also detected a clear decrease of shoot biomass at high NO3 concentrations,
in which plants dispose of excess amounts of NO3. This may represent a symptom of impairment of
carbon inclusion in the GS/GOGAT cycle to form amino acids. Indeed, plant growth and development
are highly dependent on the interaction between C and N metabolism [40]. As large amounts of N are
invested in the photosynthetic machinery, optimal CO2 assimilation through photosynthesis and, as a
consequence, biomass production requires an adequate N supply. On the other hand, it has also been
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long established that during the assimilation of inorganic N, significant amounts of fixed C are required
to provide the C skeletons that act as acceptors during N assimilation and use, and significant amounts
of ATP and NAD(P)H are required to drive these processes. At very high NO3 media availability,
plants continue to uptake N, and they stock it in vacuoles, reaching very high N concentrations [41].
However, we have evidence that increases in shoot biomass become impossible in this case, and at
the same time, carbohydrates are driven towards starch production. SStarch was indeed extremely
increased at low N regimes, confirming the well-known response to N starvation [16,19,42], but it was
also accumulated at high N regimes, where it accompanied the decrease of SFM (Figure 2). Starch, if
incompletely remobilized, can therefore sequester carbon that could otherwise be invested in leaf and
root growth [42]. To some extent we found the usual attempt of plants to scavenge for nutrients at
low NO3 supplies [11], with a slight increase of RFM essentially due to lateral roots emergence and
increase of their architecture complexity. We could in fact even detect a decrease of primary root length
in all nutrient regimes compared to control, while root thickness was increased at the lowest supply
and decreased at the highest NO3 supply (Figure 2).

Our investigation provides a statistical model to estimate biomass allocation from the initial
NO3 availability, taking in account the genotype specificities. From the correlation analysis, we
can notice that shoot biomass and other morphological traits are more connected to root metabolic
traits than to shoot metabolic traits (Figure 8). RT plays a key role in connecting the group of amino
acids and ammonium pools to the group of biomass traits. It represents the size and architecture of
secondary roots. The negative correlation between RAA and RT was strong in all experiments and
for all genotypes. It suggests that plants that present a low level of free amino acids in roots, are able
to acquire a higher root biomass or vice-versa, and consequently support the growth of aerial parts,
since RFM and SFM are positively correlated to RT. Indeed, Col-0 is the only genotype that presented a
higher RAA content in all conditions compared to control, and did not increase its root size or root
architecture shape to respond to N limitation. This is in agreement with results from Krapp et al. [8]
that detected stable levels of root amino acids after several days of N shortage accompanied by huge
secondary root development in Col-0. In contrast, other studies stated that RAA and RT have a positive
correlation in limiting N in several accessions [16] and some genotypes that better resist an N-perturbed
environment are characterized by a stronger accumulation of RAA and RFM compared to sensitive
lines [15]. The negative correlation reported here might have arisen because of the wider range of N
supplies in which plants have been grown. RAA has a negative correlation with RNO3 and a positive
one with SRNO3 (Table S3), suggesting that the key for adaptation to N stress is the ability of a plant
to transport NO3 towards shoots where it will be reduced and assimilated into amino acids, avoiding
RNO3 accumulation [43]. Starch is described by Calenge et al. [39] as a likely contributor to dry matter
accumulation according to the positive correlation between these two traits both in normal and limiting
N supplies, but the present study revealed a negative correlation between SStarch and SFM (data not
shown). With extreme supplies of 0.01 mM and 50 mM NO3, conditions in which plants undergo a
sensitive decrease in SFM, we could indeed observe a significant increase in SStarch, suggesting that
starch accumulation may not be a specific response to low N availability but rather a plant response to
nutrient conditions unsuitable for optimal growth.

Our study gives some clues on the strategies used by plants when faced with a N stress
environment. The four accessions used in our investigation have been previously classified according
to their different reactions to N limitations [16]. Briefly, Bur-0 was described as an accession well
adapted to N limitation. Ge-0 belonged to a group of accessions which supported a complete N
starvation. Cvi-0 was an accession less adapted to N limitation and Col-0 showed a low growth and a
low adaptation to N stress. In the present study, we characterized the response of these four accessions
to different N stress environments. Evaluating the status of the different N pools in plants, we showed
that the accessions varied for their different nutrition indexes (NNI, NO3NI and AANI). NNI stayed
high in Cvi-0 growing in low or high NO3 concentrations, whereas the index decreased in the three
other accessions (Figure 6). This means that the N pools stay filled in this accession, even under N
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stress conditions. This result suggested that Cvi-0 is relatively insensitive to N availability. Its weak
response might explain why this genotype is less adapted to N limitation [16]. The shoot biomass
(SFM) was positively correlated to NNI (Figure 7). The estimation of the slope of the regression
line for each genotype revealed genetic specificities. The slopes of the regression line were high in
Bur-0, intermediate in Cvi-0 and Ge-0, and low in Col-0, indicating that the biomass produced at the
same NNI will be higher in Bur-0 than in Col-0, and revealing a higher NUE in Bur-0 than in Col-0.
These differences in NUE are congruent with previous observations [15,16,19]. Finally, a genetic
variation was observed for the relationship connecting amino acid content in roots, RAA, and root
thickness, RT (Table 1). In the highly efficient accession Bur-0, the two root traits are well opposed; the
reduction of amino acids in roots is associated with a development of root architecture. In contrast,
RAA remains high and RT varied slightly in the poorly efficient accession Col-0. Taking together, the
results suggest that the capacity of the plant to transform amino acids into secondary and lateral roots
is an interesting and surprising part of NUE in plants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/8/2/28/s1,
Table S1: Raw dataset corresponding to all measurements made on four Arabidopsis accessions in six N supplies
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Nutrition indexes of different N pools in the four Arabidopsis accessions, Table S4: ANOVA of the five nutrition
indexes in four Arabidopsis accessions growing in six different N supplies in three independent experiments.,
Table S5: Pearson’s correlation matrix of investigated traits, Table S6: Parameters of the descriptive model for
the estimation of morphological traits according to N nutrition, Figure S1: Slope (A) and intercept (B) of linear
regression of SFM against NNI for the 4 Arabidopsis accessions, Figure S2: Nutrition Use Efficiency in four
Arabidopsis accessions.
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Abstract: Feeding nutrition-dense food to future world populations presents agriculture with
enormous challenges as estimates indicate that crop production must as much as double. Crop
production cannot be increased to meet this challenge simply by increasing land acreage or using past
agricultural intensification methods. Food production doubled in the past through substantial use of
synthetic fertilizer, pesticides, and irrigation, all at significant environmental cost. Future production
of nutrition-dense food will require next-generation crop production systems with decreased reliance
on synthetic fertilizer and pesticide. Here, we present three case studies detailing the development of
cover crops and plant-beneficial microbes for sustainable, next-generation small grain, tomato,
and oilseed rape production systems. Cover crops imparted weed and pathogen control and
decreased soil erosion and loss of soil nitrogen, phosphorus and carbon, while plant-beneficial
microbes provided disease control and phosphorus fertility. However, yield in these next-generation
crop production systems at best approximated that associated with current production systems. We
argue here that to substantially increase agricultural productivity, new crop germplasm needs to be
developed with enhanced nutritional content and enhanced tolerance to abiotic and biotic stress. This
will require using all available technologies, including intensified genetic engineering tools, in the
next-generation cropping systems.

