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Abstract 

Zinc (Zn) deficiency is a widespread phenomenon in agricultural soils worldwide and has a major impact on crop 
yield and quality, and hence on human nutrition and health. Although dicotyledonous crops represent >30% of human 
plant-based nutrition, relatively few efforts have been dedicated to the investigation of Zn deficiency response mech-
anisms in dicotyledonous, in contrast to monocotyledonous crops, such as rice or barley. Here, we describe the Zn 
requirement and impact of Zn deficiency in several economically important dicotyledonous crops, Phaseolus vulgaris, 
Glycine max, Brassica oleracea, and Solanum lycopersicum. We briefly review our current knowledge of the Zn defi-
ciency response in Arabidopsis and outline how this knowledge is translated in dicotyledonous crops. We highlight 
commonalities and differences between dicotyledonous species (and with monocotyledonous species) regarding the 
function and regulation of Zn transporters and chelators, as well as the Zn-sensing mechanisms and the role of hor-
mones in the Zn deficiency response. Moreover, we show how the Zn homeostatic network intimately interacts with 
other nutrients, such as iron or phosphate. Finally, we outline how variation in Zn deficiency tolerance and Zn use 
efficiency among cultivars of dicotyledonous species can be leveraged for the design of Zn biofortification strategies.

Keywords:   Arabidopsis, bean, biofortification, Brassica, dicotyledonous crop, sensing, soybean, tomato, transport, zinc 
deficiency.

Introduction

Zinc (Zn) is a micronutrient essential for plant growth and de-
velopment, but also for prokaryotic and eukaryotic organisms, 
including humans and cattle (Maret, 2013; Kaur et al., 2014). 
It acts as a cofactor of many enzymes [e.g. carbonic anhydrase 
or copper/zinc superoxide dismutase (Cu/ZnSOD)], and plays 
a structural role in many molecules [e.g. zinc-finger transcrip-
tion factors (TFs)] (Clemens, 2010; Marschner, 2012). Zn de-
ficiency impacts different health aspects, especially in children 
and pregnant women (Poskitt, 2005; Marschner, 2012). The first 

symptom in children is often diarrhea, which can still be lethal 
nowadays if Zn supplementation is not provided (Poskitt, 2005; 
Walker et al., 2013). Moreover, suffering from Zn deficiency is 
also an aggravating factor of many other health problems and 
diseases (Beisel, 1998). Zn is indeed an essential cofactor of sev-
eral antiviral molecules and regulators of the immune system, 
and is also needed for correct hematopoiesis (Beisel, 1998). 
For instance, a lower Zn serum level is associated with higher 
susceptibility to parasitic infections [e.g. visceral leishmaniasis 
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(Mishra et al., 2010), https://www.who.int/news-room/fact-
sheets/detail/leishmaniasis], and Zn malnutrition has been 
identified as a possible aggravating factor in COVID-19 pa-
tients (Jothimani et al., 2020; Wessels et al., 2021).

Zn malnutrition is still harming human populations in many 
countries worldwide. Zn deficiency prevalence even reaches 
80% in children in some low- and middle-income countries 
(LMICs) (Wessells and Brown, 2012; Gupta et al., 2020). Even 
though Zn supplementation programs, which can take dif-
ferent forms with varying efficacy and cost, are in place in 
many countries, they are often therapeutic and not preventive, 
and thus do not fully reduce the health impact of Zn defi-
ciency (Maxfield and Crane, 2021). Zn supplementation is 
usually achieved by administering tablets or via enrichment 
of flour (World Health Organization, 2009) and it may be ad-
vantageous to tackle the issue by producing agronomically or 
genetically Zn-fortified crops.

Indeed, plants are at the base of the food pyramid, and ap-
propriate Zn supply from plant products is therefore key, es-
pecially in countries where plant-based food is predominant 
in the diet. Zn availability in soils (i.e. soluble in the soil solu-
tion) is determined by multiple factors, for instance soil type 
and composition, soil pH, and moisture (Broadley et al., 2007; 
Alloway, 2009). In many areas worldwide, Zn availability in 
soils is low, causing loss of productivity and reduced quality 
in crops (Alloway, 2009; Noulas et al., 2018). Major efforts of 
Zn biofortification have been directed towards monocotyle-
donous staple crops, such as rice, wheat, or maize, as those cer-
eals are essential to feed the world’s population (Maqbool and 
Beshir, 2019; Bhatt et al., 2020; Rehman et al., 2020; Sanjeeva 
Rao et al., 2020) (https://www.harvestplus.org/what-we-do/
crops) (Box 1). Nevertheless, the 2019 Food and Agriculture 
Organization (FOA) database indicates that a significant por-
tion of human (33%) and cattle (30%) nutrition is provided 
by dicotyledonous crops (Fig. 1A–C) (Food and Agriculture 
Organization of the United Nations, 2019).

In dicotyledonous plants, most of our molecular understanding 
of Zn homeostasis, its regulation and its interactions with other 
nutrients, has been acquired in the model plant Arabidopsis 
(Arabidopsis thaliana, At) in the last 20 years. Hundreds of studies 
have examined the function of Zn transporters and chela-
tors, as well as transcriptional regulators in this species. Even if 
major gaps in our knowledge in Arabidopsis endure, this mas-
sive work enabled building a model of the Zn homeostatic net-
work relying on Zn mobilization and uptake, radial transport 
and storage in roots, translocation to the shoot, and distribution 
to vegetative and reproductive tissues (see for extensive reviews: 
Sinclair and Krämer, 2012; Ricachenevsky et al., 2015; Andresen 
et al., 2018; Bouain et al., 2019; Clemens, 2019; Hanikenne et al., 
2021; Zlobin, 2021). In that respect, the characterization of Zn 
hyperaccumulator plants, such as Arabidopsis halleri and Noccaea 
caerulescens, has been instrumental for identifying the key nodes 
of this network that are controlling the Zn flux in the plant 
(Krämer, 2010; Merlot et al., 2021). In contrast, translation of this 
knowledge to dicotyledonous crops is lagging behind.

Here, we will briefly describe Zn homeostasis and Zn defi-
ciency response mechanisms in Arabidopsis, then mostly focus 
on important dicotyledonous crops, such as soybean (Glycine 
max, Gm), tomato (Solanum lycopersicum, Sl), common bean 
(Phaseolus vulgaris, Pv), cabbage (Brassica oleracea L. var. capitata, 
Boc), and broccoli (B. oleracea L. var. italica, Boi) (Bo). These spe-
cies have been selected for their economic importance, and 
their contribution to food production and to a diversified 
nutritional intake (Fig. 1D) (Burton-Freeman and Reimers, 
2011; Anwar et al., 2019; Da Silveira Vasconcelos et al., 2019; 
Nanjundan et al., 2020; Żyła et al., 2021) but also based on 
the availability of Zn-related research reports in the literature. 
Oilseed rape (Brassica napus, Bn), another very important di-
cotyledonous crop, will not be covered as, to our knowledge, 
the Zn deficiency response has not been dissected at the mo-
lecular level in this species (Billard et al., 2015) and only a 
couple of Zn transporters were recently examined (Gu et al., 
2021; Jiao et al., 2021). We will present what is known and 
remains unknown about Zn homeostasis in these species and 
highlight (dis)similarities with Arabidopsis.

Zinc deficiency symptoms in 
dicotyledonous plants

Essentially due to high soil pH, poor Zn availability in soils 
is highly prevalent worldwide, including substantial propor-
tions of cultivated soils in India or China. Consequently, Zn 
deficiency is the most common micronutrient deficiency in 
crops. Typically, Zn deficiency symptoms in plants appear when 
the leaf Zn concentration drops below 15–20 µg Zn g−1 DW 
(Marschner, 2012; Noulas et al., 2018). Those symptoms in-
clude biomass and fertility reduction (and thus yield reduction 
in crops), leaf chlorosis (and thus an impact on photosynthesis), 
increased iron (Fe) accumulation, and increased oxidative 
stress resulting from impaired Cu/Zn SOD activity (Sinclair 
and Krämer, 2012; Marschner, 2012). Table 1 summarizes the 
main physiological impact of Zn deficiency in Arabidopsis and 
selected dicotyledonous crops.

The Zn requirement varies considerably with the develop-
mental stage of the plants, between species, and among culti-
vars of a species. Indeed, among species listed in Table 1, the 
sensitivity to Zn deficiency varies substantially (Alloway, 2008a; 
Noulas et al., 2018). Common bean, the third most produced 
grain legume worldwide, has higher Zn and Fe grain content 
than cereals (Beebe et al., 2000; Myers and Kmiecik, 2017). This 
crop is, however, highly susceptible to Zn deficiency (Alloway, 
2008a, 2009). Under these conditions, shoot protein content is 
reduced, and maturity is delayed, which impacts yield (Alloway, 
2008a; Gurmani et al., 2012; Singh et al., 2017). The effect of 
Zn deficiency is also important in B. oleracea, the ninth most 
produced dicotyledonous crop in Asia and the 16th world-
wide (Fig. 1D): the cabbage shoot biomass and Zn content 
are affected, as well as the plant and floret weight in broccoli 
(Navarro-León et al., 2016; Rivera-Martin et al., 2020). Brassica 
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oleracea is, however, a promising crop to reduce Zn deficiency 
prevalence in some countries. Indeed, its shoot phytate con-
tent, which decreases Zn absorption in the intestine, is quite 
low (Wessells et al., 2012; White et al., 2018) . Tomato and soy-
bean, both in the top 10 of produced dicotyledonous crops 
(Fig. 1D), also display intermediate sensitivity to Zn deficiency 
(Alloway, 2008a, 2009).

Two types of criteria can be used to determine the per-
formance of crops and model plants when exposed to Zn de-
ficiency, reflecting the diversity of Zn homeostasis mechanisms 
between and within species: (i) Zn deficiency tolerance, which 
is the efficacy of the Zn deficiency response and mechanisms, 
including its impact on Zn uptake, remobilization, and traf-
ficking; and (ii) Zn efficiency [or Zn use efficiency (ZUE)], 

which is the overall performance of the plant at a given Zn 
content; in other words, its capacity to sustain growth and 
thus producing nutrient-rich edible parts. Assuming that a 
Zn deficiency-tolerant plant will also be Zn efficient appears 
straightforward. However, the link between these two types of 
criterion is not always made in the literature. Although vari-
ation in Zn deficiency tolerance and in ZUE has been re-
ported in several dicotyledonous species (Hacisalihoglu et al., 
2004; Sadeghzadeh, 2013; Campos et al., 2017; González et al., 
2017; Hacisalihoglu, 2020), little is still known about the mo-
lecular mechanisms underlying those processes (Sinclair and 
Krämer, 2012). In Arabidopsis, higher tolerance to Zn defi-
ciency among accessions has been associated with higher ex-
pression of two Zn status marker genes (AtZIP4 and AtIRT3) 

Box 1. Zn biofortification

The term biofortification refers to strategies that are implemented to counteract Zn deficiency symptoms, 
and increase the yield and nutritional value of crops. It can take several forms: (i) agronomic means such as 
Zn fertilization of soils or Zn foliar application or (ii) genetic means, via varietal selection (i.e. plant breeding) 
or via the creation of transgenic crops with modified Zn pathways (Palmgren et al., 2008; Andersson, 2017; 
Cakmak and Kutman, 2018; Gupta et al., 2021). A large array of studies, mostly dedicated to cereal crops, 
have explored agronomic Zn biofortification in the field, with major success (see Cakmak and Kutman, 
2018, and references therein), the biggest limitation remaining the cost of fertilizers in LMICs (Nielsen, 2012). 
Zn-biofortified cultivars of major crops are also developed, which not only have higher Zn content in seeds, 
but also optimally have assimilable Zn in seeds (i.e. with low phytate). These breeding approaches exploit 
natural variation of Zn homeostasis among cultivars of a species (e.g. Andersson, 2017; Sanjeeva Rao et 
al., 2020). Engineering transgenic crops with higher Zn content has often been less successful, as most of 
the time the (over-)expression of a single gene in the plant is not sufficient to achieve a large increase of 
Zn content in seeds, reflecting the complexity of the Zn homeostasis network (Kumar et al., 2019; Gupta 
et al., 2021). It may, however, be required in species with low genetic diversity. Gene stacking approaches, 
combining homeostasis of several metals into a transgenic line, is likely to yield better results (e.g. Narayanan 
et al., 2019), but requires a deep prior knowledge of Zn homeostasis mechanisms. Such knowledge is also 
valuable for an educated design of marker-assisted selection of new cultivars. Note that in several cases, 
both Zn and Fe biofortification are objectives of the developed approaches.

Biofortification strategies also have to depend on the edible part of the plant—root/tuber, leaf, or fruit/seeds. 
For instance, Zn reaches flowers, seeds, and fruits via phloem transport from the leaves. This step constitutes 
a bottleneck for Zn biofortification in both monocotyledonous (Cakmak and Kutman, 2018) and dicotyledonous 
plants (Xie et al., 2020, 2021). In Solanum lycopersicum and other species, <20% of Zn foliar application was 
shown to be actually redistributed via the phloem (Du et al., 2015). Similarly, foliar Zn application has a distinct 
impact on Zn content of the edible part of cabbage (i.e. leaves) and broccoli (i.e. florets) (Rivera-Martin et al., 
2020). In the related oilseed rape, Zn is poorly remobilized from leaves upon Zn deficiency (Billard et al., 2015). In 
beans, depending on the cultivar, either the seeds or the complete pod are consumed, and thus this difference 
in edible structure has to be taken into account in biofortification strategies (Olsen and Palmgren, 2014).

