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Abstract

Plants convert mineral elements from the soil into organic
molecules, thereby serving as a major entry point of these
elements into the food web and ultimately impacting human
nutrition. Therefore, it is important to understand how plants
regulate the homeostasis of these elements and how multiple
mineral nutrient signals are wired to influence plant growth.
The emergence of big data and methods for their analyses
open new avenues for answering these questions. Here, we
review the current understanding of how plants respond to
single and multiple mineral nutrient limitations. We further
highlight the importance of integrating omics data to gain
new insights on mineral nutrition as an integrated system,
which is required for devising future strategies to improve
crop yield.
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Introduction
Mineral elements are essential nutrients for plants to
complete their life cycle. Plants require many macronutrients, such as phosphorus (P) and sulfur (S), and
micronutrients, such as iron (Fe) and zinc (Zn), to
ensure basic cell functions [1]. Most plants acquire
these mineral nutrients from the soil through their roots
[2]. Plants take up P and S in their inorganic forms,
phosphate (PO4 3 , Pi) and sulfate (SO4 2 ), and convert
them to essential molecules such as nucleic acids, ATP
(a major energy carrier), lipids, amino acids, thiols and
polysaccharides [3,4]. Fe is needed for life-sustaining
processes from photosynthesis to respiration, yet it can
be toxic at high levels due to its propensity to form
www.sciencedirect.com

hydroxyl radicals that can damage cellular constituents
[5,6]. Plants must sense the levels of all mineral nutrients in the soil and regulate various processes, such as
uptake, metabolism and sequestration, to maintain their
intracellular levels within working ranges. These processes are collectively termed mineral nutrient homeostasis. Understanding how plants regulate mineral
nutrient homeostasis is important for advancing our
basic knowledge of plants and highly relevant for
modern agriculture in order to meet the growing
demand for food.
In light of emerging research findings, the canonical
textbook view of mineral nutrient homeostasis regulation in which each nutrient’s level is controlled by its
own mechanisms and signaling pathways is too
simpledthere is a complex coordination between the
homeostases of various mineral nutrients. For instance,
Fe and S physically interact to form FeeS clusters that
are a major sink for Fe and essential for many cellular
enzymatic reactions, including photosynthesis and
respiration [7]. Pi is known to be an efficient chelator of
Fe. Fe is mainly chelated and stored in seed vacuoles
through a tight interaction with Pi ions of phytate
(inositol hexakisphosphate = IP6) [8]. P and S are
metabolically interdependent. For example, phospholipids are rapidly replaced by sulfolipids during P deficiency, and sulfolipids are replaced by phospholipids
under S deficiency [9,10]. Consistent with their interactive roles, deficiency of one element causes changes in
the accumulation of the other elements. For example, S
deficiency (-S) decreases leaf Fe concentration in
tomato [11]. P deficiency causes Fe and S accumulation
in the leaf and root [12]. Beyond these binary interactions among P, S and Fe, there are many other interactions recognized in plants, such as Fe and zinc
(Zn) [13], P and Zn [14,15], Pi and nitrate (NO3 )
[16], to name a few. On a larger scale, ionome analysis
showed that changing one or more nutrients from the
medium affects the concentrations of many other nutrients in planta; some with known causes and some that
are yet to be discerned. For example, theionome of
Arabidopsis thaliana plants (Columbia-0 ecotype) grown
under -P revealed significantly increased concentrations
of Fe, Zn and S and decreased concentrations of P,
copper and cobalt [12,17]. Ionomics thus further support the existence of relationships among mineral
element homeostasis in plants. Nevertheless, the molecular basis of most of these interactions remains
obscure. A major challenge is to examine mineral
Current Opinion in Systems Biology 2017, 4:71–77
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nutrition as a system and to develop tools that enable
modeling and analysis of gene networks that integrate
the availability of macro- and micro-elements and their
interactions (bipartite, tripartite, etc.) [18].

mineral nutrient homeostasis. Mapping such networks is
only the beginning of deciphering the molecular mechanisms that control the physiological and developmental
processes to integrate mineral nutrient signals.

