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RESUMO 

 

Nas plantas, o zinco (Zn) desempenha um papel catalítico em várias enzimas 

metabólicas chave e é crucial no motivo estrutural de proteínas reguladoras da 

transcrição. Dada a sua importância, uma situação de deficiência em Zn, e os seus 

efeitos no desenvolvimento da planta, são um tema de interesse maior para a biologia 

de plantas e agronomia. 

As plantas desenvolveram mecanismos para ajustarem a expressão dos genes 

associados à homeostasia de Zn, aumentando a capacidade de absorção de Zn quando 

enfrentam uma situação de deficiência. Trabalhos anteriores, em Arabidopsis thaliana, 

demonstraram que dois membros da família de factores de transcrição REGIÃO-

BÁSICA ZIPER DE LEUCINA (bZIP), bZIP19 e bZIP23, regulam a adaptação à falta de 

Zn. Os factores de transcrição bZIP19 e bZIP23, em deficiência de Zn, induzem a 

expressão dos transportadores PROTEÍNAS TIPO-ZRT/IRT (ZIP), responsáveis pela 

aquisição de Zn, ligando-se a um elemento cis único no promotor dos ZIP, o Zinc 

Deficiency Response Element (ZDRE). 

De forma a entender melhor se os factores de transcrição bZIP19 e bZIP23 estão 

envolvidos na modulação da morfologia da raiz em A. thaliana, foram caracterizados 

fenótipos em condições de deficiência vs suficiência de zinco, assim como toxicidade 

de Zn. Sob estas três condições, o estudo e caracterização do sistema radicular de 

plantas selvagens e de mutantes duplos de bZIP19 e bZIP23, veio complementar 

estudos anteriores do nosso grupo. Os resultados observados sugerem que os FTs 

bZIP19 e bZIP23 são importantes no crescimento da raiz e a sua ausência afecta o 

sistema radicular. Subsequentemente, criámos linhas marcadoras para os ZIP, de forma 

a saber o padrão de expressão e a localização subcelular dos mesmos nos tecidos da 

raiz e assim perceber a(s) via(s) de aquisição de Zn e o mecanismo de homeostasia do 

Zn. 

Adicionalmente, iniciou-se a análise de uma possível interacção entre o bZIP19 

e bZIP23 e as vias hormonais envolvidas na regulação do desenvolvimento da raiz. O 

efeito das auxinas e das citocininas (CKs) na rede de regulação dos factores de 

transcrição bZIP19 e bZIP23 foi investigado analisando os padrões de expressão de 

linhas repórter para o bZIP19 e bZIP23, em condições controlo e com tratamentos 

hormonais. Primeiramente, os resultados obtidos na situação controlo provam que a 
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expressão do bZIP19 e bZIP23 é específica para determinados tecidos, complementar 

e não é afectada pelo nível de Zn da planta. Enquanto que o bZIP19 é expresso nos 

tecidos diferenciados da raiz, o bZIP23 é expresso nos tecidos em divisão celular da 

raiz. Obtivemos também indicações que as CKs, mas não as auxinas, influenciam a 

expressão dos bZIP19 e bZIP23. De forma a investigar o efeito da concentração de Zn 

e dos reguladores da homeostasia do Zn nas vias hormonais, cruzámos e analisámos 

linhas marcadoras para as auxinas e citocininas com o mutante duplo bzip19 bzip23 

(aqui referido como bzip19/23), assim como os mutantes simples. Concluímos que a 

concentração de Zn não parece influenciar o transporte ou máximos de auxina, em 

nenhuma condição ou genótipo analisados. Então, o transporte polar de auxinas, a 

homeostasia do Zn e o desenvolvimento radicular não parecem estar directamente 

ligados. As linhas marcadoras para as citocininas não parecem sofrer alterações de 

padrão em resposta à concentração de Zn. Contudo, descobrimos que no single 

mutante bzip23, assim como no mutante duplo bzip19/23, o promotor ARABIDOPSIS 

RESPONSE REGULATOR5 (ARR5) não é expresso, o que indica uma interacção 

genética entre o ARR do tipo-A e o bZIP23. 

No seu conjunto, as estratégias e metodologias propostas mostraram que há 

uma interacção entre os reguladores da homeostasia do Zn, bZIP19 e bZIP23, e a 

hormona citocinina. Podemos então especular que a sinalização por citocininas poderá 

servir como integrador para mediar o desenvolvimento da raiz em resposta ao nível de 

Zn da planta. Contudo, serão necessários mais estudos para compreender o papel dos 

factores de transcrição bZIP19 e bZIP23 na modulação da arquitectura da raiz assim 

como o mecanismo de homeostasia do Zn. 

 

Palavras-chave: Arabidopsis thaliana, auxina, bZIP-, citocinina, deficiência de zinco, 

desenvolvimento radicular, homeostasia do zinco, transportadores ZIP  
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ABSTRACT 

 

In plants, zinc (Zn) plays catalytic roles in a variety of key metabolic enzymes and is 

crucial in the structural motif of transcriptional regulatory proteins. Aimed at this 

essentiality, a situation of Zn deficiency, and its effects on plant development, are 

subjects of major interest in plant biology and agronomy.  

To face a situation of Zn shortage, plants have evolved mechanisms to adjust the 

expression of genes associated with Zn homeostasis, enhancing Zn uptake capacity. 

Previous work demonstrated that two closely related members of the Arabidopsis 

thaliana BASIC-REGION LEUCINE ZIPPER (bZIP) transcription factor (TF) family, 

bZIP19 and bZIP23, regulate the adaptation to low Zn supply. bZIP19 and bZIP23, under 

Zn deficiency, induce the expression of ZRT/IRT-LIKE PROTEINS (ZIP) transporters, 

responsible for Zn uptake, by binding to a unique cis-element in their promoter, the Zinc 

Deficiency Response Element (ZDRE). 

To better understand if bZIP19 and bZIP23 are involved in the modulation of root 

morphology in A. thaliana, Zn deficiency vs Zn sufficiency root phenotypes, as well of Zn 

toxicity, were characterized. Under these three conditions, we characterized the root 

system of wild type and double mutants of bZIP19 and bZIP23, complementing previous 

results from our group. The observed results suggest that the TFs bZIP19 and bZIP23 

are important in root growth and their absence affects the root architecture system. 