Keywords: next generation cropping systems; plant beneficial microbes; nutritional quality;
environmental stresses; plant biotic stress; antimicrobial peptides; genetic engineering; future agriculture

1. Introduction/Future Challenges Confronting Agriculture

The global population is expected to increase in number and affluence by the middle of this
century, with estimates of the world’s population in 2050 varying between 8 and 10 billion [1]. Feeding
the world’s future population will place unprecedented demands on agriculture. We will need to
increase food production while at the same time decreasing the negative impacts of agriculture on land,
water, and climate [2]. Estimates indicate agricultural production must as much as double to meet
projected demands for food [2]. More food is needed and food quality must be improved, particularly
regarding nutrient content [3].

Overarching the challenge of producing more food is global climate change [1,3]. Global climate
change is expected to bring increased temperatures and increased concentrations of CO2 and ozone in
the atmosphere. Also predicted are altered patterns of weather and drought. Rising CO2 concentrations
may increase yields of certain crops such as wheat, although the extent of the benefit of CO2 fertilization
to crop yield is the subject of debate [3,4]. Offsetting any potential benefits due to global climate change
are associated negative impacts leading to concerns about our ability to increase, or even maintain,
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crop yields [3]. Increased temperatures will impact yield, as yields of most crops decline dramatically
at temperatures much above 30 ◦C; the optimum temperature for photosynthesis being between
20 ◦C and 25 ◦C [5]. For example, yields of the major US crops, corn, soybean, and cotton, increase
up to 29 ◦C, 30 ◦C, and 32 ◦C, respectively, with temperatures above these thresholds being very
damaging [6]. Drought, salinity stress, and higher ozone levels due to global climate change, as well as
the development of new pest and pathogen problems, are predicted to be a drag on crop yields [3,4].
Also of concern is that plants develop more quickly at higher temperatures, leaving less time to
accumulate human nutrients such as sugars, fat, and protein [5]. Rising CO2 levels are also predicted
to lower the nutritional quality of certain crops, lowering mineral and protein content [7].

It is unlikely that crop production can be increased to meet the demands of future populations
simply by increasing land acreage devoted to agriculture. Competition for land use with urbanization,
and the loss of land to salination and desertification will reduce land available for conversion to
agricultural production [5]. Additionally, conversion of land to agricultural production has serious
environmental consequences. Transforming natural ecosystems to land in agricultural production
impacts the global carbon and hydrological cycles, habitat biodiversity, and soil conditions [2,5,8–12].
Among other things, repurposing natural ecosystems for crop production can have substantial
impacts on greenhouse gas emissions by releasing carbon stored in vegetation and soil biomass
to the atmosphere [12].

It is also unlikely that we can increase productivity of current production systems to meet
the demands of future populations by using the agricultural intensification methods of the past.
Food production doubled worldwide over the past 35 years; largely due to the use of synthetic
fertilizer, pesticides, and irrigation [2]. Nitrogen (N) and phosphorus (P) fertilizer inputs increased
dramatically [13]. From 1960 to 2000, the use of N fertilizers increased approximately 800%, with corn,
rice, and wheat accounting for about 50% of current fertilizer use. These crops typically have N use
efficiencies below 40% leading to loss of N into the environment [8,11,13]. Worldwide, nearly 90%
of N fertilizer is NH4

+ which is converted to NO3
− by the soil microflora and easily leached into

water systems. Under anoxic conditions, excess N in soil from fertilizer is transformed mainly
into N2, but also into the potent greenhouse gas N2O [10,13]. Overuse of P fertilizer also has
negative environmental impacts, causing eutrophication of water systems [11]. Pesticide use increased
dramatically (15 to 20 times) over the past 40 years as well [14]. Pesticides used in agriculture are
generally hazardous to human health and that of other species, with some pesticides accumulating
in food chains [11]. Irrigated land doubled globally over the past 50 years to the point where 70% of
freshwater withdrawals are now used to irrigate cropland [2]. Irrigation can result in nutrient loading
into water systems and salinization of arable land. Clearly, agricultural intensification over the past
decades has had negative impacts, such as increased soil erosion and decreased soil fertility, pollution
of ground water and eutrophication of rivers, lakes, and coastal ecosystems, and increased atmospheric
constituents that lead to global climate change and water resources with dramatic consequences for
food production [2,10,11].

2. Current Cropping Systems

Crops are currently grown globally using various conventional production systems which use
synthetic fertilizer and pesticides, and to a lesser extent with organic production systems that use
‘natural’ sources for maintaining soil fertility and pest control. Conventional production systems can be
further categorized into those which incorporate tillage and those relying on a no-till or reduced-tillage
strategy. Conventional no-till systems are typically considered more sustainable than conventional
tillage systems as they sequester more carbon, have better soil erosion prevention, improve water and
fertilizer use efficiency, have better soil nutrient cycling, enhance soil biological activity, and reduce
energy, labor, and machinery inputs [15,16]. Organic production systems are designed and perceived
to be less detrimental to humans and the environment than the conventional systems as organic
production systems place a greater emphasis on managing ecological processes and eliminating inputs
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that are, or perceived to be, harmful to humans and the environment such as synthetic fertilizers
and synthetic pesticides [17–20]. A major principle of organic agriculture is building soil organic
matter via the use of cover crops (non-cash crops grown for their environmental benefits) and animal
manures and by-products. Organic soils with higher organic matter levels often have higher capacity
to mineralize, capture, and store essential nutrients, such as N, and water resources [17,21,22]. Higher
soil organic matter also leads to higher soil aggregate stability and is associated with richer food webs
and higher biological activities that drive beneficial soil processes [23].

Conventional and organic cropping systems have been compared in numerous studies and
have been found to result in different crop yields, impacts on the environment, and levels of
sustainability [24]. Yield averages associated with organic production systems were found to be
lower. However, these differences in yield were contextual, varying between 5% and 34% lower
depending on crop, conditions, and management practices [19]. Yield differences between organic
and conventional systems also differed dramatically with different regions of the world [19]. Some
have argued that environmental benefits associated with organic production are diminished as lower
crop yields lead to greater deforestation and loss of biodiversity when land is converted to agricultural
use to maintain crop production at a certain level [19,25]. Results from one meta-analysis showed
that organic farming generally had less negative impacts on the environment per unit land area, but
not necessarily with respect to per unit product due to lower yields [25]. For example, organic farms
tended to have higher soil organic matter and lower nutrient loss (N leaching, N2O emissions, NH4

emissions) per unit field area but higher NH4 emissions, N leaching, and N2O emissions per unit
product [25]. Organic production systems also had higher eutrophication potential per unit product.