Plant mineral nutrition has greatly benefited from the
development of high-throughput measurement technologies for biomolecules such as DNA, RNA and proteins, which has generated new insights of biological
systems at the molecular level. Here, we review recent
evidence supporting the existence of crosstalks between
P and Fe signals to adjust root growth, and provide our
perspective on how best to use big data and systems
biology approaches to uncover the molecular basis and
gene regulatory networks that govern the coordination of

Mineral nutrient epistasis between
phosphorus and other nutrients to regulate
root growth
Plants have evolved numerous adaptive mechanisms to
cope with nutrient deficiencies, including changes at
morphological, physiological and molecular levels. At a
morphological level, plant roots are particularly sensitive
to the limiting and fluctuating availability of mineral
elements in the soil. Root growth is highly plastic in
response to various nutrient stresses [19], presumably to

Figure 1

Epistatic interactions between mineral nutrients to control primary root growth Phosphorus deficiency (-P) strongly inhibits primary root growth
(PRG) compared to control condition (Ct) [23]. In contrast, sulfur (-S) [21] or iron (-Fe) [20] deficiency (but not removal) causes slight promotion of PRG.
Simultaneous mineral nutrient deficiency stress affects PRG non-additively compared to single nutrient deficiency. Simultaneous deficiencies of P and Fe
(-P-Fe) restore the PRG capacity compared to -P alone. Combined -S and -P stress (-S-P) inhibits PRG similarly to -P alone [22]. Positive and negative
effects on PRG are indicated by arrow and flat-ended lines, respectively. The effects of these deficiencies on shoot and lateral root growth are not shown
in this schematic representation.
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allow optimal exploration of the soil and enhance mineral nutrient uptake capacity (Figure 1). Changes in the
availability of various nutrients have contrasting effects
on primary root growth (PRG), likely triggered by
nutrient-specific sensing and signaling pathways. In
Arabidopsis, removing Fe (Fe starvation) reduces PRG
[19]. However, reducing Fe but not completely
removing it (Fe deficiency) promotes PRG [20]. This
complex effect of Fe on PRG remains poorly understood.
Similar to Fe deficiency, reducing S promotes PRG [21]
(Figure 1). However, both P starvation and deficiency
reduce PRG [20].
The effect of single element deficiency on root growth
depends on the availability of other elements in the
growth medium [20,22]. In Arabidopsis, experiments
assessing the effects of simultaneous deficiencies of two
or more elements (e.g. N, P, S and potassium (K)) on
root growth revealed that root system architecture was
determined by the interaction of different nutrient
signals [22]. While P caused the most important
single-nutrient effects, the effects of S occurred mostly
through nutrient interactions in paired or multiple
combinations. Simultaneous P and S deficiency (-P-S)
stress inhibited PRG in a similar manner as the single P
deficiency (-P) [22] (Figure 1). In contrast, simultaneous P and Fe deficiency (-P-Fe) modulated PRG in a
similar manner as Fe deficiency (-Fe) [20] (Figure 1). It
has been proposed that the increase of root Fe concentration in P-deficient plants may be the cause of PRG
inhibition [20]. The hypothesis is that the accumulation
of Fe is ‘toxic’ for root growth under -P [20]. Consistently, simultaneous P and Fe deficiencies permit the
recovery of PRG (Figure 1) [20]. Taken together, these
observations indicate the existence of epistatic interactions between mineral nutrients that regulate root
growth. Further molecular dissection of these crosstalks
will be essential to explain how plants integrate multiple
nutritional stimuli into complex developmental
programs.
Molecular mechanisms for P and Fe interaction in controlling root growth are emerging. Several genes that
regulate PRG under P deficiency have been identified
(reviewed in Ref. [23]). In Arabidopsis, under low P
regime, mutants of these genes are characterized by
their ability to maintain PRG, such as the low phosphate
root 1 (lpr1) mutant [24], or by a strong inhibitory effect
on PRG (hypersensitivity) such as the phosphate deficiency
response 2 (pdr2) mutant [25]. LPR1 encodes a cell wall
targeted ferroxidase and PDR2 encodes a P5-type
ATPase (AtP5A). It is thought that PDR2 represses
LPR1 [24,26]. Under low P, the PDR2eLPR1 module is
proposed to mediate the accumulation of Fe, reactive
oxygen species (ROS) and callose in root meristems,
which is alleviated by Fe deficiency [27]. This Fedependent callose deposition was proposed to be a
cause for PRG inhibition through prevention of the
www.sciencedirect.com
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symplastic cell-to-cell communication that causes apical
root meristem differentiation [27]. This provides circumstantial physiological and molecular evidence for a
link between Fe and P homeostases to regulate PRG.
Recently, a transcription factor SENSITIVE TO
PROTON RHIZOTOXICITY (STOP1) and its target
ALUMINUM ACTIVATED MALATE TRANSPORTER 1 (ALMT1) were identified as an important
module that promotes Fe accumulation under low P in
the root meristem [28]. This Fe accumulation was
dependant on malate exudation and presumably malate
chelating Fe. This module was shown to inhibit cell
expansion under P deficiency [29]. These two modules, LPR1-PDR2 and STOP1-ALMT1, could serve as
molecular entry points for elucidating the global gene
networks that coordinate P and Fe signals to shape PRG
and modulate P and Fe homeostases.