Subsequently, we created and analysed ZIP marker lines to know the expression pattern 

and cellular location of the ZIP transporters, particularly in the root tissues, in order to 

understand the pathway(s) for Zn uptake and the Zn homeostasis mechanism. 

Furthermore, we started to investigate the putative interplay between bZIP19 and 

bZIP23 and hormone’s pathways that regulate root development. The effect of auxin and 

cytokinin in the bZIP19 and bZIP23 regulatory network was investigated by analysing 

the expression pattern of bZIP19 and bZIP23 marker lines grown in control and hormone 

supplemented conditions. Foremost, the obtained results on the control situation prove 

that the bZIP19 and bZIP23 expression patterns are tissue-specific, complementary and 

are not altered by the plant Zn status. While bZIP19 is expressed in the differentiated 

root tissues, bZIP23 is expressed in the cell dividing root tissues. Moreover, we have 

indications that CKs, but not auxins, influence bZIP19 and bZIP23 expression. To 

investigate the effect of Zn supply and Zn homeostasis regulators in phytohormones 
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pathways, we created and analysed auxin and cytokinin marker lines in bzip19 bzip23 

double mutant (here referred as bzip19/23) background as well as the single mutants. 

We concluded that Zn status does not seem to influence auxin transport and maxima, in 

every condition and genotyped analysed. Thus, polar auxin transport, Zn homeostasis 

and root development do not seem to be directly linked. Cytokinin-related marker lines, 

show no change in response to Zn supply. Yet, we found that in bzip23 mutant 

background, as well as in the double mutant bzip19/23, the promoter of ARABIDOPSIS 

RESPONSE REGULATOR5 (ARR5) was not expressed, which indicates a genetic 

interaction between the type-A ARR and the bZIP23 TF. 

Altogether, the proposed strategies and methodologies showed that there is an 

interaction between Zn homeostasis regulators bZIP19 and bZIP23 and the hormone 

cytokinin. We may speculate that cytokinin signalling serves as an integrator to mediate 

root development in response to the plant Zn status. However, further studies are still 

necessary to understand the role of bZIP19 and bZIP23 in the modulation of root 

architecture and to better comprehend the Zn homeostasis mechanism. 

 

Keywords: Arabidopsis thaliana, auxin, bZIP-, cytokinin, root development, zinc 

deficiency, zinc homeostasis, ZIP transporters 
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1. INTRODUCTION 

 

Crops represent a great portion of agriculture and with the increase of the world 

population, the improvement and increase of production is of vital importance. Cultivation 

conditions are not always the most favourable, being drought and inadequate mineral 

supply, among others, important stress factors that compromise the crops’ yield 

(Haverkort and Schapendonk, 1994). 

The plant’s root system, the major plant-soil interface, plays a vital part in water 

and nutrient absorption. When facing adverse conditions plants can change and optimize 

their root system architecture (RSA), adapting to the spatial and temporal heterogeneity 

of nutrients and water in the soil (Gruber et al., 2013; Morris et al., 2017; Shahzad and 

Amtmann, 2017). With this allocation of roots, plants are able to more efficiently take up 

water and nutrients from the soil, which increases their fitness and reproductive capacity 

(Ingram and Malamy, 2010). One way to minimize the impact of drought and inadequate 

mineral supply on yield is to manipulate RSA towards a distribution of roots in the soil 

that optimizes water and nutrient uptake. Hence, understanding how nutrient availability 

affects the development and architecture of the root system is of major importance to 

improve crops productivity and agricultural sustainability (Lynch, 2019). 

 

1.1. Arabidopsis thaliana root system 

 

Our understanding of the molecular players involved in the regulation of root growth and 

development has benefited most from studies of the model plant Arabidopsis thaliana, 

grown under controlled conditions to minimize variability (Gruber et al., 2013). 

In A. thaliana, the root system consists of a primary root (PR) of embryonic origin 

and lateral roots (LRs) of postembryonic origin that emerge from the lower order roots. 

A. thaliana root can be divided in four zones according cellular activities. From root tip to 

shoot: the meristematic zone (MZ) or the root apical meristem (RAM), with active cellular 

divisions; the transition zone (TZ), a zone of slow growth of length and width; the 

elongation zone (EZ) with fast growth in length but not width; and the differentiation zone 

(DZ) where cells cease to expand and differentiate [Figure 1a; Dolan et al. (1993); 

Verbelen et al. (2006); Salvi et al. (2020)].  
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The RAM, established during embryogenesis, provides new cells for the growing 

root. The RAM contains a set of initial cells, the stem cells, that surround the quiescent 

centre (QC), a group of less mitotically active cells (Petricka et al., 2012). Stem cells on 

top and lateral sides of the QC produce the vascular, endodermal, cortex, epidermal, 

and lateral root cap cells, whereas stem cells under the QC produce the columella root 

cap (Figure 1b). The stem cells generate single cell files that extend along the 

longitudinal root axis and form the distinct tissue layers. Transversally, the tissue 

division of A. thaliana root consists of four concentrically layers. From outward to inside: 

epidermis, cortex, endodermis, and pericycle. The stele is composed by the vascular 

tissues (phloem, xylem and procambium) and the surrounding pericycle (Dolan et al., 

1993; Petricka et al., 2012). 

