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In nature, land plants as sessile organisms are faced with multiple nutrient stresses

that often occur simultaneously in soil. Nitrogen (N), phosphorus (P), sulfur (S), zinc

(Zn), and iron (Fe) are five of the essential nutrients that affect plant growth and health.

Although these minerals are relatively inaccessible to plants due to their low solubility

and relative immobilization, plants have adopted coping mechanisms for survival under

multiple nutrient stress conditions. The double interactions between N, Pi, S, Zn, and Fe

have long been recognized in plants at the physiological level. However, the molecular

mechanisms and signaling pathways underlying these cross-talks in plants remain poorly

understood. This review preliminarily examined recent progress and current knowledge

of the biochemical and physiological interactions between macro- and micro-mineral

nutrients in plants and aimed to focus on the cross-talks between N, Pi, S, Zn, and Fe

uptake and homeostasis in plants. More importantly, we further reviewed current studies

on the molecular mechanisms underlying the cross-talks between N, Pi, S, Zn, and

Fe homeostasis to better understand how these nutrient interactions affect the mineral

uptake and signaling in plants. This review serves as a basis for further studies on multiple

nutrient stress signaling in plants. Overall, the development of an integrative study of

multiple nutrient signaling cross-talks in plants will be of important biological significance

and crucial to sustainable agriculture.

Keywords: nitrogen, phosphorus, sulfur, zinc, iron, nutrition cross-talks, nutrient homeostasis

INTRODUCTION

In natural ecosystems, terrestrial vascular plants as sessile organisms are faced with highly variable
environmental conditions and the consequent stresses associated with varying environmental
signals, including soil nutrient-deficiency signals, which affect growth and development negatively
(Bouain et al., 2019). Crop species in agricultural soils are subjected to various nutrient stresses
during their lifecycle, such as lower availability of essential mineral elements, including nitrogen
(N), phosphorus (P), sulfur (S), zinc (Zn), and iron (Fe). Thus, plants have evolved highly
sophisticated mechanisms to coregulate these stresses in order to maintain homeostasis (Saenchai
et al., 2016; Bouain et al., 2019; Xie et al., 2019).

Higher plants require at least 17 essential mineral elements for survival and development,
including macro- and microelements (Marschner, 1995). In addition, the beneficial elements, such
as selenium (Se) and silicon (Si), are important for optimal crop growth and production and
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are beneficial trace elements in human health (Meharg and
Meharg, 2015; Zhou et al., 2020). A deficiency or excess of
any of the mineral elements can result in physiological and
metabolic disorders in plants, and adversely affect plant growth
(White and Brown, 2010). However, nutrient availability is largely
constrained by soil physicochemical properties (Alam et al.,
1999; Kim et al., 2016); hence, plants have developed several
mechanisms to cope with the changes, ranging from deficiency
to excess (Maathuis, 2009; Krouk et al., 2011; Gruber et al., 2013).

In the last decades, the impact of nutrient deficiencies on crop
growth and production has become a major concern, and the
adverse effects threaten food safety and quality (Abelson, 1999;
Neset and Cordell, 2012; Shahzad et al., 2014). To meet the global
demand for food and agricultural raw materials, farmers rely
heavily on the use of fertilizers to improve crop yield. However,
long-term use of fertilizer is associated with negative ecological
impacts, such as soil compaction and acidification, water loss,
and soil erosion. The problems associated with the long-term use
of fertilizers can be reduced by the use of nutrient-efficient crop
varieties and previously uncultivated lands that are nutrient-rich
for crop production. Therefore, for sustainable agriculture and
reduced use of fertilizer, breeders and molecular scientists should
focus on developing mineral-efficient crop varieties. However,
to achieve this goal, an in-depth understanding of the response
of plants to soil nutrient deficiency and the associated signaling
pathways is necessary (Briat et al., 2015; Bouain et al., 2019).

Previous studies focused mainly on understanding the
mechanisms and signaling pathways involved in maintaining
homeostasis during a single nutrient deficiency in model plants,
such as Arabidopsis and rice, without considering other nutrients
or multiple nutrient-deficiency scenarios. However, the results
of these studies have contributed to the knowledge of genes
involved in maintaining mineral nutrient homeostasis during
nutrient deficiency. Using molecular biology, genetics, and omics
approaches, several key genes that regulate N, phosphate (Pi), Zn,
and Fe uptake and homeostasis in Arabidopsis and rice plants
during mineral deficiency have been identified (Kobayashi and
Nishizawa, 2012; Park et al., 2014; Bouain et al., 2018; Yang
et al., 2018). Mineral nutrient cross-talks in plants have been a
topic of interest in plant nutrition. Over 7 decades, physiological
and molecular studies have revealed the existence of antagonistic
or synergistic relationships between macro- and micronutrients
(Reed, 1946; Cakmak and Marschner, 1986; Huang et al., 2000;
Misson et al., 2005; Zheng et al., 2009; Bouain et al., 2014a,b;
Varala et al., 2018; Medici et al., 2019; Chaiwong et al., 2020).
Recent findings on stresses associated with nutrient deficiency
have indicated that plant growth response is remarkably affected
by the complex cross-talks between N, Pi, Zn, and Fe uptake and
homeostasis in plants. Pi has been reported to interact with Zn
and Fe in plants (Zheng et al., 2009; Bouain et al., 2014a; Briat
et al., 2015). However, studies on how plants integrate multiple
nutrient signals into developmental programs, as well as the
molecular processes underlying these complex cross-talks, are
limited. Very recent investigation has suggested that variations
in nutrient availability elicit the unique signatures of substantial
transcriptional reprogramming, and gene co-expression analysis
further suggests that master transcriptional regulators, which are

the PIF4, HY5, and NF-Y responsible for light signaling (Siefers
et al., 2009; Chen et al., 2016; Paik et al., 2017), coordinate plant
growth and nutrient utilization in response to nutrient stresses
(Brumbarova and Ivanov, 2019). Therefore, there is a need for
integrative studies on the cross-talks between N, Pi, Zn, and/or
Fe nutrient uptake and signaling in plants. The understanding of
these cross-talks could be crucial to developing nutrient-efficient
crops, with improved crop yield and quality.

In this review, we examined recent studies on the chemical
and biochemical interactions between macro- and micro-
elements in plants, physiological interactions among these
mineral nutrients in plants, and focused on the physiological and
molecular cross-talks between N, Pi, S, Zn, and Fe homeostasis
to better understand how these nutrient interactions affect the
mineral uptake and signaling in plants.

CHEMICAL AND BIOCHEMICAL
INTERACTIONS BETWEEN MACRO- AND
MICRO-ELEMENTS IN PLANTS

The physiological-biochemical connections have been built up
between Pi and Fe in plants (Hirsch et al., 2006;Ward et al., 2008).
First, the Pi-Fe complex forms the precipitates in rhizosphere
soils, reducing the availability of the P and Fe elements for plants.
As a result, the iron uptake system is activated in roots under
Fe-limited and Pi-sufficient conditions (Ward et al., 2008; Briat
et al., 2015). By contrast, Pi deficiency enhances Fe and aluminum
(Al) accumulation in plants (Misson et al., 2005; Hirsch et al.,
2006; Ward et al., 2008). On the other hand, plants have activated
several forms of biochemical fitness to Pi deficiency. For example,
plants produce the organic acids through aluminum-induced
malate and citrate transporters (Delhaize et al., 2012) to increase
the P solubility and make soil Pi available for root acquisition.
Because organic acids have a high affinity for Calcium (Ca),
Al, and Fe salts and can displace inorganic Pi from these
precipitates (de Bang et al., 2021). Once Fe and Pi entered
the roots, Fe can interact with Pi inside roots, resulting in a
decreased Pi translocation to the aboveground tissues (Cumbus
et al., 1977; Mathan and Amberger, 1977). A similar interaction
has been observed in leaves, where high Pi promotes chlorosis,
although Fe content is sufficient in leaves (Dekock et al., 1979).
However, in seeds, Fe is stored in vacuoles in the form of inositol
hexakisphosphate-Fe complex (Lanquar et al., 2005). These
findings reveal that Pi is a chelator of Fe in plants. Therefore,
the alterations in Pi homeostasis in plants significantly affect the
availability of Fe, and these findings provide further evidence for
the chemical interaction between Pi and Fe homeostasis in shoots
and seeds.

From the biochemical viewpoint, in plants, Fe is considered
to interact with S for the Fe sink formation of Fe-S clusters,
which are necessary for many cellular enzymatic reactions
during photosynthesis and respiration processes (Couturier et al.,
2013; Briat et al., 2015; Przybyla-Toscano et al., 2021). It
is of interest to study the potential role of the Fe-S cluster
abundance in plants in response to different nutrient stresses in
the future (Couturier et al., 2013; Forieri et al., 2013). On the
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FIGURE 1 | Cross-talks between macro- and micro-elements or beneficial

elements in plants in response to individual mineral deficiency. Interactions

resulting from single-element deficiency (any one of 16 elements) lead to

enhanced (solid lines) or decreased (dashed lines) uptake of other minerals.

Updated from the previous publications (Bokor et al., 2015; Rai et al., 2015;

Maillard et al., 2016; Courbet et al., 2019; Chaiwong et al., 2020; Zhou et al.,

2020; Ji et al., in press).

other hand, sulfur deficiency interacts with the plant ionome,
leading to a reduction in the photosynthetic carbon assimilation
and metabolism processes (Courbet et al., 2019; Jobe et al.,
2019; de Bang et al., 2021). The ferredoxin is an important
component of the groups in Fe-S proteins andmodulates electron
transfer in the photosynthetic electron transport chain (Forieri
et al., 2013; Zheng and Leustek, 2017). Therefore, S deficiency
suppresses the photosynthetic efficiency and accelerates the
chlorotic development in leaves (de Bang et al., 2021).

A large part of Fe and other micronutrients [such as Zn,
manganese (Mn), and copper (Cu)] interactions could be
explained by the competition of these ions by transceptors or
sensors. Kobayashi et al. (2003) reported that tobacco plants
subjected to combined deficiency of Fe, Zn, Mn, and Cu showed
mitigated Fe-deficiency symptoms when compared with the
individual Fe deficiency. Accordingly, the authors proposed that
plant Fe sensors detect the cellular concentration ratio between
Fe and other micronutrients rather than sole Fe concentration
(Kobayashi et al., 2012, 2013; Kobayashi and Nishizawa, 2014).

However, a part of some other macro- and micro-elements
interactions could be explained by competition of the metal ions
by chelators or transporters. Ca modulates the leaf cell-specific
phosphorus allocation. For example, Ca enhances the allocation
of phosphorus to palisade mesophyll cells in Proteaceae under
high P conditions (Hayes et al., 2019). In addition, cadmium
(Cd) affects the translocation of some metals in either a Fe-like
or Ca-like way in poplar plants and inhibits the transport of Ca-
like metals competitively. The reduced translocation of chelator-
dependent metals implicates Cd-related disturbances in the gene

expression of xylem transporters or chelators (Solti et al., 2011).
Furthermore, competition between uptake of ammonium and
potassium exists in barley and Arabidopsis roots. It was shown
that plant K+ transporters and channels could transport NH+

4 .
Consequently, NH+

4 uptake through the K+ transporters may
contribute to NH+

4 excess in the cytoplasm under K+ limitation;
conversely, K+ application can alleviate the cellular NH+

4 toxicity
(ten Hoopen et al., 2010). From the chemical viewpoint, it
has been shown that the chemical interactions that generate
plant mineral nutrient dynamics can result from the chemical
similarities or analogy between elements (Baxter, 2009; Courbet
et al., 2019). It has been found the results of chemical analogy for
elements-derived ions at the transporter level. For example, the
chemical analogs of S (Se) and Ca (Sr) share the same transporter
to take up these elements. Similarly, another example has been
shown that phosphate transporters can take up phosphate as
well as arsenate, resulting in the interaction between P and As
(arsenic) in plants.

Overall, it is generally acknowledged that these macro-
and micro-elements chemically or biochemically interact at
various tissues throughout the life cycle of plants. However,
the underlying molecular mechanisms regulating the integrated
homeostasis of these elements remain to be deciphered.

THE FUNCTIONAL IONOME OF PLANTS:
THE COMPLEX CROSS-TALKS BETWEEN
MACRO- AND MICRONUTRIENTS

More than a decade ago, the “ionome” was defined as “the
mineral nutrient and trace-element composition of a living
organism” (Salt et al., 2008). Recently, the concept of functional
ionome has been proposed by some scientists (White et al.,
2017), and the functional ionome contains all the mineral
elements, which are essential for the growth and development
of living organisms. These elements can be classified into the
macronutrients N, P, potassium (K), S, magnesium (Mg), and
Ca, and into the micronutrients Zn, Fe, Cu, Mn, molybdenum
(Mo), nickel (Ni), and boron (B) (White and Brown, 2010;
Figure 1). Nevertheless, several earlier studies have revealed
that three additional elements, including Si, cobalt (Co), and
Se, are also essential for optimal plant growth (Epstein, 1999;
White et al., 2004; Van Hoewyk et al., 2008; Tan et al., 2010;
Figure 1).

It is well-known that the mineral element composition
of a plant is highly regulated at different hierarchic levels
(Lešková et al., 2017; Courbet et al., 2019). These sophisticated
regulations allow plants to optimize ion uptake and protect
plants from highly reactive ions. Andresen et al. (2018)
reviewed such complex regulation of trace metal metabolism in
plants. However, the multiple cross-talks between macro- and
micronutrients have been uncovered in several local approaches;
therefore, it is necessary for investigating the dynamics of
plant ionome in a global way. A complete understanding of
ionome homeostasis requires a thorough investigation of the
dynamics of the nutrient networks in plants. Although the
ionome homeostasis is very poorly understood, several recent
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studies have shown the diagram of the ionomic networks and
multiple cross-talks of the ionome in plant species (Baxter, 2009;
Kellermeier et al., 2014; Brumbarova and Ivanov, 2019; Courbet
et al., 2019).

Nutrient deficiencies are able to modify the functional ionome
of plant tissues (Maillard et al., 2016; Courbet et al., 2019).
Maillard et al. (2016) identified 18 different interactions in
rapeseed plants (Brassica napus L.) under mineral nutrient
deficiency at the uptake level. Particularly, Mo uptake was
significantly increased in plants under S, Fe, Zn, Cu, Mn, or B
deficiency (Figure 1), and the authors proposed that this result
could be the consequence of the direct and indirect disturbances
of Mo and S metabolisms, resulting in the enhancement of
Mo and SO2−

4 transporters, respectively. On the other hand, S
availability canmodify the functional ionome of plants. Although
many studies have focused on the effects of S deficiency on
mineral nutrients in plants at the transcriptomic or metabolic
levels in different plants in the past 2 decades (Hirai et al.,
2003; Ciaffi et al., 2013; Wipf et al., 2014; Forieri et al., 2017),
several reports have started to consider the consequences of S
deficiency on the leaf ionomic composition of B. napus plants
(Maillard et al., 2015, 2016). When the plants are exposed to S
deficiency, several positive and negative interactions between S
and other mineral nutrients have been presented, as illustrated
in Figure 1, which is compiled from different studies (Abdallah
et al., 2010; Bokor et al., 2015; Rai et al., 2015; Maillard et al.,
2016; Courbet et al., 2019; Chaiwong et al., 2020; Zhou et al.,
2020; Ji et al., in press). Moreover, Si and Zn cross talks
influence the functional ionome in maize (Zea mays). Supplying
maize plants with Si and/or Zn significantly decreased the
concentration of Pi, K, Mg, Ca, Mn, Ni, and Co in the roots
but increased the concentration of Se (Bokor et al., 2015; see
Figure 1). Conversely, the positive effects of Si and Fe interaction
on the growth and production of plants have been reported
in vegetables and crops (Gonzalo et al., 2013; Pavlovic et al.,
2013; Dragama et al., 2019). Therefore, the dynamics in the
functional ionome of plants subjected to individual mineral
deficiency indicate that the complexity and the diversity of
interactions occur between single and other mineral nutrients
in plants.

Summarily, these ionomic analyses further support the
occurrence of complex cross-talks between mineral nutrients
in plants, indicating that, under certain deprivations, nutrient
cross-talks stimulate or reduce the accumulation of other mineral
nutrients, which modifies the ionomic composition of plant
tissues (see Figure 1). In addition, some studies have examined
the physiological and genetic interactions between elements in
plant nutrition using combined ionomics and genome-wide
association study (GWAS) approaches (Baxter et al., 2008; Yang
et al., 2018). Applying low Pi in Arabidopsis thaliana growth
culture medium affected the concentrations of other nutrients,
with a considerable increase in the concentrations of Zn, Fe, and
S, and a decrease in the concentrations of copper and cobalt
in the experimental plants (Baxter et al., 2008). Owing to the
rapid development of multiple omics and GWAS approaches and
systems biology (Rouached and Rhee, 2017), progress has been
made in understanding the molecular mechanisms underlying

the physiological and genetic processes resulting from multiple
nutrient signals.