3. Development/Refining Crop Production Systems for Sustainable Intensification of
Crop Production

3.1. Development of Next-Generation Cropping Systems

Next-generation cropping systems should include a combination of high yield potential and
low negative environmental impacts drawing on the most sustainable aspects from organic and
conventional crop production systems [12,24,25]. The emphasis on building soil health in organic
production systems using cover crops and other organic materials will need to be combined with
the development of new crop cultivars using traditional breeding or genetic engineering techniques.
New crop cultivars need to be developed that have increased tolerance of abiotic stress; that offer
higher yields but use less water, fertilizer, and other inputs; and have higher nutritional quality.
More sustainable methods for pathogen, pest, and weed management also need to be developed [1].
The techniques used to increase crop yield and environmental sustainability will depend on the
crop in question. The next sections illustrate development of next-generation sustainable crop
production systems for the row crops corn, wheat, and soybean; the horticultural crop, tomato; as well
as the development of environmentally friendly disease control methods. These next-generation
cropping systems place emphasis on the use of cover crops and beneficial microbes for enhancing soil
fertility (N, P), weed and disease control, and decreasing soil erosion. These case studies are being
presented to illustrate the approaches as well as challenges encountered during development of these
next-generation cropping systems. It should be noted that this review is not exhaustive in nature
as only a limited number of applications of cover crops and plant-beneficial microbes are discussed.
Finally, examples of the power of genetic engineering for development of crop cultivars with enhanced
nutritional content, abiotic stress tolerance, and biotic stress resistance are included.

3.2. Development of Next-Generation Sustainable Grain Cropping Systems

The farming systems project (FSP) is a long-term agroecological research project that
was established at the Beltsville Agricultural Research Center in Beltsville, Maryland, USA,
in 1996 to evaluate the sustainability of the conventional and organic grain cropping
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systems currently being used in the mid-Atlantic region of the United States. The five
cropping systems being evaluated at FSP are a three-year conventional no-till corn-rye cover
crop/soybean-wheat/soybean rotation (NT), a three-year conventional chisel-till corn-rye cover
crop/soybean-wheat/soybean rotation (CT), a two-year organic hairy vetch/corn-rye/soybean
rotation (Org2), a three-year organic hairy vetch/corn-rye/soybean-wheat rotation (Org3),
and a six-year organic corn–soybean–wheat–alfalfa–alfalfa–alfalfa rotation (Org6). These five cropping
system plots are co-located and incorporate large field-scale plots to address field variability and long
timeframes, as some soil processes being compared occur very slowly [26]. Conventional systems
were managed with herbicide and synthetic fertilizer programs and current GMO cultivars. Organic
systems were managed using USDA National Organic Program Standards [27].

Crop yields were considerably lower with the organic systems, with yields 31% less for corn and
20% less for soybean than with conventional cropping systems in a ten-year analysis [27]. Certain
environmental benefits were greater with the organic cropping systems than the CT or NT cropping
systems. Soil organic carbon (SOC), measured to a depth of 1 m, was 11% greater in the Org3 than
the NT cropping system indicating that tilling organic materials (manure) into soil may be a more
effective means of increasing SOC than eliminating tillage [28]. SOC was greater in the NT cropping
system at the 0–5 cm soil depth but greater in the Org3 cropping system at the 5–10 cm and the
20–25 cm depths. This increased SOC in the organic cropping systems led to greater N mineralization
potential and biodiversity [27]. Increased SOC also decreased global warming potential of the organic
cropping systems by sequestering carbon in soil [28]. Global warming potential was negative for Org3,
indicating it was a net sink for CO2 equivalents, and positive for NT and CT production systems.
These differences in global warming potential were also driven by lower energy usage with the Org3
production system. Global warming potential per unit of grain yield was negative and significantly
lower for the Org3 systems than the NT or CT systems despite lower grain yields [20].

Other environmental benefits associated with organic systems, such as minimizing soil erosion
and sediment-bound nutrient transport from fields, were mixed when compared with the CT and NT
cropping systems. It was found that predicted soil sediment loss was 33% less with Org3 than CT.
N, P, and soil carbon loss was similarly less with Org3 than CT as N, P, and soil carbon are absorbed
to the soil sediments lost in run-off [29,30]. However, when NT and Org3 cropping systems were
compared, soil erosion and loss of N, P, and soil carbon were 80% less with NT than Org3. Tillage
used in Org3 diminishes soil aggregate size and these smaller soil particles are more susceptible
to erosion than macroaggregates [30,31]. Using cover crops and animal manure in Org3 built SOC,
and had the associated enhancement of soil aggregation, which probably offset the negative impact
of tillage on soil aggregation [32], resulting in soil erosion being less with Org3 than CT but greater
than with NT. Meteorological influences on corn and soybean grain yields over an 18-year period were
compared among the cropping systems at the FSP site as well [27]. Efficiency of grain yield per unit
precipitation was greater for conventional than organic cropping systems. Precipitation and heat stress
had a significant impact on organic production systems during this study with weed cover playing
a significant role due to competition between weeds and the grain crops for water.

3.2.1. Increasing Organic Cropping System Complexity to Enhance Environmental Benefits and Yield

Comparisons of the organic production systems at FSP indicated that increasing cropping system
complexity increased grain yield by decreasing weed competition [33]. Corn yield losses due to
weed competition were estimated to be 35% in Org2 and decreasing to 14% in Org6, and for sake of
comparison, 7% with the NT treatment. In Org2, weed mortality events occur at the same time each
year as the two cash crops, corn and soybean, are sown at the similar times in the calendar year. This
tends to favor the establishment of summer annual weeds in Org2 plots. With Org3, wheat is added
to the rotation, resulting in decreased seed set by the summer annual weeds due to cutting at wheat
harvest, or weed seed mortality, due to preparation of the soil for the cover crop used in the Org3
rotation [28]. With Org6, the addition of alfalfa to the rotation adds an additional layer of complexity
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as alfalfa is cut three to five times a year, incorporating more weed mortality events into the cropping
system [28]. All measures of nitrogen availability increased as cropping system complexity increased
from Org2 to Org3 to Org6 [22], also possibly contributing to the increased grain yield associated with
the Org6 rotation. Preliminary results also suggested that increased complexity decreased predicted
soil erosion [28]. Although this approach enhances yield and environmental benefits associated with
organic grain cropping systems it does not come close to the estimated doubling in yield needed to
feed the future world population.

3.2.2. Organic No-Till Cover Crop-Based Small Grains Cropping System

A second approach for a next-generation sustainable grain cropping system is an organic no-till
cover crop-based production system [34]. This strategy integrates the soil conservation benefits of
no-till grain production [35–37], with the soil organic matter building practices of organic systems.
Features of this system are the use of cover crop mulches for weed suppression and the contribution of
N-fixing legume cover crops towards meeting N demand of the subsequent cash crop. Use of cover
crop mulch for weed control allows the system to move away from the use of tillage for weed control,
and its deleterious impacts on soil aggregation, biology, and erositivity [16,37–39]. These organic no-till
systems rely on mechanical termination of winter annual cover crops with roller-crimper devices
and no-till planting corn and soybean into the resulting cover crop mulches. Simulation models
indicate that this approach has the potential to increase environmental benefits compared to current
tillage-based organic grain production systems [40]. However, more research is needed [34].

Cereal rye is typically used as the cover crop preceding soybean in the rotation. Small grains
cover crops, such as cereal rye, produce substantial biomass and provide reliable weed suppression as
a living cover crop and after termination as a surface mulch [41,42]. These cover crops also prevent
erosion and build soil organic matter [41]. Legume cover crops, such as hairy vetch, are used prior
to the corn phase of the rotation as corn requires more exogenous N than soybean. These legume
cover crops fix atmospheric N and release N during decomposition. However, hairy vetch grows
slowly in the fall and decomposes rapidly after termination making it less effective than cereal rye
for weed suppression. Recent research has switched focus to mixtures of hairy vetch and cereal rye,
or another winter grain, since hairy vetch alone does not provide sufficient weed control. Mixtures of
hairy vetch and cereal rye cover crops have been shown to provide greater above ground biomass and
weed suppression than hairy vetch monocultures and release greater N content to the soil than cereal
rye monocultures [42–44]. However, significant challenges remain regarding management of cover
crop and cover crop mixtures to enhance weed control and soil fertility and minimize the cover crop
itself competing for resources as a weed with the subsequent cash crop [34,45]. As with the preceding
approach, this organic no-till cover crop-based system does not appear to come close to doubling
grain yield.