 

Figure 1 – Scheme of Arabidopsis thaliana root tip. (a) Root division according to cellular activities, root tip to shoot:  

Meristematic Zone (MZ), Transition Zone (TZ), Elongation Zone (EZ), and Differentiation Zone (DZ),; (b) Longitudinal 

tissue organization of the root tip [schemes based on the information of Salvi et al. (2020) and Dolan et al. (1993)] 

 

In A. thaliana, lateral root primordia (LRP) originate from one or two xylem-

associated pericycle (Parizot et al., 2008). These undergo a series of controlled divisions 

to form a LRP and later a LR (Dolan et al., 1993; Malamy and Benfey, 1997; Dubrovsky 

et al., 2000; Dubrovsky et al., 2001). Prior to cell division, the pericycle cells must be 

primed to become a LRP which is thought to happen in the TZ, right above the RAM (De 

Smet et al., 2007). The pericycle cells priming is rather complex and there are several 

events that, not excluding each other, are presumed to play a role: root curvature that 

induces higher auxin levels in the pericycle cells on the outside of the curve (Laskowski 

(a) (b) 
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et al., 2008), an oscillating gene expression in the TZ (Moreno-Risueno et al., 2010), 

generation of auxin maximum in pericycle and protoxylem cells in the TZ and later, in the 

DZ (De Smet et al., 2007; Dubrovsky et al., 2008). The LRP development has been 

divided in 8 stages, according to the type and number of divisions: I to VII and 

Emergence, according to Malamy and Benfey (1997). A series of controlled anticlinal 

and periclinal divisions in the referred stages produce an LRP that resembles a primary 

root tissue organization. In Emergence the LRP erupts from the primary root and is no 

longer covered by the epidermis. After Emergence the new apical meristem is activated, 

and the growth of the lateral root is now similar to the primary root meristem (Benkova 

et al., 2003; Goh et al., 2016). 

Root hairs are also part of the A. thaliana  root system, where both the length and 

the density of root hairs contribute to increase soil-root contact, and are, therefore, also 

influenced by environmental cues (Müller and Schmidt, 2004; Orman-Ligeza et al., 

2014). Root hairs emerge from the base of epidermal cells in the DZ, but not in any 

random cell – they are formed in the trichoblast cells, cells that are patterned to become 

root hairs, contrarily to atrichoblasts (Guimil and Dunand, 2007; Grierson et al., 2014; 

Salazar-Henao et al., 2016). Their growth is associated with cellular changes such as 

calcium (Ca2+) and potassium (K+) ion influx, phospholipid signalling, rearrangement of 

the cytoskeleton, acidification of the cell wall, and reassembly and synthesis of new cell 

wall material [reviewed in Petricka et al. (2012); Grierson et al. (2014); Salazar-Henao et 

al. (2016)]. Auxin also plays a part, during the initiation of the root hair (together with 

ethylene) where a planar polarity is established, which allows selection of the root hair 

initiation site (Fischer et al., 2006; Salazar-Henao et al., 2016). Later, auxin accumulates 

at high concentrations at the root hair tip, sustaining tip growth (Pitts et al., 1998; Petricka 

et al., 2012; Grierson et al., 2014). 

The RSA – the spatial arrangement of roots of different ages and orders – is 

determined by both genetic factors and the integration of environmental cues. The 

genetic factors, also known as intrinsic pathways, define the characteristic architecture 

for a given plant. Closely related species and varieties of a crop might have, through 

breeding, a contrasting spatial arrangement of roots (de Dorlodot et al., 2007; Orman-

Ligeza et al., 2014). The environmental cues will shape the root architecture by modifying 

this intrinsic genetic program, allowing plants to display a high level of root plasticity 

(Malamy, 2005; Ingram and Malamy, 2010; Gruber et al., 2013).  
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1.1.1. Phytohormones and root development 

 

Plant hormones are a group of naturally occurring, organic substances that influence 

physiological processes at low concentrations (Davies, 1995). They influence virtually 

every process of plant growth, differentiation, and development [theme reviewed in 

Schaller et al. (2015)]. The major plant hormones – auxin and cytokinin, gibberellic acid 

abscisic acid, ethylene and brassinosteroids – are key regulators of the cell division and 

elongation that contribute to, among other functions, root development (Petricka et al., 

2012). 

 

1.1.1.1. Auxins 

 

Auxins are mobile biochemicals that are transported from cell to cell and organ to organ 

to signal and coordinate growth and development [reviewed in Petrasek and Friml 

(2009)]. Auxins mediate control over many other key events during development, such 

as asymmetric growth PR and LR initiation and elongation (Rashotte et al., 2000; 

Casimiro et al., 2001; Benjamins and Scheres, 2008; Dello Ioio et al., 2012). The main 

auxin, present in all plants, is indol-3-acetic acid (IAA) but there are others such as 

indole-3-butyric acid [IBA; summarized in Enders and Strader (2015)].  

Auxin is synthetized primarily in dividing meristematic cells and at organ level, 

young shoot organs are the major sites of IAA production (Ljung et al., 2001; Aloni et al., 

2006; Benjamins and Scheres, 2008). In shoots, auxin moves basipetally, in direction to 

the base of the plant (Jones, 1998; Petrasek and Friml, 2009). In roots, auxin is 

transported acropetally through the stele towards the root tip, where it is redistributed 

into the basipetal stream through the lateral root cap and the epidermis (Jones, 1998; 

Petrasek and Friml, 2009). This polar transport system to move IAA directionally. 

Intercellularly, the transport is accomplished resorting to sophisticated machinery and is 

influenced by the combined activities of both auxin influx proteins and efflux proteins 

(Friml et al., 2003; Petrasek and Friml, 2009).  

The most studied efflux carriers are the PIN-FORMED (PIN) transporters. There 

are eight annotated PIN genes in A. thaliana (PIN1-8) and the first to be described was 

PIN1 (Okada et al., 1991; Gälweiler et al., 1998; Krecek et al., 2009). Of the 8 AtPIN 
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transporters, PIN5 and PIN8 are localised in the endoplasmic reticulum and the 

remaining ones in the plasma membrane [Adamowski and Friml (2015) and references 

therein]. Each PIN has specific developmental roles that are largely determined by their 

highly specific tissue expression and cellular location [reviewed in Adamowski and Friml 

(2015)]. For example, PIN1, the major non-redundant member of the family is expressed 

in apical parts of early embryos, throughout the vascular tissues and in the shoot apical 

meristem (SAM) [Benkova et al. (2003); Krecek et al. (2009) and references therein]. In 

the root, PIN1 is present in the stele closer to the primary and lateral root meristems 

(Benkova et al., 2003; Vleten et al., 2005; Omelyanchuk et al., 2016). In these cells it is 

localized in the rootward membrane of the cell (and spreading to the inner lateral sides), 

being responsible for auxin transport towards the QC (Vleten et al., 2005; Omelyanchuk 

et al., 2016). Although it varies between studies, it was also detected PIN1 expression in 

young cells of endodermis, cortex, the QC, the columella initials and inner cells of LRP, 

where they occupy the entire plasma membrane (Benkova et al., 2003; Vleten et al., 

2005; Omelyanchuk et al., 2016). The PIN transporters in the plasma membrane are 

asymmetrically distributed, such that efflux activity induces the directional auxin flow 

(Friml et al., 2003). Consequently, PIN proteins mediate directional auxin fluxes within 

tissues and generate auxin gradients and maxima that influence the development of the 

different cells and tissues (Sabatini et al., 1999; Benkova et al., 2003; Friml et al., 2003; 

Blilou et al., 2005). 