Transcriptomics data as a basis for gene
regulatory networks underlying nutrient
homeostasis
Transcriptomics experiments have identified many
genes whose expression changes in response to nutrient
deficiencies. But, we currently have only a limited understanding of the way these genes are organized and
coordinately function to govern the plasticity of root
architecture under different nutrient deficiencies.
Below, we present insights gained from publically
available transcriptomics data, and propose a way for
how to use these data to construct gene regulatory
networks (GRNs) that control individual and multiple
nutrient stress responses.
Transcriptome analysis of plants subjected to various
nutrient deficiencies revealed that individual nutrient
deficiency imposes a large transcriptome reprogramming, which vary between leaves and roots (e.g. P [30],
Fe [31] or S [32]), and vary depending on the duration
of nutrient deficiency (e.g. Ref. [12]). While transcriptome analysis supports the concept of nutrientspecific deficiency responses, it also indicates the
presence of interactions between nutrient homeostases.
For example, transcriptome analysis of P deficient
Arabidopsis plants revealed a down-regulation of Fe
deficiency responsive genes, and reciprocally an upregulation of excess Fe responsive genes [12,18]. The
same transcriptome showed an induction of genes
encoding sulfate transporters (e.g. SULTR 1;3, SULTR
3;4) that may facilitate the uptake of S, possibly to meet
the metabolic demand to increase sulfolipids in
replacement of phospholipids [9,12]. Transcriptome
from Fe deficient Arabidopsis plants showed coexpression of Fe-deficiency response genes with genes
involved in sulfate transport and S assimilation [33].
Beyond comparing transcriptome data obtained from
plants grown under individual nutrient stresses, transcriptional responses to combined nutrient starvation
Current Opinion in Systems Biology 2017, 4:71–77
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regimes have been obtained and further confirmed the
presence of complex interactions between various
nutrient deficiency signals [22]. Collectively, these
transcriptomics data clearly demonstrate that nutrient
homeostasis interaction in plants is a general rule rather
than an exception. So far, only few regulatory genes have
been shown to play a role in the coordination of multiple
nutrient homeostases. PHOSPHATE RESPONSE 1
(PHR1) TF has been proposed to act as an integrator of
P, S and Fe signals [34,35]. Beyond its involvement in
the regulation of P starvation related genes such as the
high affinity Pi transporter PHT1;1 [12], PHR1 regulates
a sulfate transporter (SULTR1;3) [34] and induces
expression of a key gene involved in Fe chelation,
Arabidopsis FERRITIN 1 (AtFER1) [35]. Nevertheless,

PHR1 does not regulate all Pi-response genes or all
genes at the interface of P-, Fe- and S-homeostasis
interaction. Therefore, future research opportunities
exist in identifying new TFs that integrate different
nutrient deficiency signals and elaborate appropriate
decision-making mechanisms to adapt growth (e.g. root
growth) on the basis of the plant’s nutritional status
(Figure 2).
Identifying TFs involved in the regulation of nutrient
deficiency stress through analysis of transcriptome data,
and then establishing the nature of the interactions
between these TFs and target genes is crucial for
specifying gene-expression programs and for generating
GRNs. There is a plethora of tools and methods to infer

Figure 2

Construction of gene regulatory networks Information collected from forward genetics, genome-wide association studies (GWAS), transcriptomics,
protein–protein and promoter-binding interaction assays can be integrated to generate gene regulatory networks (GRNs). In addition to forward genetic
approaches, quantitative genetic approaches that explore natural variation of plants subjected to single (e.g. -P, -Fe, -S), double (e.g. -P-Fe, -P-S, -Fe-S)
and triple (e.g. -P-Fe-S) nutritional stresses can help identify new genes involved in controlling responses to these nutritional stresses. Analysis of
transcriptomics data will enable the identification of exhaustive lists of genes responding to these nutrient deficiency conditions, and modules based on
their expression patterns. Protein–protein interaction analysis will assess the capacity of transcription factors (TFs) to interact with each other. TFpromoter binding interaction analysis will allow the identification the genome-wide binding sites for each TF, and thus identify their potential target genes.
These key genes can also be further characterized using classic genetic and biochemical approaches. Computational biology tools that build GRNs can
help identify modules—sets of biologically interconnected genes underlying the same signaling pathway(s). Genes that are common between two (yellow
stars) or three (red stars) stresses indicate potential key genes that integrate multi-nutrient signaling pathways.
Current Opinion in Systems Biology 2017, 4:71–77
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GRNs using experimental data (reviewed in Ref. [36]).
For instance, GRN inference programs such as GENIE3
[37] or LBN [38] can be used to construct transcriptional regulatory networks as illustrated in Figure 2 for
GRNs governing mineral nutrient signaling crosstalks.
Generated GRNs can help identify a number of new
genes and TFs involved in either individual or multiple
mineral nutrient homeostases (Figure 2). The
constructed GRNs can also lead to identifying transcriptionally co-regulated genes and discovering new
genes that function in the same process (functional
modules) in single nutrient or multi-nutrient GRNs
(Figure 2). For example, the constructed GRN can
generate a useful set of candidate genes that underpin
the responses of primary root growth to different combinations of P, S and Fe (Figure 2). Validation of these
newly identified genes requires in planta testing. For
instance, validation of key regulatory genes such as TFs
would include the analysis of expression profiles of their
predicted target genes in different genetic backgrounds
(e.g. wild-type plants, knock-out mutants and overexpressing lines). Methods based on proteineDNA
binding profiles [39,40] and proteineprotein interactions [41] enable linking these TFs to their target
genes and between TFs, respectively (Figure 2).
Assessing the effects of the mutations and overexpression of TFs and their target genes on PRG of
plants grown under different combinations of P, S and Fe
constitutes an important step to link these genes to root
growth and ultimately validate the constructed GRN.
Elucidation of where and when the genes and proteins
in the network function at the cellular, tissue and organ
system levels will be needed to enable a system-level
understanding of these networks.