INTERACTION BETWEEN Pi, S, AND Fe
NUTRIENT HOMEOSTASIS IN PLANTS

Plant responses to Pi and S signals have been studied in
Arabidopsis. Rouached et al. (2011) reported an increase in
root SO2−

4 concentration and a decrease in shoot SO2−
4

concentration during Pi deficiency, indicative of the regulation of
the SO2−

4 transport process in Pi-deficient plants. Additionally,
the mechanism of SO2−

4 transport in the Pi-deficient plants
was regulated by the PHOSPHATE DEFICIENCY RESPONSE 1
(PHR1) factor, which is an MYB protein that regulates the
response of plants to Pi deficiency. PHR1 regulated the
expression of the SO2−

4 transporter-encoding gene, Sultr1;3,
and inhibited the expression of Sultr2;1 and Sultr3;4 during Pi
deficiency (Figure 2). Taken together, these findings suggest the
presence of a complex process in the co-regulation of Pi and
SO2−

4 homeostasis in plants.
Acquisition of S, K, and Fe by roots is of crucial importance

for plant growth and yield, and recent studies have revealed
that the uptake systems for S and Fe nutrients are coordinated
in plants (Astolfi et al., 2010; Zuchi et al., 2015). Moreover,
Forieri et al. (2017) demonstrated that the plant is differentially
co-regulated upon long-term Fe, S, and K deficiency through
the systematic analyses of metabolism and the transcriptome in
roots. The authors found the specific co-regulation between the
S and Fe metabolic pathways in roots upon S or Fe deficiency.
Interestingly, Fe deficiency regulated a distinct subset of the S
assimilation genes that were not controlled by S deficiency itself,
suggesting the presence of two independent signaling pathways
in this network. In particular, the cross-talk between S and Fe
pathways in roots existed an opposing regulation component that
was upregulated during S deficiency and downregulated during
Fe deficiency or vice versa. These opposing expression genes were
involved in the S and Fe assimilation pathways, for example, the
opposing regulation upon Fe and S deficiency was found for key
components of the sulfate-starvation response (SULTR1;1 and
APR genes) and the Fe uptake systems (FRO2 and IRT1) and
NA synthesis (NAS4) (Forieri et al., 2017), demonstrating the
presence of specific signaling cascades for the cross-regulation
of the S and Fe routes. It was also found that S deficiency
depressed the Fe assimilation pathway, including the well-
known Fe transcription factors-encoding genes FIT, PYE, BTS,
bHLH38, bHLH100, and bHLH101, and Fe import gene IRT1.
In contrast, the simultaneous S and Fe deficiencies alleviated
the negative effects of single S deficiency on transcription of
the Fe assimilation pathway (such as FRO2, FIT, PYE, bHLH39,
bHLH100, NAS1, and NAS4) and vice versa, and led to the
typical induction of both S and Fe nutrient uptake systems. This
demonstrated that specific nutrient-deficiency response signaling
(such as induction of FIT in double S and Fe deficiencies) can
control this cross-regulation. On the other hand, fewer S- or Fe-
deficiency-responsive genes were co-regulated in response to the
K deficiency, while the genes involved in the S and Fe assimilation
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FIGURE 2 | Schematic representation of the effect of individual mineral

deficiency on N, P, S, Zn, and Fe homeostasis and gene regulatory networks in

plants. The interactions between nitrogen (N), phosphorus (P), sulfur (S), zinc

(Zn), and iron (Fe) nutrient homeostasis are shown at the physiological level by

arrows or flat-ended lines (the above panel). The single-direction arrows and

flat-ended lines indicate the antagonistic and synergistic interactions,

respectively. For the molecular bases of cross-talks among these five mineral

nutrients, the phosphate (Pi)-starvation-induced transcription factor PHR1 acts

as a potential integrator of N, P, S, Zn, and Fe nutrient signals in plants (the

below panel): (1) During Pi deficiency, the activation of PHR1 induces Pi

transporters PHT1 and PHO1 as well as Pi-starvation response genes SPXs,

miR399, and IPS1 through both PHR1-P1BS and PHR1-miR399-PHO2

pathways, and represses PHO2, which interacts with the E3 ligase NLA to

degrade Pi transporters, whereas PHR1 is inhibited by SPXs under Pi

sufficiency. (2) N supply promotes PHR1 activity, however, SPXs expression is

directly reduced under such a scenario by NIGT1 (Hu et al., 2019 reported that

rice OsSPX4 is degraded in response to N supply by the interaction of

OsNRT1.1B and OsNBIP1). Simultaneously, PHO2 expression is repressed in

response to high N by NIGT1 and NRT1.1. Accordingly, N starvation leads to

the decreased Pi uptake in plants due to the inhibition of PHR1 and

accumulation of SPXs and PHO2. (3) PHR1 also serves as a transcriptional

regulator of the sulfate transporters. (4) Plant Fe homeostasis is also

(Continued)

FIGURE 2 | dependent on the PHR1, which directly upregulates the Fe

storage protein FER1 expression. (5) Zn transport and homeostasis are also

involved in a PHR1-dependent manner; under Pi starvation, PHR1 positively

regulates the expression of zinc transporter genes ZIP2 and ZIP4 through

binding to the P1BS cis-elements in these gene promoters (Briat et al., 2015;

Kumar et al., 2021; see following Figure 3A). The arrows and flat-ended lines

indicate the positive and negative influences, respectively.

pathways were almost unaffected by low K application (Forieri
et al., 2017). Therefore, the response to K deficiency shown did
not participate in the cross-talk between S and Fe nutrients.
In addition, a significant decrease of total sulfate in roots in
response to K deficiencymay be explained by the downregulation
of important key components of the sulfate assimilation pathway
upon K deficiency (e.g., SULTR1;1, APK4, and SOT7), providing
evidence for the specificity of the K and S cross-talk, whereas
the K-deficiency response resulted in a strong increase in the
content of reduced S-containing metabolites (Forieri et al., 2017),
demonstrating a shift of the oxidized sulfate to the reduced state.
This can explain the unaltered total S concentration in roots
during K deficiency.

INTERACTION BETWEEN N AND Pi
NUTRIENT HOMEOSTASIS IN PLANTS

N and P are two essential macronutrients necessary for plant
growth and productivity, and a deficiency in any of the two
nutrients may negatively affect plant growth and yield. The
earlier reports revealed a mutual interaction between N and P
nutrition in plants under diverse ecosystems (Gniazdowska and
Rychter, 2000; Elser et al., 2007). Recent studies have shown
that Arabidopsis and crop species possess highly developed
mechanisms for maintaining Pi and N homeostasis in response
to Pi- and N-deficiency signaling (Lin et al., 2013; Park et al.,
2014; Medici et al., 2019). It was reported that interaction
between N and P signaling in plants was mediated by nitrogen
limitation adaptation (NLA), a RING-type E3 ubiquitin ligase,
which is involved in N-dependent P accumulation in shoots by
promoting the degradation of PHT1 proteins with the help of
PHO2 (Lin et al., 2013; Park et al., 2014; also see Figure 2). Medici
et al. (2019) reported that N signaling regulates phosphate-
deficiency response (PSR) in rice (Oryza sativa) through three
molecular integrators (PHR1, PHO2, and NRT1.1). N signaling
regulates N-P cross-talk in rice by regulating the accumulation
and turnover of PHR1 (Figure 2). Furthermore, phosphate2
(PHO2), an E2 ubiquitin conjugase, functions as an important
integrator of N signaling in PSR. Moreover, PHO2 is also
involved in regulating the activities of rice nitrate transceptor,
NRT1.1, suggesting that NRT1.1 is a component of N-P-signaling
cross-talk in plants. The mechanism underlying PSR activities
through nitrogen signaling is conserved in O. sativa and wheat
(Triticum aestivum) species (Medici et al., 2019). Hu et al. (2019)
found that the rice nitrate transporter OsNRT1.1B interacts with
OsSPX4 to activate the OsPHR2 activity in response to nitrate
supply. Subsequently, OsSPX4 is ubiquitinated by the NRT1.1B
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interacting protein 1 (NBIP1) and degraded through the 26S
proteasome pathway. Therefore, high N induces the PHR1/2
activity to promote Pi starvation responses and enhance Pi
uptake in plants. At the transcriptional level, high N availability
induces the expression of genes-encoding PHR proteins, such
as AtPHL1 and OsPHR3 (Sun et al., 2018; Varala et al., 2018).
Furthermore, the nitrate-inducible GARP-type transcriptional
repressor 1 (NIGT1) proteins bind to and repress the promoters
of SPX genes in Arabidopsis to modulate the PHR activity,
PHT1;1 expression, and Pi acquisition (Ueda et al., 2020; also see
Figure 2). Finally, these findings are summarized as follows: (i) N
application increases the PHR1 protein stability in plants (Medici
et al., 2019; Kumar et al., 2021); (ii) NRT1.1 interacts with SPX to
degrade the SPX protein during nitrate supply (Hu et al., 2019;
Kumar et al., 2021); and (iii) the nitrate–NIGT1–SPX–PHR1–
PHT1 signaling is the key regulatory pathway that mediates Pi
uptake in response to N availability (Ueda et al., in press). These
molecular actors that integrate N and P signals into crops may
have implications in biotechnology and agricultural practices.

INTERACTION BETWEEN N AND Zn
NUTRIENT HOMEOSTASIS IN PLANTS

Apart fromN and P, Zn is one of themost yield-limiting nutrients
in crop species, and N is a critical player in Zn uptake and
translocation in plants (Erenoglu et al., 2011). Recent studies
on N-Zn cross-talk have confirmed that N application improves
Zn uptake and homeostasis in rice and wheat plants under
Zn deficiency (Kutman et al., 2011; Ali et al., 2014), and that
N and Zn applications increase grain crude protein as well
as N and Zn concentrations significantly (Nie et al., 2018).
Moreover, an earlier study found that low Zn supply significantly
reduced the nitrate uptake capacity of cotton, sunflower, and
buckwheat (Cakmak and Marschner, 1990). A more recent
report has shown that moderately high Zn supply increased
the root-to-shoot translocation of N into the leaves and brown
rice and enhanced the rice yield; synergistically, N application
significantly promoted the root-to-shoot translocation of Zn into
the leaves and brown rice (Ji et al., in press). These findings reveal
that N and Zn act synergistically on root-to-shoot translocation
and preferential distribution in grains of crop species (Figure 2).
However, the molecular mechanism underlying the cross-
talk between N and Zn uptake and homeostasis in plants
is poorly understood. Therefore, an understanding of the
molecular mechanisms underlying plant N and Zn homeostasis
will contribute to improving plant Zn nutrition. Recently,
transcriptome analyses of nitrate and Zn deficiency in plants
have provided insights into the mechanisms regulating the cross-
talk between N and Zn homeostasis (Azevedo et al., 2016;
Varala et al., 2018). The transcriptomic data revealed that the
expression of numerous N transport and homeostasis-related
genes were upregulated in the shoots of Arabidopsis plant during
Zn deficiency. The Arabidopsis nitrate transporter 2.4 gene
(NRT2.4, AT5G60770) (Wang et al., 2018), which is a marker
gene in N-deficiency response, was highly upregulated by Zn
deficiency. Furthermore, these expression patterns rely on two

critical bZIP transcription factors, bZIP19 and bZIP23, which
regulate the adaptation of plants to Zn deficiency (Assuncao et al.,
2010). Moreover, the two bZIP transcription factors function
as transcriptional suppressors in the negative regulation of
ammonium transporters-encoding genes, AMT1.1 (AT4G13510)
and AMT2.1 (AT2G38290), during Zn deficiency (Wang et al.,
2018). Contrarily, the expression of AMT1.1 and AMT2.1 was
upregulated in bzip19 × bzip23 double mutants compared with
that in the wild type (Azevedo et al., 2016). These findings
indicate that the molecular mechanism underlying N deficiency
was initiated in Zn-deficient plants. N deficiency reduced the
expression of the Zn-transport-related gene, encoding ferric
reductase defective3 (FRD3) MATE transporter (AT3G08040),
which participates in the process of Zn loading into the xylem
(Pineau et al., 2012). The physiological and transcriptional results
presented here provide new insights into the complexity of N
and Zn interactions in plants. The molecular linkers identified in
the reviewed studies may contribute to the understanding of the
cross-talk between N and Zn signaling.

CROSS-TALK BETWEEN Pi, Zn, AND Fe
HOMEOSTASIS IN PLANTS

Cross-talk between macro- and micronutrients and their
influence on ion accumulation in plants have been partially
studied. Hence, this review further focused on the interaction
between Pi, Zn, and Fe homeostasis at the physiological and
molecular levels. Recent studies have shown that the interactions
of nutrients are a common process in plants (Briat et al., 2015;
Rouached and Rhee, 2017; Bouain et al., 2019). Pi-deficiency
results in Zn over-accumulation in the shoots of plants, and
vice versa (Bouain et al., 2014a; Khan et al., 2014; Ova et al.,
2015), indicating the antagonistic effect of Pi and Zn nutrition
in plants. Furthermore, there is evidence of similar physiological
cross-talk between Pi and Fe (Zheng et al., 2009) and between
Fe and Zn (Haydon et al., 2012). Moreover, a few studies have
examined the complex tripartite interactions between Pi, Zn, and
Fe in plants (Briat et al., 2015; Rai et al., 2015; Saenchai et al.,
2016). Although interactions between Pi, Zn, and Fe have been
reported in plants, the molecular mechanisms underlying their
actions are poorly understood. However, transcriptomic and
genetic analyses of signaling cross-talks between Pi, Zn, and/or
Fe nutrients in different plants could improve the understanding
of the mechanisms underlying their interaction and activities
(Hammond et al., 2003; Wu et al., 2003; Misson et al., 2005; van
de Mortel et al., 2006; Zheng et al., 2009; Bustos et al., 2010;
Thibaud et al., 2010; Rouached et al., 2011; Pineau et al., 2012;
Khan et al., 2014; Moran et al., 2014; Li and Lan, 2015; Rai
et al., 2015; Saenchai et al., 2016; Kisko et al., 2018; Bouain et al.,
2019). These studies examined above have shown that signaling
cross-talks between Pi, Zn, and/or Fe nutrients in plants are
well-regulated in response to combined nutrient stress in the
surrounding soils. The understanding of the cross-talks between
Pi, Zn, and/or Fe nutrients in plants will be crucial in developing
nutrient-efficient crop varieties.
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INTERACTIONS BETWEEN Pi AND Zn
NUTRIENTS IN PLANTS

Pi Availability Affects Zn Uptake in Plants
Plant growth and development depend on soil Pi content;
however, in agroecosystems, plants are often faced with Pi
deficiency. In response to Pi deficiency, plants have evolved
tightly controlled mechanisms to maintain Pi homeostasis,
including the acquisition of Pi from the soil, storage and
remobilization, and utilization of Pi to optimize metabolic
processes (Poirier and Bucher, 2002). Nutrients interact with
each other in plants, as the supply of one nutrient may affect
the uptake of another nutrient. In wheat and maize, Pi and Zn
have been shown to have antagonistic reaction, as an increase
in Zn concentration results in a decrease in Pi concentration,
and vice versa (Robson and Pitman, 1983; Verma and Minhas,
1987). Studies on A. thaliana showed a negative correlation
between Pi and Zn concentration (Misson et al., 2005; Khan
et al., 2014). Although this interaction is known as Pi-induced
zinc deficiency, the relationship is complex (Marschner, 2012).
Misson et al. (2005) found that long-term exposure of A. thaliana
to phosphorus deficiency resulted in a higher concentration of Zn
in the shoots and reduced biomass. Although higher levels of Pi
increase grain yield in soil-grown plants, the Zn content of shoots
decreases with increasing concentrations of Pi. However, if the
available Zn is low, this effect can exacerbate Zn deficiency, as low
Pi concentrations will initiate Zn uptake. Under both controlled
and field conditions, higher soil Pi was associated with lower Zn
concentration in wheat tissue (Thompson, 1990; Zhu et al., 2001;
Zhang et al., 2012). High Zn concentration did not significantly
affect the yield of wheat grown under low Pi condition, indicating
that Pi was the yield-limiting nutrient (Ova et al., 2015).
Furthermore, Zn deficiency and high Pi concentration result in
Pi toxicity in plants. Pi-Zn interaction has also been identified
in several biological systems (Marschner, 2012; Kisko et al.,
2018). In Zea mays, high levels of Pi can immobilize Zn in
roots and nodes by increasing the Zn-binding properties of the
cell wall (Dwivedi et al., 1975; Youngdahl et al., 1977; Bouain
et al., 2014a) reported a decrease in the Zn concentration of
lettuce roots with an increase in Pi concentration. These data
indicate that Pi nutrition may directly influence the Zn uptake
mechanisms in plants. A mild Zn deficiency in Pi-deficient
plants can increase the abundance of high-affinity Pi transporters
without accumulating excess phosphorus in the plant (Huang
et al., 2000).