Another piece of the puzzle in polar auxin transport is the auxin influx. Although 

auxin influx can occur via diffusion, active auxin import is thought to be the major 

entrance of auxin in the cells (Swarup et al., 2001; Swarup et al., 2005; Allen and 

Ptashnyk, 2020). AUXIN RESISTANT1 (AUX1) is the better described auxin import 

carrier. It is localised in the root apical tissues and also in the epidermis cells of the 

elongation zone (Bennett et al., 1996; Marchand et al., 1999; Benjamins and Scheres, 

2008). The AUX1 influx carrier is thought to determinate which cell types participate in 

the gravitropic root bending response (Marchand et al., 1999; Swarup et al., 2005). 

Furthermore, AUX1 promotes lateral root formation by facilitating IAA distribution 

between sink tissues and LRP (Casimiro et al., 2001; Marchant et al., 2002). 

Polar auxin transport provides direction and there is evidence showing the 

relationship between auxin gradients, polarization of PIN transport proteins, auxin influx 

and tissue patterning (Sabatini et al., 1999; Benkova et al., 2003; Friml et al., 2003; Blilou 

et al., 2005). Cells with high auxin activity, where there is an auxin maximum, can be 

traced with an auxin sensitive element known as DIRECT REPEAT5 (DR5), a synthetic 
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promoter consisting of 7 tandem repeats of an Auxin-Responsive Element (AuxRE), 5’-

TGTCTC-3’, and a minimal CaMV 35S promoter fused to the β-GLUCURONIDASE 

(GUS) reporter gene (Ulmasov et al., 1997). DR5::GUS plants display a maximum of 

GUS activity in the QC, in the mature and initial cells of columella of primary and lateral 

roots (Sabatini et al., 1999; Benkova et al., 2003; Blilou et al., 2005). In LRP, during stage 

I, all cells have activity and after stage II only the inner cells, the future RAM, are marked, 

indicating an establishment of auxin maxima at the primordium tip (Benkova et al., 2003; 

Peret et al., 2009; Goh et al., 2016). 

A large part of auxin action is governed by the control of gene activation through 

the AUXIN RESPONSIVE FACTOR (ARF) transcription factors and their capacity to bind 

to specific cis-elements in the genome, the AuxREs, mentioned above, which are 

typically represented by the sequence 5’-TGTCTC-3’ (Ulmasov et al., 1997). In the 

presence of auxin, the ARFs are relieved from the active repression of AUXIN/INDOL-3-

ACETIC ACID proteins and are then able to bind to the AuxREs, regulating the 

expression of the gene in question.  

 

1.1.1.2. Cytokinins 

 

Cytokinins (CKs) are signalling hormonal molecules that play an essential role in 

regulating growth and development in plants. Its wide range of action includes, among 

others, the establishment of root axes during early embryogenesis, root gravitropism, 

SAM maintenance, vascular development, and the repression of leaf senescence. The 

reviews Aloni et al. (2004); Schmülling (2004); Bishopp et al. (2009); Su et al. (2011); 

Schaller et al. (2015); Zurcher and Muller (2016); Di Mambro et al. (2018); Kieber and 

Schaller (2018) provide further information of the various roles of CKs in plant 

development. 

CKs can be produced in both roots and shoot, but the root tips are thought to be 

major site of cytokinins synthesis (Aloni et al., 2004; Miyawaki et al., 2004; Aloni et al., 

2005; Aloni et al., 2006). In contrast to their role in promoting shoot growth, cytokinins 

mostly inhibit root growth, in part by promoting cell differentiation in the RAM (Werner et 

al., 2001; Moubayidin et al., 2010; Dello Ioio et al., 2012) and by negatively regulating 

root branching (Chang et al., 2013, 2015). This is achieved by an interaction and by a 

balance between the antagonistic effects of cytokinins, which mediate cell differentiation, 
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and auxin, that mediates cell division (Werner et al., 2001; Blilou et al., 2005; Dello Ioio 

et al., 2007; Moubayidin et al., 2010; Dello Ioio et al., 2012; Schaller et al., 2015).  By 

contrast to auxin, CK is a negative regulator of LR formation, interfering with the early 

events of LR formation (Li et al., 2006; Riefler et al., 2006; Laplaze et al., 2007; Moreira 

et al., 2013). Moreover, CK acts in xylem-associated pericycle cells to disrupt the 

patterning of LRP and, in the same study, it was shown that CK disrupts LR patterning 

by interfering with the expression of PINs, and consequently disturbing the establishment 

of auxin gradients (Laplaze et al., 2007). 

The first step in CKs biosynthesis is catalysed by ISOPENTENYL 

TRANSFERASE (IPT) and there are nine IPT genes, IPT1 to IPT9, in the A. thaliana 

genome (Kakimoto, 2001; Takei et al., 2001; Hwang and Sakakibara, 2006). The IPT 

have a tissue-specific expression, as shown by Miyawaki et al. (2004). Concerning the 

root tissues, using promoter::GUS fusions, IPT1 expression was detected in xylem 

precursor cell files in the root tip, IPT3 was expressed throughout the plant phloem and 

weakly in the pericycle, IPT5 in the lateral root primordia and columella root caps, IPT7 

in the endodermis of the EZ (Miyawaki et al., 2004). After the action of IPT, the activation 

of cytokinins is catalysed by the LONELY GUY family (Kuroha et al., 2009). 