3.3. Next-Generation Cover Crop-Based Sustainable Tomato Production System

Fresh-market tomatoes, like other vegetables in the US, are grown using high-input production
systems to maximize yield and product quality. For tomatoes, these production systems use raised
beds and depend heavily on synthetic fertilizers, black polyethylene plastic mulch, and tillage. N from
synthetic fertilizer is essential to maintain fertility levels, while the black polyethylene plastic is used
primarily to control weeds [46]. Fertilizer, black plastic, and tillage comprise a large proportion of the
production costs for large-scale production of fresh-market tomatoes. Additionally, N recovery by the
tomato plant from synthetic fertilizer is low, causing some growers to apply excess N to maximize yield,
driving up production costs and potentially contributing to surface and groundwater pollution [46].

To increase sustainability of this, and potentially other vegetable production systems, the legume
cover crop hairy vetch has been substituted for the black polyethylene plastic in the next-generation
tomato production system. This system features no-tillage planting of tomato transplants into a killed,
hairy vetch cover crop grown on raised soil beds. Importantly, in research conducted over a ten-year
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period, this no-till hairy vetch mulch system resulted in greater yield and economic return than
tomatoes grown using the conventional black polyethylene plastic system [46,47]. Economic advantage
with the hairy vetch mulch system was greatest in years with abundant rainfall and less during
droughty years.

Intended environmental benefits provided by this no-till hairy vetch system were a reduced need
for synthetic nutrient inputs such as N, reduced soil erosion resulting from the no-tillage system,
and increased soil water holding capacity [48]. As with the hairy vetch cover crop used in the no-till
production system discussed above, hairy vetch was intended to utilize N in soil leftover from the
previous crop and fix N from the atmosphere. Both the intercepted soil N and fixed atmospheric N were
then expected to be converted into hairy vetch biomass and released to the soil upon decomposition for
the subsequent tomato crop [49]. In a three-year field study, exogenous N requirements were reduced
for tomato grown with the hairy vetch system compared with those grown using black polyethylene
plastic. Minimum N rates necessary to achieve maximum yield were 80 lb/acre with the hairy vetch
system and 170 lb/acre with the black plastic system [49]. As expected, soil erosion was less when
hairy vetch was used. With the black plastic system, 50% to 75% of the field is covered with the
water-impervious plastic enhancing run-off and lessening water retention in field soil. Losses of two
to four times more water and five to fifteen times more soil sediment were observed with the black
plastic system over a field season. Pesticide loads released from fields were also greater as pesticides
intended for the tomato plant collected on the plastic surface and were loaded into run-off during
rainfall events [50,51].

Another intended environmental benefit of the no-till hairy vetch production system was reduced
weed competition and hence reduced need for herbicides. However, mixed results were obtained for
weed control. As with the no-till small grains production system discussed above, better weed control
may result from cover crop mixtures where the hairy vetch is mixed with cereal rye or another cover
crop that provides more biomass for a weed-suppressive mulch and decomposes more slowly than
hairy vetch. The hairy vetch system did, however, reduce disease on tomato due to Alternaria solani,
the causal agent of tomato early blight [52,53]. Infective propagules of this fungal pathogen in soil
are spread by splash dissemination of infested soil into the tomato canopy. Soil sediment detected
in the tomato canopy was significantly lower with the hairy vetch production system than the black
plastic production system after rainfall events. Development of tomato early blight disease was also
slower on tomatoes grown with the hairy vetch production system. It was thought that more complete
coverage of the soil surface with the hairy vetch mulch (hairy vetch mulch covers the entire field while
black plastic covers the tomato beds but not the interspaced rows) physically obstructed splashed
soil near the soil surface preventing soil infested with pathogen inoculum from entering the tomato
canopy. The tomato crop grown in the hairy vetch mulch had negligible loss to early blight in the
absence of fungicide relative to the fungicide treated controls [52,53]. There was also greater resistance
of the tomato crop grown in the hairy vetch mulch to invasion and damage by the Colorado potato
beetle [54]. Possibly contributing to disease and pest reduction was induction of disease resistance in
tomato by the hairy vetch production system. As discussed below, certain genes functioning in plant
defense had an altered expression profile in tomato grown in hairy vetch relative to these genes in
tomato grown with the black plastic [55].

3.3.1. Impact of Hairy Vetch Cropping System on Tomato Physiology

This no-till hairy vetch tomato cropping system had a broad and beneficial impact on
tomato plant physiology. In field and greenhouse experiments gene transcripts of proteins
involved in diverse processes that regulate metabolism and growth were found to be differentially
up-regulated in leaves of hairy vetch-grown tomato plants relative to those grown under black
plastic [55–57]. Up-regulated genes included the most abundant chloroplast protein, ribulose
bisphosphate carboxylase/oxygenase (Rubisco), important for carbon fixation; nitrogen-responsive
glutamine synthase, regulating carbon/nitrogen signaling; nitrogen utilizing and nitrite toxicity
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reducing nitrite reductase; nitrogen-use efficiency protein glucose-6-phosphate dehydrogenase;
chaperone proteins (HSP70 and ER protein BiP) that stabilize native proteins; cytokinin- and
gibberellin-related regulatory proteins; and plant defense anti-fungal proteins chitinase and osmotin.
Up-regulation of these plant defense genes may contribute to disease resistance as, in these and
other field experiments, hairy vetch-grown tomato had less disease than tomato grown under black
plastic [52,53,55].

Other genes/proteins that promote senescence and aging, the ethylene biosynthesis gene ACC
synthase and the senescence-regulated SAG12 gene, were more down-regulated in leaves from hairy
vetch-grown tomato. Consistent with this, hairy vetch grown tomato had higher levels of the cytokinin
indicator gene, cytokinin receptor protein kinase (CRK) [55,58]. A continued supply of cytokinin from
the roots to the upper parts of a plant should delay senescence as cytokinin inhibits accumulation of
senescence-enhancing gene transcripts [59]. Interestingly, senescence in hairy vetch-grown tomato
was delayed relative to tomato grown with black plastic. Cytokinin signaling has also been found to
regulate plant-microbe interactions [60]. Engineered accumulation of cytokinins led to the upregulation
of defense-related genes including basic chitinase [61] and osmotin [62]. Therefore, accumulation
of transcripts and protein of these two anti-fungal defense proteins, chitinase and osmotin, in hairy
vetch-grown tomato [55] indicated that cytokinin signaling may regulate disease resistance as well as
senescence. Implications of these results in the organism-to-organism interactions in the ecosystem
have been proposed (www.glfc.forestry.ca/frontline/bulletins/bulletin_no.18_e.html).