Some of the biofortification strategies briefly outlined here have been applied in dicotyledonous crops. For 
instance, improved tomato fruit production was reported upon Zn supplementation of a Zn-deficient Pakistani 
soil (Rehman et al., 2020), and several trials have described how the timing of application and the Zn form 
determine the efficiency of biofortification in soybean (Heidarian et al., 2010; de Oliveira et al., 2019; Gomes et al., 
2020; Vaghar et al., 2020; Yu et al., 2020), or the pertinence of using ZnO nanoparticles in bean and its influence 
on known Zn transporters (da Cruz et al., 2019). Expression of AtHMA4 in tomato (Kendziorek et al., 2014) or of 
a NAS gene from the tree Malus xiaojinensis in tobacco (Zhang et al., 2009) both permitted enhancement of the 
Zn shoot concentration. Finally, natural variation in Zn deficiency tolerance and responses has been reported in 
Arabidopsis, which is important to rapidly identify (some of) the underlying mechanisms (Campos et al., 2017; 
Bouain et al., 2018; Chen and Ludewig, 2018), and also in dicotyledonous crops (Castro-Guerrero et al., 2016).
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upon Zn deficiency (Campos et al., 2017) or to allelic variation 
in the immune system gene AZI1 contributing to primary 
root growth at low Zn supply (Bouain et al., 2018). Moreover, 
two different Zn deficiency responses were observed among 
Arabidopsis accessions when it comes to reproduction and 
seed production (Chen and Ludewig, 2018): (i) reduced vege-
tative growth and early flowering permitting the plant to use 
its nutrients in seed production or (ii) delayed flowering per-
mitting the plant to acquire a sufficient vegetative rosette and 
thus produce more seeds. The latter concerns accessions with 
early flowering phenotypes in control conditions, in which 
Zn deficiency leads to a repression of the expression of the 
regulator FLOWERING LOCUS T (Corbesier et al., 2007; 
Chen and Ludewig, 2018). Both strategies have their own eco-
logical and evolutionary advantages, and would be interesting 
to consider in the frame of crop production on Zn-deficient 
soils. However, determining how both strategies impact seed 

production yield and quality in Arabidopsis is required before 
extrapolating to crop species. In other dicotyledonous species, 
higher tolerance to Zn deficiency has also been associated with 
differences in Zn homeostasis gene expression, in hormone 
profiles, and/or reactive oxygen species (ROS) detoxification 
capacity (see below). For instance, the capacity to conserve Cu/
ZnSOD activity at low Zn supply distinguishes Zn deficiency-
tolerant and -sensitive cultivars in tomato (Akther et al., 2020). 
Similarly, in soybean, the transcriptional induction or inhib-
ition of ROS-scavenging genes upon Zn deficiency suggests 
their implication in Zn deficiency tolerance (Zeng et al., 2019).

Zinc deficiency response and Zn transport

The release of the Arabidopsis genome (The Arabidopsis 
Genome Initiative, 2000) enabled the identification of putative 
Zn transporters in this species (Axelsen and Palmgren, 2001; 

Fig. 1.  Repartition of mono- and dicotyledonous plant world production and consumption. (A) World crop production. (B) World food supply. (C) 
Dicotyledonous species production per continent. (D) World production of the 25 most produced dicotyledonous crops. The representations are based 
on 2019 data from the Food and Agriculture Organization of the United Nations database (FOAStat, http://www.fao.org/faostat/en/#data/QC). N.D., not 
determined; nes, not elsewhere specified.
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Mäser et al., 2001), which opened the way to their detailed 
characterization, and for some of them uncovered their roles in 
Zn cellular import/export and intracellular trafficking. Most of 
these transporters belong to three families: ZIP [Zn-Regulated 
Transporter (ZRT), Iron-Regulated Transporter (IRT)-Like 
Protein (ZIP)], MTP [Metal Tolerance Protein, with the name 
Cation Diffusion Facilitators (CDFs) in plants], and HMA 
(Heavy Metal ATPase). Other families such as NRAMP 
(Natural Resistance-Associated Macrophage Protein), VIT 
(Vacuolar Iron Transporter), or PCR (Plant Cadmium 
Resistance) also contribute to Zn homeostasis (Sinclair and 
Krämer, 2012; Ricachenevsky et al., 2015; Andresen et al., 
2018).

ZIPs transport divalent metal cations, including Zn, from out-
side the cell or from an organelle to the cytoplasm (Guerinot, 

2000). Out of 15 ZIP genes present in the Arabidopsis genome, 
eight are induced by Zn deficiency, some being classically used 
as markers of the Zn nutritional status of the plant (Wintz et 
al., 2003; Talke et al., 2006; Van De Mortel et al., 2006; Assunção 
et al., 2010; Nouet et al., 2015), while many were suggested to 
transport Zn and other metals based on yeast complementation 
assays (Milner et al., 2013). Most probably because of func-
tional redundancy, detailed elucidation of the function of in-
dividual ZIP transporters in Zn homeostasis and that of other 
metals is still lacking in Arabidopsis (Wu et al., 2009; Milner et 
al., 2013; Ricachenevsky et al., 2015).

In contrast to ZIPs, MTPs and HMAs transport metals out 
of the cytoplasm, either outside the cell or into an intracel-
lular compartment. AtMTP1, AtMTP3, and AtHMA3 were 
shown to transport Zn into the vacuole, modulating Zn radial 

Table 1.  Summary of the phenotypic responses to Zn deficiency in selected dicotyledonous crops.

Species Common name ZnD phenotype Hormone shoot 
content and regu-
lation 

ZnD sensi-
tivity [3, 17] 

Identification 
of ZnD-tolerant 
and or -sensitive 
cultivars 

ZnD tolerance 
strategies 

Arabidopsis 

thaliana

Arabidopsis
Thale cress

Shoot biomass ↓ [1] 
Chlorosis and ROS [2-3] 
Root growth ↓ or ↑ [4]

IAA ↓ [14] / Flowering strategy 
[18]

Zn homeostasis 
genes [23] 
Flowering time 
modulation [18]

Brassica 

oleracea

Cabbage,  
Cauliflower,  
Broccoli
 (non-exhaustive)

Shoot DW ↓ [5, 6] 
Floret weight ↓ [5, 7] 
Variation in P content [8]

[6] 
IAA stable
Total CK stable
Specific CK (I-Ade) ↑
GA ↑
ACC↑
SA ↓
JA ↓

/ Different Zn/P 
crosstalk [19]

Hypothesis on 
a role
for auxin [6]

Glycine 

max

Soybean Nodulation ↓ [9] 
N fixation ↓ [9]

[15] 
Tr ↑ CK degradation
Tr ↑ GA inactivation
Tr ↓ Ethylene synthesis

Medium Different Zn/Fe seed 
content [20]

ROS scavenging 
[15]

Phaseolus 

vulgaris

Common bean Interveinal chlorosis [3,10] 
Brown veins on leaves [3,10] 
Whirling [10] 
Chlorophyll [11] 
Protein (shoot) ↓ [11] 
Amino acid ↑ [11]

[11] 
IAA ↓
ABA ↓
Some CK (I-Ade) ↓
Some CK (I-Ado) ↓

High [21, 22]

Solanum 

lycopersicum

Tomato Shoot DW ↓ [12] 
Chlorosis [3,10] 
PSII activity↓ [12] 
Electrolyte leakage ↑ [12] 
H2O2 ↑ [12] 
Yield ↓ [13]

[16] 
IAA ↓

Medium [12] SOD activity
ZIP genes 
induction [12]

↑ and ↓ indicate an increase or decrease of content or intensity. Tr↑ and Tr↓ indicate a transcriptomic regulation of a process. ‘/’ indicates absence of 
data. ABA, abscisic acid; ACC, 1-aminocyclopropane-1-carboxylic acid; CK, cytokinins; GA, gibberellic acid; IAA, indole-3-acetic acid; I-Ade, isopentenyl 
adenine; I-Ado, isopentenyl adenoside; JA, jasmonic acid; ROS, reactive oxygen species; SA, salicylic acid; SOD, superoxide dismutase; ZnD, zinc 
deficiency. References: [1] (Assunção et al., 2010), [2] (Shinozaki et al., 2020), [3] (Noulas et al., 2018), [4] (Bouain et al., 2018), [5] (White et al., 2018), [6] 
(Navarro-León et al., 2016), [7] (Rivera-Martin et al., 2020), [8] (Broadley et al., 2010), [9] (Zhang et al., 2020), [10] (Alloway, 2008b), [11] (Cakmak et al., 
1989), [12] (Akther et al., 2020), [13] (Gurmani et al., 2012), [14] (Wang et al., 2021), [15] (Zeng et al., 2019), [16] (Skoog, 1940), [17] (Alloway, 2009), [18] 
(Chen and Ludewig, 2018), [19] (Pongrac et al., 2020b), [20] (King et al., 2013), [21] (Singh and Westermann, 2002), [22] (Moraghan and Grafton, 1999), 
[23] (Wintz et al., 2003; Talke et al., 2006; Van De Mortel et al., 2006a; Assunção et al., 2010; Sinclair et al., 2018a).
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transport in roots and providing Zn tolerance by storing ex-
cess Zn in roots and shoot (Desbrosses-Fonrouge et al., 2005; 
Arrivault et al., 2006; Morel et al., 2009; Chao et al., 2012). 
AtHMA2 and AtHMA4 export Zn out of pericycle cells 
into the root xylem and are key actors for root to shoot Zn 
translocation (Hussain et al., 2004). AtHMA4 is also essen-
tial to transfer Zn from maternal to seed tissues (Olsen et al., 
2016). By transporting Zn into the endoplasmic reticulum 
(ER) for symplastic movement, AtMTP2 also participates 
in Zn partitioning between roots and shoot (Sinclair et al., 
2018). Among those, only the AtMTP2 and AtHMA2 genes 
are induced by Zn deficiency, and in contrast to AtZIP genes 
which are controlled by the local Zn status, their induction 
upon Zn deficiency in roots is dependent on an as yet un-
identified shoot-borne signal (Sinclair et al., 2018). Several of 
these ZIP, MTP, and HMA transporter genes are constitutively 
overexpressed in the Zn hyperaccumulators A. halleri and N. 
caerulescens, and have (sometimes still putative) key functions in 
the Zn hyperaccumulation syndrome (Talke et al., 2006; Van 
De Mortel et al., 2006; Merlot et al., 2021).

In addition to transporters, several chelators (i.e. molecules 
able to bind metals) are essential for Zn homeostasis, such as 
nicotianamine (NA), free histidine, glutathione (GSH), or cit-
rate. They are important to (i) buffer the intracellular free Zn 
concentration, which is paramount to avoid Zn toxicity; and (ii) 
ensure intra- and extracellular Zn mobility (recently reviewed 
by Clemens, 2019). Among those, NA is synthesized from 
S-adenosylmethionine by NAS (NA synthase) enzymes and 
contributes to Zn radial movement in roots, and several pieces 
of evidence suggests that NA–Zn complexes facilitate xylem 
and phloem Zn movements (Clemens, 2019, and reference 
therein). ZIFL [Zn-Induced Facilitator 1 (ZIF1)-Like] and YSL 
(Yellow Stripe-Like) proteins acts as NA or NA–metal trans-
porters, controlling Zn radial transport in roots (e.g. AtZIF1) 
or long-distance transport in the plant (e.g. several AtYSLs) 
(Curie et al., 2009; Haydon et al., 2012; Conte and Walker, 
2012). Among those genes, AtNAS2, AtNAS4, AtYSL2, and 
AtYSL3 are up-regulated upon Zn deficiency (Van De Mortel 
et al., 2006; Assunção et al., 2010). Metallothioneins (MTs) are 
metal chelator proteins hypothesized to play a key role to de-
liver Zn to target proteins, specifically during embryogenesis 
and seed germination in low Zn conditions. However, MTs 
were shown to bind Zn and to be able to deliver it to an 
acceptor in vitro only (Sinclair and Krämer, 2012; Imam and 
Blindauer, 2018).

Several of these transporters or chelators are able to transport 
or bind other metal cations in addition to Zn (e.g. Fe, man-
ganese, or copper), directly contributing to interactions of Zn 
with the homeostatic networks of these other micronutrients 
(Hanikenne et al., 2021; Kumar et al., 2021). For instance, an 
Arabidopsis quadruple nas4x-1 mutant displays Fe- but also 
Zn-related phenotypes, with significantly less Zn in rosettes 
during the vegetative stage, and in flowers, and in siliques 
during reproductive stages (Klatte et al., 2009). In this mutant, 

long-distance transport of several cations, specifically Zn xylem 
loading, is extremely impaired, impacting shoot accumulation 
(Persson et al., 2016).

Several complementary approaches are used to iden-
tify transporters with similar functions, as well as to describe 
their contribution to Zn deficiency responses, in dicotyle-
donous species other than Arabidopsis (Fig. 2; Table 2). First, 
sequence similarity-based in silico searches and phylogenetic 
studies are most commonly conducted to identify homolo-
gous genes in these species (e.g. Astudillo et al., 2013; Aslam et 
al., 2020). However, in many cases, dicotyledonous species are 
used together with Arabidopsis to provide outgroups, while 
the primary focus of the analyses is on economically important 
monocotyledonous species such as rice, wheat, or maize (e.g. 
Evens et al., 2017; Ajeesh Krishna et al., 2020). The success and 
pertinence of these approaches are very dependent on the 
quality and completeness of the available genome sequences. 
It is only since the mid 2010s that good quality genomes, with 
consolidated annotations, have gradually become available for 
a number of dicotyledonous crops (see the Phytozome data-
base for instance, http://phytozome.jgi.doe.gov/; Bellucci et 
al., 2014; Parkin et al., 2014; Yu et al., 2016; Guo et al., 2021). 
Earlier studies therefore often present fragmentary information 
and suffer from incompatibilities between consecutive annota-
tion versions of genomes (see Astudillo et al., 2013; Astudillo-
Reyes et al., 2015; Ajeesh Krishna et al., 2020). Second, these 
in silico analyses are completed, often in independent studies, 
by the identification of Zn deficiency-responsive genes among 
transporter family members (e.g Astudillo-Reyes et al., 2015; 
Pavithra et al., 2016; Zeng et al., 2019). Third, the natural vari-
ation of Zn deficiency tolerance and/or ZUE among cultivars 
is exploited to identify genetic loci underlying this variation 
through QTL (quantitative trait locus) mapping and candi-
date gene approaches (King et al., 2013; Kumawat et al., 2016; 
González et al., 2017; Izquierdo et al., 2018; Dissanayaka et al., 
2020).