Combination of GWAS and omics data to
identify pathways that coordinate nutrient
homeostases and root growth under
nutrient deficiency
Nutrient deficiency imposes changes in the transcriptome, activates molecular transport systems operating in the roots to enhance nutrient uptake capacity,
and modulates root growth and development (Figure 1).
For example, the root growth inhibition by -P conditions
is concomitant with enhanced Pi uptake and translocation capacity, which involves two main Pi transporters PHT1;1 and PHOSPHATE1 (PHO1)
respectively [3]. Nevertheless, our knowledge about
how the various nutrient uptake systems are integrated
to control root growth is still limited. Combination of
classic genetic approaches, omics data (e.g. transcriptomics, proteomics) and genome-wide association
studies (GWAS) will help identify key genes and organize them into functional modules and pathways that
control nutrient homeostasis and root growth under
nutrient deficiency.
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The existence of genes that are involved in both
nutrient uptake and root growth has been documented
in Arabidopsis. For example, a GWAS in Arabidopsis
showed an Fe uptake gene FERRIC-REDUCTION OXIDASE2 (FRO2) to be involved in regulating PRG under
-Fe condition [42]. Furthermore, a GWAS has revealed
the involvement of a Pi transporter PHO1 in regulating
RSA under high nitrate conditions [43]. The availability
of thousands of genotypes in a given plant species (e.g.
A. thaliana) [44], development of methods to simultaneously evaluate thousands of roots using image analysis
non-destructively [45] and methods to quantify the
ionome in roots using high-throughput inductively
coupled plasma mass spectrometry (ICP-MS) [46]
enable obtaining multiple quantitative data sets, PRG
and ionome respectively, on the same plants. Performing
GWAS based on PRG and ion concentrations of plants
grown on either single or multiple nutrient stress conditions will lead to the detection of candidate genes
controlling these traits. The common candidate genes
for both traits could be indicative of their potential roles
in controlling nutrient levels and PRG, which will
require testing in planta. It is important to go beyond
detection of candidate genes by GWAS to the identification of pathways and functional modules that explain
complex traits. Genome-scale gene co-function networks such as AraNet [47] can be used to predict gene
modules and pathways from a list of genes such as
GWAS candidates. For example, starting with a list of
candidate genes detected by GWAS, AraNet2 [48] was
able to effectively identify and prioritize novel candidates for complex traits (e.g. shade avoidance) in
Arabidopsis [49]. Taken together, combining diverse big
data is a promising approach to identifying pathways and
functional modules that have been previously unrecognized in the regulation of nutrient homeostasis and root
growth under single and combined nutrient deficiency
stresses.

Conclusion
How plants integrate different stress signals to maintain
mineral nutrient homeostasis and modulate their growth
capacity constitutes a frontier in plant nutrition.
Although plant systems biology is still in its early stages, a
growing list of datasets and computational tools are
becoming available. Integration of big data holds promise
for constructing gene regulatory networks to help solve
the mystery of mineral nutrient signaling crosstalks.
Identification of these networks will represent a breakthrough in understanding the molecular mechanisms
underlying nutrient signal interactions. The translation
of network knowledge from model plants to crops can
help develop effective and sustainable biotechnological
solutions to enhance mineral nutrition in plants in natural or agricultural environments and meet the challenges facing agriculture in the 21st century.

Current Opinion in Systems Biology 2017, 4:71–77
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