A field pot experiment was conducted to determine the impact of N released during
decomposition of hairy vetch on hairy vetch-grown tomato physiology [63]. In this experiment,
one treatment consisted of tomato grown in soil where hairy vetch was grown as the winter cover crop
(including hairy vetch residue on the soil surface) while a second consisted of bare soil (no hairy vetch
cover crop). Additional treatments consisted of the bare soil and hairy vetch treatments supplemented
with varying amounts of inorganic N fertilizer. Tomato fruit yield, plant biomass, and photosynthesis
were found to be higher in plants grown with the hairy vetch treatment than the bare soil treatment.
Additionally, a parabolic response to inorganic N in the bare soil treatments containing supplementary
N fertilizer was evident for tomato growth and photosynthesis, suggesting N toxicity in pots with
the highest rates of supplemental N. There was also a decline in expression of several genes such as
nitrate reductase and PEP carboxylase that regulate nitrogen and carbon metabolism associated with
the high (200 N kg ha−1) rate of supplemental inorganic N. Surprisingly, these parabolic responses
were mitigated in the hairy vetch-grown plants, where higher photosynthetic rates were maintained
at high supplemental inorganic N rates. Hairy vetch also mitigated the decline in expression of
the genes regulating nitrogen and carbon metabolism. Consistent with prior experiments, the plant
defense-related gene, osmotin, was up-regulated in tomato plants grown in the hairy vetch treatment
relative to those grown in bare soil.

Results from this field pot experiment suggest that physiological cues released from the
decomposing cover crop, other than N, have beneficial impacts on tomato plant physiology. These
studies also suggest that tomato can distinguish between organic and inorganic sources of N, and that N
management by on-site production of legume cover crops such as hairy vetch in sustainable cropping
systems offer additional physiological advantages to cash crops than cropping systems utilizing
inorganic N fertilizer alone [63]. Pertinent to these findings is a recent study that showed soil organic
N influences plant growth as well as nitrogen use efficiency in plants, and that carbon cost of organic
N assimilation, with its carbon content, into proteins is lower than with inorganic N [64]. Factors
that contribute to higher nitrogen use efficiency in crops grown on organic N include nitrogen-based
productivity and higher root:shoot ratio.

Another aspect of the physiology of tomato plants altered due to growth under different cropping
systems (hairy vetch, black plastic, rye cover crop) compared to bare soil was the metabolome of the
tomato fruit. Since metabolomics data for the fruit is relevant to the nutritional quality these studies
affirmed that interaction between nutritional quality and growth environment [65].
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3.3.2. Impact of Hairy Vetch Cropping System on the Soil Microbiome

Cover cropping with hairy vetch increased microbial biomass in the bulk soil as well as tomato
rhizosphere when compared with the black plastic and bare soil treatments. The hairy vetch
treatment also altered the microbial community structure [66,67]. Microbes are associated with healthy
soil, nutrient cycling, soil organic matter, disease suppression, and therefore this altered microbial
community structure may be at least partially responsible for the impact of hairy vetch on tomato
physiology described above. There was indirect evidence suggesting that more readily available
carbon in the vetch treatment may have caused the change in microbial community structure.

3.4. Use of Plant-Beneficial Microbes for Sustainable Crop Production

Biological control agents, plant-beneficial microbes that control plant pathogens and pests
(invertebrates, pathogens, and weeds), are being developed to replace, or to be used in combination
with reduced levels of, synthetic pesticides to enhance sustainability of crop production systems.
Agricultural production systems are heavily reliant on pesticides for control of invertebrates, pathogens,
and weeds as estimated losses to these pathogens and pests were 48% to 83% in the absence of some
form of crop protection [14]. When there is no effective plant resistance, biological controls must be
developed if pesticide inputs are to be reduced. Cultural practices such as crop rotation, alteration of
planting date, etc. certainly play a role in pathogen and pest management but the level of control is
often inadequate or economically nonviable [68]. For example, to decrease fungicide use in oilseed
rape production an effective biological control strategy must be developed for the important soil-borne
pathogen Sclerotinia sclerotiorum as the other forms of disease control tactics for this pathogen can be
inadequate. Traditional breeding strategies for plant resistance to S. sclerotiorum are challenging due to
limited gene pools and the need for multigenic resistance [69]. Crop rotation is limited in effectiveness
as S. sclerotiorum has a broad host range and lengthy persistence [70].

Toward this end, biological control agents have been developed that can be applied at strategic
points during the disease cycle of S. sclerotiorum on oilseed rape. S. sclerotiorum overwinters as sclerotia
in soil, which upon germination, produce apothecia or directly produce mycelia. Ascospores produced
from apothecia are the primary inoculum for most diseases of S. sclerotiorum and typically germinate
on senescing flower petals. The pathogen then infects healthy leaf and stem tissue ultimately killing
the plant [71,72]. Application points for biological control agents in this disease cycle are as a seed
treatment, where the biological control agent is expected to colonize the developing oilseed rape plant
and persist for the growing season, as a foliar spray at oilseed rape flowering to position the biological
control agent so that it can prevent infection by germinating ascospores in the plant canopy, and as
a spray on the field prior to planting oilseed rape so that the biological control agent can colonize and
kill sclerotia of this pathogen prior to production of apothecia. Two seed treatment formulations of
Bacillus subtilis BY-2 and of B. subtilis Tu-100, and spray applications of these two isolates at flowering,
resulted in significantly lower disease incidence than the non-treated control and a significantly greater
yield than this control in field trials conducted at a few locations. B. megaterium A6 was also shown
to control S. sclerotiorum on oilseed rape at a few field locations when applied as a seed treatment
formulation [73–75]. Control by these strains at these field locations compared favorably to that
provided by the carbendazim chemical spray control applied at flowering. Fungal mycoparasites of
sclerotia of S. sclerotiorum have also been isolated and developed for control of this pathogen on oilseed
rape [76,77]. Spray application of one mycoparasite, Aspergillus aculeatus Asp-4, to the soil prior to
sowing rice in a rice-oilseed rape rotation resulted in a significant reduction in incidence of Sclerotinia
stem rot on oilseed rape compared with the non-treated control in two field trials. This application of
A. aculeatus Asp-4 also resulted in a significant reduction in formation of apothecia on sclerotia relative
to the non-treated control in these field trials, suggesting that colonization and degradation of sclerotia
by Asp-4 and subsequent reduction in sclerotial germination led to disease control [77].

However, for these beneficial microbes to be widely acceptable to farmers as an alternative
to pesticides they must be improved in reliability and efficacy so that they compare favorably to
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synthetic pesticide compounds over a large range of fields [78,79]. Unfortunately, biological control
efficacy is often inconsistent due to the inherent complexity of the interaction between the biological
control agent, the pathogen, and the environment where this interaction occurs [80]. For example,
A. aculeatus Asp-4 up-regulated numerous genes and proteins involved in mitigation of environmental
stress and dissolution of sclerotial compounds during colonization and degradation of sclerotia of
S. sclerotiorum [81]. Omic studies of other biological control interactions revealed equally complex gene
and/or protein expression profiles by biological control agents during interactions with pathogens
or the environment [82–84]. In turn, soils and plant surfaces, where biological control agents are
expected to effect disease control, are highly heterogeneous regarding compounds and conditions that
impact expression of genes important to biological control; ultimately impacting expression of these
genes and reliability and efficacy of disease control (reviewed in [80]). One approach to improving
reliability and efficacy of disease control is to combine biological control microbes. These microbes can
be combined in individual formulations or through multiple treatments targeting strategic points in
the disease cycle. It is thought that a combination of microbes, with different ecological adaptations
and mechanisms of disease control, are more likely to express traits important for disease control over
a wider range of environmental conditions than an individual microbe.