Perception of cytokinin molecule is the first step in the signal transduction 

pathway, which culminates in gene expression regulation via a phosphorelay system 

(D'Agostino and Kieber, 1999; Hwang and Sheen, 2001; Hwang et al., 2002; Schaller et 

al., 2015). In the current model, in A. thaliana, cytokinin binds to the ARABIDOPSIS 

HISTIDINE-KINASE (AHK) hybrid receptor, resulting in its activation and 

autophosphorylation, followed by the transfer of the phosphate group to the 

ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEINS (AHPs), that, in turn, 

transmit the signal to the nuclear-localised ARABIDOPSIS RESPONSE REGULATORS 

[ARRs; D'Agostino and Kieber (1999); Hwang and Sheen (2001); Hwang et al. (2002)]. 

There are two types of ARRs involved in cytokinin signalling: type-B ARRs and type-A 

ARRs (Imamura et al., 1999).  

Type-B ARRs, which are activated by phosphorylation of their receiver domain 

by AHPs (Suzuki et al., 2001), are TFs of the MYB family, essential for the initial 

transcriptional response to CK (Sakai et al., 1998; Sakai et al., 2000; Hwang and Sheen, 

2001; Mason et al., 2005; Heyl et al., 2008; Meng et al., 2017). The preferred DNA-

binding motifs for some type-B RRs have been described, namely for ARR1 [5’-

(A/G)GAT(T/C)-3’ and/or 5’-AAGAT(T/C)TT-3’; Sakai et al. (2000); Taniguchi et al. 
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(2007)]. These motifs are found upstream of many cytokinin-regulated genes, i.e. type-

A RRs (Sakai et al., 2000; Hwang and Sheen, 2001; Taniguchi et al., 2007; Brenner et 

al., 2012). It is thought that the A. thaliana genome encodes 11 type-B ARRs: ARR1, 

ARR2, ARR10-14 and ARR18-21 (Hwang et al., 2002; Brenner et al., 2012). The first 

described type-B ARRs were ARR1 and ARR2 and it was found that these are highly 

expressed in the root tissues (Sakai et al., 1998). Microarray analysis revealed that 

expression of the majority of cytokinin-regulated genes requires the function of ARR1, 

ARR10, and ARR12 (Argyros et al., 2008; Zubo et al., 2017). 

Type-A ARRs are transcriptionally induced in response to cytokinin via direct 

activation by type-B ARRs and regulate by negative feedback the cytokinin signalling 

cascade (Taniguchi et al., 1998; Kiba et al., 1999; Hwang and Sheen, 2001). They 

contain a phosphorylation receiver domain but, unlike type-B ARRs, lack a DNA binding 

domain (Imamura et al., 1999). The A. thaliana genome is thought to encode 11 type-A 

ARRs: ARR3-9, ARR15-17 and ARR22 (Imamura et al., 1999; D'Agostino et al., 2000; 

Hwang et al., 2002). The first described type-A ARRs were ARR4 and ARR5 

(Brandstatter and Kieber, 1998). The ARR5 gene is expressed in both SAM and RAM 

and also in the tips of lateral roots (D'Agostino et al., 2000). In older plants expression 

can also be detected in the vasculature of the PR, especially at the junction of lateral 

roots (D'Agostino et al., 2000). 

A synthetic cytokinin reporter (TCS which stands for Two-Component-output-

Sensor) was generated to visualize the output of the two-component signal transduction 

in vivo. It harbours 24 concatemerized copies of a variant of the above-mentioned type-

B ARR binding core motif [5’-(A/G)GATT-3’], in sense and antisense direction and a 

minimal 35S promoter upstream of a reporter gene (Muller and Sheen, 2008). 

Expression is observed in the root stele, root hairs and, in the columella cells of the RAM, 

later stages of LRP and LRs (Zurcher et al., 2013). 

There is another class of TF that are regulated by cytokinin – the CYTOKININ 

RESPONSE FACTORS (CRFs), a subclade of APETALA2 TFs induced by cytokinin. 

The relation of the CRF with the CK signalling cascade is not yet fully understood. It is 

known that some CRF are transcriptionally regulated by type-B ARRs while others are 

independent of this signalling pathway (Rashotte et al., 2006; Kim, 2016). The CRFs 

modulate the expression of a large number of cytokinin-regulated genes, sometimes 

overlapping with type-B ARR targets (Rashotte et al., 2006; Raines et al., 2016). Since 

their relatively recent discovery, the CRF were found to be involved in a myriad of 
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physiological and developmental processes, such as  auxin-cytokinin crosstalk, oxidative 

stress, reproductive organ development, LR development response to cold stress, leaf 

senescence, negative regulation of shoot growth and positive regulation of root growth 

(Rashotte et al., 2006; Simaskova et al., 2015; Cucinotta et al., 2016; Jeon et al., 2016; 

Kim, 2016; Raines et al., 2016; Zwack et al., 2016; Hallmark and Rashotte, 2019). 

The last step in the CKs lifespan – degradation – is mediated by the CYTOKININ 

OXIDASE/DEHYDROGENASE (CKX) family, that has seven members in A. thaliana and 

is responsible for the side chain cleavage that results in an irreversible loss of activity 

(Whitty and Hall, 1974; Werner et al., 2001; Schmülling, 2004). The CKX are expressed 

in zones of active cell division and growth. The corresponding enzymes are located in 

the endoplasmic reticulum, in the apoplast and in the vacuole (Schmülling, 2004). 

 

1.1.2. Nutrients and root morphology modulation 

 

Nutrient availability can exert a profound impact on RSA by altering the number, length, 

angle, and diameter of roots and root hairs (Gruber et al., 2013). It should be also taken 

in consideration that the lack of one nutrient may increase or decrease the concentration 

of another nutrient in the plant, thus influencing indirectly the RSA and increasing the 

complexity of interaction between plant nutrition and root development (Kellermeier et 

al., 2014; Lynch, 2019). Macronutrients nitrogen (N) and phosphorus (P) are vital to plant 

survival and therefore the dynamics of RSA response to these nutrients has been studied 

in great detail. The ensuing challenge is to extend our knowledge to signalling pathways 

other than P and N.  