Zn Availability Affects Pi Uptake in Plants
Zinc is an essential micronutrient for all organisms and is
involved in the growth and development of plants (Vallee and
Auld, 1990; Andreini et al., 2007). Zn acts as a catalytic or
structural cofactor in many enzymes and regulatory proteins
(Maret, 2009). When grown in Zn-deficient soil, plants exhibit
the enhancing Pi-uptake capacity. Studies have shown the
higher Pi concentrations in the shoots of both dicotyledon
and monocotyledon plant species in response to Zn deficiency
(Welch et al., 1982; Cakmak and Marschner, 1986; Webb and
Loneragan, 1988; Welch and Norvell, 1993). Moderate Pi levels

increased the dry weight of Zn-deficient plants; however, at high-
Pi levels, this effect was reversed, resulting in a decrease in shoot
biomass. Contrarily, the biomass yield of plants was higher under
moderate and high Zn concentrations (Ova et al., 2015). The
effects of Zn deficiency in A. thaliana are exacerbated by an
increase in Pi concentration in the shoots (Kisko et al., 2018).
Several studies have shown that Zn deficiency positively affects
root Pi uptake (Reed, 1946; Loneragan et al., 1982; Cakmak and
Marschner, 1986; Huang et al., 2000; Khan et al., 2014). Zn
deficiency significantly increased the Pi content of the shoots of
A. thaliana wild-type and pho2 mutant plants when compared
with that in the phr1 or pho1 mutant (Bouain et al., 2014b). On
the other hand, more recent study has shown that a high level of
Zn decreased the rice-yield production and triggers P starvation
by inhibiting root-to-shoot translocation and distribution of P
into leaves by downregulating Pi transporter genes OsPT2 and
OsPT8 in shoots of rice plants (Ding et al., 2021). By contrast,
P supply decreased the Zn concentrations in rice plants by
inhibiting the expression levels of the ZIP family Zn transport
genes OsZIPs in roots (Ding et al., 2021). This study revealed the
physiological and molecular mechanisms of a cross-talk between
P and Zn in rice plants at the transport level and indicated that
manipulating P fertilizer is an effective strategy to inhibit the
toxic Zn uptake into plants when exposed to Zn excess in soil.

Molecular Basis of Interaction Between Pi
and Zn in Plants
Some studies have examined the interaction between Pi and Zn
homeostasis in plants at the molecular level (Bouain et al., 2014a;
Kisko et al., 2015). The expression of Pi uptake transporter genes
is tightly controlled in roots in response to the P status of the
plants (Franco-Zorrilla et al., 2004); however, this mechanism is
lost under Zn deficiency. Very recently, Ueda et al. (in press)
have proposed that Zn deficiency modulates the Pi uptake
and Pi starvation response in plants. Under Pi deficiency, the
transcription factors PHR1 is activated to accelerate the Pi
starvation response in plants (Figure 3B, the left panel). The
role of PHR1 in the coordination of Pi-Zn homeostasis has been
demonstrated (Khan et al., 2014), while the expression of PHT1
and PHO1 genes is essential for Pi uptake and accumulation
in plants through the Pi regulatory-signaling pathway (PHR1-
miR399-PHO2) (Fujii et al., 2005; Aung et al., 2006; Bari et al.,
2006; Chiou et al., 2006; Khan et al., 2014; Liu et al., 2014). In
addition, the P-starvation-signaling PHR1-P1BS module in both
roots and shoots leads to the Zn overaccumulation in plants as
this module upregulates the ZIP2 subfamily genes belonging to
the ZIP family (Briat et al., 2015; Kumar et al., 2021). Moreover,
these authors proposed that plant ZIP2 and ZIP4 genes may be
transcriptionally induced via the activated PHR1 transcription
factor (Briat et al., 2015; Kumar et al., 2021). This proposition is
consistent with our finding that at least one P1BS (GNATATNC)
cis-element, which is directly bound by the PHR1, is present
in the promoter regions of plant ZIP2 subfamily genes (see
Figure 3A), implying that Zn transporter ZIP2 may regulate
plant Zn homeostasis in a phosphorus-dependent manner. As
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a result, a high level of Zn in plants inhibits the root-to-
shoot translocation and distribution of Pi into leaves through
downregulating the PHT1 transporter genes in shoots (Ding
et al., 2021).

On the other hand, a high level of Pi treatment results
in repressed the PHR1/2-miR399-PHO2 and PHR1/2-P1BS
modules in shoots and roots; consequently, Zn concentrations
are largely decreased in both roots and shoots. This conclusion
is also confirmed by some scientists who reported the decreased
Zn-uptake ability in rice roots through the OsPHR2-dependent
ZIP gene expression (Ding et al., 2021). Accordingly, Zn
deficiency activates the bZIP19/23 transcription factors, which
are the central controls of Zn-deficiency signaling and act as Zn
sensors to regulate plant Zn availability (Lilay et al., 2021), and,
subsequently, the bZIP19/23-mediated Zn regulatory pathway
activates the ZIP gene family transporters to promote Zn uptake
and homeostasis (Assuncao et al., 2010). However, under such a
Zn-deficient scenario, the accumulation of Pi is also increased in
leaves (Khan et al., 2014). In dicots, phosphate exporter PHO1,
H3 engages in xylem loading of Pi and mediates Zn-deficiency-
induced Pi accumulation in leaves, which is accompanied by an
increase in the PHT1;1 expression in shoots (Khan et al., 2014; see
Figure 3B, the right panel), suggesting that these important genes
play key roles in regulating Pi homeostasis and Zn-deficiency
response in plants. Moreover, a recent investigation has
revealed that a Lyso-PhosphatidylCholine (PC)AcylTransferase
1(LPCAT1) gene, which encodes the enzyme that converts
Lyso-PhosphatidylCholine (LPC) to PhosphatidylCholine (PC),
acts as the key determinant of leaf Pi accumulation under
Zn deficiency (Kisko et al., 2018). These authors found the
regulation of LPCAT1 expression in a bZIP23 transcription
factor (or zinc dependent) manner, for which they identified a
novel bZIP23-binding motif upstream of the LPCAT1 gene to
repress its own expression. Under Zn-deficient conditions, loss
of LPCAT1 function enhances the contents of phospholipid LPC
as well as the expression of the phosphate transporter PHT1;1,
consequently, increases leaf Pi accumulation (Kisko et al., 2018).
Based on the above, it is proposed that the LPC/PC ratio may
affect the expression of PHT1;1 in plant shoots. Because Drissner
et al. (2007) reported that LPC as a signal elicits the arbuscular
mycorrhiza-inducible phosphate transporter genes StPT3/4 in
roots of Solanum tuberosum, collectively, these new findings
uncover that a Zn-regulated bZIP23-LPCAT1-(Lyso-PC/PC)-
PHT1;1 cascade controls the shoot phosphate homeostasis
(Figure 3B, the right panel).

INTERACTIONS BETWEEN Pi AND Fe
NUTRIENTS IN PLANTS

Pi Availability Affects Fe Uptake and
Homeostasis in Plants
The uptake of elements by plants not only depends on the
availability of elements in the soil solutions but also on the
nutrient uptake capacity of the roots. Pi deficiency or excess can
affect Fe homeostasis of plants (Liu et al., 2000; Zheng et al.,
2009). Fe plays an important role in plant growth, development,
and productivity. Although it is present in large quantities in

soils, its absorption by plants is limited (Guerinot and Yi, 1994;
Colombo et al., 2014). Fe can interact with phosphorus in the
soil or growth medium, root surface, and in systems of plants
(Ward et al., 2008; Zheng et al., 2009; Bournier et al., 2013; Rai
et al., 2015). Higher concentrations of Fe have been observed
in Pi-deficient plants, and this is attributed to the activities of
Fe-responsive genes in response to Pi deficiency (Zheng et al.,
2009); however, this phenomenon was not observed in high
Pi medium (Wasaki et al., 2003; Misson et al., 2005; Hirsch
et al., 2006). The absence of Fe in Pi-deficient medium promotes
plant growth (Ward et al., 2008). In experimental conditions, the
absence of Pi increased the Fe concentration of the shoots of
seedlings; however, Fe concentration in the roots was unaffected,
indicating that Pi and Fe have an antagonistic relationship
(Zheng et al., 2009, Chaiwong et al., 2018). Therefore, regulating
Pi homeostasis has a considerable effect on the availability of Fe
(Bournier et al., 2013). Fe was present only in the vacuoles under
high-Pi conditions, whereas several large grains of starch typical
of Pi-starved plants were observed in most of the chloroplasts
under low-Pi conditions (Hirsch et al., 2006).

Fe Availability Affects Pi Uptake and
Homeostasis in Plants
When both iron and phosphorus are absorbed by plants, the
retention of Pi in roots increases and the transfer of Pi to
the ground decreases in a concentration-dependent manner. Fe
promoted Pi retention in the roots of apple plants and reduced
Pi translocation to the shoots (Cumbus et al., 1977; Mathan and
Amberger, 1977); By contrast, there was overaccumulation of Pi
in both the roots and shoots of Fe-deficient apple plants. Pi and
Fe interacted in an antagonistic manner to regulate the growth
of rice shoots (Zheng et al., 2009). An antagonistic interaction
between Fe and Pi contents was previously reported in crop
species and apple trees (Zheng et al., 2009; Zanin et al., 2017;
Valentinuzzi et al., 2019). The results of experiments on Pi- and
Fe-treated Arabidopsis seedlings indicated that the availability of
Fe affected the response of lateral roots to Pi deficiency (Rai et al.,
2015). Recently, it has been suggested that iron-dependent callose
deposition adjusts root meristem maintenance to Pi availability
(Müller et al., 2015).

Molecular Basis of Pi and Fe Interactions
in Plants
Transcriptomic analysis of Pi-deficient plants showed that there
was an increase in the expression of genes-regulating excess
Fe and a reduction in the expression of genes-regulating iron
deficiency (Misson et al., 2005; Müller et al., 2007; Thibaud
et al., 2010). In this condition, the AtFER1 gene, encoding the
ferritin protein for Fe storage in Arabidopsis, was induced by
Pi deficiency. Moreover, it was demonstrated that this AtFER1
in response to Pi starvation was mediated by PHR1 and PHL1,
which are two members of the MYB transcription factor family
controlling Pi deficiency in plants, through their binding to the
cis-regulatory element P1BS found in the promoter of AtFER1,
regardless of Fe availability (Bournier et al., 2013). However,
this Pi-deficient induction of AtFER1 does not need the Fe-
dependent cis-element IDRS found in its promoter (Bournier
et al., 2013). On the other hand, the upregulation of AtFER1 in
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FIGURE 3 | Schematic representation of the cross-talk between Pi and Zn nutrients and the potential linkers involved in the interaction between Pi and Zn nutrient

homeostasis in plants. (A) the potential Pi- and Zn-deficient cis-regulatory elements present in the promoter regions of PHT1 family and ZIP family genes from plants.

P1BS-motif (GNATATNC), which is the target site of PHR1 in plants, was screened in the promoter region of plant PHT1 and ZIP genes by DNA-pattern-matching

analysis (http://rsat.ulb. ac.be/rsat/). The GNATATNC motif is found in the promoter region of AtZIP2 (in Arabidopsis thaliana), GmZIP2 (in Glycine max), AsZIP2 (in

Astragalus sinicus), MtZIP2 (in Medicago truncatula), and LjZIP2 (in Lotus japonicus), while the promoter sequences of AtPT1 (in Arabidopsis thaliana), HvPT2 (in

Hordeum vulgare), LePT3 (in Solanum lycopersicum), and LjPT5 (in Lotus japonicus) further contain the ZDRE motif (RTGTCGACAY), which is activated by the

bZIP19/23 transcription factors during Zn deficiency. (B) Under Pi deficiency, the PHT1 and PHO1 genes are activated to be essential for Pi uptake and accumulation

in plants through the Pi regulatory-signaling pathway (PHR1-miR399-PHO2); moreover, the ZIP2 subfamily genes, belonging to the plant ZIP gene family, are

transcriptionally induced via the activated PHR1 transcription factor binding to the P1BS (GNATATNC) sequences found in the promoter regions of their genes (see A).

On the other hand, Zn deficiency activates the bZIP19/23 transcription factors, and bZIP19/23-mediated Zn regulatory pathway induces the ZIP gene family

transporters to promote Zn uptake and homeostasis. On the other hand, LPCAT1 (Lyso-PhosphatidylCholine AcylTransferase 1), PHT1;1, and PHO1;H3 are

transcriptionally upregulated in a bZIP19/23-dependent manner during Zn deficiency. The black arrows and flat-ended lines refer to the positive and negative

interactions, respectively. The red and blue arrows represent the increased and decreased element contents; accordingly, the red and blue modules indicate the

activated and inhibited processes in plants.
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response to excessive Fe is unchanged in single phr1 (Bournier
et al., 2013) or in double phr1 × phl1 (Bustos et al., 2010)
mutant plants. These findings revealed that PHR1 and PHL1
are involved in Pi and Fe homeostasis interactions (Briat et al.,
2015).

Genome-wide analysis in wild-type plants (Misson et al., 2005;
Müller et al., 2007; Thibaud et al., 2010) and phr1 × phl1 double
mutants (Bustos et al., 2010) showed that the expression of
genes involved in iron homeostasis, such as NAS3 and YSL8,
was enhanced during Pi deficiency in wild-type plants, whereas
they showed a decreased expression in the double-mutant plants.
Furthermore, the genes in response to Fe deficiency, such as
FRO3, FOR6, IRT1, IRT2, and NAS1, were inhibited by Pi
deficiency in the wild-type plants, while they were out of control
in the phr1 × phl1 double mutants (Bustos et al., 2010). These
findings confirm that PHR1 and PHL1 act as integrators of Pi
and Fe homeostasis interactions in plants.

Here, we presented the molecular mechanisms of Pi-Fe
interactions and proposed models of the interaction between
Pi and Fe in plants (Figure 4). Under Pi deficiency, the PHR1
and PHL1 function as the core transcription factors controlling
the expression of Pi transporters PHT1 and PHO1 via the
PHR1-miR399-PHO2-signaling pathway. Moreover, PHR1 and
PHL1 act as the positive regulators of the transcription of
Fe transporters FER1, NAS3, and YLS8 responsible for Fe
homeostasis in plants (Figure 4A). On the other hand, Pi
deficiency also induces the STOP1-modulated signaling cascade
(PDR2-LPR1-STOP1-ALMT1) (Dong et al., 2017; Godon et al.,
2019; Hanikenne et al., 2021) to promote Fe accumulation in
roots (Figure 4A, the right panel). However, under Fe sufficiency,
as a key cis-acting element of plant iron homeostasis, IDRS (iron-
dependent regulatory sequence, which is bound by unknown
factor X) is responsible for the upregulation of ferritin genes
FER2, FER3, and FER4, whereas the central regulator FIT is
inactivated to inhibit the expression of FRO2 and IRT1 (Bournier
et al., 2013; Chen et al., 2018). By contrast, Fe deficiency
activates the interacting bHLH IVc (bHLH34/104/105/115) and
bHLH121 complex to positively regulate the expression of
bHLH Ib (bHLH38/39/100/101) and FIT (Cai et al., 2021).
The bHLH Ib and FIT interact with each other to induce
the expression of Fe uptake-related genes FRO2 and IRT1 as
well as PHO1 Pi transporter genes PHO1; H1 and PHO1;1 (Yi
and Guerinot, 1996; Vert et al., 2002; Chen et al., 2018) for
Pi homeostasis (Figure 4B). However, the dynamics in Pi also
elicits the mitogen-activated protein kinase (MPK)-mediated Pi
sensing, signaling, and responses in plants (Lei et al., 2014), while
Fe deficiency reduces the MPK6 activity to repress the PHT1
family genes downstream of the WRKY75 transcription factor
(Devaiah et al., 2007; Takahashi et al., 2007; Figure 4B, the right
panel), indicating the role of MPK6 in the coordination of the
responses to Pi and Fe nutrients in Pi uptake and homeostasis
(López-Bucio et al., 2019).

Taken together, for the molecular bases of the cross-talks
between Pi and Fe, the proteins PHR1, PHL1, PHO1;1, PHO1;
H1, FER1, STOP1, and MPK6 act as the potential integrators of
Pi and Fe nutrient signals in plants.

FIGURE 4 | Schematic representation of Pi and Fe homeostasis interactions in

plants. The phosphate (Pi) deficiency promotes the iron (Fe) accumulation (A);

conversely, Fe deficiency induces the high Pi in plants at the physiological level

(B). For the molecular bases of the Pi-Fe cross-talk, the PHR1, PHL1,

PHO1;1, PHO1; H1, FER1, STOP1, and MPK6 act as potential integrators of

Pi and Fe nutrient signals in plants. (A) Under Pi deficiency, the PHR1 and

PHL1 function as the core transcription factors controlling the expression of Pi

transporters PHT1 and PHO1 via the PHR1-miR399-PHO2-signaling pathway.