Hence, the regulation of expression of a fraction of ZIP 
genes by Zn deficiency (most often up-regulation) is a con-
served feature among dicotyledonous plants (Fig. 2; Table 2), 
as it is in monocotyledonous plants (as reviewed recently in 
Ajeesh Krishna et al., 2020): for instance seven out 28 identi-
fied ZIP genes in soybean (Zeng et al., 2019), seven out of 15 
in tomato (Pavithra et al., 2016; Akther et al., 2020; Aslam et al., 
2020), four out of 12 in potato tubers (Solanum tuberosum, St) 
(Li et al., 2020), or three out of 23 in common bean (Astudillo 
et al., 2013), as well as one (Bo4g045850, a homolog of AtZIP3) 
in diverse cultivars of B. oleracea (Pongrac et al., 2020b), are 
up-regulated upon Zn deficiency, in the whole plant or in spe-
cific organs, with often considerable variations between cul-
tivars. More specifically, SlZIP-L (SL07g065380) and SlZIP3 
(SL02g081600) seem to be up-regulated in most tested tomato 
cultivars in roots and shoots in Zn deficiency conditions, with 
a noticeable exception in the very Zn deficiency-sensitive 
cultivar Ratan. In this cultivar, SlZIP-L and SlZIP3 are not 
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Fig. 2.  Metal homeostasis gene responsive to Zn deficiency in Arabidopsis and dicotyledonous crops. The information about up- or down-regulated 
genes is provided for the root, the shoot, and the reproductive organs (REP.), whenever available. Annotation of genes in blue color indicates that the 
up-regulation upon Zn deficiency is consistent in several cultivars. The orange color indicates that the up- or down- regulation upon Zn deficiency differs 
among cultivars, or at different developmental stages. The pink color indicates that a putative function of the gene in Zn uptake and transport has been 
proposed from QTL analyses or comparisons between cultivars. Genes labeled with an asterisk (∗) include (putative) ZDRE motif(s) in their promoters 
according to Castro et al. (2017) or from specific studies cited below. Arabidopsis thaliana panel: ZIP genes include ZIP1∗, ZIP2, ZIP3∗, ZIP4∗, ZIP5∗, 
ZIP9∗, ZIP12∗, and IRT3∗. NAS genes include NAS2∗ and NAS4∗ (Wintz et al., 2003; Talke et al., 2006; Van De Mortel et al., 2006; Assunção et al., 2010; 
Olsen et al., 2016; Sinclair et al., 2018b). Phaseolus vulgaris panel: gene annotations are based on Astudillo-Reyes et al. (2015) and may differ from 
specific publications. Astudillo-Reyes et al. (2015) refers to positions in https://plants.ensembl.org/ and the cultivar G19833 genome available on the 
NCBI, but not to positions in the most recent genome available at Phytozome. ZIP genes potentially implicated in Zn seed storage are ZIP12, ZIP17, and 
ZIP19. HMA genes potentially implicated in seed storage are HMA3 and HMA6. The seven additional candidates are NAS1, ZIF1, NRAMP1, NRAMP6, 
NRAMP9, three FRO genes, and three MATE genes (Astudillo et al., 2013; Astudillo-Reyes et al., 2015; Izquierdo et al., 2018). Glycine max panel: ZIP 
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up-regulated, while a reduction in biomass and photosynthetic 
activity as well as cell death are already detectable after 1 week 
of Zn deficiency (Akther et al., 2020). In the closely related 
potato, the ZIP gene expression also varies between different 
cultivars. For example, in leaves, StZIP4 is the only ZIP gene 
up-regulated by Zn deficiency in one cultivar (L14148-5) but 
down-regulated in another (Minshu1) where another ZIP 
gene (StZIP12) is highly induced (Li et al., 2020). However, 
the same genes (StZIP2, StZIP4, StZIP8, and StZIP7) are in-
duced in the economically important tubers of both cultivars 
during Zn deficiency (Li et al., 2020). Overall, very few ZIPs 
were characterized further. For instance, GmZIP1 showed Zn 
transport activity when expressed in yeast (Moreau et al., 2002).

In soybean, in addition to ZIP genes, one HMA, two MTP, 
NAS (3/5), and MT (7/9) genes are up-regulated upon Zn de-
ficiency in roots and/or shoots, before the detection of chlor-
osis and growth inhibition phenotypes (Zeng et al., 2019). In 
contrast, indole-3-acetic acid (IAA) synthesis genes in shoots as 
well as carbonic anhydrase and putative VIT genes are down-
regulated in roots. In B. oleracea, Bo2g036550 (homolog of 
AtNAS2) is up-regulated upon Zn supplementation in roots 
in two cultivars (Pongrac et al., 2020b). In the common bean, 
several studies aimed to identify transporters with a putative 
function in Zn loading into the seeds. This endeavor exploited 
the important genetic diversity found in this species. Indeed, 
common beans cultivated nowadays result from two distinct 
domestication events that took place in Mexico and in the 
Andes, and thus represent two diversified genome pools. Seeds 
from Andean origin contain more Fe, while Median-American 
seeds have higher Zn (Islam et al., 2002).

Among multiple metal homeostasis-implicated genes basally 
expressed in pods (i.e. VIT, NAS, MT, NRAMP, ZIF, and YSL) 
(Astudillo-Reyes et al., 2015), comparative transcriptomics 
of two navy bean cultivars (i.e. in which only seeds are con-
sumed) with different seed Zn content, but similar Zn root, 
leaf, and pod content, showed a higher expression of PvZIF1 
and PvZIP12 as well as lower expression of PvNRAMP9 in the 
pods containing high Zn seeds (Astudillo-Reyes et al., 2015).

Moreover, in a meta-analysis combining seven QTL studies 
conducted earlier within and between Andean and Median-
American domestication genome pools (Blair et al., 2009, 
2010, 2011, 2013; Cichy et al., 2009, 2014; Blair and Izquierdo, 
2012), Izquierdo et al. (2018) highlighted a correlation between 
Zn and Fe seed contents across cultivars of all origins. Among 
12 identified meta-QTLs, eight were associated with both Zn 
and Fe storage in seeds, and two were specific to Zn. One of 
these QTLs, located on chromosome 2, co-localizes with metal 
transporter genes, whose number and identity vary depending 

on the genome annotation version used in subsequent studies 
(Astudillo et al., 2013; Astudillo-Reyes et al., 2015). However, 
one ZIP and two HMA genes have been associated with this 
specific Zn QTL (Astudillo-Reyes et al., 2015; Izquierdo et al., 
2018). Moreover, 12 metal homeostasis genes, including ZIP 
genes and NRAMP genes, were located in five Zn/Fe metal 
QTL intervals (Izquierdo et al., 2018). The correlation between 
Fe and Zn seed contents and the high proportion of QTLs 
being Zn and Fe related for seed storage across all cultivars 
suggests the presence of a common seed loading process for 
both metals. In Arabidopsis, this correlation does not seem to 
exist, and may even be slightly negative (Chen et al., 2016). 
Thus working with common bean is biologically interesting to 
address biofortification of both nutrients at once.

Overall, if it is clear that members of major Zn transporter 
families (such as ZIPs, MTPs, or HMA4s) are encoded in gen-
omes, and if it is likely that these proteins play a role in Zn 
homeostasis and the Zn deficiency responses of dicotyledonous 
crops, little, if any, functional validation is currently available, be-
yond the ubiquitous Zn responsiveness of a number of ZIP genes 
in plants. For instance, it remains to be examined if AtHMA4-
like proteins are also essential for Zn loading in seed embryos 
in these species (Olsen and Palmgren, 2014; Olsen et al., 2016).

Regulation, sensing, and signaling

In Arabidopsis, a screen to identify trans-regulatory elements 
involved in the Zn deficiency responsiveness of AtZIP4 iden-
tified two major TFs, AtbZIP19 and AtbZIP23, controlling Zn 
homeostasis in plants (Assunção et al., 2010; Inaba et al., 2015; 
Lilay et al., 2019). They belong to the F-group of the large 
bZIP (basic leucine zipper) TF family (Castro et al., 2017). An 
Arabidopsis bzip19bzip23 double mutant is highly sensitive to 
Zn deficiency (Assunção et al., 2010). Only partially redun-
dant (Assunção et al., 2010; Inaba et al., 2015), AtbZIP19 and 
AtbZIP23 are responsible and required for the up-regulation of 
ZIP and NAS genes upon Zn deficiency (see above), through 
the binding of a cis-regulatory motif, named ZDRE (zinc defi-
ciency response element) present in their promoters (Assunção 
et al., 2010). AtbZIP19 and AtbZIP23 are in fact able to bind 
Zn via a specific Cys-/His-rich amino acid domain named 
ZSM (zinc-sensing motif) and act as sensors of the Zn status in 
the cells (Lilay et al., 2021). At normal Zn supply, Zn binding 
to this motif inactivates the TFs. At low Zn supply, the TFs are 
activated, enabling DNA binding at the ZDRE motifs and thus 
the transcriptional activation of ZIP and NAS genes during 
the Zn deficiency response (Lilay et al., 2021).

genes up-regulated upon Zn deficiency in shoots are ZIP1∗, ZIP2, ZIP3, ZIP4∗, and ZIP11. ZIP genes up-regulated upon Zn deficiency in roots are ZIP1∗, 
ZIP2, ZIP3, ZIP4∗, ZIP11, IRT1, and IRT2. MT genes up-regulated upon Zn deficiency in roots are MT-2a, -2b, -2c, -2d, -2e, MT-3a, and -3b (Zeng et 
al., 2019). Two QTLs for Zn and Fe content in seeds are found on chromosomes (Chr) 7 and 12 and include several candidate genes linked to metals or 
auxins (see King et al., 2013 and details in the main text). Solanum lycopersicum panel: the information is from Pavithra et al. (2016), Akther et al. (2020), 
and Aslam et al. (2020). Brassica oleracea panel: the information is from Pongrac et al. (2020b).
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Table 2.  Evidence supporting the potential role of genes in the Zn deficiency response in the five selected species.

Gene name Accession code Genome Techniques Other names or  
accessions 

PvZIP10 PHAVU_006G055800g

Cultivar G19833  
(Andean): 
Ensembl: PhaVulg1_0
NCBI: Phaseolus vulgaris 
(taxid:3885)
Annotation: Astudillo-
Reyes et al., 2015

Regulation: RT–qPCR, Astudillo et al., 
2013

PvZIP12, Astudillo et al., 
2013

PvZIP13 PHAVU_006G070200g PvZIP13, Astudillo et al., 
2013

PvZIP15 PHAVU_008G2905001g PvZIP16, Astudillo et al., 
2013

PvZIP12 PHAVU_006G003300g Expression: RNA-Seq between cul-
tivars and RT–qPCR confirmation, 
Astudillo-Reyes et al., 2015

PvNRAMP9 PHAVU_010G160800g
PvZIF1 PHAVU_002G108300g
PvHMA3 PHAVU_002G288300g
PvHMA6 PHAVU_002G19000g
PvNAS1 PHAVU_001G225000g
PvNRAMP1 PHAVU_001G177500g Genetic evidence: presence in QTL for 

Zn seed storage, Astudillo-Reyes et 

al., 2015
Genetic evidence: presence in QTL for 
Zn seed storage, Izquierdo et al., 2018

Phvul.001G177500, P. 

vulgaris genome v2.1, 
Izquierdo et al., 2018

PvNRAMP6 PHAVU_009G069700g Phvul.009G069700, P. 

vulgaris genome v2.1, 
Izquierdo et al., 2018

PvbZIP2 PHAVU_011G035700g Phvul.011G035700, P. 

vulgaris genome v2.1, 
Izquierdo et al., 2018

PvZIP17 PHAVU_009G077700g Phvul.009G077700, P. 

vulgaris genome v2.1, 
Izquierdo et al., 2018

PvZIP19 PHAVU_011G058500g Phvul.011G058500, P. 

vulgaris genome v2.1, 
Izquierdo et al., 2018

GmZIP1 Gm20g063100

Glycine max v2 (cultivar 
Williams 82): 
Ensembl: Glycine_max_
v2.0
Phytozome: Wm82.a4.v1
NCBI: Glycine max 
(taxid:3847)

Annotation: Zeng et al., 2019
Regulation: Zn def. against control: 
RNA-Seq and RT–qPCR Zeng et al., 
2019

GmZIP2 Gm08g164400
GmZIP3 Gm15g262800
GmZIP4 Gm13g004400
GmZIP11 Gm06g052000
GmIRT1 Gm07g223200
GmIRT2 Gm20g022500
GmNAS1 Gm03g231200
GmNAS2 Gm19g228400
GmNAS3 Gm09g036400
GmHMA5 Gm16g088300
Putative MTP Gm09g122600
Putative MTP Gm18g050500
GmMT2a Gm07g132000
GmMT2b Gm17g230500
GmMT2c Gm14g093100
GmMT2d Gm03g082100
GmMT2e Gm18g180800

GmMT3a Gm06g242900
As above As aboveGmMT3b Gm12g154300
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As their activity is directly regulated post-transcriptionally 
by the Zn status, the AtbZIP19 and AtbZIP23 transcription 
levels are not or only slightly up-regulated upon Zn defi-
ciency in Arabidopsis (Assunção et al., 2010; Inaba et al., 2015; 
Arsova et al., 2019, Preprint; Lilay et al., 2019). If this is also the 
case in other dicotyledonous plants, this complicates or pre-
vents the identification of functional homologs of AtbZIP19 
and AtbZIP23 among bZIP genes via classical transcriptomic 
analyses of the Zn deficiency response. However, members of 
the bZIP family in dicotyledonous plants have been charac-
terized in silico (e.g. a phylogenetical analysis across land plants 
including 13 dicotyledonous plants, among them Arabidopsis 
and tomato, Castro et al., 2017). Among crops of focus in this 
review, the analyses were often conducted without a specific 
focus on the F-group. This led to the identification of two 
members of the F-group in tomato (Li et al., 2015), two in 
soybean (Zhang et al., 2018), and five in B. oleracea genomes 
(Hwang et al., 2016).