After water, nitrogen is the most limiting factor for plant growth, for it is needed in 

very high amounts. The general response to low N includes an increase in vertical, deep 

roots with fewer LRs near the soil surface – the steep, cheap and deep approach (Gruber 

et al., 2013; Rogers and Benfey, 2015; Lynch, 2019). This increases the foraging 

capacity of the root system, to explore deeper soil layers where nitrogen is more 

abundant (Morris et al., 2017). For exploiting localised nitrogen patches, mainly of NO3
-, 

there is stimulation of LR elongation (Zhang et al., 1999; Ingram and Malamy, 2010; 

Gruber et al., 2013). 

P deficiency is a major constraint to crop production because P forms complexes 

with clay, iron and aluminium compounds in the soil, and is converted readily to less 
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available forms by the process of phosphorus fixation (Raghothama, 1999). Because of 

these fixation processes, phosphorus moves very little in the soil (Raghothama, 1999). 

The response to low P is species dependent but the general observations include a root 

system that is shallower but highly branched – the topsoil foraging approach –, precisely 

the contrary of N-deficiency response (Gruber et al., 2013; Lynch, 2019). The PR growth 

is inhibited, there is a higher number of LRs and therefore the density of the LRs is 

increased under mild P deficiency. Under severe deficiency there are almost no visible 

LRs (Lopez-Bucio et al., 2002; Gruber et al., 2013). It is also reported an increase of root 

hairs growth on both primary and secondary roots (Bates and Lynch, 1996; Lopez-Bucio 

et al., 2002; Müller and Schmidt, 2004). This root strategy increases plant phosphorus 

acquisition under low-phosphorus soil conditions by increasing the root surface area 

(Bates and Lynch, 2000). Furthermore, in a situation of Zn deficiency, accumulation of 

inorganic P occurs in the shoot of A. thaliana, and there is a decrease of P concentration 

of the root (Bouain et al., 2014; Kisko et al., 2018; Lilay et al., 2019a). 

Concerning plant’s micronutrients, the most studied nutrient is iron (Fe) due its 

essentiality to both plants and humans. A mild deficiency of Fe, in A. thaliana, increased 

root elongation. However, severe Fe deficiency caused a PR length decrease (Gruber 

et al., 2013). Under Fe-deficiency, there is also a decrease of lateral root density and 

average lateral root length (Giehl et al., 2012). Thus, under mild Fe deficiency, the root 

system is able to exploit more distantly located Fe patches in soils and under severe Fe 

deficiency the plant arrests root elongation and root number to reduce nutrient demand 

(Seguela et al., 2008; Giehl et al., 2012; Gruber et al., 2013; Li et al., 2016).  When the 

supply of Fe is restored and localized to a section of the root, there is an increase of LRs’ 

length, caused by enhanced cell elongation rather than by stimulated cell division. 

However, during early stages of LRP, plants exposed to localized Fe applications 

emerged more quickly. This suggests that at this developmental stage, Fe may 

additionally stimulate cell division (Giehl et al., 2012). Furthermore, a shortage of Fe 

triggers the formation of ectopic root hairs at positions normally occupied by non-hair 

cells and leads to bifurcated root hairs, a mechanism that is thought to increase the 

surface area to uptake more Fe (Schmidt et al., 2000; Müller and Schmidt, 2004).  

The impact of Zn – also a micronutrient essential to plants – in root development 

is less studied than Fe. In Gruber et al. (2013), a study focused on nutritional deficiencies, 

it was shown that A. thaliana plants grown in Zn deficiency produced a more branched 

root system, with a reduction of LR length, with both the length and the dry mass of the 

PR not affected. Contrarily, in Sinclair and Kramer (2019), plants grown under Zn-
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deficiency presented a less branched root system, reduction of root dry biomass 

compared with the control and also an increase in the PR length. This difference can 

originate from the different media used (Gruber et al., 2013; Sinclair and Kramer, 2019). 

Additionally, in Talukdar and Aarts (2007), when A. thaliana plants are grown under Zn-

deficient conditions, the shoot and root weight is reduced. Root length shows a reduction 

(Talukdar and Aarts, 2007). Taking in consideration the several studies, it is evident a 

disagreement of results regarding root morphology adaptation to Zn deficiency. The 

effect of Zn deficiency in root hairs has not been elucidated so far.  

Furthermore, under Fe deficiency there is an increase of Zn uptake by the plant, 

which might be due to the broad substrate spectrum transported by a metal transporter 

(IRT1, mentioned in greater detailed in the next section), that transports primarily Fe and 

secondarily Zn, Mn and Co (Korshunova et al., 1999; Vert et al., 2002; van de Mortel et 

al., 2006; Gruber et al., 2013; Campos et al., 2017). Contrarily, under Zn deficiency, there 

is a decrease of Fe in the roots and an increase in the shoots (van de Mortel et al., 2006; 

Campos et al., 2017; Lilay et al., 2019a). 

 

1.2. Micronutrient Zinc 

 

Zn is a micronutrient crucial to plants and animals. In biological systems, Zn exists only 

as Zn2+ and does not take part in oxidation-reduction reactions (McCall et al., 2000). The 

metabolic functions of Zn are based on its strong tendency to form tetrahedral complexes 

with ligands of nitrogen, oxygen, and sulphur (Berg and Shi, 1996; McCall et al., 2000; 

Barker and Eaton, 2015).  Although it is needed in small doses, it plays a critical role in 

plants metabolism for it acts as functional, structural or regulatory co-factor of a large 

number of enzymes and proteins involved in many biochemical pathways, such as 

ALCOHOL DEHYDROGENASE, CARBONIC ANHYDRASE, Cu/Zn SUPEROXIDE 

DISMUTASE, RNA POLYMERASE, PHOSPHOLIPASE C and ZN-FINGER PROTEINS 

(Berg and Shi, 1996; Laity et al., 2001; Broadley et al., 2007; Broadley et al., 2012). 
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1.2.1. Zn deficiency 

 

In the soil, Zn in soluble fractions and ions can be easily desorbed and is then available 

to plants. Zn impoverished soils are common and there is a clear tendency of low Zn 

concentrations on calcareous soils, sandy soils, alkaline and saline soils. In drenched 

soils, such as paddy rice soils, and being rice one the most cultivated crops, the high pH 

leads to formation of insoluble zinc sulphide that cannot be used by the plant (Alloway, 

2008, 2009; Broadley et al., 2012). Adding to this, high levels of phosphorous (P), sodium 

(Na), Ca, magnesium (Mg) or copper (Cu) may decrease availability of Zn, complicating 

the plant’s Zn uptake (Alloway, 2009; Bouain et al., 2014).  