Moreover, PHR1 and PHL1 act as the positive regulators of the transcription of

Fe transporters FER1, NAS3, and YLS8 responsible for Fe homeostasis in

plants. On the other hand, Pi deficiency also induces the STOP1-modulated

signaling to promote Fe accumulation in roots. However, under Fe sufficiency,

as a key cis-acting element of plant iron homeostasis, IDRS (iron-dependent

regulatory sequence, which is bound by unknown factor X) is responsible for

the upregulation of ferritin genes FER2, FER3, and FER4, whereas the central

regulator FIT is inactivated to inhibit the expression of FRO2 and IRT1. (B) By

contrast, Fe deficiency activates the interacting bHLH IVc

(bHLH34/104/105/115) and bHLH121 complex to positively regulate the

expression of bHLH Ib (bHLH38/39/100/101) and FIT. The bHLH Ib and FIT

interact with each other to induce the expression of Fe uptake-related genes

(Continued)
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FIGURE 4 | FRO2 and IRT1 as well as PHO1 Pi transporter genes PHO1; H1,

and PHO1;1 for Pi homeostasis. However, the dynamics in Pi also elicits the

MAPK-mediated Pi sensing, signaling, and responses in plants, while Fe

deficiency reduces the MAPK6 activity to repress the PHT1 family genes

downstream of the WRKY75 transcription factor, indicating the role of MPK6 in

the coordination of the responses to Pi and Fe nutrients in Pi uptake and

homeostasis. The arrows and flat-ended lines indicate the positive and

negative influences, respectively. The confirmed influences are presented with

solid lines, whereas non-confirmed influences are shown with dashed lines.

INTERACTIONS BETWEEN Zn AND Fe
NUTRIENTS IN PLANTS

Zn Availability Affects Fe Uptake and
Homeostasis in Plants
Zinc and iron are essential micronutrients for all living organisms
and play a crucial role in plant growth and development
(Marschner, 2012). Zinc and iron deficiency reduces plant growth
and affects grain yield and quality (Casterline et al., 1997).
The antagonistic relationship between Fe and Zn in plants, and
between Zn or Fe deficiency and Pi concentration has been
examined in plants (Jain et al., 2013; Zargar et al., 2013, 2015;
Rai et al., 2015). An increase in Zn concentration resulted
in a decrease in the concentration of Fe in the shoots of A.
thaliana; however, Fe concentration was not affected in the
roots of A. thaliana. The concentration of Zn in the shoot of
plants was positively correlated with the zinc concentration of
the growth medium and was not affected by iron concentration
(Shanmugam et al., 2011). Although the leaves of Thlaspi
caerulescens had high-concentration Zn, the root Zn content
was low (van de Mortel et al., 2006). A decrease in the
Fe content of shoots of T. caerulescens was attributed to a
high concentration of Zn in the growth medium. Contrarily,
increasing the concentration of Fe in the medium resulted in a
decrease in the concentration of Zn in the shoots (Pineau et al.,
2012). High-Fe concentration reduced the effects of Zn toxicity in
A. thaliana exposed to high-soil Zn. Therefore, the competition
between Zn and Fe plays an important role in high-Zn tolerance
in plants (Fukao et al., 2011; Shanmugam et al., 2011; Pineau
et al., 2012). Furthermore, recent study has shown that the
excess of Zn application mimics Fe-deficiency-induced chlorosis
in plant shoots, and analysis of Fe-related morphological,
physiological, and regulatory responses in plants subjected to
excess Zn reveals that the enhanced Zn uptake closely mimics
Fe deficiency, resulting in low-chlorophyll concentrations but
high-ferric-chelate reductase activity (Lešková et al., 2017).
Lešková et al. (2017) further found that these responses were
not resulted from the high-Zn-reduced Fe uptake at the level
of transport, whereas Zn simulated the transcriptional response
of Fe-regulated key genes. This finding indicates that excess Zn
disturbs Fe homeostasis at the level of Fe sensing.

Fe Availability Affects Zn Uptake and
Homeostasis in Plants
Fe deficiency in agricultural soil is a worldwide problem and
could lead to a significant reduction in crop yield production

(Mori, 1999). Recent studies have reported that Fe deficiency
accelerates excess uptake and accumulation of Mn and Zn
(Kobayashi et al., 2012). The growth of Zea mays under both
Fe and Zn deficiency was significantly higher than that under
only Fe deficiency (Kanai et al., 2009). Fe deficiency is usually
a major inducer of Zn toxicity, while plant symptoms under
excess Zn resemble symptoms of Fe-deficient plants. Increasing
Fe concentration alleviates the effects of Zn toxicity inA. thaliana
(Shanmugam et al., 2011), while Fe deficiency inhibits root
elongation (Gruber et al., 2013; Satbhai et al., 2017). However,
Zn deficiency slightly promotes early root growth (Bouain
et al., 2018). On the other hand, when grown in excess Zn
medium, the inhibition of Arabidopsis growth was sufficiently
recovered by Fe addition (Zargar et al., 2015), indicating that
the appropriate application of Fe can significantly alleviate the
effects of Zn toxicity in plants when grown in Zn-contaminated
soil. Moreover, Fe-mediated plant Zn tolerance may be sustained
by the fine-tuned Zn homeostasis mechanism in Arabidopsis
plants, which prevent high Zn uptake through Fe-regulatedmetal
transporters responsible for Zn tolerance (Shanmugam et al.,
2011). This suggests a cross-talk between excess Zn and Fe
deficiency in plants.

Molecular Basis of Zn and Fe Interaction in
Plants
Based on the current literature, the interplay between Zn and
Fe homeostasis at the molecular level in plants is discussed here
(Figure 5). The FER-LIKE IRON DEFICIENCY-INDUCED
TRANSCRIPTION FACTOR (FIT) protein (Colangelo and
Guerinot, 2004; Schwarz and Bauer, 2020), ZIP family
transporters (ZIP3 and IRT3) (Mäser et al., 2001), and
metal tolerance proteins, including FERRIC REDUCTASE
DEFECTIVE3 (FRD3), MTP3 (a member of the Cation
Diffusion Facilitator family), and HMA3 (belonging to the
P1B-type ATPase family) are potential molecular integrators
of Zn and Fe signaling in plants (Rogers and Guerinot, 2002;
Becher et al., 2003; Arrivault et al., 2006; van de Mortel
et al., 2006; Haydon and Cobbett, 2007; Haydon et al., 2012).
Under high Zn conditions (Figure 5A), Arabidopsis plants
maintain Zn homeostasis by inhibiting the activities bZIP19/23
transcription factors and ZIP gene family transporters (ZIP5
and ZIP9) (Assuncao et al., 2010). Additionally, metal tolerance
proteins MTP3 and HMA3 are activated to facilitate Zn
loading into xylem (Arrivault et al., 2006; Briat et al., 2015).
However, the ZIP2 subfamily genes may be independent of the
bZIP19/23-mediated pathway and are under the control of the
PHR1-dependent pathway due to the existence of the P1BS
cis-acting element in their promoters (see Figure 3A), resulting
in Zn overaccumulation in plants (Assuncao et al., 2010).

Under high Zn conditions (Figure 5A), the activities of
the ZIP family transporters, which promote Fe uptake and
transport, are repressed, leading to Fe deficiency in plants
(Shanmugam et al., 2011; Li et al., 2013). On the other
hand, this Zn excess provokes Fe deficiency responses at
the regulatory level and affects the transcript levels of Fe-
deficiency-responsive genes. Particularly, the transcript levels
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FIGURE 5 | Schematic representation of Zn and Fe homeostasis cross-talk in

plants. The excess zinc (Zn) results in the iron (Fe) deficiency (A), whereas

excess Fe reduces the Zn concentration in plants at the physiological level (B).

For the molecular bases of the Zn-Fe homeostasis cross-talk, the FIT protein,

ZIP family transporters (ZIP3 and IRT3), and metal tolerance proteins (FRD3,

MTP3, and HMA3) function as potential integrators of Zn and Fe nutrient

signals in plants. (A) Under excess Zn conditions, the IRT1 acts as a

transceptor to sense excess Zn2+ and orchestrates its own degradation to

protect plants from highly reactive Zn2+, while the low-Zn-adaptive bZIP19/23

transcription factors are inactivated and inhibit the plant ZIP gene family

transporters (such as ZIP5 and ZIP9) to regulate Zn homeostasis. In addition,

metal tolerance proteins MTP3 and HMA3 are activated to facilitate Zn loading

into xylem. However, the ZIP2 subfamily genes are independent of the

bZIP19/23-mediated pathway and are under the control of the

PHR1-dependent pathway, resulting in the Zn overaccumulation in plants.

Furthermore, the expression of MTP3 and HMA3 is partially dependent on the

FIT and contributes to Zn tolerance, while the FIT-independent FRD3 and

YSL2 function in Zn and Fe homeostasis, respectively. (B) On the other hand,

the deficient Zn-regulated ZIP family (such as ZIP3 and IRT3) and NAS1/4

transporters, contributing to Fe uptake and transport, are induced during Zn

deficiency, leading to Fe sufficiency in plants. Consequently, the FBP

(FIT-binding protein) inhibits the FIT activity, and the bHLH Ib and FIT

transcription factors are repressed in adaptive to Zn deficiency and excess Fe,

(Continued)

FIGURE 5 | and then expression of NAS1/4, FRO2, and IRT1/2 are

downregulated at the transcriptional level to modulate Zn and Fe homeostasis

in plants. The arrows and flat-ended lines indicate the positive and negative

influences, respectively.

of all Fe-deficiency-induced bHLH Ib (bHLH38/39/100/101)
and FIT transcription factors experience a strong upregulation
in plant roots after prolonged exposure to external high-
Zn concentrations (Lešková et al., 2017; see Figure 5A).
Under Zn and Fe deficiencies, plants maintain homeostasis
by activating the FIT transcription factor and by upregulating
the expression of FERRIC IRON REDUCTASE 2 (FRO2) and
IRON-REGULATED TRANSPORTER1/2 (IRT1/2) to increase
the uptake and transport of Zn and Fe (Yuan et al., 2008; Wang
et al., 2013). Furthermore, the expression of MTP3 and HMA3,
which regulates Zn tolerance, is partially dependent on the
activities of FIT, whereas FRD3 and YSL2 are involved in Zn and
Fe homeostasis, respectively (Schaaf et al., 2005; Scheepers et al.,
2020; Zang et al., 2020). A more recent report has uncovered that
the plant IRT1 acts as a metal transporter receptor (also called
transceptor or sensor) to directly sense the soil excess of its non-
iron metal substrate, such as Zn2+, and to orchestrate its own
vacuolar degradation in the cytoplasm (Dubeaux et al., 2018; see
Figure 5A, the left panel). In brief, when Zn is present in excess,
the plasma membrane-localized IRT1 as a transceptor senses the
excess of Zn2+ in the cytoplasm and binds Zn2+ to its histidine-
rich region. Subsequently, the IRT1 sensor can recruit the
calcium-dependent CBL-INTERACTING PROTEINKINASE 23
(CIPK23), which phosphorylates the variable region of IRT1.
The phosphorylated IRT1 is ubiquitinated by the E3 ubiquitin
ligase IRT1-DEGRADATION FACTOR1 (IDF1) and degraded
in the vacuole. This new finding also provides insights into the
defined molecular mechanism by which the plant Fe transceptor
transports and senses the elevated Zn2+ concentrations and
integrates Zn2+-dependent regulations to maximize Fe uptake
and protect plants from toxic Zn.

Under low-Zn conditions (Figure 5B), the low-Zn-adaptive
bZIP19/23 transcription factors are activated and induce the
expression of plant ZIP gene family transporters (such as ZIP1-
11) to regulate Zn uptake and homeostasis. However, the metal
tolerance proteinsMTP3 andHMA3 are inactivated to inhibit Zn
loading into xylem (Morel et al., 2009), whereas the upregulated
expression of ZIP3 is dependent on the bZIP19/23 transcription
factors and contributes to Fe translocation (Hanikenne et al.,
2021), resulting in a high level of Fe concentrations in plants
(Figure 5B); consequently, the FIT-independent FRD3 (Pineau
et al., 2012; Scheepers et al., 2020) and YSL2 (Schaaf et al.,
2005; Zang et al., 2020) function in Zn and Fe homeostasis,
respectively. In addition, the IRT3 and NAS1/4 transporters,
contributing to Fe uptake and transport, are also induced during
Zn deficiency (Talke et al., 2006), leading to Fe sufficiency in
plants. Consequently, the FBP (FIT-binding protein) inhibits
the FIT activity (Chen et al., 2018), and the bHLH Ib and FIT
transcription factors are repressed in adaptive to Zn deficiency
and excess Fe, and then expression of NAS1/4, FRO2, and IRT1/2
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is downregulated at the transcriptional level to modulate Zn and
Fe homeostasis in plants.

THE COMMON SIGNALS INVOLVED IN Pi,
Zn, AND Fe NUTRIENT HOMEOSTASIS IN
PLANTS

Mineral nutrients availability affects the gene regulatory
networks, which, in turn, initiate the expression of genes-
regulating ion homeostasis in plants, resulting in the regulation
of plant growth and development (Bouain et al., 2019). To
understand the tripartite cross-talk between Pi, Zn, and Fe
in plants, it is necessary to identify the molecular actors that
integrate Pi, Zn, and/or Fe signaling and homeostasis.

Recently, some studies have revealed that the MYB
transcription factor, such as PHR1, regulated the genes essential
for Pi, Zn, and Fe uptake and homeostasis in plants (Rouached
et al., 2011; Bournier et al., 2013; Khan et al., 2014; Briat et al.,
2015; Kumar et al., 2021). Therefore, PHR1 acts as the first
common regulator of Pi, Zn, and Fe homeostasis and serves as
an integrator of multiple mineral signals in plants (Briat et al.,
2015; see Figures 3, 4). In this review, the role of PHR1 in the
cross-talks between two minerals has been examined in detail,
including Pi and Zn (see Figure 3), and Pi and Fe (see Figure 4).
PHR1 functions as a core transcription factor in the expression
of the Pi transporter gene (PHT1 and PHO1; H1). Moreover,
PHR1 also regulates the expression of miR399 and PHO2. In
response to Pi deficiency during Pi-Zn cross-talk, PHR1 or its
ortholog OsPHR2 (in rice) may act as a positive regulator of
the ZIP family transporters for Zn accumulation in plant shoots
regarding the presence of PIBS cis-element in plant ZIP genes
(see Figure 3A) and the induction of these Zn transporter genes
in response to Pi deficiency (Ding et al., 2021; Kumar et al., 2021).
Furthermore, the transcription of Fe homeostasis-associated
genes is dependent on the PHR1 activity, including the activity of
FER1 (Bournier et al., 2013; Briat et al., 2015; also see Figure 4).
The regulatory roles of these PHR1-dependent genes in the
control of Pi, Zn, and/or Fe uptake have been partially studied
in different plant species. PHT1;1, PHO1, and PHO1; H3 are
coordinatively involved in the cross-talk between Pi and Zn
homeostasis in Arabidopsis (Bouain et al., 2014b; Khan et al.,
2014; Kisko et al., 2015). In the case of Pi-Fe interaction, the
expression of FER1 gene-encoding ferritin is upregulated under
Pi deficiency conditions in a PHR1-dependent manner (Petit
et al., 2001; Bournier et al., 2013). Additionally, there was
an increase in the expression of NAS3 and YSL8, which are
responsible for Fe transport during Pi deficiency (Thibaud et al.,
2010). Furthermore, phr1× phl1 double mutation in Arabidopsis
affected the expression of the Fe homeostasis-associated gene
(Bournier et al., 2013; Briat et al., 2015), suggesting that besides
PHR1, PHL1may serve as an integrator in the cross-talk between
Pi deficiency and Fe stress-signaling pathways in plants.