In soybean, among 85 TFs that are up- or down-regulated in 
roots and/or shoots upon Zn deficiency, five are bZIPs (Zeng 
et al., 2019). However, phylogenetic analysis indicates that none 
of those bZIPs belongs to the F-group (Zhang et al., 2018), 
questioning their contribution to the regulation of ZDRE-
containing soybean genes upon Zn deficiency (see below 
and Zeng et al., 2019). In contrast, the two GmbZIP genes 
(GmbZIP84 and GmbZIP95) that cluster with Arabidopsis 
F-group bZIPs (Zhang et al., 2018) are not regulated by Zn 
deficiency (Zeng et al., 2019), at least in the cultivar tested in 
the report.

If the low to non-induction of the expression of F-group bZIP 
TFs upon Zn deficiency is common to Arabidopsis and soy-
bean, it seems to be more pronounced in tomato plants. Indeed, 
SlbZIP19/23-Like (LOC101266077, Solyc01g111580), also 
named bZIP12 and classed in the F-group (Li et al., 2015), 
is >2-fold induced by Zn deficiency (Pavithra et al., 2016). 
In common beans, complete characterization of the bZIP TF 
family is still lacking. Only two potential F-group bZIPs have 
been identified based on similarity to genomic sequences of 
AtbZIP19 and AtbZIP23. One of them, PvbZIP1, seems more 
expressed in pods of plants grown in Zn deficiency conditions 
(Astudillo et al., 2013; Astudillo-Reyes et al., 2015), Moreover, 
the second one, PvbZIP2, co-locates with a meta-QTL for Zn 
and Fe accumulation in bean seeds (Izquierdo et al., 2018).

The presence of ZDRE-binding motif(s) upstream of genes 
differentially expressed upon Zn deficiency has been observed 
in different dicotyledonous species. This is the case for ex-
ample, in soybean for nine genes up-regulated upon Zn defi-
ciency, including GmZIP4, GmZIP1, and GmNAS3 (Zeng et 
al., 2019). Two ZDREs are also found upstream of SlZIP4 in 
the tomato genome (Castro et al., 2017).

Performing complementation assays to rescue growth, an 
Arabidopsis bzip19bzip23 double mutant under Zn deficiency 
has been instrumental to the characterization of AtbZIP19 
and AtbZIP23 (e.g. Assunção et al., 2010; Lilay et al., 2019), 
as well as their functional homologs in several monocotyle-
donous crops, such as barley (Nazri et al., 2017), wheat (Evens 
et al., 2017), and rice (Lilay et al., 2020). Ideally, the in silico 
analyses of dicotyledonous bZIPs conducted so far should be 

Gene name Accession code Genome Techniques Other names or  
accessions 

SlIRT1 Solyc02g069200.2

Ensembl: SL3.0
NCBI: Solanum 

lycopersicum (taxid: 
4081)

Regulation: RT–qPCR, Aslam et al., 2020 LeIRT1, Aslam et al., 2020
SlIRT2 Solyc02g069190.3 LeIRT2, Aslam et al., 2020
SlZIPL Solyc07g065380.3 Regulation: RT–qPCR, Aslam et al., 2020, 

Akther et al., 2020, and RT–PCR Pavithra 
et al., 2016

SlZIP2 Solyc06g005620.3 Regulation: RT–qPCR, Akther et al., 2020 SlZIP1, Aslam et al., 2020
SlZIP3 Solyc02g081600.3 SlZIP3L, Pavithra et al., 

2016 and Akther et al., 
2020

SlZIP4 Solyc08g065190.3 Regulation: RT–PCR, Pavithra et al., 2016
SlZIP5 Solyc05g053370.3 Regulation: RT–qPCR, Aslam et al., 2020
SlZIP5L1 Solyc07g043230.3 Regulation: RT–PCR, Pavithra et al., 2016 SlZIP5L, Aslam et al., 

2020
SlZIP5L2 Solyc07g043200.2
SlbZIP12 Solyc01g111580.3 SlbZIP19/23L, Pavithra et 

al., 2016
Putative ZIP Bo4g045850 B. oleracea var. oleracea 

v2.1:
NCBI: B.oleracea var. 
oleracea (taxid:109 376)

Regulation: RNA-Seq, Pongrac et al., 
2020bPutative NAS2 Bo2g036550

QTL, quantitative trait loci; RT–PCR, reverse transcription–PCR; RT–qPCR, reverse transcription quantitative PCR.

Table 2.  Continued
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completed with such complementation assays to achieve a 
level of understanding and a confirmation of their function as 
in monocotyledonous species and Arabidopsis. However, the 
identification of several F-group bZIPs as well as the presence 
of a ZDRE motif upstream of potential Zn homeostasis genes 
strongly suggest a certain level of conservation of the mech-
anism (Castro et al., 2017).

Beyond transcriptional regulation, hormone signaling has 
also been linked to Zn homeostasis mechanisms. In particular, a 
lower shoot concentration of IAA, the main form of auxin, is a 
frequent observation in Zn-deficient plants (Skoog, 1940; Tsui, 
1948; Horák et al., 1976; Cakmak et al., 1989; Alloway, 2008b; 
Wang et al., 2021), although it is not always the case (Domingo 
et al., 1992; Navarro-León et al., 2016). Given the key role of 
auxin in the control of plant development and growth (Weijers 
et al., 2018), this may contribute to reduced growth upon Zn 
deficiency. That Zn deficiency causes a reduction of IAA syn-
thesis has been presented as a fact for a long time (Skoog, 1940), 
but a detailed mechanistic understanding of how and with 
which cause(s) and/or consequence(s) it occurs is still missing. 
Indeed, the causality relationship—whether lower IAA is a 
consequence of Zn deficiency or is actively participating in 
the Zn deficiency response—mostly remains to be investigated 
in Arabidopsis and other dicotyledonous species.

Several pieces of evidence suggest, however, that IAA 
could play an active role in Zn deficiency tolerance. In 
common bean and tomato, for instance, IAA foliar applica-
tion partially rescues the Zn deficiency symptoms (Skoog, 
1940; Cakmak et al., 1989). In Zn-deficient tomato, treatment 
with triiodobenzoic acid (TIBA), an inhibitor of auxin polar 
transport, decreases auxin effects, and increases Zn deficiency 
symptoms (Akther et al., 2020). In soybean, transcription of 
putative IAA synthesis genes is repressed in the root upon Zn 
deficiency (Zeng et al., 2019).

The best element supporting the direct implication of 
IAA in the Zn deficiency response is described in a highly 
Zn deficiency-tolerant rice cultivar (Oryza sativa var. Pokkali) 
(Begum et al., 2016). This specific cultivar shows no growth 
reduction, nor chlorosis upon Zn deficiency: Zn deficiency 
tolerance is associated with strong ZIP gene up-regulation in 
roots, and higher SOD and glutathione reductase (GR) activ-
ities in Zn deficiency conditions. It also has a higher IAA shoot 
content (Begum et al., 2016). Upon TIBA treatment, O. sativa 
var. Pokkali displays reduced root and shoot growth as well as 
chlorophyll content when exposed to Zn deficiency. The com-
bination of Zn deficiency and TIBA treatment also triggered 
a down-regulation of ZIP genes as well as reduced shoot and 
root Zn concentrations, total protein, but also GR and SOD 
activities (Begum et al., 2016). These data indicate that auxin 
signaling contributes to Zn deficiency tolerance in rice.

To our knowledge, there is so far no report of a case of higher 
IAA shoot content upon Zn deficiency in a dicotyledonous 
species. In radish and cabbage, no change in IAA shoot con-
tent was observed in response to Zn deficiency (Domingo et 

al., 1992; Navarro-León et al., 2016). When directly comparing 
cabbage and lettuce (Lactuca sativa), two leafy dicotyledonous 
crops, both display shoot weight reduction and a lower shoot 
Zn content upon Zn deficiency (Navarro-León et al., 2016). 
However, IAA shoot content only decreases in lettuce, and 
not in cabbage, implying that growth reduction is not due to 
IAA content reduction in the latter. Moreover, the shoot con-
centrations of other hormones also vary between both crops: 
1-aminocyclopropane-1-carboxylic acid (ACC), an ethylene 
precursor, and total gibberellin concentrations decrease dras-
tically in lettuce upon Zn deficiency but increase slightly  
in Zn-deficient cabbage. Other hormones are affected only in 
one species (e.g. abscisic acid or jasmonic acid) or similarly in 
both (e.g. a reduction in salicylic acid) (Navarro-León et al., 
2016). It therefore appears that the hormonal responses to Zn 
deficiency are not conserved across dicotyledonous species.

Although IAA content reduction upon Zn deficiency was 
discovered in tomato >80 years ago (Skoog, 1940), the mo-
lecular mechanisms underlying this observation in dicotyle-
donous plants are however poorly addressed and resolved in 
the literature nowadays. Moreover, the current research on di-
cotyledonous crops provides information on total shoot IAA 
content, while local auxin gradient and distribution contribute 
to most of IAA regulation (Weijers et al., 2018). In Arabidopsis, 
Zn quantity influences auxin accumulation at the root apical 
meristem (Wang et al., 2021). Such information on local auxin 
gradients is still lacking for crop species. Also, there seems to be 
inter- and intraspecies differences in other hormonal reactions 
to Zn deficiency, potentially linked to tolerance. For other 
hormones, there is no clear consensus about their reaction to 
Zn deficiency, and their contributions to Zn homeostasis await 
clarification (Table 1).

Crosstalk with other nutrients

As the Zn and Fe absorption machineries share similar trans-
porters and mechanisms, important interactions take place be-
tween the homeostatic networks of these two micronutrients 
(recently reviewed in Hanikenne et al., 2021; Kumar et al., 2021; 
see above and Box 2). An emblematic example of these inter-
actions is the complex transcriptional and post-translational 
regulation of the IRT1 (Iron Regulated Transporter 1) trans-
porter by Fe and Zn status in Arabidopsis (Connolly et al., 
2002; Barberon et al., 2011, 2014; Shanmugam et al., 2011; 
Dubeaux et al., 2018). If the transcriptional responses to Zn 
and Fe deficiencies are controlled by distinct TFs, essentially 
by basic helix–loop–helix TFs for Fe (Brumbarova et al., 2015; 
Gao et al., 2019; Spielmann and Vert, 2021) and bZIPs for Zn 
(see above), a number of genes (e.g. AtNAS2 and AtNAS4; 
Klatte et al., 2009; Assunção et al., 2010; Arsova et al., 2019, 
Preprint) are controlled by both deficiencies.

Autophagy recently emerged as a mechanism mitigating 
the detrimental effects of Zn/Fe interactions in Arabidopsis 
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(Shinozaki et al., 2020, 2021; Shinozaki and Yoshimoto, 2021). 
Indeed, upon Zn deficiency, higher Fe uptake, and thus higher 
intracellular Fe concentrations, trigger oxidative stress respon-
sible for the typical chlorosis phenotype of Zn deficiency 
(Cakmak, 2000). In fact, autophagy-deficient Arabidopsis mu-
tants display stronger root growth inhibition and chlorophyll 
content reduction than wild-type plants upon Zn deficiency, 
indicating a lower capacity to deal with Fe-induced oxida-
tive stress and to maintain a sufficient level of bioavailable Zn 
in cells (Shinozaki et al., 2020). The authors suggest a model 
where autophagy actively contributes to maintain sufficient 
Zn intracellular concentration via remobilization of non-
mobile Zn ions (e.g. Zn trapped in proteins), first from the 
vacuole (Shinozaki and Yoshimoto, 2021). The Fe deficiency 
induced by Zn excess could be resolved by similar autophagy-
driven mechanisms in cells (Shinozaki and Yoshimoto, 2021; 
Shinozaki et al., 2021). Whether similar mechanisms contribute 
to Zn homeostasis in general, and to Zn deficiency tolerance 
or ZUE in dicotyledonous crops remains to be examined.

Another well-documented crosstalk concerns Zn homeo-
stasis and phosphate (Pi). In dico- and monocotyledonous spe-
cies, the available Zn concentration influences Pi uptake, and 
reciprocally [e.g. in Arabidopsis (Jain et al., 2013; Khan et al., 
2014), tomato (Parker et al., 1992), soybean and maize (Yu et 
al., 2020), cabbage (Pongrac et al., 2020b), or even less studied 
species, such as cotton (Santos et al., 2019)], Pi is also impli-
cated in a similar interaction with Fe (reviewed in Hanikenne 
et al., 2021). For both Fe and Zn, a low Pi level induces an 
Fe and Zn accumulation in shoots. Conversely, Zn or Fe de-
ficiency induces Pi uptake (reviewed in Xie et al., 2019; Yu 
et al., 2020; Hanikenne et al., 2021, and references therein). 
Finally, Pi-induced Zn deficiency has also been observed in a 
number of dico- and monocotyledonous species (Santos et al., 
2019; Yu et al., 2020). In Arabidopsis, the PHR1 (Phosphate 
Response 1) TF is a major regulator of Pi homeostasis (Bustos 
et al., 2010) and contributes to the regulation of Zn/Fe/Pi tri-
partite interactions (Khan et al., 2014; Briat et al., 2015; Xie et 
al., 2019; Hanikenne et al., 2021), which appears to be at least 
partly conserved in algae (Rubio et al., 2001; Thiriet-Rupert 
et al., 2021). For instance, PHR1 regulates the transcription 
of a ferritin gene (AtFER1, permitting Fe storage), as well as 
AtZIP2 and AtZIP4. Conversely, Zn deficiency induces the 
expression of AtPHT1:1, encoding a high-affinity Pi trans-
porter in shoots, but reduces in roots the expression of the 
same AtPHT1:1, as well as AtPHO1:H3, which encodes a pro-
tein permitting a better Pi translocation from roots to shoot 
(Khan et al., 2014; Briat et al., 2015). Increased AtPH1;1 ex-
pression in Zn-deficient shoots is linked to AtLPCAT1 (lyso-
phosphatidylcholine acyltransferase) expression, downstream 
of AtbZIP23 (Kisko et al., 2018). AtbZIP23 binds to a ZDRE 
and a ZDRE-like motif upstream of AtLPCAT1, which in-
hibits its transcription. LPCAT1 repression consequently has 
a positive influence on AtPHT1;1 mRNA levels, and thus on 
Pi accumulation (Kisko et al., 2018). Natural variation in this 

regulatory cascade underlies differences in Pi accumulation 
under Zn deficiency in Arabidopsis (Kisko et al., 2018).