This concept for improving efficacy and reliability shows promise. For example, when isolates
BY-2, Tu-100, and A6 were applied as oliseed rape seed treatment formulations in various combinations
there was increased seed yield and decreased disease incidence with increased number of isolates in
seed treatment preparations in pot and field experiments conducted in four different soils (Hu et al.,
unpublished). Further, the treatment containing the three isolates BY-2, Tu-100, and A6 resulted in
an incidence of disease on oilseed rape that was significantly lower than that associated with seed
treatments containing individual isolates most of the time. Pieces are in place to develop and test
an integrated disease control strategy to increase performance (level of disease suppression, reliability
of disease suppression) of biological control of S. sclerotiorum on oilseed rape. Application of seed
treatment formulations containing multiple Bacillus isolates, can be combined with application of
formulations of the mycoparasites of sclerotia of S. sclerotiorum. These two application methods would
reinforce each other regarding disease control. The application of mycoparasites prior to planting
oilseed rape would reduce initial inoculum of S. sclerotiorum, resulting in less disease to be controlled
with the Bacillus seed treatment or spray formulations. Likewise, the follow-up use of the Bacillus seed
treatments or spray formulations would minimize disease caused by pathogen inoculum that escaped
the treatment with the mycoparasite.

A second approach to increasing sustainability of disease control is to combine microbial
biological control agents with reduced rates of synthetic pesticides. For example, formulations of
the mycoparasite Trichoderma sp. Tri-1 were tested in combination with reduced application rates of
the chemical pesticide carbendazim for control of S. sclerotiorum on oilseed rape [77]. The treatment
containing the recommended rate of carbendazim provided the greatest reduction in disease when
compared with treatments containing individual applications of lower rates of this pesticide or the
formulated Tri-1 treatment in all field experiments. Encouragingly, treatments containing formulated
Tri-1 combined with carbendazim applied at 75% the recommended rate reduced incidence of disease
to levels to those obtained with the treatment containing carbendazim applied at the recommended
rate in field trials.

Plant-beneficial microbes are also being developed to replace, or be used in combination with
reduced levels of, synthetic phosphatic fertilizers to increase cropping system sustainability. The ability
to solubilize P from compounds in soil is fairly wide-spread amongst soil microbes and certain
biological control agents have been shown to control disease and solubilize P [85]. All three Bacillus
isolates, B. subtilis Tu-100, B. subtilis BY-2, and B. megaterium A6 solubilized phosphate from inorganic
and organic sources (Hu et al., unpublished; [86]. In addition to controlling disease, combinations of
all three isolates in treatments of oilseed rape seeds resulted in promotion of growth relative to the
nontreated control in five different soils (Hu et al., unpublished) indicating that these plant-beneficial
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microbes contribute multiple environmental benefits. As with biological control, environmental
conditions influence the ability of these microbes to solubilize P [85]. More research is needed
regarding colonization and mode of action of these plant-beneficial microbes to facilitate their use in
enhancing sustainability of crop production systems.

4. Development of New Crop Cultivars for Sustainable Intensification in Agriculture

4.1. Improving Nutritional Quality of Crops

Until recently, classical breeding strategies were focused on developing crop cultivars for
mechanical harvesting, yield, size, and disease control while improving nutritional quality was
mostly unexplored. Lack of knowledge regarding metabolic pathways and their genetic components
likely contributed to slow progress on developing strategies to improve nutritional quality of crops.
Lately, attention has focused on developing nutrient-rich crops in response to consumer demand for
high nutritional quality foods. Although subject to debate [87]; and references therein], a number of
nutrition studies have linked diet with certain human health maladies–cancer, osteoporosis, diabetes,
hypertension, cardiovascular health, and age/lifestyle-related diseases [88–91]. Diet fortification
with off-the-shelf vitamins and antioxidants is a solution to enhancing human nutrition, but it is the
bioavailability of a nutrient in food that determines the extent to which the potential of a nutrient is
realized [92,93].

Improving nutritional quality of food will require new strategies and approaches. Currently
available crop cultivars developed with classical breeding approaches have been diminished in certain
health-promoting and flavor-enhancing molecules while the important agronomic attributes, yield and
time to harvest, have been optimized [94–98]. Significant reductions in minerals, protein content, and
vitamins over time were found in 43 garden crops in a US Department of Agriculture (USDA) survey
conducted between 1950 and 1999 [94]. Also, a recent study combining biochemical and genomic
analyses with consumer tasting panel data of approximately 400 varieties of tomatoes showed that
modern commercial varieties were significantly reduced in many flavor chemicals relative to older
varieties [99]. These and other studies clearly illustrate the need to use new approaches to recover not
only the flavor-imparting genes/compounds but also other important nutritional traits that may have
been lost due to intense classical breeding and selection.

Biotechnological approaches, using refined genomics, proteomics, and metabolomics tools
are available and capable of engineering crops for enhanced nutritional content. In particular,
progressive genetic engineering allows specific and controlled introduction of more efficient and
novel genes while RNA-programmable genome CRISPR/Cas9 technology has great potential for
editing inefficient or unwanted genes for development of crop germplasm with higher concentrations
of nutrients [100]. For example, engineered ‘golden’ rice that synthesizes and accumulates pro-vitamin
A, β-carotene, and protein is playing an important role in conquering malnutrition in the developing
world, particularly with children [101,102]. Similarly, transgenic multivitamin corn was developed
by introducing four different cDNAs encoding enzymes in the biosynthetic pathways of the
vitamins β-carotene, ascorbate, and folate. The resulting transgenic corn endosperm was shown
to accumulate β-carotene (~59.32 μg/gDW), the anti-cancerous lycopene (22.78 μg/gDW), vitamin
C (ascorbate) (106.94 μg/gDW), and zeaxanthin (35.76 μg/gDW) [103]. Additionally, tomato fruit
with enriched nutritional content (choline, lycopene, amino acids, sugars and organic acids) and
enhanced shelf-life was developed using ripening-specific expression of the polyamines spermidine
and spermine [104,105]. Unanticipated enrichment in lycopene levels in the engineered tomato by
2- to 3.5-fold as compared to the conventional tomatoes was substantial, exceeding that achieved by
classical breeding methods [104]. Transcriptomic analysis of high polyamine-accumulating tomato
fruits has shown that increased content of lycopene and flavonoids is consistent with upregulation in
the transcription profiles related to carotenoid and flavonoid biosynthesis pathways (Fatima T. et al.,
unpublished). Other examples of genetic engineering-mediated enhancement of specific food crops,
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including fruits and vegetables, with higher or novel doses of nutritional and disease-preventing
molecules have been collated and reviewed [91,98,106–108].

It is understood that genetic events, as well as environmental and crop production system factors,
impact both the type and quantity of cellular metabolites in crops [109,110]. In this regard, cross
talk between carbon metabolism and nitrogen sensing was detected in the polyamine-accumulating,
transgenic tomatoes described above when these plants were grown with hairy vetch as a cover
crop but not when grown with black plastic or in bare soil [105]. In these polyamine-accumulating,
transgenic hairy vetch-grown tomatoes expression of genes for PEP carboxylase (PEPC) and cytosolic
isocitrate dehydrogenase (ICDHc) was upregulated; these gene transcripts generally being activated
in response to nitrogen assimilation [111,112]. Increased high polyamine levels in tomato fruits grown
in hairy vetch were associated with a higher respiration rate, decreased concentrations of sucrose and
glucose, and increases in the aspartate family of amino acids, as well as malate, fumarate and citrate
relative to the other treatments [105] suggesting that additional nutritional benefit may be obtained
by combining transgenic tomato with a cropping system tailored to optimize nutritional content of
tomato fruit. There is a good probability that approaches used in this tomato model system can be
applied towards enhancing the levels and composition of health-related nutrients into other crops
such as grains [113].