When the supply of Zn to plants is inadequate, plant growth is severely affected. 

The visible symptoms are stunted growth with shortened internodes, small and 

abnormally shaped leaves, chlorosis and necrotic spots on leaves (Talukdar and Aarts, 

2007; Alloway, 2008; Broadley et al., 2012). This phenotype could be due to the role of 

Zn in either IAA biosynthesis or IAA protection from degradation, in the balance of CO2 

and HCO3
- in photosynthesis through CARBONIC ANHYDRASE and/or in the 

conversion of the superoxide radical to hydrogen peroxide by the Cu/Zn SUPEROXIDE 

DISMUTASE [SOD; Randall and Bouma (1973); Sharma et al. (2004)]. Privation of Zn 

will indeed affect photosynthesis, lead to an increase of lipid peroxidation by superoxide 

radical and a decrease of IAA in the plant (Cakmak et al., 1989; Cakmak et al., 1997; 

Sharma et al., 2004; Alloway, 2008; Broadley et al., 2012; Barker and Eaton, 2015). 

Even if at different levels, all plants, and more importantly, crops, are susceptible 

to Zn deficiency. For example beans, flax, maize and rice are highly sensitive, while 

barley, soybean and tomato are mildly sensitive, and oat, rye and wheat are less (but 

yet) sensitive to Zn deficiency (Alloway, 2008). This susceptibility results in a decreased 

yield, a major constraint in world’s food production and to decreased Zn content in crops 

used in human diet. Developing countries, where people depend on cereal-rich diets, are 

the most affected and are at risk of inadequate zinc intake, representing 20-30% of the 

world’s human population (Wessells and Brown, 2012; Kumssa et al., 2015). Zn 

deficiency can be in part corrected using Zn fertilizers, but it is expensive and requires 

constant reapplication. Crop biofortification represents a more sustainable strategy for 

the future, however a better understanding of how plants uptake zinc and how do plants 

with low sensibility to Zn depletion accomplish to grow in such conditions is still needed 
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(Cakmak, 2007; Zuo and Zhang, 2009; Henriques et al., 2012; Lira-Morales et al., 2019; 

Lynch, 2019). 

 

1.2.2. Zn transport: the ZRT/IRT-LIKE PROTEIN family 

 

Zinc uptake is done primarily through the roots as Zn2+ and ZnOH+ (at high soil pH) and 

then follows to the shoot via xylem (Broadley et al., 2012; Olsen and Palmgren, 2014). 

Zinc transport can occur through the symplast or the apoplast pathway (Sinclair and 

Kramer, 2012). Although it is not fully understood, plants have a tight control mechanism 

to regulate Zn homeostasis, in order to avoid a situation of Zn deficiency but also a 

situation of Zn toxicity. 

There are several transporter families responsible for metal ions transport. 

Transporters responsible for metal efflux or movement into the organelles include P1B-

ATPases family (for example, HEAVY METAL ASSOCIATED 2 and 4, HMA2 and 4, 

mediate Zn loading and other metals into the xylem) and CATION DIFFUSION 

FACILITATOR family (CDF; METAL TOLERANCE PROTEIN 1, MTP1, is localized in 

the tonoplast of leaf and root cells). ZINC-INDUCED FACILITATOR (ZIF1, ZIF2), from 

the MAJOR FACILITATOR SUPERFAMILY (MFS) and PLANT CADMIUM 

RESISTANCE 2 (PCR2), are implicated in Zn efflux, vacuolar sequestration and Zn 

tolerance (Haydon and Cobbett, 2007; Song et al., 2010; Remy et al., 2014).  Metal-

uptake transporters, that move metals into the cytoplasm from organelles or across the 

plasma membrane, include the YELLOW STRIPE-LIKE family (YSL; thought to transport 

metals complexed with phytosiderophores or nicotianamine), NATURAL RESISTANCE 

ASSOCIATED MACROPHAGE PROTEIN family (NRAMP), COPPER TRANSPORT 

family (COPT) and ZRT/IRT-LIKE PROTEINS family [ZIP; Colangelo and Guerinot 

(2006); Milner et al. (2013); Olsen and Palmgren (2014)]. 

The ZIP family was first described in A. thaliana by Grotz et al. (1998) and named 

after Saccharomyces cerevisiae ZRT [ZINC-REGULATED TRANSPORTER; Zhao and 

Eide (1996)] and Arabidopsis thaliana IRT [IRON-REGULATED TRANSPORTER; Eide 

et al. (1996)]. The A. thaliana genome encodes for 15 ZIP transporters genes, namely 

ZIP1 to ZIP12 and IRT1 to IRT3. They encode transporters that mediate Zn, Fe, Cu, 

cadmium (Cd) and manganese (Mn) transport, with each ZIP having its own substrate 

specificity and affinity (Wintz et al., 2003; Milner et al., 2013). IRT proteins are also ZIP 
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proteins, since they are capable of transporting Fe and Zn, among other metals. This 

confusion derives from the fact that IRT1 was the first of the 15 ZIP family members to 

be described, followed by IRT2 and IRT3 (Eide et al., 1996). In Grotz et al. (1998), four 

different cDNAs were found to be highly similar to ZRT1 and ZTR2 from S. cerevisiae 

and IRT1 from A. thaliana and were therefore named ZIP1, 2, 3 and 4. All the remaining 

ZIPs were described thereafter and named accordingly. Most ZIP transporters have eight 

predicted transmembrane domains with the N- and C-termini of the protein located on 

the external face of the membrane and a cytoplasmatic long loop region located between 

domains 3 and 4 containing a histidine-rich sequence, considered a potential metal 

binding site (Grotz et al., 1998; Guerinot, 2000; Eide, 2006).  