The bZIP23 transcription factor has been identified as a
molecular integrator in the cross-talk between Pi and Zn
homeostasis. Kisko et al. (2018) reported that the Lyso-
PhosphatidylCholine AcylTransferase 1 (LPCAT1) gene was

downregulated by the bZIP23 TF and serves as the key
determinant of shoot Pi accumulation under Zn deficiency.
Additionally, other key molecular players have been identified
in plants in response to Pi and Fe deficiencies. Dai et al.
(2016) demonstrated that OsWRKY74, a WRKY transcription
factor in rice, regulates phosphate deficiency tolerance, and was
involved in Fe deficiency responses. There was an increase in the
expression of OsWRKY74 in rice under Pi deficiency, resulting
in higher Fe accumulation compared with that in the wild type.
This result indicates that OsWRKY74 is involved in the cross-talk
between Pi and Fe deficiency signaling. Moreover, LPR1 (LOW
PHOSPHATE ROOT1), PDR2 (PHOSPHATE DEFICIENCY
RESPONSE2), STOP1 (SENSITIVE TO PROTON RHIZOTOX-
ICITY1), and ALMT1 (ALUMINUM-ACTIVATED MALATE
TRANSPORTER1) participate in the interaction of Pi and
Fe to promote Fe accumulation in roots in response to Pi
deficiency (Ticconi et al., 2004; Svistoonoff et al., 2007; Balzergue
et al., 2017; Mora-Macías et al., 2017). Furthermore, studies
have shown that MPK6 integrates Pi and Fe responses and
coordinates the homeostasis between Pi deficiency and Fe
signaling in Arabidopsis (López-Bucio et al., 2019). Zargar et al.
(2013) examined the response to high Zn and Fe deficiency
in Arabidopsis.

The bHLH Ib (bHLH38/39/100/101) and FIT transcription
factors are regulated in response to high Zn application (Lešková
et al., 2017), indicating that these Fe-deficient regulatory proteins
may act as important integrators in the interaction between Fe
deficiency and Zn excess. Moreover, under both Fe-deficient and
high-Zn conditions, several metal ion transporters, including
NRAMP4, OPT3, and MRP3, and membrane protein, including
SYP122, could act as molecular integrators in the regulation of
the homeostatic cross-talk that occurs in response to high Zn and
Fe deficiency. There is a need for detailed studies on the gene
regulatory networks involved in the Zn-Fe cross-talk in plants.

It is worth noting that the signaling intermediates, such as
calcium ion (Ca2+) and reactive oxygen species (ROS), play
critical roles in the plant iron and zinc nutrient homeostasis
(Gratz et al., 2019; von der Mark et al., 2021). Very recent
studies have revealed the molecular machineries of how Ca2+

signaling is involved in the regulation of FIT and IRT1 activities
and is responsible for plant iron acquisition and homeostasis
(Gratz et al., 2019; Khan et al., 2019). Gratz et al. (2019)
also found that the CBL-INTERACTING PROTEIN KINASE
(CIPK11) expression and cytosolic Ca2+ concentrations are
induced during Fe deficiency and conformed CIPK11 as a
FIT interactor. They further proposed that the second message
Ca2+-triggered CBL1/9 mediated the CIPK11 activation, and
subsequent CIPK11-dependent phosphorylation-modulated FIT
activity shifted inactive into active FIT to enhance plant iron
uptake in response to calcium signaling. Conversely, calcium-
promoted direct interaction between the C2-domain containing
peripheral membrane protein-ENHANCED BENDING1 (EHB1,
belonging to the CAR family member) and metal transporter
IRT1 inhibited plant iron acquisition required for the prevention
of metal toxicity (Khan et al., 2019). These novel findings uncover
that these biochemical links between Fe/Zn availability and
the second message Ca2+ signal-decoding machinery represent
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a defined environment-sensing mechanism to adjust nutrient
uptake and homeostasis.

Reactive oxygen species (ROS) as an intermediate signal
play a central role in the regulation of plant stress responses
(Czarnocka and Karpiński, 2018; Smirnoff and Arnaud, 2019).
The prolonged Fe deficiency-induced hydrogen peroxide (H2O2)
elicits signaling events, leading to the inhibition of plant Fe
uptake via the FIT inactivation. To test this, the very recent
study has shown that the increased H2O2 in plants negatively
affects the gene expression of downstream transcription factors
FIT, bHLH Ib (bHLH038/039/100/101) and POPEYE (PYE),
and subsequently inhibits the Fe uptake-related FIT target genes
IRT1 and FRO2 by analysis of Fe homeostasis transcription
cascade (von der Mark et al., 2021). This finding reveals that
ROS coordinates the transcriptional responses to Fe availability
in plants. On the other hand, excess Fe increases ferritin
abundance to store Fe and protect plants from Fe-induced
oxidative stress, whereas Fe excess inhibits root growth. It is
well-demonstrated that ROS signaling participates in the Fe
homeostasis and ferritin accumulation in plants (Ravet et al.,
2009; Briat et al., 2010). Reyt et al. (2015) reported that ROS
homeostasis mediated the interaction between ferritin function
and root system architecture (RSA) remodeling in response
to Fe excess. Moreover, the ROS-activated SMR5/7 cyclin-
dependent kinase inhibitors controlled the root meristem cell
cycle arrest in the interplay between Fe and RSA. These two cases
mentioned above represent the mechanisms for ROS signaling
to coordinate Fe uptake and redistribution in plant responses to
Fe stress.

CONCLUSION AND PERSPECTIVES

In terrestrial ecosystems, higher plants are sessile organisms
and faced with variable environmental stresses, including soil
nutrient deficiency and highly reactivemetals, which significantly
affect plant survival and development. In particular, crop plants
grown in soils are exposed to nutrient stresses during their
lifecycle, such as low or high amount of essential mineral
elements, including N, P, S, Zn, and Fe. Therefore, plants
have evolved effective mechanisms to coregulate these stimuli
to maintain nutrient homeostasis. To date, the unexpected
cross-talks between macro- and micro-mineral elements in
plants have long been recognized at morphological and
physiological levels. Nevertheless, despite their fundamental
importance, the molecular bases, regulatory networks, and
biological significance of these interactions in plants remain
poorly understood. Recently, several pieces of research have
emphasized the analysis of plant nutrition, considering two
or more nutrient combinations, and proposed that N, Pi, Zn,
and/or Fe homeostasis are highly regulated in plants at different
hierarchic levels (Lešková et al., 2017; Dubeaux et al., 2018;
Bouain et al., 2019; Brumbarova and Ivanov, 2019). On one
hand, the synergistic effects between N and P, and N and Zn
in rice plants have been demonstrated at the nutrient signaling
and transport levels (Medici et al., 2019; Ji et al., in press).
On the other hand, the antagonistic interactions between P

and Zn, P and Fe, and Zn and Fe have been noted in the
area of plant nutrition at the transcriptional response, nutrient
sensing, signaling, and transport levels (Zheng et al., 2009;
Khan et al., 2014; Lešková et al., 2017; Dubeaux et al., 2018;
Gratz et al., 2019; Ding et al., 2021; von der Mark et al.,
2021). Moreover, in these excellent studies, some important
molecular integrators, including nutrient sensors (NRT1.1 and
IRT1), central regulators (PHR1, bZIP19/23, bHLH Ib and FIT),
nutrient transporters/enzymes (PHT1, PHO1;1, ZIPs, FER1,
LPCAT1, andMAPK6), and chemical/biochemical signals (Ca2+,
ROS, and CIPK11/23), have been identified and characterized
in plants during these complex processes. Future studies will
need to undertake integrative studies in order to reveal the
underlying mechanisms by which plants (including mycorrhizal
plants) coordinate these multiple nutrient stresses signaling at
the whole-plant systemic level through the combination of gene
coexpression analysis, multiple “omics” approaches, and gene
editing. This will help us further understand the biological
significance of these cross-talks and will help the scientists and
farmers develop new strategies for field nutrient management.
For example, by this way, the combined application of N and
Zn fertilizers in the field is an effective method for enhancing
both Zn nutrition and N utilization in crop plants, which is
beneficial for humans with diets, while the appropriate supply of
P or Fe fertilizer is a master strategy to alleviate crop uptake of
excessive Zn when grown in high-Zn soil (Ding et al., 2021; Ji
et al., in press).

In addition, land plants largely depend upon their associated
microbes for growth promotion and nutrient availability under
various stresses (Edwards et al., 2015; Andreote and Silva,
2017; Kaul et al., 2021). If we better study the beneficial
interactions between plants and their associated microbiota in
the rhizosphere, such as plant growth-promoting rhizobacteria
(PGPR) (Kumar and Verma, 2018), arbuscular mycorrhizal
(AM) fungi (Genre et al., 2020), and endophytic fungi (Tang
et al., 2019), we can properly manipulate the PGPR and
AM fungi in soils for facilitating plant nutrient acquisition
(White, 2019) and alleviating plant responses to toxic metal
stresses (Rajkumar et al., 2012; Tak et al., 2013), and can
lead the modern agriculture to a master exploration of
these universal nutrient sources, improving crop yield and
agricultural sustainability.

In conclusion, we emphasize again the systemic development
of the integrative study of cross-talk between macro-
and micro-mineral elements uptake and signaling in
land plants will be of great significance and essential for
sustainable agricultural and forestry development all around
the world.
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Czarnocka, W., and Karpiński, S. (2018). Friend or foe? Reactive
oxygen species production, scavenging and signaling in plant
response to environmental stresses. Free Radic. Biol. Med. 122, 4–20.
doi: 10.1016/j.freeradbiomed.2018.01.011

Dai, X., Wang, Y., and Zhang, W. H. (2016). OsWRKY74, a WRKY transcription
factor, modulates tolerance to phosphate starvation in rice. J. Exp. Bot. 67,
947–960. doi: 10.1093/jxb/erv515

de Bang, T. C., Husted, S., Laursen, K. H., Persson, D. P., and Schjoerring, J.
K. (2021). The molecular-physiological functions of mineral macronutrients
and their consequences for deficiency symptoms in plants. New Phytol. 229,
2446–2469. doi: 10.1111/nph.17074

Dekock, P. C., Hall, A., and Inkson, R. H. E. (1979). Active iron in plant leaves.
Ann. Bot. 43, 737–740. doi: 10.1093/oxfordjournals.aob.a085687

Delhaize, E., Ma, J. F., and Ryan, P. R. (2012). Transcriptional regulation
of aluminum tolerance genes. Trends Plant Sci. 17, 341–348.
doi: 10.1016/j.tplants.2012.02.008

Devaiah, B. N., Karthikeyan, A. S., and Raghothama, K. G. (2007).
WRKY75 transcription factor is a modulator of phosphate acquisition
and root development in Arabidopsis. Plant Physiol. 143, 1789–1801.
doi: 10.1104/pp.106.093971

Ding, J., Liu, L., Wang, C., Shi, L., Xu, F., and Cai, H. (2021). High level of
zinc triggers phosphorus starvation by inhibiting root-to-shoot translocation
and preferential distribution of phosphorus in rice plants. Environ. Pollut.
277:116778. doi: 10.1016/j.envpol.2021.116778

Dong, J., Piñeros, M. A., Li, X., Yang, H., Liu, Y., Murphy, A. S., et al. (2017).
An Arabidopsis ABC transporter mediates phosphate deficiency-induced
remodeling of root architecture by modulating iron homeostasis in roots.Mol.

Plant.10, 244–259. doi: 10.1016/j.molp.2016.11.001
Dragama, N., Nesic, S., Bosnic, D., Kostic, L., Nikolic, M., and Samardzic, J.

(2019). Silicon alleviates iron deficiency in barley by enhancing expression
of Strategy II genes and metal redistribution. Front. Plant Sci. 10:416.
doi: 10.3389/fpls.2019.00416

Drissner, D., Kunze, G., Callewaert, N., Gehrig, P., Tamasloukht, M. B., Boller, T.,
et al. (2007). Lyso-phosphatidylcholine is a signal in the arbuscular mycorrhizal
symbiosis. Science 318, 265–268. doi: 10.1126/science.1146487

Dubeaux, G., Neveu, J., Zelazny, E., and Vert, G. (2018). Metal sensing by the
IRT1 transporter-receptor orchestrates its own degradation and plant metal
nutrition.Mol. Cell. 69, 953–964. doi: 10.1016/j.molcel.2018.02.009

Dwivedi, R. S., Randhawa, N. S., and Bansal, R. L. (1975). Phosphorus-
zincinteraction I. Sites of immobilization of zinc in maize at highlevel of
phosphorus. Plant Soil 43, 639–648. doi: 10.1007/BF01928525

Edwards, J., Johnson, C., Santos-Medellín, C., Lurie, E., Podishetty, N. K.,
Bhatnagar, S., et al. (2015). Structure, variation, and assembly of the root-
associated microbiomes of rice. Proc. Natl. Acad. Sci. U.S.A. 112, E911–E920.
doi: 10.1073/pnas.1414592112

Elser, J. J., Bracken, M. E. S., Cleland, E. E., Gruner, D. S., Harpole, W. S.,
Hillebrand, H., et al. (2007). Global analysis of nitrogen and phosphorus
limitation of primary producers in freshwater, marine and terrestrial
ecosystems. Ecol. Lett. 10, 1135–1142. doi: 10.1111/j.1461-0248.2007.01113.x

Epstein, E. (1999). Silicon. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 641–664.
doi: 10.1146/annurev.arplant.50.1.641

Erenoglu, E. B., Kutman, U. B., Ceylan, Y., Yildiz, B., and Cakmak, I., (2011).
Improved nitrogen nutrition enhances root uptake, root-to-shoot translocation
and remobilization of zinc (65Zn) in wheat. New Phytol. 189, 438–448.
doi: 10.1111/j.1469-8137.2010.03488.x

Forieri, I., Sticht, C., Reichelt, M., Gretz, N., Hawkesford, M. J., Malagoli, M., et al.
(2017). System analysis of metabolism and the transcriptome in Arabidopsis

thaliana roots reveals differential co-regulation upon iron, sulfur and
potassium deficiency. Plant Cell Environ. 40, 95–107. doi: 10.1111/pce.12842

Forieri, I., Wirtz, M., and Hell, R. (2013). Toward new perspectives on the
interaction of iron and sulfur metabolism in plants. Front. Plant Sci. 4:357.
doi: 10.3389/fpls.2013.00357

Franco-Zorrilla, J., Gonzalez, E., Bustos, R., Linhares, F., Leyva, A., and Paz-Ares, J.
(2004). The transcriptional control of plant responses to phosphate limitation.
J. Exp. Bot. 55, 285–293. doi: 10.1093/jxb/erh009

Fujii, H., Chiou, T. J., Lin, S. I., Aung, K., and Zhu, J. K. (2005). A miRNA involved
in phosphate-starvation response in Arabidopsis. Curr. Biol. 15, 2038–2043.
doi: 10.1016/j.cub.2005.10.016

Fukao, Y., Ferjani, A., Tomioka, R., Nagasaki, N., Kurata, R., Nishimori, Y., et al.
(2011). iTRAQ analysis reveals mechanisms of growth defects due to excess zinc
in Arabidopsis. Plant Physiol. 155, 1893–1907. doi: 10.1104/pp.110.169730

Genre, A., Lanfranco, L., Perotto, S., and Bonfante, P. (2020). Unique and
common traits in mycorrhizal symbioses. Nat. Rev. Microbiol. 18, 649–660.
doi: 10.1038/s41579-020-0402-3

Gniazdowska, A., and Rychter, A. M. (2000). Nitrate uptake by bean (Phaseolus
vulgaris L.) roots under phosphate deficiency. Plant Soil 226, 79–85.
doi: 10.1023/A:1026463307043

Godon, C., Mercier, C., Wang, X., David,1, P., Richaud, P., Nussaume, L., et al.
(2019). Under phosphate starvation conditions, Fe and Al trigger accumulation
of the transcription factor STOP1 in the nucleus of Arabidopsis root cells. Plant
J. 99, 937–949. doi: 10.1111/tpj.14374

Gonzalo, M. J., Lucena, J. J., and Hernández-Apaolaza, L. (2013). Effect of
silicon addition on soybean (Glycine max) and cucumber (Cucumis sativus)
plants grown under iron deficiency. Plant Physiol. Biochem. 70, 455–461.
doi: 10.1016/j.plaphy.2013.06.007

Gratz, R., Manishankar, P., Ivanov, R., Köster, P., Mohr, I., Trofimov, K., et al.
(2019). CIPK11-dependent phosphorylationmodulates FIT activity to promote
Arabidopsisiron acquisition in response to calcium signaling. Dev. Cell. 48,
726–740. doi: 10.1016/j.devcel.2019.01.006

Gruber, B. D., Giehl, R. F., Friedel, S., and von Wirén, N. (2013). Plasticity of
the Arabidopsis root system under nutrient deficiencies. Plant Physiol. 163,
161–179. doi: 10.1104/pp.113.218453

Guerinot, M. L., and Yi, Y. (1994). Iron: nutritious, noxious, and not
readily available. Plant Physiol. 104, 815–820. doi: 10.1104/pp.104.
3.815

Hammond, J. P., Bennett, M. J., Bowen, H. C., Broadley, M. R., Eastwood,
D. C., May, S. T., et al. (2003). Changes in gene expression in
Arabidopsis shoots during phosphate starvation and the potential for
developing smart plants. Plant Physiol. 132, 578–596. doi: 10.1104/pp.103.0
20941