In B. oleracea, several cultivars were studied and compared in 
the context of Zn and Pi deficiency. For instance, red cabbage, 
kale, and broccoli have all been analyzed in different combin-
ations of Zn and Pi conditions (Pongrac et al., 2019, 2020a, b). 
Two cultivars of B. oleracea with distinct Pi homeostasis, Pi shoot 
contents, and Pi shoot to root ratios (Pongrac et al., 2020a) also 
display different responses to diverse combinations of Pi and 
Zn supply (Pongrac et al., 2020b). Both cultivars have a higher 
Zn translocation to shoots in low Pi than in high Pi conditions 
(Pongrac et al., 2020b), which is in accordance with observa-
tions in Arabidopsis (Rai et al., 2014), but differentially accu-
mulate Pi in shoots under Zn excess (Pongrac et al., 2020b). 
The putative Zn transporter-encoding gene Bo4g045850, 
known to be induced in low Zn conditions (see above), as well 
as Bo1g0221870 and Bo2g036550, encoding a Fe2+ transporter 
and an NAS, respectively, are differentially expressed at various 
ratios of Zn/Pi supplies (Pongrac et al., 2020b). This study in-
dicates that Pi soil concentration, together with the interplay 
between Zn, Fe, and Pi homeostasis, has to be considered in 
biofortification approaches (see Box 1).

Another important factor for nutrient absorption and cross-
talk is the presence of other microorganisms. Rhizosphere 
organisms influence nutrient availability and can play an im-
portant role in Zn absorption (González-Guerrero et al., 2016). 
These organisms also require Zn. For example, the rhizosphere 
microorganisms improve Zn uptake in some species, such as 
the Zn hyperaccumulator A. halleri (Muehe et al., 2015), or the 
Zn uptake-efficient Solanum nigrum (Marques et al., 2006). The 
bacterium Burkholderia pyrrocinia can even improve the toler-
ance of tomato to Zn excess (Min et al., 2021).

In the context of Zn deficiency in dicotyledonous crops, 
microorganism–plant interactions are influenced by or influ-
ence Zn homeostasis in multiple ways. For instance, Zn de-
ficiency increases the susceptibility of the plant to pathogens 
(e.g. in soybean, Helfenstein et al., 2015). In other cases, Zn is 
necessary for pathogen virulence (López-Berges, 2020). A spe-
cial case concerns legumes, such as soybean and bean, which 
among dicotyledonous species have the capacity to symbiot-
ically interact with rhizobia bacteria via the formation of root 
nodules. This symbiotic interaction permits the plant to use the 
atmospheric nitrogen (N2) fixed by the bacteria, in exchange 
for other nutrients (Garg and Geetanjali, 2007; Clarke et al., 
2014). This capacity is an important characteristic in agricul-
ture, as it permits the reduction of the use of N fertilizers, and 
nodulation generally increases yield (Dupont et al., 2012). The 
research on nodules has extensively used Medicago truncatula as 
a model. In this species, the Zn2+ transporters MtMTP2 and 
MtZIP6 are necessary for Zn distribution to nodules or Zn 
homeostasis in nodules. (Abreu et al., 2017; León-Mediavilla et 
al., 2018). Both transporters are necessary for nodule develop-
ment, nitrogenase activity, and thus for plant growth in sym-
biotic conditions (Abreu et al., 2017; León-Mediavilla et al., 
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2018). Nodule function also requires Fe, which is transported 
by MtFPN2 and MtNRAMP1, responsible for Fe import into 
nodules and into rhizobia-infected cells, respectively (Tejada-
Jiménez et al., 2015; Escudero et al., 2020). In soybean, the 
nodule number was shown to be affected by Zn deficiency, re-
ducing yield (Shittu and Ogunwale, 2012). GmZIP1, the only 
fully characterized Zn transporter gene, is responsible for Zn 
import to nodules (Moreau et al., 2002). The Zn requirement 
for nodulation has also observed in other dicotyledonous spe-
cies, such as horse gram [Dolichos biflorus (Linn.)] (Edulamudi 
et al., 2017). In soybean, Zn and Pi availability also influence 
arbuscular mycorrhizal fungi colonization, which in turn af-
fects growth and yield (Yu et al., 2020).

Conclusion

Although dicotyledonous crop species make up an important 
part of crop production and consumption worldwide, transla-
tion of the knowledge acquired on the Zn deficiency mech-
anisms in Arabidopsis has been slower towards dicotyledonous 

crops than monocotyledonous species. However, to address Zn 
deficiency as a global agronomic and health issue, both mono- 
and dicotyledonous crops should be considered as important 
for biofortification approaches (see, for instance, Castro et al., 
2017). Rapidly improving genomic resources, thanks to major 
progress in sequencing technologies, combined with the ex-
ploitation of ZUE natural variation among cultivars will allow 
uncovering the molecular mechanisms underlying tolerance to 
Zn deficiency at a much quicker pace in the future (Kumawat 
et al., 2016; Sanjeeva Rao et al., 2020).
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Box 2. Zn deficiency responses in monocotyledonous and dicotyledonous species

Mono- and dicotyledonous plants have distinct developmental pathways and anatomical features that 
have a direct impact on Zn homeostasis, with, for instance, the presence of an exodermis cell layer and 
its Casparian strip in roots or the existence of nodes acting as hubs for nutrient distribution to young 
vegetative and reproductive tissues in monocotyledonous plants. These anatomical differences impact 
symplastic and apoplastic Zn pathways and the numbers of barriers that have to be crossed by Zn to 
reach seeds from the soil.

At the molecular level, it is more and more clear that a similar set of metal transporter families 
(ZIPs, MTPs, HMAs, etc.) and metal chelators (e.g. NA) contribute to Zn homeostasis in mono- and 
dicotyledonous plants. In monocotyledonous plants, these players were mostly characterized in rice 
(Ricachenevsky et al., 2015). However, phylogenetic studies indicating conservation of F-group bZIPs 
and ZDREs suggest that the Zn deficiency responsiveness of ZIP genes, and the transcriptional control 
of this responsiveness by F-group bZIP TFs are the most widely conserved mechanisms of Zn deficiency 
responses among mono- and dicotyledonous plants (see for instance Castro et al., 2017; Lilay et al., 
2020). As in Arabidopsis, a Zn HMA pump has been suggested to play a key role in Zn loading into seed 
filial tissues from the mother plant in barley (Tauris et al., 2009; Mills et al., 2012).

Monocotyledonous species use distinct Fe uptake strategies and Fe chelators, when compared with 
dicotyledonous plants (Kobayashi and Nishizawa, 2012; Kobayashi et al., 2019), which determines 
distinct interactions between Zn and Fe homeostasis (Hanikenne et al., 2021; Kumar et al., 2021). 
Briefly, in dicotyledonous plants, upon soil acidification and Fe3+ reduction, Fe is taken up in roots 
as Fe2+ by IRT1, a ZIP transporter, which has a broad specificity for divalent metal cations, including 
Zn2+. In contrast, in graminaceous monocotyledonous plants, Fe3+ is chelated in the soil by so-called 
phytosiderophores (PSs), and PS–Fe complexes are taken up by YSL transporters (Marschner et al., 
1986; Kobayashi and Nishizawa, 2012). PS production is induced upon Zn deficiency, and PS–Zn 
transport into roots plays an important role in Zn uptake in monocotyledonous plants. PS, together with 
NA, also acts in radial root transport and long-distance transport of both Zn and Fe (Kobayashi and 
Nishizawa, 2012; Kobayashi et al., 2019).

Altogether, tolerance to Zn deficiency is highly variable among monocotyledonous species, as it is 
in dicotyledonous plants (Table 1). Hence, if maize and rice are highly sensitive to Zn deficiency, barley 
shows intermediate sensitivity, whereas wheat is only mildly affected by Zn deficiency (Alloway, 2008a; 
Nielsen, 2012; Noulas et al., 2018), indicative of variation of Zn homeostasis mechanisms in these 
species as well, and the need for detailed characterization of Zn homeostasis in individual major crops.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erab491/6430073 by U

niversity of Liege user on 17 January 2022



Copyedited by: OUPCopyedited by: OUP

Page 14 of 18  |   Thiébaut and Hanikenne

Funding

Research in the authors’ laboratories is funded by the ‘Fonds de la 
Recherche Scientifique–FNRS’ (CDR J.0009.17, PDR T0120.18, and 
CDR J.0082.21 to MH) and the University of Liège (ARC GreenMagic 
to MH). MH was Senior Research Associate of the F.R.S.-FNRS.

References
Abreu I, Saéz Á, Castro-Rodríguez R, et al. 2017. Medicago truncatula 
zinc–iron permease6 provides zinc to rhizobia-infected nodule cells. Plant, 
Cell & Environment 40, 2706–2719.

Ajeesh Krishna TP, Maharajan T, Victor Roch G, Ignacimuthu S, 
Antony Ceasar S. 2020. Structure, function, regulation and phylogenetic 
relationship of ZIP family transporters of plants. Frontiers in Plant Science 
11, 662.

Akther MS, Das U, Tahura S, Prity SA, Islam M, Kabir AH. 2020. 
Regulation of Zn uptake and redox status confers Zn deficiency tolerance in 
tomato. Scientia Horticulturae 273, 109624.

Alloway BJ, ed. 2008a. Micronutrient deficiencies on global crop produc-
tion. Cham: Springer. 

Alloway BJ. 2008b. Zinc in soils and crop production. Paris: International 
Fertilizer Industry Association.

Alloway BJ. 2009. Soil factors associated with zinc deficiency in crops and 
humans. Environmental Geochemistry and Health 31, 537–548.

Andersson M. 2017. Progress update: crop development of biofortified 
staple food crops under HarvestPlus. African Journal of Food, Agriculture, 
Nutrition and Development 17, 11905–11935.

Andresen E, Peiter E, Küpper H. 2018. Trace metal metabolism in plants. 
Journal of Experimental Botany 69, 909–954.

Anwar R, Fatima T, Mattoo AK. 2019. Tomatoes: a model crop of 
Solanaceous plants. Oxford Research Encyclopedia of Environmental 
Science, doi:10.1093/acrefore/9780199389414.013.223.

Arrivault S, Senger T, Krämer U. 2006. The Arabidopsis metal tolerance 
protein AtMTP3 maintains metal homeostasis by mediating Zn exclusion 
from the shoot under Fe deficiency and Zn oversupply. The Plant Journal 
46, 861–879.

Arsova B, Amini S, Scheepers M, et al. 2019. Resolution of the proteome, 
transcript and ionome dynamics upon Zn re-supply in Zn-deficient 
Arabidopsis. bioRxiv doi:10.1101/600569. [Preprint].

Aslam N, Khan AA, Cheema HMN, Sadia B. 2020. Transcript profiling of 
zip genes to unzip their role in zinc assimilation in Solanum lycopersicum (l.). 
Pakistan Journal of Agricultural Sciences 57, 413–423.

Assunção AG, Herrero E, Lin YF, et al. 2010. Arabidopsis thaliana tran-
scription factors bZIP19 and bZIP23 regulate the adaptation to zinc de-
ficiency. Proceedings of the National Academy of Sciences, USA 107, 
10296–10301.

Astudillo C, Fernandez AC, Blair MW, Cichy KA. 2013. The Phaseolus 
vulgaris ZIP gene family: identification, characterization, mapping, and gene 
expression. Frontiers in Plant Science 4, 286.

Astudillo-Reyes C, Fernandez AC, Cichy KA. 2015. Transcriptome char-
acterization of developing bean (Phaseolus vulgaris L.) pods from two geno-
types with contrasting seed zinc concentrations. PLoS One 10, e0137157.

Axelsen KB, Palmgren MG. 2001. Inventory of the superfamily of P-type 
ion pumps in Arabidopsis. Plant Physiology 126, 696–706.

Barberon M, Dubeaux G, Kolb C, Isono E, Zelazny E, Vert G. 2014. 
Polarization of IRON-REGULATED TRANSPORTER 1 (IRT1) to the plant–
soil interface plays crucial role in metal homeostasis. Proceedings of the 
National Academy of Sciences, USA 111, 8293–8298.

Barberon M, Zelazny E, Robert S, Conéjéro G, Curie C, Friml J, Vert 
G. 2011. Monoubiquitin-dependent endocytosis of the iron-regulated trans-
porter 1 (IRT1) transporter controls iron uptake in plants. Proceedings of the 
National Academy of Sciences, USA 108, E450–E458.

Beebe S, Skroch PW, Tohme J, Duque MC, Pedraza F, Nienhuis J. 
2000. Structure of genetic diversity among common bean landraces of 
Middle American origin based on correspondence analysis of RAPD. Crop 
Science 40, 264–273.

Begum MC, Islam M, Sarkar MR, Azad MAS, Huda AKMN, Kabir AH. 
2016. Auxin signaling is closely associated with Zn-efficiency in rice (Oryza 
sativa L.). Journal of Plant Interactions 11, 124–129.

Beisel WR. 1998. Zinc and the immune system. In: Delves PJ, ed. 
Encyclopedia of immunology, 2nd edn. Amsterdam: Elsevier, 2515–2516. 

Bellucci E, Bitocchi E, Rau D, Rodriguez M, Biagetti E, Giardini A, 
Giovanna Attene LN, Papa R. 2014. Genomics of origin, domestication 
and evolution of Phaseolus vulgaris. In: Tuberosa R, Graner A, Frison E, eds. 
Genomics of plant genetic resources. Dordrecht: Springer, 483–507.

Bhatt R, Hossain A, Sharma P. 2020. Zinc biofortification as an innovative 
technology to alleviate the zinc deficiency in human health: a review. Open 
Agriculture 5, 176–186.

Billard V, Maillard A, Garnica M, Cruz F, Garcia-Mina JM, Yvin JC, 
Ourry A, Etienne P. 2015. Zn deficiency in Brassica napus induces Mo and 
Mn accumulation associated with chloroplast proteins variation without Zn 
remobilization. Plant Physiology and Biochemistry 86, 66–71.