4.2. Improving Abiotic Stresses Tolerance in Crop Cultivars

Crops are exposed to one or more abiotic stresses daily that impact crop yield and quality.
These include drought, temperature extremes, high light intensities and UV radiation, and salinity.
For example, high temperatures are known to reduce the grain filling period in wheat, oat, and field
corn [114–117]. Also, suboptimal environmental conditions resulting from abiotic stress are a major
cause for crops not achieving their full genetic potential for yield and crop quality, with yield losses
being as high as 50% [118–120]. Clearly, the development of stress-tolerant crops is important if we are
to increase agricultural productivity.

Developing stress-tolerant crops will require new strategies and approaches as classical breeding
techniques have been largely unsuccessful, possibly due to the involvement of multigenic traits.
Genetic transformation of crops by introducing genes that provide tolerance to one or more abiotic
stresses is likely needed. A medley of genes, including specific transcription factors that interact
directly or indirectly with genes associated with the abiotic stress signaling, have been identified
by techniques such as comparative transcriptomics and validated [108,121,122]. Some transcription
factors, belonging to a number of transcription factor families, enabled protection against multiple
stresses, including cold, drought, and excess salt [120,122–124]. Additional, important candidate
molecules that directly or indirectly impart tolerance to abiotic stresses include proteins with protective
functions (dehydrins, heat shock proteins [HSPs], late embryogenesis abundant proteins), osmolytes
(proline/trehalose/sugars), glycine betaine, signaling molecules (polyamines), and hormones (abscisic
acid, ethylene, and methyl jasmonate). With regard to transcription factors, it is important to
characterize which transcription factors among a family of transcription factors actually confer stress
tolerance, rather than simply being stress responsive, in order to successfully utilize them for genetic
transformation of a crop for improving resistance against one or more abiotic stresses.

Plants have been successfully enhanced in stress tolerance using genetic engineering.
Overexpression of wheat transcription factor TaHsfA2d, similar to rice OsHsfA2d, infused tolerance
of the transgenic Arabidopsis plant to a number of abiotic stresses—elevated temperatures, salinity
and drought [125]. Also, gene shuffling improved the function of Rubisco activase, a critical protein
in carbon fixation, and the resulting transgenic Arabidopsis plants performed better at moderately
high temperatures [126]; the chloroplast chaperone, a HSP cpn60b chaperone with Rubisco activase
acclimatized photosynthesis to higher temperatures [127]. HSPs accumulate in diverse plant cells in
response to even a short exposure to high temperature, and are normally synthesized to maintain
homeostasis of plant processes during these conditions. HSPs maintain functional conformation

149



Agriculture 2018, 8, 8

of other proteins and moonlight as chaperones in the assembly and transport of nascent proteins,
normally as well as in response to abiotic stresses [118,128–131]. Additionally, engineering crop plants
has resulted in resistance against various abiotic stresses and industry has successfully generated
drought resistant germplasm for farmers.

Genetic evidence has validated that plants synthesize small molecules for protection against
extreme environmental conditions. Small molecules that act as osmoprotectants include glycine
betaine, sarcosine, trimethylamine-N-oxide, glycine, proline, glutamate, mannitol, and trehalose.
These compounds correct the cytosolic imbalance caused by stress exposure [132,133], and references
therein]. For instance, salt-tolerant alfalfa plants roots accumulate two-fold more proline than the
salt-sensitive plants [134,135]. Additionally, different strategies used to develop transgenic rice plants
that accumulate proline and soluble sugars resulted in plants that were protected against drought and
osmotic stress [136–138].

Transgenic approaches have confirmed that polyamines, small molecules discussed above with
regard to their role in the fruit metabolome, play an important role in plant responses to various
abiotic stresses [120,139–142]. Polyamine pathway-deficient Arabidopsis mutants were more sensitive
to salt stress [143–147] while heterologous overexpression of polyamine genes generated transgenic
plants—Arabidopsis, rice, tobacco, and tomato, which were tolerant to abiotic stresses [148–154]. Also,
transgenic tobacco, rice, and tomato plants engineered to express heterologous S-adenosylmethionine
decarboxylase gene, a rate-limiting enzyme/gene in polyamine biosynthesis [100], showed tolerance
against salt, osmotic, and heat stresses [139,155–158], while overexpression of spermidine synthase
gene—in Arabidopsis, pear and potato plants—made these transgenic plants tolerant against drought,
salt and oxidative stresses due to the higher polyamine levels [152,153,159].

Thus, the success in developing novel germplasm/genotypes against abiotic stresses provides
a positive spin and encouragement for conducting bon-a-fide field trials of the engineered crop plants.
Such validation will catalyze producing super new high-yielding crops with durable resistance to
harsh environmental stresses to meet the food demands of world population.

4.3. Plant Biotic Stress Resistance and Antimicrobial Peptides (AMPs)

Traditional breeding strategies for plant resistance to pathogens have successfully mined ‘R’
(resistance) genes from related plant hosts and incorporated them into high yielding cultivars [68,160].
Research carried out to understand plant-pathogen interactions helped the discovery of plant
‘R’ genes that contained pathogen attack via ‘innate’ immunity. Elite breeding lines became
sources of disease-resistant germplasm that helped contain crop diseases with additional help from
chemical pesticide application. Such strategies are inherently time consuming in nature, pathogen
species-specific, and tend to be of short duration as new race(s) of pathogens develop/evolve
continuously, eventually overcoming R-gene plant resistance.

Antimicrobial peptides (AMPs) are a promising alternative to the use of ‘R’-genes for plant
resistance to plant pathogens [161,162]. AMPs are structurally diverse, small proteins consisting of
20–100 amino acids with the potential of imparting durable immunity to plants against pathogens.
Being small molecules, changing their chemical structure to enhance potency is relatively easy.
The combination of hydrophobic regions and net positive charge of AMPs allows electrostatic
interactions with the negatively charged polar heads and hydrophobic core of microbial pathogen
membranes [163]. Structural parameters other than conformation and charge include hydrophobicity,
hydrophobic moment, amphipathicity, and polar angle that make them toxic and target specific.
After binding their target, they permeabilize the pathogen membrane and impair pathogen cellular
functions. AMPs establish interactions at the surface of these microbes in spite of the fact that
prokaryotic organisms have significant structural differences, while their broad spectrum toxicity
also involves targeting intracellular components necessary for the survival and proliferation of the
pathogen. Structural disparity of prokaryotic and eukaryotic membranes contributes towards the
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AMP selectivity [164–166]. They are also amenable to alteration for higher potency via production in
higher amounts in heterologous systems using genetic biotechnology.

In vitro studies and in vivo expression of AMPs through transgenic approaches suggest that their
antimicrobial activity is taxonomically very broad, likely because they bind to commonly specific
domains that occur across great phylogenetic distances. AMPs are not cytotoxic to the host cells, thus
enhancing their scope and application in disease management. Natural selection favors a defensive
apparatus with a minimal maintenance cost plus a high deterrence value, which make AMPs fitting
tools in plant defense strategies. It is noted here that AMPs are also a tool used by microorganisms
including bacteria and fungi, likely for their defense [167].