Frontiers in Plant Science | www.frontiersin.org 16 October 2021 | Volume 12 | Article 663477

https://doi.org/10.3389/fpls.2020.01065
https://doi.org/10.3390/ijms19030899
https://doi.org/10.1111/pce.13321
https://doi.org/10.1016/j.cub.2015.12.066
https://doi.org/10.1105/tpc.105.038943
https://doi.org/10.1093/jxb/ert027
https://doi.org/10.1105/tpc.104.024315
https://doi.org/10.1007/s11368-013-0814-z
https://doi.org/10.1093/jxb/erz214
https://doi.org/10.3389/fpls.2013.00259
https://doi.org/10.1007/BF00145775
https://doi.org/10.1016/j.freeradbiomed.2018.01.011
https://doi.org/10.1093/jxb/erv515
https://doi.org/10.1111/nph.17074
https://doi.org/10.1093/oxfordjournals.aob.a085687
https://doi.org/10.1016/j.tplants.2012.02.008
https://doi.org/10.1104/pp.106.093971
https://doi.org/10.1016/j.envpol.2021.116778
https://doi.org/10.1016/j.molp.2016.11.001
https://doi.org/10.3389/fpls.2019.00416
https://doi.org/10.1126/science.1146487
https://doi.org/10.1016/j.molcel.2018.02.009
https://doi.org/10.1007/BF01928525
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.1111/j.1461-0248.2007.01113.x
https://doi.org/10.1146/annurev.arplant.50.1.641
https://doi.org/10.1111/j.1469-8137.2010.03488.x
https://doi.org/10.1111/pce.12842
https://doi.org/10.3389/fpls.2013.00357
https://doi.org/10.1093/jxb/erh009
https://doi.org/10.1016/j.cub.2005.10.016
https://doi.org/10.1104/pp.110.169730
https://doi.org/10.1038/s41579-020-0402-3
https://doi.org/10.1023/A:1026463307043
https://doi.org/10.1111/tpj.14374
https://doi.org/10.1016/j.plaphy.2013.06.007
https://doi.org/10.1016/j.devcel.2019.01.006
https://doi.org/10.1104/pp.113.218453
https://doi.org/10.1104/pp.104.3.815
https://doi.org/10.1104/pp.103.020941
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Fan et al. Nutrient Interactions in Plants

Hanikenne, M., Esteves, S. M., Fanara, S., and Rouach, H. (2021). Coordinated
homeostasis of essential mineral nutrients: a focus on iron. J. Exp. Bot. 72,
2136–2153. doi: 10.1093/jxb/eraa483

Haydon, M. J., and Cobbett, C. S. (2007). A novel major facilitator superfamily
protein at the tonoplast influences zinc tolerance and accumulation in
Arabidopsis. Plant Physiol. 143, 1705–1719. doi: 10.1104/pp.106.092015

Haydon, M. J., Kawachi, M., Wirtz, M., Stefan, H., Hell, R., and Krämer, U.
(2012). Vacuolar nicotianamine has critical and distinct roles under iron
deficiency and for zinc sequestration in Arabidopsis. Plant Cell 24, 724–737.
doi: 10.1105/tpc.111.095042

Hayes, P. E., Clode, P. L., Guilherme-Pereira, C., and Lambers, H. (2019). Calcium
modulates leaf cell-specific phosphorus allocation in Proteaceae from south-
western Australia. J. Exp. Bot. 70, 3995–4009. doi: 10.1093/jxb/erz156

Hirai, M. Y., Fujiwara, T., Awazuhara, M., Kimura, T., Noji, M., and Saito,
K. (2003). Global expression profiling of sulfur-starved Arabidopsis by DNA
macroarray reveals the role of O-acetyl-l-serine as a general regulator of
gene expression in response to sulfur nutrition. Plant J. 33, 651–663.
doi: 10.1046/j.1365-313X.2003.01658.x

Hirsch, J., Marin, E., Floriani, M., Chiarenza, S., Richaud, P., Nussaume, L., et al.
(2006). Phosphate deficiency promotes modification of iron distribution in
Arabidopsis plants. Biochimie 88, 1767–1771. doi: 10.1016/j.biochi.2006.05.007

Hu, B., Jiang, Z., Wang, W., Qiu, Y., Zhang, Z., Liu, Y., et al. (2019).
Nitrate-NRT1.1B-SPX4 cascade integrates nitrogen and phosphorus signalling
networks in plants. Nat. Plants 5, 401–413. doi: 10.1038/s41477-019-0384-1

Huang, C., Barker, S. J., Langridge, P., Smith, F. W., and Graham, R. D. (2000).
Zinc deficiency up-regulates expression of high-affinity phosphate transporter
genes in both phosphate-sufficient and -deficient barley roots. Plant Physiol.
124, 415–422. doi: 10.1104/pp.124.1.415

Jain, A., Sinilal, B., Dhandapani, G., Meagher, R. B., and Sahi, S. V. (2013).
Effects of deficiency and excess of zinc on morphophysiological traits and
spatiotemporal regulation of zinc-responsive genes reveal incidence of cross
talk between micro- and macronutrients. Environ. Sci. Technol. 47, 5327–5335.
doi: 10.1021/es400113y

Ji, C., Li, J., Jiang, C., Zhang, L., Shi, L., Xu, F., et al. (in press). Zinc and nitrogen
synergistic act on root-to-shoot translocation and preferential distribution in
rice. J. Adv. Res. doi: 10.1016/j.jare.2021.04.005

Jobe, T. O., Zenzen, I., Karvansara, P. R., and Kopriva, S. (2019). Integration of
sulfate assimilation with carbon and nitrogen metabolism in transition from
C3 to C4 photosynthesis. J. Exp. Bot. 70, 4211–4221. doi: 10.1093/jxb/erz250

Kanai, M., Hirai, M., Yoshiba, M., Tadano, T., and Higuchi, K. (2009). Iron
deficiency causes zinc excess in Zea may. Soil Sci. Plant Nutr. 55, 271–276.
doi: 10.1111/j.1747-0765.2008.00350.x

Kaul, S., Choudhary, M., Gupta, S., and and Dhar, M. K. (2021). Engineering
host microbiome for crop improvementand sustainable agriculture. Front.
Microbiol. 12:635917. doi: 10.3389/fmicb.2021.635917

Kellermeier, F., Armengaud, P., Seditas, T. J., Danku, J., Salt, D. E., and Amtmann,
A. (2014). Analysis of the root system architecture of Arabidopsis provides
a quantitative readout of crosstalk between nutritional signals. Plant Cell 26,
1480–1496. doi: 10.1105/tpc.113.122101

Khan, G. A., Bouraine, S., Wege, S., Li, Y., de Carbonnel, M., Berthomieu, P., et al.
(2014). Coordination between zinc and phosphate homeostasis involves the
transcription factor PHR1, the phosphate exporter PHO1, and its homologue
PHO1;H3 in Arabidopsis. J. Exp. Bot. 65, 871–884. doi: 10.1093/jxb/ert444

Khan, I., Gratz, R., Denezhkin, P., Schott-Verdugo, S. N., Angrand, K., Genders,
L., et al. (2019). Calcium-promoted interaction between the C2-domain protein
EHB1 and metal transporter IRT1 inhibits Arabidopsis iron acquisition. Plant
Physiol. 180, 1564–1581. doi: 10.1104/pp.19.00163

Kim, H. S., Kim, K. R., Yang, J. E., Ok, Y. S., Owens, G., Nehls, T., et al. (2016).
Effect of biochar on reclaimed tidal land soil properties andmaize (Zeamays L.)
response. Chemosphere 142, 153–159. doi: 10.1016/j.chemosphere.2015.06.041

Kisko, M., Bouain, N., Rouached, A., Choudhary, S. P., and Rouached, H. (2015).
Molecular mechanisms of phosphate and zinc signalling crosstalk in plants:
Phosphate and zinc loading into root xylem in Arabidopsis. Environ. Exp. Bot.
114, 57–64. doi: 10.1016/j.envexpbot.2014.05.013

Kisko, M., Bouain, N., Safi, A., Medici, A., Akkers, R. C., Secco, D., et al. (2018).
LPCAT1controls phosphate homeostasis in a zinc-dependent manner. eLife
7:e32077. doi: 10.7554/eLife.32077.021

Kobayashi, T., Itai, R. N., Aung, M. S., Senoura, T., Nakanishi, H., and Nishizawa,
N. K. (2012). The rice transcription factor IDEF1 directly binds to iron and
other divalent metals for sensing cellular iron status. Plant J. 69, 81–91.
doi: 10.1111/j.1365-313X.2011.04772.x

Kobayashi, T., Nagasaka, S., Senoura, T., Itai, R. N., Nakanishi, H., and
Nishizawa, N. K. (2013). Iron-binding haemerythrin RING ubiquitin ligases
regulate plant iron responses and accumulation. Nat. Commun. 4:2792.
doi: 10.1038/ncomms3792

Kobayashi, T., and Nishizawa, N. K. (2012). Iron uptake, translocation,
and regulation in higher plants. Annu. Rev. Plant Biol. 63, 131–152.
doi: 10.1146/annurev-arplant-042811-105522

Kobayashi, T., and Nishizawa, N. K. (2014). Iron sensors and signals in response
to iron deficiency. Plant Sci. 224, 36–43. doi: 10.1016/j.plantsci.2014.04.002

Kobayashi, T., Yoshihara, T., Jiang, T. B., Goto, F., Nakanishi, H., Mori, S., et al.
(2003). Combined deficiency of iron and other divalent cations mitigates the
symptoms of iron deficiency in tobacco plants. Physiol. Plant. 119, 400–408.
doi: 10.1034/j.1399-3054.2003.00126.x

Krouk, G., Ruffel, S., Gutiérrez, R. A., Gojon, A., and Crawford, N. M., Coruzzi,
G. M., et al. (2011). A framework integrating plant growth with hormones and
nutrients. Trends Plant Sci. 16, 178–182. doi: 10.1016/j.tplants.2011.02.004

Kumar, A., and Verma, J. P. (2018). Does plant-microbe interaction
confer stress tolerance in plants: a review? Microbiol. Res. 207, 41–52.
doi: 10.1016/j.micres.2017.11.004

Kumar, S., Kumar, S., and Mohapatra, T. (2021). Interaction between
macro-and micro-nutrients in Plants. Front. Plant Sci. 12:665583.
doi: 10.3389/fpls.2021.665583

Kutman, U. B., Yildiz, B., and Cakmak, I. (2011). Effect of nitrogen on uptake,
remobilization and partitioning of zinc and iron throughout the development
of durum wheat. Plant Soil 342, 149–164. doi: 10.1007/s11104-010-0679-5

Lanquar, V., Lelievre, F., Bolte, S., Hames, C., Alcon, C., Neumann, D., et al.
(2005). Mobilization of vacuolar iron by AtNRAMP3 and AtNRAMP4
is essential for seed germination on low iron. EMBO J. 24, 4041–4051.
doi: 10.1038/sj.emboj.7600864

Lei, L., Li, Y., Wang, Q., Xu, J., Chen, Y., Yang, H., et al. (2014). Activation of
MKK9-MPK3/MPK6 enhances phosphate acquisition in Arabidopsis thaliana.
New Phytol. 203, 1146–1160. doi: 10.1111/nph.12872

Lešková, A., Giehl, R. F. H., Hartmann, A., Fargašová, A., and von Wirén, N.
(2017). Heavy metals induce iron deficiency responses at different hierarchic
and regulatory levels. Plant Physiol. 174, 1648–1668. doi: 10.1104/pp.16.01916

Li, S., Zhou, X., Huang, Y., Zhu, L., Zhang, S., Zhao, Y., et al. (2013).
Identification and characterization of the zinc-regulated transporters, iron-
regulated transporter-like protein (ZIP) gene family in maize. BMC Plant Biol.
13:114. doi: 10.1186/1471-2229-13-114

Li,W., and Lan, P. (2015). Genome-wide analysis of overlapping genes regulated by
irondeficiency and phosphate starvation reveals new interactions inArabidopsis
roots. BMC Res. Notes 12:555. doi: 10.1186/s13104-015-1524-y

Lilay, G. H., Persson, D. P., Castro, P. H., Liao, F., Alexander, R. D., Aarts, M. G.
M., et al. (2021). Arabidopsis bZIP19 and bZIP23 act as zinc sensors to control
plant zinc status. Nat. Plants 7, 137–143. doi: 10.1038/s41477-021-00856-7

Lin, W. Y., Huang, T. K., and Chiou, T. J. (2013). NITROGEN LIMITATION
ADAPTATION, a target of microRNA827, mediates degradation
of plasma membrane-localized phosphate transporters to maintain
phosphate homeostasis in Arabidopsis. Plant Cell 25, 4061–4074.
doi: 10.1105/tpc.113.116012

Liu, A., Hamel, C., Hamilton, R. I., Ma, B. L., and Smith, D. L. (2000).
Acquisition of Cu, Zn, Mn, and Fe by mycorrhizal maize (Zea maysL.)
grown in soil at different P and micronutrient levels. Mycorrhiza 9, 331–336.
doi: 10.1007/s005720050277

Liu, T. Y., Lin, W. Y., Huang, T. K., and Chiou, T. J. (2014). MicroRNA-mediated
surveillance of phosphate transporters on the move. Trends Plant Sci. 19,
647–655. doi: 10.1016/j.tplants.2014.06.004

Loneragan, J. F., Grunes, D. L., Welch, R. M., Aduayi, E. A., Tengah,
A., Lazar, V. A., et al. (1982). Phosphorus accumulation and toxicity
in leaves in relation to zinc supply. Soil Sci. Soc. Am. J. 46, 345–352.
doi: 10.2136/sssaj1982.03615995004600020027x

López-Bucio, J. S., Salmerón-Barrera, G. J., Ravelo-Ortega, G., Raya-González, J.,
León, P., de la Cruz, H. R., et al. (2019). Mitogen-activated protein kinase

Frontiers in Plant Science | www.frontiersin.org 17 October 2021 | Volume 12 | Article 663477

https://doi.org/10.1093/jxb/eraa483
https://doi.org/10.1104/pp.106.092015
https://doi.org/10.1105/tpc.111.095042
https://doi.org/10.1093/jxb/erz156
https://doi.org/10.1046/j.1365-313X.2003.01658.x
https://doi.org/10.1016/j.biochi.2006.05.007
https://doi.org/10.1038/s41477-019-0384-1
https://doi.org/10.1104/pp.124.1.415
https://doi.org/10.1021/es400113y
https://doi.org/10.1016/j.jare.2021.04.005
https://doi.org/10.1093/jxb/erz250
https://doi.org/10.1111/j.1747-0765.2008.00350.x
https://doi.org/10.3389/fmicb.2021.635917
https://doi.org/10.1105/tpc.113.122101
https://doi.org/10.1093/jxb/ert444
https://doi.org/10.1104/pp.19.00163
https://doi.org/10.1016/j.chemosphere.2015.06.041
https://doi.org/10.1016/j.envexpbot.2014.05.013
https://doi.org/10.7554/eLife.32077.021
https://doi.org/10.1111/j.1365-313X.2011.04772.x
https://doi.org/10.1038/ncomms3792
https://doi.org/10.1146/annurev-arplant-042811-105522
https://doi.org/10.1016/j.plantsci.2014.04.002
https://doi.org/10.1034/j.1399-3054.2003.00126.x
https://doi.org/10.1016/j.tplants.2011.02.004
https://doi.org/10.1016/j.micres.2017.11.004
https://doi.org/10.3389/fpls.2021.665583
https://doi.org/10.1007/s11104-010-0679-5
https://doi.org/10.1038/sj.emboj.7600864
https://doi.org/10.1111/nph.12872
https://doi.org/10.1104/pp.16.01916
https://doi.org/10.1186/1471-2229-13-114
https://doi.org/10.1186/s13104-015-1524-y
https://doi.org/10.1038/s41477-021-00856-7
https://doi.org/10.1105/tpc.113.116012
https://doi.org/10.1007/s005720050277
https://doi.org/10.1016/j.tplants.2014.06.004
https://doi.org/10.2136/sssaj1982.03615995004600020027x
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Fan et al. Nutrient Interactions in Plants

6 integrates phosphate and iron responses for indeterminate root growth in
Arabidopsis thaliana. Planta 250, 1177–1189. doi: 10.1007/s00425-019-03212-4

Maathuis, F. J. (2009). Physiological functions of mineral macronutrients. Curr.
Opin. Plant Biol. 12, 250–258. doi: 10.1016/j.pbi.2009.04.003

Maillard, A., Diquélou, S., Billard, V., Laîné, P., Garnica, M., Prudent,
M., et al. (2015). Leaf mineral nutrient remobilization during leaf
senescence and modulation by nutrient deficiency. Front. Plant Sci. 6:317.
doi: 10.3389/fpls.2015.00317

Maillard, A., Etienne, P., Diquélou, S., Trouverie, J., Billard, V., Yvin, J. C., et al.
(2016). Nutrient deficiencies modify the ionomic composition of plant tissues: a
focus on cross-talk betweenmolybdenum and other nutrients in Brassica napus.
J. Exp. Bot. 67, 5631–5641. doi: 10.1093/jxb/erw322