Blair MW, Astudillo C, Rengifo J, Beebe SE, Graham R. 2011. QTL 
analyses for seed iron and zinc concentrations in an intra-genepool popu-
lation of Andean common beans (Phaseolus vulgaris L.). Theoretical and 
Applied Genetics 122, 511–521.

Blair MW, Díaz LM, Buendía HF, Duque MC. 2009. Genetic diversity, 
seed size associations and population structure of a core collection of 
common beans (Phaseolus vulgaris L.). Theoretical and Applied Genetics 
119, 955–972.

Blair MW, Izquierdo P. 2012. Use of the advanced backcross-QTL 
method to transfer seed mineral accumulation nutrition traits from wild to 
Andean cultivated common beans. Theoretical and Applied Genetics 125, 
1015–1031.

Blair MW, Izquierdo P, Astudillo C, Grusak MA. 2013. A legume 
biofortification quandary: variability and genetic control of seed coat micro-
nutrient accumulation in common beans. Frontiers in Plant Science 4, 275.

Blair MW, Medina JI, Astudillo C, Rengifo J, Beebe SE, Machado 
G, Graham R. 2010. QTL for seed iron and zinc concentration and con-
tent in a Mesoamerican common bean (Phaseolus vulgaris L.) population. 
Theoretical and Applied Genetics 121, 1059–1070.

Bouain N, Krouk G, Lacombe B, Rouached H. 2019. Getting to the root 
of plant mineral nutrition: combinatorial nutrient stresses reveal emergent 
properties. Trends in Plant Science 24, 542–552.

Bouain N, Satbhai SB, Korte A, Saenchai C, Desbrosses G, 
Berthomieu P, Busch W, Rouached H. 2018. Natural allelic variation 
of the AZI1 gene controls root growth under zinc-limiting condition. PLoS 
Genetics 14, e1007304.

Briat JF, Rouached H, Tissot N, Gaymard F, Dubos C. 2015. Integration 
of P, S, Fe, and Zn nutrition signals in Arabidopsis thaliana: potential in-
volvement of PHOSPHATE STARVATION RESPONSE 1 (PHR1). Frontiers 
in Plant Science 6, 290.

Broadley MR, Lochlainn SÓ, Hammond JP, Bowen HC, Cakmak I, 
Eker S, Erdem H, King GJ, White PJ. 2010. Shoot zinc (Zn) concentra-
tion varies widely within Brassica oleracea L. and is affected by soil Zn and 
phosphorus (P) levels. Journal of Horticultural Science and Biotechnology 
85, 375–380.

Broadley MR, White PJ, Hammond JP, Zelko I, Lux A. 2007. Zinc in 
plants. New Phytologist 173, 677–702.

Brumbarova T, Bauer P, Ivanov R. 2015. Molecular mechanisms 
governing Arabidopsis iron uptake. Trends in Plant Science 20, 124–133.

Burton-Freeman B, Reimers K. 2011. Tomato consumption and health: 
emerging benefits. American Journal of Lifestyle Medicine 5, 182–191.

Bustos R, Castrillo G, Linhares F, Puga MI, Rubio V, Pérez-Pérez J, 
Solano R, Leyva A, Paz-Ares J. 2010. A central regulatory system largely 
controls transcriptional activation and repression responses to phosphate 
starvation in Arabidopsis. PLoS Genetics 6, e1001102.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erab491/6430073 by U

niversity of Liege user on 17 January 2022

https://doi.org/10.1093/acrefore/9780199389414.013.223
https://doi.org/10.1101/600569


Copyedited by: OUPCopyedited by: OUP

Zinc deficiency in dicotyledonous plants  |  Page 15 of 18 

Cakmak I. 2000. Possible roles of zinc in protecting plant cells from 
damage by reactive oxygen species. New Phytologist 146, 185–205.

Cakmak I, Kutman UB. 2018. Agronomic biofortification of cereals with 
zinc: a review. European Journal of Soil Science 69, 172–180.

Cakmak I, Marschner H, Bangerth F. 1989. Effect of zinc nutritional status 
on growth, protein metabolism and levels of indole-3-acetic acid and other 
phytohormones in bean (Phaseolus vulgaris L.). Journal of Experimental 
Botany 40, 405–412.

Campos ACAL, Kruijer W, Alexander R, Akkers RC, Danku J, Salt DE, 
Aarts MGM. 2017. Natural variation in Arabidopsis thaliana reveals shoot 
ionome, biomass, and gene expression changes as biomarkers for zinc de-
ficiency tolerance. Journal of Experimental Botany 68, 3643–3656.

Castro PH, Lilay GH, Munõz-Mérida A, Schjoerring JK, Azevedo H, 
Assuncąõ AGL. 2017. Phylogenetic analysis of F-bZIP transcription factors 
indicates conservation of the zinc deficiency response across land plants. 
Scientific Reports 7, 1–14.

Castro-Guerrero NA, Isidra-Arellano MC, Mendoza-Cozatl DG, 
Valdéz-López O. 2016. Common bean: a legume model on the rise for 
unraveling responses and adaptations to iron, zinc, and phosphate deficien-
cies. Frontiers in Plant Science 7, 1–7.

Chao DY, Silva A, Baxter I, Huang YS, Nordborg M, Danku J, Lahner 
B, Yakubova E, Salt DE. 2012. Genome-wide association studies identify 
heavy metal ATPase3 as the primary determinant of natural variation in leaf 
cadmium in Arabidopsis thaliana. PLoS Genetics 8, e1002923.

Chen X, Ludewig U. 2018. Biomass increase under zinc deficiency caused 
by delay of early flowering in Arabidopsis. Journal of Experimental Botany 
69, 1269–1279.

Chen X, Yuan L, Ludewig U. 2016. Natural genetic variation of seed 
micronutrients of Arabidopsis thaliana grown in zinc-deficient and zinc-
amended soil. Frontiers in Plant Science 7, 1070.

Cichy KA, Caldas GV, Snapp SS, Blair MW. 2009. QTL analysis of seed 
iron, zinc, and phosphorus levels in an Andean bean population. Crop 
Science 49, 1742–1750.

Cichy KA, Fernandez A, Kilian A, Kelly JD, Galeano CH, Shaw S, Brick 
M, Hodkinson D, Troxtell E. 2014. QTL analysis of canning quality and 
color retention in black beans (Phaseolus vulgaris L.). Molecular Breeding 
33, 139–154.

Clarke VC, Loughlin PC, Day DA, Smith PM. 2014. Transport processes 
of the legume symbiosome membrane. Frontiers in Plant Science 5, 699.

Clemens S. 2010. Zn—a versatile player in plant cell biology. In: Hell R, 
Mendel RR, eds. Cell biology of metals and nutrients. Plant Cell Monographs, 
vol 17. Berlin, Heidelberg: Springer, 281–298.

Clemens S. 2019. Metal ligands in micronutrient acquisition and homeo-
stasis. Plant, Cell & Environment 42, 2902–2912.

Connolly EL, Fett JP, Guerinot ML. 2002. Expression of the IRT1 metal 
transporter is controlled by metals at the levels of transcript and protein ac-
cumulation. The Plant Cell 14, 1347–1357.

Conte SS, Walker EL. 2012. Genetic and biochemical approaches for 
studying the yellow stripe-like transporter family in plants. Current Topics in 
Membranes 69, 295–322.

Corbesier L, Vincent C, Jang S, et al. 2007. FT protein movement con-
tributes to long-distance signaling in floral induction of Arabidopsis. Science 
316, 1030–1033.

Curie C, Cassin G, Couch D, Divol F, Higuchi K, Le Jean M, Misson 
J, Schikora A, Czernic P, Mari S. 2009. Metal movement within the plant: 
contribution of nicotianamine and yellow stripe 1-like transporters. Annals 
of Botany 103, 1–11.

da Cruz TNM, Savassa SM, Montanha GS, Ishida JK, de Almeida E, 
Tsai SM, Lavres Junior J, Pereira de Carvalho HW. 2019. A new glance 
on root-to-shoot in vivo zinc transport and time-dependent physiological 
effects of ZnSO4 and ZnO nanoparticles on plants. Scientific Reports 9, 
10416.

Da Silveira Vasconcelos M, De Oliveira LMN, Mota EF, De Siqueira 
Oliveira L, Gomes-Rochette NF, Nunes-Pinheiro DCS, Nabavi SM, 

De Melo DF. 2019. Consumption of rich/enrich phytonutrients food and 
their relationship with health status of population. In: Nabavi SM, Suntar I, 
Barecca D, Khan H, eds. Phytonutrients in food: from traditional to rational 
usage. Amsterdam: Elsevier, 67–101.

de Oliveira NT, de Rezende PM, Barcelos M de FP, Bruzi AT. 2019. 
Zinc biofortification strategies in food-type soybean cultivars. Australian 
Journal of Crop Science 13, 11–16.

Desbrosses-Fonrouge AG, Voigt K, Schröder A, Arrivault S, Thomine 
S, Krämer U. 2005. Arabidopsis thaliana MTP1 is a Zn transporter in the 
vacuolar membrane which mediates Zn detoxification and drives leaf Zn ac-
cumulation. FEBS Letters 579, 4165–4174.

Dissanayaka DN, Gali KK, Jha AB, Lachagari VBR, Warkentin 
TD. 2020. Genome-wide association study to identify single nucleotide 
polymorphisms associated with Fe, Zn, and Se concentration in field pea. 
Crop Science 60, 2070–2084.

Domingo AL, Nagatomo Y, Tamai M, Takaki H. 1992. Free-tryptophan 
and indoleacetic acid in zinc-deficient radish shoots. Soil Science and Plant 
Nutrition 38, 261–267.

Du Y, Kopittke PM, Noller BN, James SA, Harris HH, Xu ZP, Li P, 
Mulligan DR, Huang L. 2015. In situ analysis of foliar zinc absorption and 
short-distance movement in fresh and hydrated leaves of tomato and citrus 
using synchrotron-based X-ray fluorescence microscopy. Annals of Botany 
115, 41–53.

Dubeaux G, Neveu J, Zelazny E, Vert G. 2018. Metal sensing by the IRT1 
transporter-receptor orchestrates its own degradation and plant metal nutri-
tion. Molecular Cell 69, 953–964.

Dupont L, Alloing G, Pierre O, El Msehli S, Hopkins J, Hrouart D, 
Frendo P. 2012. The legume root nodule: from symbiotic nitrogen fixation 
to senescence. In Nagata T, ed. Senescence. IntechOpen, 138–168. 

Edulamudi P, Masilamani AJA, Zakkula V, Konada VM. 2017. Effect 
of molybdenum and zinc on nodulation, leghaemoglobin content and pod 
formation of Horse gram. Annals of Arid Zone 56, 117–123.

Escudero V, Abreu I, Tejada-Jiménez M, et al. 2020. Medicago 
truncatula Ferroportin2 mediates iron import into nodule symbiosomes. 
New Phytologist 228, 194–209.

Evens NP, Buchner P, Williams LE, Hawkesford MJ. 2017. The 
role of ZIP transporters and group F bZIP transcription factors in the 
Zn-deficiency response of wheat (Triticum aestivum). The Plant journal 
92, 291–304.

Food and Agriculture Organization of the United Nations. 2019. 
FOAStat database. http://www.fao.org/faostat/en/#data/QC

Gao F, Robe K, Gaymard F, Izquierdo E, Dubos C. 2019. The transcrip-
tional control of iron homeostasis in plants: a tale of bHLH transcription 
factors? Frontiers in Plant Science 10, 6.

Garg N, Geetanjali. 2007. Symbiotic nitrogen fixation in legume nodules: 
process and signaling: a review. Sustainable Agriculture 27, 519–531.

Gomes MHF, de Almeida Machado B, Marques JPR, Otto R, Eichert 
T, Pereira de Carvalho HW. 2020. Foliar application of Zn phosphite and 
Zn EDTA in soybean (Glycine max (L.) Merrill): in vivo investigations of trans-
port, chemical speciation, and leaf surface changes. Journal of Soil Science 
and Plant Nutrition 20, 2731–2739.

González AM, Yuste-Lisbona FJ, Fernández-Lozano A, Lozano R, 
Santalla M. 2017. Genetic mapping and QTL analysis in common bean. In: 
Kole C, ed. The common bean genome. Cham: Springer, 69–109.

González-Guerrero M, Escudero V, Saéz Á, Tejada-Jiménez M. 
2016. Transition metal transport in plants and associated endosymbionts: 
arbuscular mycorrhizal fungi and rhizobia. Frontiers in Plant Science 7, 
1088.

Gu D, Zhou X, Ma Y, Xu E, Yu Y, Liu Y, Chen X, Zhang W. 2021. 
Expression of a Brassica napus metal transport protein (BnMTP3) in 
Arabidopsis thaliana confers tolerance to Zn and Mn. Plant Science 304, 
110754.

Guerinot ML. 2000. The ZIP family of metal transporters. Biochimica et 
Biophysica Acta 1465, 190–198.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erab491/6430073 by U

niversity of Liege user on 17 January 2022

http://www.fao.org/faostat/en/#data/QC


Copyedited by: OUPCopyedited by: OUP

Page 16 of 18  |   Thiébaut and Hanikenne

Guo N, Wang S, Gao L, et al. 2021. Genome sequencing sheds light on 
the contribution of structural variants to Brassica oleracea diversification. 
BMC Biology 19, 93.

Gupta PK, Balyan HS, Sharma S, Kumar R. 2021. Biofortification and 
bioavailability of Zn, Fe and Se in wheat: present status and future pro-
spects. Theoretical and Applied Genetics 134, 1–35.

Gupta S, Brazier AKM, Lowe NM. 2020. Zinc deficiency in low- and 
middle-income countries: prevalence and approaches for mitigation. 
Journal of Human Nutrition and Dietetics 33, 624–643.

Gurmani AR, Jalal-Ud-Din, Khan SU, Andaleep R, Waseem K, Khan 
A, Hadyatullah. 2012. Soil application of zinc improves growth and yield of 
tomato. International Journal of Agriculture and Biology 14, 91–96.