AMPs Have Moonlighting Functions

Advancing research toward defining roles of AMPs in plant responses to abiotic and biotic stress
has led to new information that suggests they also catalyze other important functions related to plant
development. Some of these include roles in self-incompatibility—OCP-A1 and SP11 AMPs [168,169],
pollination—LUREs, DEFL, ZmES-1 and DEF2 AMPs [170–172], and root nodule-specific secretary
pathway [173,174]. Lipid transfer proteins, LTPs, are a class of cysteine-containing AMPs that
function in the synthesis of cuticular wax [175], pollen adhesion [176], guiding pollen tube towards
fertilization [177]—enabling enhanced tolerance to bacterial pathogens [178]. Molecular genetic
manipulation of some AMPs confirmed their other cellular function(s). Such manipulation of DEF2
demonstrated its role in pollen viability, seeding and morphology of tomato [179] and inhibiting
endogenous production of snakin-1 impaired potato plant development [180].

The promise and potential of employing AMPs not only in defense against pathogens but also
in modulating and enhancing plant developmental processes can be immense in contributing to
global food security. A test case that involved specific modification of the structure of the AMP,
msrA3, and its introduction into potato via genetic engineering [181] brought to light important
features about such a strategy which bear not only on disease-resistance phenomenon but also crop
production. msrA3-transformed potato lines were found to be resistant to the necrotrophic pathogen
Fusarium solani. Surprisingly, these transgenic potato plants mitigated normal plant defense responses
such as the hypersensitive response (HR) and production of reactive oxygen species (ROS). Other
characteristics of these transgenic potato lines included delayed leaf senescence and altered timing of
bud development. Additionally, these transgenic plants did not elevate ROS (H2O2) levels in response
to temperature stress or upon wounding, compared with the non-transformed wild-type potato. These
properties were accompanied by dampened levels of gene markers for HR, ROS and senescence in the
msrA3-transgenic plants [181]. Also apparent was that these transgenic potato plants were mitigated
in normal jasmonic acid and H2O2 signaling observed in the control plants. It was concluded that the
lack of oxidative burst, reduced H2O2 levels, and early suppression of gene transcription in response
to different stressors is an indication that msrA functions upstream of these processes, consistent
with the suggestion that the stress response pathways converge downstream of the stress recognition
patterns [182]. Coincident to these observations was the finding that the potato vegetative phase was
prolonged and bud development delayed. Of important agronomic consequence was the fact that the
msrA3 transgenic plants had significantly higher yield (52–57%) compared to the control plants.

The expression of msrA3 in potato suppressed ROS (and HR) and prevented the induction of
a number of gene transcripts, characteristics associated with extended vegetative growth, delayed
floral development, and higher tuber yield. By extrapolation to studies in the literature, the delayed
allocation of resources for reproductive growth seemed to translate into an increased tuber yield in
the transgenic potato. Therefore, a dual action of msrA involving containing pathogen growth and
maintaining a lower basal oxidative stress may contribute to enhanced productivity in plants. Since
resource reallocation involves a global shift in the levels of hormones IAA and GA and/or nutrient
balance, one can assume that msrA function may influence these processes. A stress environment
induces a higher threshold of ROS, which in plants modulates development, signaling the stressed
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plant to grow rapidly, flower early and even shorten the grain filling period in field crops to complete
the life cycle. Such a redirection of nutrient flow from vegetative organs to reproductive growth seems
to be the norm during a plant’s transition from vegetative to reproductive growth. It is also known
that generation of ROS-mediated HR (as a response to a stress or a pathogen attack) causes a shift
in cellular metabolism for resource re-allocation, involving global changes in gene expression. Thus,
a heightened defense response of a plant contributes to the fitness cost, as seen during JA-dependent
defense against herbivores and pathogenesis.

5. Conclusions

Feeding the world’s future population will place unprecedented demands on agriculture,
necessitating a dramatic increase in food production while at the same time decreasing the negative
impacts of agriculture on land, water, and climate [2]. Next-generation cropping systems employing
sustainable aspects of existing conventional and organic cropping systems can decrease the impact of
agriculture on the environment. Cover crops, in addition to environmental benefits such as reducing
erosion, can be used for weed and pathogen control decreasing the need for synthetic pesticides and
tillage. Cover crops can also be used for managing soil fertility decreasing the need for synthetic N
fertilizer inputs. Likewise, beneficial microbes can be used for control of pathogens and for improving
soil fertility. As illustrated here, next-generation cropping systems can also have beneficial impacts on
crop plant physiology. Vetch-grown tomatoes were delayed in senescence, producing fruit for extended
periods, and induced in expression of genes involved in plant disease resistance. Unfortunately,
the use of these cover crops and plant-beneficial microbes only leads to yields that approximate, or are
attempting to approximate, yields already obtained using synthetic pesticides and fertilizer. To increase
yields we will need to develop better performing crop cultivars using all available technologies,
including genetic engineering.

Genetic improvement of plants through biotechnology to tolerate, or be resistant to, abiotic and
biotic stresses will be a key component of future global food security as these stresses can result
in substantial yield losses globally each year [183]. Current high-yielding crop varieties only yield
well under ideal environmental conditions with high pesticide and fertilizer inputs. A second Green
Revolution is needed where crops are developed that yield well under environmental extremes with
low input of pesticide and fertilizer [184] for use in sustainable crop production systems. Genetic
improvement of crops via genetic engineering and other biotechnology approaches will be needed to
complement, or replace, traditional breeding efforts as they make available a broader range of genes
such as AMPS, etc. and can be used in a more precise manner than traditional breeding [184,185].
In addition to being more time consuming and limited by diminished gene pools, traditional crop
breeding methods are subject to linkage drag. As illustrated here, novel approaches are available using
genetic engineering of crop plants to enhance abiotic stress tolerance and increase resistance to biotic
stress. Examples of commercial success of genetic engineering for crop resistance to stress include Bt
cotton, corn, and other crops [186].

More nutritious foods are also needed. Although there appears to be an impact of cropping system
on nutritional content of food the perception that organic foods are more nutritious than conventionally
produced food is the subject of debate. Some reviews and meta-analyses found some evidence of
organic food being more nutritious in certain cases, however, there were questions as to whether
the differences in nutritional content were meaningful. Other studies concluded that there were
no meaningful differences in nutritional content between organically produced and conventionally
produced food [24,187]. Therefore, substantial improvement of the nutritional content of food will
likely require new germplasm generated using advanced biotechnological approaches. As pointed out
with the tomato-hairy vetch system added nutritional benefit can be obtained combining genetically
modified crops with the appropriate sustainable crop production strategy.

It should be noted that approaches for sustainable intensification described here relate primarily
to regions of the world with sophisticated agricultural production systems. Countries that have not
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yet achieved food security face different challenges than the those with sophisticated agricultural
production systems. In these countries crops are typically produced by farmers on small parcels of
land not suitable for advanced agricultural technologies. However, increasing yield may be as simple
as obtaining improved seed and fertilizer, or outreach providing informed advice on appropriate rates
of fertilizer [188]. Clearly, to meet the challenge of sustainably feeding the future world population
many different regional-specific approaches need to be developed and implemented.
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