Maret, W. (2009). Molecular aspects of human cellular zinc homeostasis:
redox control of zinc potentials and zinc signals. Biometals 22, 149–157.
doi: 10.1007/s10534-008-9186-z

Marschner, H. (1995).Mineral Nutrition of Higher Plants. London: Academic Press.
Marschner, P. (2012). Marschner’s Mineral Nutrition of Higher Plants. London:

Elsevier/Academic Press.
Mäser, P., Thomine, S., Schroeder, J. I., Ward, J. M., Hirschi, K. and Sze, H.,

et al. (2001). Phylogenetic relationships within cation transporter families of
Arabidopsis. Plant Physiol. 126, 1646–1667. doi: 10.1104/pp.126.4.1646

Mathan, K. K., and Amberger, A. (1977). Influence of iron on the uptake
ofphosphorus by maize. Plant Soil 46, 413–422. doi: 10.1007/BF00010097

Medici, A., Szponarski,W., Dangeville, P., Safi, A., Dissanayake, I. M., Saenchai, C.,
et al. (2019). Identification of molecular integrators shows that nitrogen actively
controls the phosphate starvation response in plants. Plant Cell 31, 1171–1184.
doi: 10.1105/tpc.18.00656

Meharg, C., andMeharg, A. A. (2015). Silicon, the silver bullet for mitigating biotic
and abiotic stress, and improving grain quality, in rice? Environ. Exp. Bot. 120,
8–17. doi: 10.1016/j.envexpbot.2015.07.001

Misson, J., Raghothama, K. G., Jain, A., Jouhet, J., Block, M. A., Bligny,
R., et al. (2005). A genome-wide transcriptional analysis using
Arabidopsis thalianaAffymetrix gene chips determined plant responses to
phosphate deprivation. Proc. Natl. Acad. Sci. U.S.A. 102, 11934–11939.
doi: 10.1073/pnas.0505266102

Mora-Macías, J., Ojeda-Rivera, J. O., Gutiérrez-Alanís, D., Yong-Villalobos,
L., Oropeza-Aburto, A., Raya-González, J., et al. (2017). Malate-dependent
Fe accumulation is a critical checkpoint in the root developmental
response to low phosphate. Proc. Natl. Acad. Sci. U.S.A. 114, E3563–E3572.
doi: 10.1073/pnas.1701952114

Moran, L. A., Peiffer, G. A., Yin, T., Whitham, S. A., Cook, D., Shoemaker, R. C.,
et al. (2014). Identification of candidate genes involved in early iron deficiency
chlorosis signaling in soybean (Glycine max) roots and leaves. BMC Genomics

15:702. doi: 10.1186/1471-2164-15-702
Morel, M., Crouzet, J., Gravot, A., Auroy, P., Leonhardt, N., Vavasseur, A.,

et al. (2009). AtHMA3, a P1B-ATPase allowing Cd/Zn/Co/Pb vacuolar
storage in Arabidopsis. Plant Physiol. 149, 894–904. doi: 10.1104/pp.108.13
0294

Mori, S. (1999). Iron acquisition by plants. Curr. Opin. Plant Biol. 2, 250–253.
doi: 10.1016/S1369-5266(99)80043-0

Müller, J., Gödde, V., Niehaus, K., and Zörb, C. (2015). Metabolic adaptations of
white lupin roots and shoots under phosphorus deficiency. Front. Plant Sci.
6:1014. doi: 10.3389/fpls.2015.01014

Müller, R., Morant, M., Jarmer, H., Nilsson, L., and Hamborg Nielsen, T. H.
(2007). Genome-wide analysis of the Arabidopsis leaf transcriptome reveals
interaction of phosphate and sugar metabolism. Plant Physiol. 143, 156–171.
doi: 10.1104/pp.106.090167

Neset, T. S., and Cordell, D. (2012). Global phosphorus scarcity:
identifying synergies for a sustainable future. J. Sci. Food Agric. 92, 2–6.
doi: 10.1002/jsfa.4650

Nie, Z., Wang, J., Rengel, Z., Liu, H., Gao, W., and Zhao, P. (2018). Effects of
nitrogen combined with zinc application on glutamate, glutamine, aspartate
and asparagine accumulation in two winter wheat cultivars. Plant Physiol.

Biochem. 127, 485–495. doi: 10.1016/j.plaphy.2018.04.022
Ova, E. A., Kutman, U. B., Ozturk, L., and Cakmak, I. (2015). High

phosphorus supply reduced zinc concentration of wheat innative soil but
not in autoclaved soil or nutrient solution. Plant Soil 393, 147–162.
doi: 10.1007/s11104-015-2483-8

Paik, I., Kathare, P. K., Kim, J. I., and Huq, E. (2017). Expanding roles of
PIFs in signal integration from multiple processes. Mol. Plant 10, 1035–1046.
doi: 10.1016/j.molp.2017.07.002

Park, B. S., Seo, J. S., and Chua, N. H. (2014). NITROGEN
LIMITATIONADAPTATION recruits PHOSPHATE2 to target the phosphate
transporter PT2 for degradation during the regulation ofArabidopsis phosphate
homeostasis. Plant Cell 26, 454–464. doi: 10.1105/tpc.113.120311

Pavlovic, J., Samardzic, J., Maksimovic, V., Timotijevic, G., Stevic, N., Laursen, K.
H., et al. (2013). Silicon alleviates iron deficiency in cucumber by promoting
mobilization of iron in the root apoplast. New Phytol. 198, 1096–1107.
doi: 10.1111/nph.12213

Petit, J. M., Briat, J. F., and Lobréaux, S. (2001). Structure and differential
expression of the four members of the Arabidopsis thaliana ferritin gene family.
Biochem. J. 359, 575–582. doi: 10.1042/bj3590575

Pineau, C., Loubet, S., Lefoulon, C., Chalies, C., Fizames, C., Lacombe, B., et al.
(2012). Natural variation at the FRD3 MATE transporter locus reveals cross-
talk between Fe homeostasis and Zn tolerance in Arabidopsis thaliana. PLoS
Genet. 8:e1003120. doi: 10.1371/journal.pgen.1003120

Poirier, Y., and Bucher, M. (2002). Phosphate transport and homeostasis in
Arabidopsis. Arabidopsis Book 1:e0024. doi: 10.1199/tab.0024

Przybyla-Toscano, J., Christ, L., Keech, O., and Rouhier, N. (2021). Iron-
sulfur proteins in plant mitochondria: roles and maturation. J. Exp. Bot. 72,
2014–2044. doi: 10.1093/jxb/eraa578

Rai, V., Sanagala, R., Sinilal, B., Yadav, S., Sarkar, A. K., Dantu, P. K., et al.
(2015). Iron availability affects phosphate deficiency-mediated responses, and
evidence of cross-talk with auxin and zinc in Arabidopsis. Plant Cell Physiol. 56,
1107–1123. doi: 10.1093/pcp/pcv035

Rajkumar, M., Sandhya, S., Prasad, M. N., and Freitas, H. (2012). Perspectives of
plant-associated microbesin heavy metal phytoremediation. Biotechnol. Adv.
30, 1562–1574. doi: 10.1016/j.biotechadv.2012.04.011

Ravet, K., Touraine, B., Boucherez, J., Briat, J. F., Gaymard, F.,
and Cellier, F. (2009). Ferritins control interaction between iron
homeostasis and oxidative stress in Arabidopsis. Plant J. 57, 400–412.
doi: 10.1111/j.1365-313X.2008.03698.x

Reed, H. (1946). Effects of zinc deficiency on phosphate metabolism of the tomato
plant. Am. J. Bot. 33, 778–784. doi: 10.1002/j.1537-2197.1946.tb12940.x

Reyt, G., Boudouf, S., Boucherez, J., Gaymard, F., and Briat, J. F. (2015).
Iron- and ferritin-dependent reactive oxygen species distribution:
impact on Arabidopsis root system architecture. Mol. Plant 8, 439–453.
doi: 10.1016/j.molp.2014.11.014

Robson, A. D., and Pitman, M. G. (1983). Interactions Between Nutrients in Higher

Plants. Berlin; New York, NY: Springer-Verlag, 287–312.
Rogers, E. E., and Guerinot, M. L. (2002). FRD3, a member of the multidrug and

toxin efflux family, controls iron deficiency responses in Arabidopsis. Plant Cell
14, 1787–1799. doi: 10.1105/tpc.001495

Rouached, H., and Rhee, S. Y. (2017). System-level understanding of plant
mineral nutrition in the big data era. Curr. Opin. Syst. Biol. 4, 71–77.
doi: 10.1016/j.coisb.2017.07.008

Rouached, H., Secco, D., Arpat, A. B., and Poirier, Y. (2011). The transcription
factor PHR1 plays a key role in the regulation of sulfate shoot-to-root
flux upon phosphate starvation in Arabidopsis. BMC Plant Biol. 11:19.
doi: 10.1186/1471-2229-11-19

Saenchai, C., Bouain, N., Kisko, M., Prom, C., Doumas, P., and Rouached, H.
(2016). The involvement of OsPHO1;1 in the regulation of iron transport
through integration of phosphate and zinc deficiency signaling. Front. Plant
Sci. 7:396. doi: 10.3389/fpls.2016.00396

Salt, D. E., Baxter, I., and Lahner, B. (2008). Ionomics and the
study of the plant ionome. Annu. Rev. Plant Biol. 59, 709–733.
doi: 10.1146/annurev.arplant.59.032607.092942

Satbhai, S. B., Setzer, C., Freynschlag, F., Slovak, R., Kerdaffrec, E., and Busch, W.
(2017). Natural allelic variation of FRO2 modulates Arabidopsis root growth
under iron deficiency. Nat. Commun. 8:15603. doi: 10.1038/ncomms15603

Schaaf, G., Schikora, A., Häberle, J., Vert, G., Ludewig, U., Briat, J. F., et al. (2005).
A putative function for the Arabidopsis Fe-Phytosiderophore transporter
homolog AtYSL2 in Fe and Zn homeostasis. Plant Cell Physiol. 46, 762–774.
doi: 10.1093/pcp/pci081

Scheepers, M., Spielmann, J., Boulanger, M., Carnol, M., Bosman, B., De
Pauw, E., et al. (2020). Intertwined metal homeostasis, oxidative and biotic

Frontiers in Plant Science | www.frontiersin.org 18 October 2021 | Volume 12 | Article 663477

https://doi.org/10.1007/s00425-019-03212-4
https://doi.org/10.1016/j.pbi.2009.04.003
https://doi.org/10.3389/fpls.2015.00317
https://doi.org/10.1093/jxb/erw322
https://doi.org/10.1007/s10534-008-9186-z
https://doi.org/10.1104/pp.126.4.1646
https://doi.org/10.1007/BF00010097
https://doi.org/10.1105/tpc.18.00656
https://doi.org/10.1016/j.envexpbot.2015.07.001
https://doi.org/10.1073/pnas.0505266102
https://doi.org/10.1073/pnas.1701952114
https://doi.org/10.1186/1471-2164-15-702
https://doi.org/10.1104/pp.108.130294
https://doi.org/10.1016/S1369-5266(99)80043-0
https://doi.org/10.3389/fpls.2015.01014
https://doi.org/10.1104/pp.106.090167
https://doi.org/10.1002/jsfa.4650
https://doi.org/10.1016/j.plaphy.2018.04.022
https://doi.org/10.1007/s11104-015-2483-8
https://doi.org/10.1016/j.molp.2017.07.002
https://doi.org/10.1105/tpc.113.120311
https://doi.org/10.1111/nph.12213
https://doi.org/10.1042/bj3590575
https://doi.org/10.1371/journal.pgen.1003120
https://doi.org/10.1199/tab.0024
https://doi.org/10.1093/jxb/eraa578
https://doi.org/10.1093/pcp/pcv035
https://doi.org/10.1016/j.biotechadv.2012.04.011
https://doi.org/10.1111/j.1365-313X.2008.03698.x
https://doi.org/10.1002/j.1537-2197.1946.tb12940.x
https://doi.org/10.1016/j.molp.2014.11.014
https://doi.org/10.1105/tpc.001495
https://doi.org/10.1016/j.coisb.2017.07.008
https://doi.org/10.1186/1471-2229-11-19
https://doi.org/10.3389/fpls.2016.00396
https://doi.org/10.1146/annurev.arplant.59.032607.092942
https://doi.org/10.1038/ncomms15603
https://doi.org/10.1093/pcp/pci081
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Fan et al. Nutrient Interactions in Plants

stress responses in the Arabidopsis frd3 mutant. Plant J. 102, 34–52.
doi: 10.1111/tpj.14610

Schwarz, B., and Bauer, P. (2020). FIT, a regulatory hub for iron deficiency and
stress signaling in roots, and FIT-dependent and -independent gene signatures.
J. Exp. Bot. 71, 1694–1705. doi: 10.1093/jxb/eraa012

Shahzad, Z., Rouached, H., and Rakha, A. (2014). Combatingmineral malnutrition
through iron and zinc biofortification of cereals.Compr. Rev. Food Sci. Food Saf.

13, 329–346. doi: 10.1111/1541-4337.12063
Shanmugam, V., Lo, J. C., Wu, C. L., Wang, S. L., Lai, C. C., Connolly, E. L.,

et al. (2011). Differential expression and regulation of iron-regulated metal
transporters in Arabidopsis halleri and Arabidopsis thaliana–the role in zinc
tolerance. New Phytol. 190, 125–137. doi: 10.1111/j.1469-8137.2010.03606.x

Siefers, N., Dang, K. K., Kumimoto, R. W., Bynum, W. E. IV, Tayrose, G., and
Holt, B. F. III. (2009). Tissue-specific expression patterns of Arabidopsis NF-Y
transcription factors suggest potential for extensive combinatorial complexity.
Plant Physiol. 149, 625–641. doi: 10.1104/pp.108.130591

Smirnoff, N., and Arnaud, D. (2019). Hydrogen peroxide metabolism and
functions in plants. New Phytol. 221, 1197–1214. doi: 10.1111/nph.15488

Solti, A., Sárvári, E., Tóth, B., Basa, B., Lévai, L., and Fodor, F. (2011). Cd affects
the translocation of some metals either Fe-like or Ca-like way in poplar. Plant
Physiol. Biochem. 49, 494–498. doi: 10.1016/j.plaphy.2011.01.011

Sun, Y. F., Luo, W. Z., Jain, A., Liu, L., Ai, H., Liu, X. L., et al. (2018). OsPHR3
affects the traits governing nitrogen homeostasis in rice. BMC Plant Biol.
18:241. doi: 10.1186/s12870-018-1462-7

Svistoonoff, S., Creff, A., Reymond, M., Sigoillot-Claude, C., Ricaud, L., Blanchet,
A., et al. (2007). Root tip contact with low-phosphate media reprograms plant
root architecture. Nat. Genet. 39, 792–796. doi: 10.1038/ng2041

Tak, H. I., Ahmad, F., and Babalola, O. O. (2013). Advances in the application
of plant growth-promoting rhizobacteria in phytoremediation of heavy metals.
Rev. Environ. Contam. Toxicol. 223,33–52. doi: 10.1007/978-1-4614-5577-6_2

Takahashi, F., Yoshida, R., Ichimura, K., Mizoguchi, T., Seo, S., Yonezawa, M.,
et al. (2007). The mitogen-activated protein kinase cascade MKK3-MPK6 is an
important part of the jasmonate signal transduction pathway in Arabidopsis.
Plant Cell 19, 805–818. doi: 10.1105/tpc.106.046581

Talke, I. N., Hanikenne, M., and Krämer, U. (2006). Zinc-dependent global
transcriptional control, transcriptional deregulation, and higher gene copy
number for genes in metal homeostasis of the hyperaccumulator Arabidopsis
halleri. Plant Physiol. 142, 148–167. doi: 10.1104/pp.105.076232

Tan, Y. F., O’Toole, N., Taylor, N. L., and Millar, A. H. (2010). Divalent metal ions
in plant mitochondria and their role in interactions with proteins and oxidative
stress-induced damage to respiratory function. Plant Physiol. 152, 747–761.
doi: 10.1104/pp.109.147942

Tang, M. J., Zhu, Q., Zhang, F. M., Zhang, W., Yuan, J., Sun, K., et al. (2019).
Enhanced nitrogen and phosphorus activation with an optimized bacterial
community by endophytic fungus Phomopsis liquidambari in paddy soil.
Microbiol. Res. 221, 50–59. doi: 10.1016/j.micres.2019.02.005

ten Hoopen, F., Cuin, T. A., Pedas, P., Hegelund, J. N., Shabala, S., Schjoerring, J.
K., et al. (2010). Competition between uptake of ammonium and potassium
in barley and Arabidopsis roots: molecular mechanisms and physiological
consequences. J. Exp. Bot. 61, 2303–2315. doi: 10.1093/jxb/erq057