Hacisalihoglu G. 2020. Zinc (Zn): the last nutrient in the alphabet and 
shedding light on Zn efficiency for the future of crop production under sub-
optimal Zn. Plants 9, 1–9.

Hacisalihoglu G, Hart JJ, Vallejos CE, Kochian LV. 2004. The role of 
shoot-localized processes in the mechanism of Zn efficiency in common 
bean. Planta 218, 704–711.

Hanikenne M, Esteves SM, Fanara S, Rouached H. 2021. Coordinated 
homeostasis of essential mineral nutrients: a focus on iron. Journal of 
Experimental Botany 72, 2136–2153.

Haydon MJ, Kawachi M, Wirtz M, Hillmer S, Hell R, Krämer U. 2012. 
Vacuolar nicotianamine has critical and distinct roles under iron deficiency 
and for zinc sequestration in Arabidopsis. The Plant Cell 24, 724–737.

Heidarian AR, Kord H, Mostafavi K, Lak AP, Mashhadi FA. 2010. 
Investigating Fe and Zn foliar application on yield and its components 
of soybean (Glycine max (L) Merr.) at different growth stages. Journal of 
Agricultural Biotechnology and Sustainable Development 3, 189–197.

Helfenstein J, Pawlowski ML, Hill CB, Stewart J, Lagos-Kutz D, 
Bowen CR, Frossard E, Hartman GL. 2015. Zinc deficiency alters soy-
bean susceptibility to pathogens and pests. Journal of Plant Nutrition and 
Soil Science 178, 896–903.

Horák V, Tròka I, Stefl M. 1976. The influence of Zn2+ ions on the trypto-
phan biosynthesis in plants V. Biologia Plantarum 18, 393–396.

Hussain D, Haydon MJ, Wang Y, Wong E, Sherson SM, Young J, 
Camakaris J, Harper JF, Cobbett CS. 2004. P-type ATPase heavy metal 
transporters with roles in essential zinc homeostasis in Arabidopsis. The 
Plant Cell 16, 1327–1339.

Hwang I, Manoharan RK, Kang JG, Chung MY, Kim YW, Nou IS. 2016. 
Genome-wide identification and characterization of bZIP transcription fac-
tors in Brassica oleracea under cold stress. BioMed Research International 
2016, 4376598.

Imam HT, Blindauer CA. 2018. Differential reactivity of closely related 
zinc(II)-binding metallothioneins from the plant Arabidopsis thaliana. Journal 
of Biological Inorganic Chemistry 23, 137–154.

Inaba S, Kurata R, Kobayashi M, Yamagishi Y, Mori I, Ogata Y, Fukao 
Y. 2015. Identification of putative target genes of bZIP19, a transcription 
factor essential for Arabidopsis adaptation to Zn deficiency in roots. The 
Plant Journal 84, 323–334.

Islam FMA, Basford KE, Jara C, Redden RJ, Beebe S. 2002. Seed 
compositional and disease resistance differences among gene pools in cul-
tivated common bean. Genetic Resources and Crop Evolution 49, 285–293.

Izquierdo P, Astudillo C, Blair MW, Iqbal AM, Raatz B, Cichy KA. 
2018. Meta-QTL analysis of seed iron and zinc concentration and content 
in common bean (Phaseolus vulgaris L.). Theoretical and Applied Genetics 
131, 1645–1658.

Jain A, Sinilal B, Dhandapani G, Meagher RB, Sahi SV. 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. Environmental Science & 
Technology 47, 5327–5335.

Jiao Y, Zhang K, Cai G, et al. 2021. Fine mapping and candidate gene 
analysis of a major locus controlling ovule abortion and seed number 
per silique in Brassica napus L. Theoretical and Applied Genetics 134, 
2517–2530.

Jothimani D, Kailasam E, Danielraj S, et al. 2020. COVID-19: poor out-
comes in patients with zinc deficiency. International Journal of Infectious 
Diseases 100, 343–349.

Kaur K, Gupta R, Saraf SA, Saraf SK. 2014. Zinc: the metal of life. 
Comprehensive Reviews in Food Science and Food Safety 13, 358–376.

Kendziorek M, Barabasz A, Rudzka J, Tracz K, Mills RF, Williams LE, 
Antosiewicz DM. 2014. Approach to engineer tomato by expression of 
AtHMA4 to enhance Zn in the aerial parts. Journal of Plant Physiology 171, 
1413–1422.

Khan GA, Bouraine S, Wege S, Li Y, de Carbonnel M, Berthomieu P, 
Poirier Y, Rouached H. 2014. Coordination between zinc and phosphate 
homeostasis involves the transcription factor PHR1, the phosphate exporter 
PHO1, and its homologue PHO1;H3 in Arabidopsis. Journal of Experimental 
Botany 65, 871–884.

King KE, Peiffer GA, Reddy M, Lauter N, Lin SF, Cianzio S, Shoemaker 
RC. 2013. Mapping of iron and zinc quantitative trait loci in soybean for as-
sociation to iron deficiency chlorosis resistance. Journal of Plant Nutrition 
36, 2132–2153.

Kisko M, Bouain N, Safi A, et al. 2018. LPCAT1 controls phosphate 
homeostasis in a zinc-dependent manner. eLife 7, 1–24.

Klatte M, Schuler M, Wirtz M, Fink-Straube C, Hell R, Bauer P. 2009. 
The analysis of Arabidopsis nicotianamine synthase mutants reveals func-
tions for nicotianamine in seed iron loading and iron deficiency responses. 
Plant Physiology 150, 257–271.

Kobayashi T, Nishizawa NK. 2012. Iron uptake, translocation, and regula-
tion in higher plants. Annual Review of Plant Biology 63, 131–152.

Kobayashi T, Nozoye T, Nishizawa NK. 2019. Iron transport and its regu-
lation in plants. Free Radical Biology & Medicine 133, 11–20.

Krämer U. 2010. Metal hyperaccumulation in plants. Annual Review of 
Plant Biology 61, 517–534.

Kumar S, Kumar S, Mohapatra T. 2021. Interaction between macro- and 
micro-nutrients in plants. Frontiers in Plant Science 12, 1–9.

Kumar S, Palve A, Joshi C, Srivastava RK, Rukhsar. 2019. Crop 
biofortification for iron (Fe), zinc (Zn) and vitamin A with transgenic ap-
proaches. Heliyon 5, 1–6.

Kumawat G, Gupta S, Ratnaparkhe MB, Maranna S, Satpute GK. 
2016. QTLomics in soybean: a way forward for translational genomics and 
breeding. Frontiers in Plant Science 7, 1852.

León-Mediavilla J, Senovilla M, Montiel J, Gil-Díez P, Saez Á, 
Kryvoruchko IS, Reguera M, Udvardi MK, Imperial J, González-
Guerrero M. 2018. MtMTP2-facilitated zinc transport into intracellular 
compartments is essential for nodule development in Medicago truncatula. 
Frontiers in Plant Science 9, 990.

Li D, Fu F, Zhang H, Song F. 2015. Genome-wide systematic charac-
terization of the bZIP transcriptional factor family in tomato (Solanum 
lycopersicum L.). BMC Genomics 16, 771.

Li XB, Suo HC, Liu JT, Wang L, Li CC, Liu W. 2020. Genome-wide 
identification and expression analysis of the potato ZIP gene family under 
Zn-deficiency. Biologia Plantarum 64, 845–855.

Lilay GH, Castro PH, Campilho A, Assunção AGL. 2019. The 
Arabidopsis bZIP19 and bZIP23 activity requires zinc deficiency—insight on 
regulation from complementation lines. Frontiers in Plant Science 9, 1955.

Lilay GH, Castro PH, Guedes JG, Almeida DM, Campilho A, Azevedo 
H, Aarts MGM, Saibo NJM, Assunção AGL. 2020. Rice F-bZIP transcrip-
tion factors regulate the zinc deficiency response. Journal of Experimental 
Botany 71, 3664–3677.

Lilay GH, Persson DP, Castro PH, Liao F, Alexander RD, Aarts MGM, 
Assunção AGL. 2021. The Arabidopsis bZIP19 and bZIP23 transcription 
factors act as zinc-sensors to control plant zinc status. Nature Plants 7, 
137–143.

López-Berges MS. 2020. ZafA-mediated regulation of zinc homeostasis is 
required for virulence in the plant pathogen Fusarium oxysporum. Molecular 
Plant Pathology 21, 244–249.

Maqbool MA, Beshir AR. 2019. Zinc biofortification of maize (Zea mays 
L.): status and challenges. Plant Breeding 138, 1–28.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erab491/6430073 by U

niversity of Liege user on 17 January 2022



Copyedited by: OUPCopyedited by: OUP

Zinc deficiency in dicotyledonous plants  |  Page 17 of 18 

Maret W. 2013. Zinc biochemistry: from a single zinc enzyme to a key 
element of life. Advances in Nutrition 4, 82–91.

Marques AP, Oliveira RS, Rangel AO, Castro PM. 2006. Zinc accumu-
lation in Solanum nigrum is enhanced by different arbuscular mycorrhizal 
fungi. Chemosphere 65, 1256–1263.

Marschner H, Romheld V, Kissel M. 1986. Different strategies in higher 
plants in mobilization and uptake of iron. Journal of Plant Nutrition 9, 
695–713.

Marschner P, ed. 2012. Marschner’s mineral nutrition of higher plants. 
London: Academic Press.

Mäser P, Thomine S, Schroeder JI, et al. 2001. Phylogenetic relation-
ships within cation transporter families of Arabidopsis. Plant Physiology 
126, 1646–1667.

Maxfield L, Crane JS. 2021. Zinc deficiency. Statpearls [Internet]. 
StatPearls Publishing, https://www.ncbi.nlm.nih.gov/books/
NBK493231/%0A.

Merlot S, Sanchez Garcia de LaTorre V, Hanikenne M. 2021. Physiology 
and molecular biology of trace element hyperaccumulation. In: Van der Ent 
A, Echevarria G, Baker A, Morel J, eds. Agromining: farming for metals. 
Cham: Springer, 155–182.

Mills RF, Peaston KA, Runions J, Williams LE. 2012. HvHMA2, a P(1B)-
ATPase from barley, is highly conserved among cereals and functions in Zn 
and Cd transport. PLoS One 7, 1–14.

Milner MJ, Seamon J, Craft E, Kochian LV. 2013. Transport properties 
of members of the ZIP family in plants and their role in Zn and Mn homeo-
stasis. Journal of Experimental Botany 64, 369–381.

Min LJ, Wu XQ, Li DW, Zhang LQ, Ye JR. 2021. Burkholderia pyrrocinia 
strain JK-SH007 affects zinc (Zn) accumulation and translocation in tomato. 
Archives of Agronomy and Soil Science 67, 447–458.

Mishra J, Carpenter S, Singh S. 2010. Low serum zinc levels in an en-
demic area of visceral leishmaniasis in Bihar, India. Indian Journal of Medical 
Research 131, 793–798.

Moraghan JT, Grafton K. 1999. Seed-zinc concentration and the zinc-
efficiency trait in navy bean. Soil Science Society of America Journal 63, 
918–922.

Moreau S, Thomson RM, Kaiser BN, Trevaskis B, Guerinot ML, 
Udvardi MK, Puppo A, Day DA. 2002. GmZIP1 encodes a symbiosis-
specific zinc transporter in soybean. Journal of Biological Chemistry 277, 
4738–4746.

Morel M, Crouzet J, Gravot A, Auroy P, Leonhardt N, Vavasseur A, 
Richaud P. 2009. AtHMA3, a P1B-ATPase allowing Cd/Zn/Co/Pb vacuolar 
storage in Arabidopsis. Plant Physiology 149, 894–904.

Muehe EM, Weigold P, Adaktylou IJ, Planer-Friedrich B, Kraemer 
U, Kappler A, Behrens S. 2015. Rhizosphere microbial community com-
position affects cadmium and zinc uptake by the metal-hyperaccumulating 
plant Arabidopsis halleri. Applied and Environmental Microbiology 81, 
2173–2181.

Myers JR, Kmiecik K. 2017. Common bean: economic importance and 
relevance to biological science research. In: Kole C, ed. The common bean 
genome. Cham: Springer, 1–21.

Nanjundan J, Radhamani J, Thakur AK, Berliner J, Manjunatha C, 
Sindhu A, Aravind J, Singh KH. 2020. Utilization of rapeseed–mustard 
genetic resoures for Brassica improvement: a retrospective approach. In: 
Wani SH, Thakur AK, Khan YJ, eds. Brassica improvement. Molecular, gen-
etics and genomic perspectives. Cham: Springer, 1–30.

Narayanan N, Beyene G, Chauhan RD, et al. 2019. Biofortification of 
field-grown cassava by engineering expression of an iron transporter and 
ferritin. Nature Biotechnology 37, 144–151.

Navarro-León E, Albacete A, Torre-González Ade L, Ruiz JM, Blasco 
B. 2016. Phytohormone profile in Lactuca sativa and Brassica oleracea 
plants grown under Zn deficiency. Phytochemistry 130, 85–89.

Nazri AZ, Griffin JHC, Peaston KA, Alexander-Webber DGA, Williams 
LE. 2017. F-group bZIPs in barley—a role in Zn deficiency. Plant, Cell & 
Environment 40, 2754–2770.

Nielsen FH. 2012. History of zinc in agriculture. Advances in Nutrition 3, 
783–789.

Nouet C, Charlier JB, Carnol M, Bosman B, Farnir F, Motte P, 
Hanikenne M. 2015. Functional analysis of the three HMA4 copies of the 
metal hyperaccumulator Arabidopsis halleri. Journal of Experimental Botany 
66, 5783–5795.

Noulas C, Tziouvalekas M, Karyotis T. 2018. Zinc in soils, water 
and food crops. Journal of Trace Elements in Medicine and Biology 49, 
252–260.

Olsen LI, Hansen TH, Larue C, et al. 2016. Mother–plant-mediated 
pumping of zinc into the developing seed. Nature Plants 2, 16036.

Olsen LI, Palmgren MG. 2014. Many rivers to cross: the journey of zinc 
from soil to seed. Frontiers in Plant Science 5, 30.