Thibaud, M. C., Arrighi, J. F., Bayle, V., Chiarenza, S., Creff, A., Bustos,
R., et al. (2010). Dissection of local and systemic transcriptional
responses to phosphate starvation in Arabidopsis. Plant J. 64, 775–789.
doi: 10.1111/j.1365-313X.2010.04375.x

Thompson, J. P. (1990). Soil sterilization methods to show VA-mycorrhizaeaid
P and Zn nutrition of wheat in vertisols. Soil Biol Biochem. 22, 229–240.
doi: 10.1016/0038-0717(90)90092-E

Ticconi, C. A., Delatorre, C. A., Lahner, B., Salt, D. E., and Abel, S. (2004).
Arabidopsis pdr2 reveals a phosphate-sensitive checkpoint in root development.
Plant J. 37, 801–814. doi: 10.1111/j.1365-313X.2004.02005.x

Ueda, Y., Kiba, T., and Yanagisawa, S. (2020). Nitrate-inducible NIGT1 proteins
modulate phosphate uptake and starvation signalling via transcriptional
regulation of SPX genes. Plant J. 102, 448–466. doi: 10.1111/tpj.14637

Ueda, Y., Sakuraba, Y., and Yanagisawa, S. (in press). Environmental control
of phosphorus acquisition: a piece of the molecular framework underlying
nutritional homeostasis. Plant Cell Physiol. doi: 10.1093/pcp/pcab010

Valentinuzzi, F., Venuti, S., Pii, Y., Marroni, F., Cesco, S., Hartmann, F., et al.
(2019). Common and specific responses to iron and phosphorus deficiencies

in roots of apple tree (Malus × domestica). Plant Mol. Biol. 101, 129–148.
doi: 10.1007/s11103-019-00896-w

Vallee, B. L., and Auld, D. S. (1990). Zinc coordination, function, and
structure of zinc enzymes and other proteins. Biochemistry 29, 5647–5659.
doi: 10.1021/bi00476a001

van de Mortel, J. E., Villanueva, L. A., Schat, H., Kwekkeboom, J., Coughlan,
S., Moerland, P. D., et al. (2006). Large expression differences in genes for
iron and zinc homeostasis, stress response, and ligninbiosynthesis distinguish
roots of Arabidopsis thaliana and the related metal hyperaccumulator Thlaspi
caerulescens. Plant Physiol. 142, 1127–1147. doi: 10.1104/pp.106.082073

Van Hoewyk, D., Takahashi, H., Inoue, E., Hess, A., Tamaoki, M., and Pilon-
Smits, E. A. (2008). Transcriptome analyses give insights into selenium-stress
responses and selenium tolerance mechanisms in Arabidopsis. Physiol. Plant.
132, 236–253. doi: 10.1111/j.1399-3054.2007.01002.x

Varala, K., Marshall-Colón, A., Cirrone, J., Brooks, M. D., Pasquino, A. V., Léran,
S., et al. (2018). Temporal transcriptional logic of dynamic regulatory networks
underlying nitrogen signaling and use in plants. Proc. Natl. Acad. Sci. U.S.A.
115, 6494–6499. doi: 10.1073/pnas.1721487115

Verma, T. S., and Minhas, R. S. (1987). Zinc and phosphorus interaction in a
wheat-maize cropping system. Fertil. Res. 13, 77–86. doi: 10.1007/BF01049804

Vert, G., Grotz, N., Dedaldechamp, F., Gaymard, F., Guerinot, M. L., Briata, J. F.,
et al. (2002). IRT1, anArabidopsis transporter essential for iron uptake from the
soil and for plant growth. Plant Cell 14, 1223–1233. doi: 10.1105/tpc.001388

von der Mark, C., Ivanov, R., Eutebach, M., Maurino, V. G., Bauer, P., and
Brumbarova, T. (2021). Reactive oxygen species coordinate the transcriptional
responses to iron availability in Arabidopsis. J. Exp. Bot. 72, 2181–2195.
doi: 10.1093/jxb/eraa522

Wang, N., Cui, Y., Liu, Y., Fan, H., Du, J., Huang, Z., et al. (2013). Requirement
and functional redundancy of Ib subgroup bHLH proteins for iron deficiency
responses and uptake in Arabidopsis thaliana. Mol. Plant 6, 503–513.
doi: 10.1093/mp/sss089

Wang, Y. Y., Cheng, Y. H., Chen, K. E., and Tsay, Y. F. (2018). Nitrate
transport, signaling, and use efficiency. Annu. Rev. Plant Biol. 69, 85–122.
doi: 10.1146/annurev-arplant-042817-040056

Ward, J. T., Lahner, B., Yakubova, E., Salt, D. E., and Raghothama, K. G. (2008). The
effect of iron on the primary root elongation of Arabidopsis during phosphate
deficiency. Plant Physiol. 147, 1181–1191. doi: 10.1104/pp.108.118562

Wasaki, J., Yonetani, R., Kuroda, S., Shinano, T., Yazaki, J., Fujii, F., et al. (2003).
Transcriptomic analysis ofmetabolic changes by phosphorus stress in rice plant
roots. Plant Cell Environ. 26, 1515–1523. doi: 10.1046/j.1365-3040.2003.01074.x

Webb, M. J., and Loneragan, J. F. (1988). Effect of zinc deficiency on growth,
phosphorus concentration, and phosphorus toxicity of wheat plants. Soil Sci.
Soc. Am. J. 52, 1676–1680. doi: 10.2136/sssaj1988.03615995005200060032x

Welch, R. W., and Norvell, W. A. (1993). Growth and nutrient uptake by
barley (Hordeum vullgare L. cv Herta): studies using an N-(2-hydroxyethyl)
ethylenedinitrilotriacetic acid-buffered nutrient solution technique. Plant

Physiol. 101:627463. doi: 10.1104/pp.101.2.627
Welch, R. W., Webb, M. J., and Loneragan, J. F. (1982). “Zinc in membrane

function and its role in phosphorus toxicity,” in Proceedings of the Ninth

International Plant Nutrition Colloquium, Warwick University, UK, August

22-27, 1982 (Farnham Royal: Commonwealth Agricultural Bureaux), 710–771.
White, P. J. (2019). Root traits benefitting crop production in environments

with limited water and nutrient availability. Ann. Bot. 124, 883–890.
doi: 10.1093/aob/mcz162

White, P. J., Bowen, H. C., Parmaguru, P., Fritz, M., Spracklen, W. P., Spiby,
R. E., et al. (2004). Interactions between selenium and sulphur nutrition in
Arabidopsis thaliana. J. Exp. Bot. 55, 1927–1937. doi: 10.1093/jxb/erh192

White, P. J., Broadley, M. R., El-Serehy, H. A., George, T. S., Mc Nicol, J. W.,
Neugebauer, K., et al. (2017). “Plant nutrients–the functional ionome,” in
Proceedings Book of the XVIII International Plant Nutrition Colloquium With

Boron and Manganese Satellite Meetings, eds A. Carstensen, K. H. Laursen, and
J. K. Schjoerring (Denmark: University of Copenhagen), 59–60.

White, P. J., and Brown, P. H. (2010). Plant nutrition for sustainable development
and global health. Ann. Bot. 105, 1073–1080. doi: 10.1093/aob/mcq085

Wipf, D., Mongelard, G., van Tuinen, D., Gutierrez, L., and Casieri, L.
(2014). Transcriptional responses of Medicago truncatula upon sulfur
deficiency stress and arbuscular mycorrhizal symbiosis. Front. Plant Sci. 5:680.
doi: 10.3389/fpls.2014.00680

Frontiers in Plant Science | www.frontiersin.org 19 October 2021 | Volume 12 | Article 663477

https://doi.org/10.1111/tpj.14610
https://doi.org/10.1093/jxb/eraa012
https://doi.org/10.1111/1541-4337.12063
https://doi.org/10.1111/j.1469-8137.2010.03606.x
https://doi.org/10.1104/pp.108.130591
https://doi.org/10.1111/nph.15488
https://doi.org/10.1016/j.plaphy.2011.01.011
https://doi.org/10.1186/s12870-018-1462-7
https://doi.org/10.1038/ng2041
https://doi.org/10.1007/978-1-4614-5577-6_2
https://doi.org/10.1105/tpc.106.046581
https://doi.org/10.1104/pp.105.076232
https://doi.org/10.1104/pp.109.147942
https://doi.org/10.1016/j.micres.2019.02.005
https://doi.org/10.1093/jxb/erq057
https://doi.org/10.1111/j.1365-313X.2010.04375.x
https://doi.org/10.1016/0038-0717(90)90092-E
https://doi.org/10.1111/j.1365-313X.2004.02005.x
https://doi.org/10.1111/tpj.14637
https://doi.org/10.1093/pcp/pcab010
https://doi.org/10.1007/s11103-019-00896-w
https://doi.org/10.1021/bi00476a001
https://doi.org/10.1104/pp.106.082073
https://doi.org/10.1111/j.1399-3054.2007.01002.x
https://doi.org/10.1073/pnas.1721487115
https://doi.org/10.1007/BF01049804
https://doi.org/10.1105/tpc.001388
https://doi.org/10.1093/jxb/eraa522
https://doi.org/10.1093/mp/sss089
https://doi.org/10.1146/annurev-arplant-042817-040056
https://doi.org/10.1104/pp.108.118562
https://doi.org/10.1046/j.1365-3040.2003.01074.x
https://doi.org/10.2136/sssaj1988.03615995005200060032x
https://doi.org/10.1104/pp.101.2.627
https://doi.org/10.1093/aob/mcz162
https://doi.org/10.1093/jxb/erh192
https://doi.org/10.1093/aob/mcq085
https://doi.org/10.3389/fpls.2014.00680
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Fan et al. Nutrient Interactions in Plants

Wu, P., Ma, L., Hou, X., Wang, M., Wu, Y., Liu, F., et al. (2003). Phosphate
starvation triggers distinct alterations of genome expression in Arabidopsis

roots and leaves. Plant Physiol. 132, 1260–1271. doi: 10.1104/pp.103.021022
Xie, X., Hu, W., Fan, X., Chen, H., and Tang, M. (2019). Interactions between

phosphorus, zinc, and iron homeostasis in nonmycorrhizal and mycorrhizal
plants. Front. Plant Sci. 10:1172. doi: 10.3389/fpls.2019.01172

Yang, M., Lu, K., Zhao, F. J., Xie, W., Ramakrishna, P., Wang, G., et al. (2018).
Genome-wide association studies reveal the genetic basis of ionomic variation
in rice. Plant Cell 30, 2720–2740. doi: 10.1105/tpc.18.00375

Yi, Y., and Guerinot, M. L. (1996). Genetic evidence that induction of root Fe (III)
chelate reductase activity is necessary for iron uptake under iron deficiency.
Plant J. 10, 835–844. doi: 10.1046/j.1365-313X.1996.10050835.x

Youngdahl, L. J., Svec, L. V., Liebhardt, W. C., and Teel, M. R. (1977). Changesin
the zinc-65 distribution in corn root tissue with a phosphorus variable. Crop
Sci. 17, 66–69. doi: 10.2135/cropsci1977.0011183X001700010019x

Yuan, Y., Wu, H., Wang, N., Li, J., Zhao, W., Du, J., et al. (2008). FIT interacts with
AtbHLH38 and AtbHLH39 in regulating iron uptake gene expression for iron
homeostasis in Arabidopsis. Cell Res. 18, 385–397. doi: 10.1038/cr.2008.26

Zang, J., Huo, Y., Liu, J., Zhang, H., Liu, J., and Chen, H. (2020). Maize YSL2
is required for iron distribution and development in kernels. J. Exp. Bot. 71,
5896–5910. doi: 10.1093/jxb/eraa332

Zanin, L., Venuti, S., Zamboni, A., Varanini, Z., Tomasi, N., and Pinton, R. (2017).
Transcriptional and physiological analyses of Fe deficiency response in maize
reveal the presence of Strategy I components and Fe/P interactions. BMC

Genomics 18:154. doi: 10.1186/s12864-016-3478-4
Zargar, S. M., Kurata, R., Inaba, S., and Fukao, Y. (2013). Unraveling the iron

deficiency responsive proteome in Arabidopsis shoot by iTRAQ-OFFGEL
approach. Plant Signal. Behav. 10:e26892. doi: 10.4161/psb.26892

Zargar, S. M., Kurata, R., Inaba, S., Oikawa, A., Fukui, R., Ogata, Y., et al. (2015).
Quantitative proteomics of Arabidopsis shoot microsomal proteins reveals a
cross-talk between excess zinc and iron deficiency. Proteomics 15, 1196–1201.
doi: 10.1002/pmic.201400467

Zhang, Y. Q., Deng, Y., Chen, R. Y., Cui, Z. L., Chen, X. P., Yost, R., et al.
(2012). The reduction in zinc concentration of wheat grain upon increased
phosphorus-fertilization and its mitigation by foliar zinc application. Plant Soil
361, 143–152. doi: 10.1007/s11104-012-1238-z

Zheng, L., Huang, F., Narsai, R., Wu, J., Giraud, E., He, F., et al.
(2009). Physiological and transcriptome analysis of iron and phosphorus
interaction in rice seedlings. Plant Physiol. 151, 262–274. doi: 10.1104/pp.109.
141051

Zheng, Z. L., and Leustek, T. (2017). “Advances in understanding sulfur utilization
efficiency in plants,” In: Plant Macronutrient Use Efficiency, eds M. A. Hossain,
T. Kamiya, D. J. Burritt, L. S. P. Tran, T. Fujiwara (London: Academic
Press), 215–232.

Zhou, X., Yang, J., Kronzucker, H. J., and Shi, W. (2020). Selenium biofortification
and interaction with other elements in plants: a review. Front. Plant Sci.

11:586421. doi: 10.3389/fpls.2020.586421
Zhu, Y. G., Smith, S. E., and Smith, F. A. (2001). Plant growth and cation

composition of two cultivars of spring wheat (TriticumaestivumL.) differing in
P uptake efficiency. J. Exp. Bot. 52, 1277–1282. doi: 10.1093/jexbot/52.359.1277

Zuchi, S., Watanabe, M., Hubberten, H. M., Bromke, M., Osorio, S., Fernie, A. R.,
et al. (2015). The interplay between sulfur and iron nutrition in tomato. Plant
Physiol. 169, 2624–2639. doi: 10.1104/pp.15.00995

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Fan, Zhou, Chen, Tang and Xie. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Plant Science | www.frontiersin.org 20 October 2021 | Volume 12 | Article 663477

https://doi.org/10.1104/pp.103.021022
https://doi.org/10.3389/fpls.2019.01172
https://doi.org/10.1105/tpc.18.00375
https://doi.org/10.1046/j.1365-313X.1996.10050835.x
https://doi.org/10.2135/cropsci1977.0011183X001700010019x
https://doi.org/10.1038/cr.2008.26
https://doi.org/10.1093/jxb/eraa332
https://doi.org/10.1186/s12864-016-3478-4
https://doi.org/10.4161/psb.26892
https://doi.org/10.1002/pmic.201400467
https://doi.org/10.1007/s11104-012-1238-z
https://doi.org/10.1104/pp.109.141051
https://doi.org/10.3389/fpls.2020.586421
https://doi.org/10.1093/jexbot/52.359.1277
https://doi.org/10.1104/pp.15.00995
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Cross-Talks Between Macro- and Micronutrient Uptake and Signaling in Plants
	Introduction
	Chemical and Biochemical Interactions Between Macro- and Micro-Elements in Plants
	The Functional Ionome of Plants: The Complex Cross-Talks Between Macro- and Micronutrients
	Interaction Between pi, s, and fe Nutrient Homeostasis in Plants
	Interaction Between n and pi Nutrient Homeostasis in Plants
	Interaction Between N and ZN Nutrient Homeostasis in Plants
	Cross-Talk Between Pi, Zn, And Fe Homeostasis in Plants
	Interactions Between PI and ZN Nutrients in Plants
	Pi Availability Affects Zn Uptake in Plants
	Zn Availability Affects Pi Uptake in Plants
	Molecular Basis of Interaction Between Pi and Zn in Plants

	Interactions Between Pi and Fe Nutrients in Plants
	Pi Availability Affects Fe Uptake and Homeostasis in Plants
	Fe Availability Affects Pi Uptake and Homeostasis in Plants
	Molecular Basis of Pi and Fe Interactions in Plants

	Interactions Between Zn and Fe Nutrients in Plants
	Zn Availability Affects Fe Uptake and Homeostasis in Plants
	Fe Availability Affects Zn Uptake and Homeostasis in Plants
	Molecular Basis of Zn and Fe Interaction in Plants

	The Common Signals Involved In Pi, Zn, And Fe Nutrient Homeostasis In Plants
	Conclusion and Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References