Palmgren MG, Clemens S, Williams LE, Krämer U, Borg S, Schjørring 
JK, Sanders D. 2008. Zinc biofortification of cereals: problems and solu-
tions. Trends in Plant Science 13, 464–473.

Parker DR, Aguilera JJ, Thomason DN. 1992. Zinc–phosphorus inter-
actions in two cultivars of tomato (Lycopersicon esculentum L.) grown in 
chelator-buffered nutrient solutions. Plant and Soil 143, 163–177.

Parkin IA, Koh C, Tang H, et al. 2014. Transcriptome and methylome 
profiling reveals relics of genome dominance in the mesopolyploid Brassica 
oleracea. Genome Biology 15, R77.

Pavithra GJ, Mahesh S, Parvathi MS, Basavarajeshwari RM, Nataraja 
KN, Shankar AG. 2016. Comparative growth responses and transcript 
profiling of zinc transporters in two tomato varieties under different zinc 
treatments. Indian Journal of Plant Physiology 21, 208–212.

Persson DP, Chen A, Aarts MG, Salt DE, Schjoerring JK, Husted 
S. 2016. Multi-element bioimaging of Arabidopsis thaliana roots. Plant 
Physiology 172, 835–847.

Pongrac P, Castillo-Michel H, Reyes-Herrera J, et al. 2020a. Effect of 
phosphorus supply on root traits of two Brassica oleracea L. genotypes. 
BMC Plant Biology 20, 1–17.

Pongrac P, Fischer S, Thompson JA, Wright G, White PJ. 2020b. Early 
responses of Brassica oleracea roots to zinc supply under sufficient and 
sub-optimal phosphorus supply. Frontiers in Plant Science 10, 1–17.

Pongrac P, McNicol JW, Lilly A, Thompson JA, Wright G, Hillier S, 
White PJ. 2019. Mineral element composition of cabbage as affected by 
soil type and phosphorus and zinc fertilisation. Plant and Soil 434, 151–165.

Poskitt EME. 2005. CHILDREN | Nutritional problems. In: Caballero B, 
Allen L, Prentice A, eds. Encyclopedia of human nutrition. Amsterdam: 
Elsevier, 370–379.

Rai V, Sanagala R, Sinilal B, Yadav S, Sarkar AK, Dantu PK, Jain A. 
2014. Iron availability affects phosphate deficiency-mediated responses, 
and evidence of cross-talk with auxin and zinc in Arabidopsis. Plant & Cell 
Physiology 56, 1107–1123.

Rehman A, Farooq M, Ullah A, Nadeem F, Im SY, Park SK, Lee DJ. 
2020. Agronomic biofortification of zinc in Pakistan: status, benefits, and 
constraints. Frontiers in Sustainable Food Systems 4, 1–10.

Ricachenevsky FK, Menguer PK, Sperotto RA, Fett JP. 2015. Got to 
hide your Zn away: molecular control of Zn accumulation and biotechno-
logical applications. Plant Science 236, 1–17.

Rivera-Martin A, Broadley MR, Poblaciones MJ. 2020. Soil and foliar 
zinc application to biofortify broccoli (Brassica oleracea var. italica L.): effects 
on the zinc concentration and bioavailability. Plant, Soil and Environment 
66, 113–118.

Rubio V, Linhares F, Solano R, Martín AC, Iglesias J, Leyva A, Paz-
Ares J. 2001. A conserved MYB transcription factor involved in phosphate 
starvation signaling both in vascular plants and in unicellular algae. Genes & 
Development 15, 2122–2133.

Sadeghzadeh B. 2013. A review of zinc nutrition and plant breeding. 
Journal of Soil Science and Plant Nutrition 13, 907–927.

Sanjeeva Rao D, Neeraja CN, Madhu Babu P, et al. 2020. Zinc 
biofortified rice varieties: challenges, possibilities, and progress in India. 
Frontiers in Nutrition 7, 26.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erab491/6430073 by U

niversity of Liege user on 17 January 2022

https://www.ncbi.nlm.nih.gov/books/NBK493231/%0A
https://www.ncbi.nlm.nih.gov/books/NBK493231/%0A


Copyedited by: OUP

Page 18 of 18  |   Thiébaut and Hanikenne

Santos EF, Pongrac P, Reis AR, White PJ, Lavres J. 2019. Phosphorus–
zinc interactions in cotton: consequences for biomass production and 
nutrient-use efficiency in photosynthesis. Physiologia Plantarum 166, 
996–1007.

Shanmugam V, Lo JC, Wu CL, Wang SL, Lai CC, Connolly EL, Huang 
JL, Yeh KC. 2011. Differential expression and regulation of iron-regulated 
metal transporters in Arabidopsis halleri and Arabidopsis thaliana—the role 
in zinc tolerance. New Phytologist 190, 125–137.

Shinozaki D, Merkulova EA, Naya L, Horie T, Kanno Y, Seo M, Ohsumi 
Y, Masclaux-Daubresse C, Yoshimoto K. 2020. Autophagy increases 
zinc bioavailability to avoid light-mediated reactive oxygen species produc-
tion under zinc deficiency. Plant Physiology 182, 1284–1296.

Shinozaki D, Tanoi K, Yoshimoto K. 2021. Optimal distribution of iron 
to sink organs via autophagy is important for tolerance to excess zinc in 
Arabidopsis. Plant & Cell Physiology 62, 515–527.

Shinozaki D, Yoshimoto K. 2021. Autophagy balances the zinc–iron 
seesaw caused by Zn-stress. Trends in Plant Science 26, 882–884.

Shittu OS, Ogunwale J. 2012. Phosphorus–zinc interaction for soybean 
production in soil developed on Charnockite in Ekiti State Department of 
Crops, Soil and Environmental Sciences. Journal of Emerging Trends in 
Engineering and Applied Sciences (JETEAS) 3, 938–942.

Sinclair SA, Krämer U. 2012. The zinc homeostasis network of land 
plants. Biochimica et Biophysica Acta 1823, 1553–1567.

Sinclair SA, Senger T, Talke IN, Cobbett CS, Haydon MJ, Krämer U. 
2018. Systemic upregulation of MTP2- and HMA2-mediated Zn partitioning 
to the shoot supplements local Zn deficiency responses. The Plant Cell 30, 
2463–2479.

Singh S, Singh V, Layek S. 2017. Influence of sulphur and zinc levels on 
growth, yield and quality of soybean (Glycine max L.). International Journal 
of Plant & Soil Science 18, 1–7.

Singh SP, Westermann DT. 2002. A single dominant gene control-
ling resistance to soil zinc deficiency in common bean. Crop Science 42, 
1071–1074.

Skoog F. 1940. Relationships between zinc and auxin in the growth of 
higher plants. American Journal of Botany 27, 939.

Spielmann J, Vert G. 2021. The many facets of protein ubiquitination and 
degradation in plant root iron-deficiency responses. Journal of Experimental 
Botany 72, 2071–2082.

Talke IN, Hanikenne M, Krämer U. 2006. Zinc-dependent global transcrip-
tional control, transcriptional deregulation, and higher gene copy number for 
genes in metal homeostasis of the hyperaccumulator Arabidopsis halleri. 
Plant Physiology 142, 148–167.

Tauris B, Borg S, Gregersen PL, Holm PB. 2009. A roadmap for 
zinc trafficking in the developing barley grain based on laser capture 
microdissection and gene expression profiling. Journal of Experimental 
Botany 60, 1333–1347.

Tejada-Jiménez M, Castro-Rodríguez R, Kryvoruchko I, Lucas MM, 
Udvardi M, Imperial J, González-Guerrero M. 2015. Medicago truncatula 
Natural Resistance-Associated Macrophage Protein1 is required for iron up-
take by rhizobia-infected nodule cells. Plant Physiology 168, 258–272.

The Arabidopsis Genome Initiative. 2000. Analysis of the genome se-
quence of the flowering plant Arabidopsis thaliana. Nature 408, 796–815.

Thiriet-Rupert S, Gain G, Jadoul A, Vigneron A, Bosman B, Carnol 
M, Motte P, Cardol P, Nouet C, Hanikenne M. 2021. Long-term ac-
climation to cadmium exposure reveals extensive phenotypic plasticity in 
Chlamydomonas. Plant Physiology 187, 1653–1678.

Tsui C. 1948. The role of zinc auxin synthesis in the tomato plant. American 
Journal of Botany 35, 172–179.

Vaghar MS, Sayfzadeh S, Zakerin HR, Kobraee S, Valadabadi SA. 
2020. Foliar application of iron, zinc, and manganese nano-chelates im-
proves physiological indicators and soybean yield under water deficit stress. 
Journal of Plant Nutrition 43, 2740–2756.

Van De Mortel JE, Villanueva LA, Schat H, Kwekkeboom J, Coughlan 
S, Moerland PD, Van Themaat EVL, Koornneef M, Aarts MGM. 2006. 
Large expression differences in genes for iron and zinc homeostasis, stress 
response, and lignin biosynthesis distinguish roots of Arabidopsis thaliana 

and the related metal hyperaccumulator Thlaspi caerulescens. Plant 
Physiology 142, 1127–1147.

Walker CLF, Rudan I, Liu L, Nair H, Theodoratou E, Bhutta ZA, 
O’Brien KL, Campbell H, Black RE. 2013. Global burden of childhood 
pneumonia and diarrhoea. Lancet 381, 1405–1416.

Wang J, Moeen-ud-din M, Yang S. 2021. Dose-dependent responses of 
Arabidopsis thaliana to zinc are mediated by auxin homeostasis and trans-
port. Environmental and Experimental Botany 189, 104554.

Weijers D, Nemhauser J, Yang Z. 2018. Auxin: small molecule, big im-
pact. Journal of Experimental Botany 69, 133–136.

Wessells KR, Brown KH. 2012. Estimating the global prevalence of zinc 
deficiency: results based on zinc availability in national food supplies and the 
prevalence of stunting. PLoS One 7, e50568.

Wessels I, Rolles B, John Slusarenko A, Rink L. 2021. Zinc deficiency 
as a possible risk factor for increased susceptibility and severe progres-
sion of Corona virus disease 19. British Journal of Nutrition doi:10.1017/
S0007114521000738.

White PJ, Pongrac P, Sneddon CC, Thompson JA, Wright G. 2018. 
Limits to the biofortification of leafy brassicas with zinc. Agriculture 8, 9–11.

Wintz H, Fox T, Wu YY, Feng V, Chen W, Chang HS, Zhu T, Vulpe C. 
2003. Expression profiles of Arabidopsis thaliana in mineral deficiencies re-
veal novel transporters involved in metal homeostasis. Journal of Biological 
Chemistry 278, 47644–47653.

World Health Organization. 2009. WHO recommendations on wheat and 
maize flour fortification: meeting report interim consensus statement. http://
www.who.int/nutrition/publications/micronut.

Wu J, Zhao FJ, Ghandilyan A, Logoteta B, Guzman MO, Schat H, 
Wang X, Aarts MGM. 2009. Identification and functional analysis of two 
ZIP metal transporters of the hyperaccumulator Thlaspi caerulescens. Plant 
and Soil 325, 79–95.

Xie R, Zhao J, Lu L, Brown P, Lin X, Webb SM, Ge J, Antipova O, Li 
L, Tian S. 2020. Seasonal zinc storage and a strategy for its use in buds of 
fruit trees. Plant Physiology 183, 1200–1212.

Xie R, Zhao J, Lu L, Jernstedt J, Guo J, Brown PH, Tian S. 2021. Spatial 
imaging reveals the pathways of Zn transport and accumulation during re-
productive growth stage in almond plants. Plant, Cell & Environment 44, 
1858–1868.

Xie X, Hu W, Fan X, Chen H, Tang M. 2019. Interactions between phos-
phorus, zinc, and iron homeostasis in nonmycorrhizal and mycorrhizal 
plants. Frontiers in Plant Science 10, 1172.

Yu BG, Chen XX, Cao WQ, Liu YM, Zou CQ. 2020. Responses in zinc 
uptake of different mycorrhizal and non-mycorrhizal crops to varied levels of 
phosphorus and zinc applications. Frontiers in Plant Science 11, 606472.

Yu S, Su T, Zhi S, Zhang F, Wang W, Zhang D, Zhao X, Yu Y. 2016. 
Construction of a sequence-based bin map and mapping of QTLs for 
downy mildew resistance at four developmental stages in Chinese cabbage 
(Brassica rapa L. ssp. pekinensis). Molecular Breeding 36, 1–12.

Zeng H, Zhang X, Ding M, Zhang X, Zhu Y. 2019. Transcriptome pro-
files of soybean leaves and roots in response to zinc deficiency. Physiologia 
Plantarum 167, 330–351.

Zhang M, Liu Y, Shi H, et al. 2018. Evolutionary and expression analyses 
of soybean basic leucine zipper transcription factor family. BMC Genomics 
19, 1–15.

Zhang P, Zhang B, Jiao J, Dai S-Q, Chen W-X, Tiana C-F. 2020. 
Modulation of symbiotic compatibility by rhizobial zinc starvation machinery. 
mBio 11, 1–18.

Zhang YG, Kong J, Wang Y, Xu XF, Liu LL, Li TZ, Zhu YJ, Han ZH. 2009. 
Isolation and characterisation of a nicotianamine synthase gene MxNas1 in 
Malus xiaojinensis. Journal of Horticultural Science and Biotechnology 84, 
47–52.

Zlobin IE. 2021. Current understanding of plant zinc homeostasis regula-
tion mechanisms. Plant Physiology and Biochemistry 162, 327–335.

Żyła N, Fidler J, Babula-Skowrońska D. 2021. Economic and aca-
demic importance of Brassica oleracea. In: Liu S, Snowdon R, Kole C, eds. 
The Brassica oleracea genome. Compendium of plant genomes. Cham: 
Springer, 1–7.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erab491/6430073 by U

niversity of Liege user on 17 January 2022

https://doi.org/10.1017/S0007114521000738
https://doi.org/10.1017/S0007114521000738
http://www.who.int/nutrition/publications/micronut
http://www.who.int/nutrition/publications/micronut