Of all annotated ZIPs members in A. thaliana, eight are responsive to Zn 

deficiency: ZIP1, ZIP3, ZIP4, ZIP5, ZIP9, ZIP10, ZIP12 and IRT3 (Grotz et al., 1998; 

Mäser et al., 2001; Wintz et al., 2003; Lin et al., 2009). Several studies have attempted 

to predict ZIPs cellular and sub-cellular location, although some predictions/results differ 

(table 1). For example, Grotz et al. (1998) and Milner et al. (2013) agree that ZIP1 and 

ZIP3 are expressed in roots of Zn-deficient plants and that ZIP4 is also induced by Zn 

deficiency, both in shoots and roots. However, these reports differ in the subcellular 

location of ZIP1. In Grotz et al. (1998), by software prediction, ZIP1 and ZIP3 are 

supposed to be localised on the plasma membrane and are, therefore, responsible for 

Zn uptake from the rhizosphere. On the other hand, in Milner et al. (2013), ZIP1 is thought 

to be a vacuolar transporter. AtZIP4 is highly induced during Zn deficiency (Wintz et al., 

2003; Assuncao et al., 2010a; Campos et al., 2017; Castro et al., 2017). The expression 

pattern of the pZIP4::GUS line, under Zn deficiency, is visible the shoots vasculature and 

leaf edges, and in roots there was a strong expression in vasculature starting from the 

hypocotyl base (Lin et al., 2016; Castro et al., 2017). Oryza sativa ZIP4 is also expressed 

in shoots and roots under Zn deficiency and it is thought to be localized to the plasma 

membrane in the vasculature, mainly in the phloem. This evidence highly suggests that 

both AtZIP4 and OsZIP4 are responsible for Zn translocation within the A. thaliana and 

rice plants (Ishimaru et al., 2005).  
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Table 1 – Summary of A. thaliana ZIP transporters and their putative functions on Zn homeostasis. 

AtZIP  Function description References 

ZIP1 Responsive to Zn-deficiency. Located either at the tonoplast or plasma 

membrane. Higher expression in roots than shoots. May be implicated 

in Zn-uptake from the rhizosphere. 

Grotz et al. (1998); Assuncao et al. 

(2010a); Milner et al. (2013) 

ZIP2 Not responsive to Zn-deficiency. Plasma membrane located. Higher 

expression in roots than shoots. May mediate Mn and/or Cu transport 

into the cells of the root stele. 

Grotz et al. (1998); Wintz et al. 

(2003); Assuncao et al. (2010a); 

Milner et al. (2013) 

ZIP3 Responsive to Zn-deficiency. Located in the plasma membrane. 

Higher expression in roots than shoots. May be implicated in Zn-

uptake from the rhizosphere. 

Grotz et al. (1998); Assuncao et al. 

(2010a); Milner et al. (2013) 

ZIP4 Responsive to Zn-deficiency, specifically to local Zn root status. 

Plasma membrane located. Expressed in both roots and shoots of Zn 

deficient plants. Involved in Zn translocation within the plant. 

Grotz et al. (1998); Wintz et al. 

(2003); Assuncao et al. (2010a); 

Castro et al. (2017) Sinclair et al. 

(2018) 

ZIP5 Highly responsive to Zn-deficiency. Higher expression in roots than 

shoots. May be involved in root to shoot translocation of Zn. 

Assuncao et al. (2010a); Milner et 

al. (2013) 

ZIP6 Not responsive to Zn, Cu and Fe deficiency or toxicity. Higher 

expression in roots than shoots. Might be constitutively expressed. 

Wintz et al. (2003); Milner et al. 

(2013) 

ZIP7 Not responsive to Zn-deficiency. Higher expression in shoots than 

roots. 

Milner et al. (2013) 

ZIP8 Not responsive to Zn-deficiency. Does not complement mutant yeast 

lines defective in Zn, Cu, Fe or Mn uptake. 

Milner et al. (2013) 

ZIP9 Responsive to Zn-deficiency, specifically local Zn root status. Equally 

expressed in roots and shoots. 

Assuncao et al. (2010a); Milner et 

al. (2013); Sinclair et al. (2018) 

ZIP10 Responsive to Zn-deficiency. Equally expressed in roots and shoots. Milner et al. (2013) 

ZIP11 Not responsive to Zn-deficiency.  High expression in shoots at 7dpg, 

but subsequent decrease as the plant get older. 

Milner et al. (2013) 

ZIP12 Responsive to Zn-deficiency. Equally expressed in roots and shoots. Assuncao et al. (2010a); Milner et 

al. (2013) 

IRT1 Not responsive to Zn-deficiency. Primarily transports Fe. Plasma 

membrane located. Expressed in root epidermis and phloem 

companion cells. Senses directly the excess of non-iron metals in the 

cytoplasm, to regulate its own degradation by ubiquitination. 

Eide et al. (1996); Korshunova et 

al. (1999); Vert et al. (2002); 

Marques-Bueno et al. (2016); 

Dubeaux et al. (2018) 

IRT2 Not responsive to Zn-deficiency. Primarily transports Fe and is 

upregulated during Fe-deficiency. Plasma membrane located. 

Expressed in the root epidermis, even in Fe-sufficient plants. 

Eide et al. (1996); Vert et al. 

(2001) 

IRT3 Responsive to Zn-deficiency. Plasma membrane located. Expressed in 

the almost every type of cells, mainly in passage cells. May be 

involved in loading Zn to long distance transport. 

Eide et al. (1996); Lin et al. (2009); 

Assuncao et al. (2010a) 
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1.2.3. bZIP19 and bZIP23 transcription factors 

 

Transcription factors (TFs) play crucial roles in almost all biological processes such as 

light and stress signalling, seed maturation and flower development (Jakoby et al., 2002; 

Sornaraj et al., 2016). Structurally, TFs are usually classified by their DNA binding 

domains: the BASIC REGION/LEUCINE ZIPPER (bZIP) TFs have a basic region 

responsible for binding to its target DNA and a leucine zipper required for homo- or 

heterodimerization (Jakoby et al., 2002).  

The A. thaliana genome encodes 75 bZIP proteins, divided in ten groups (A to I, 

and S) according to similarity of the basic region, conserved motifs, and size of the 

leucine-zipper. The F-subfamily is composed by three members, bZIP19, bZIP23 and 

bZIP24. All three share a characteristic His/Cys-rich motif however bZIP19 and bZIP23 

share a higher amino acid sequence similarity than bZIP24 (Jakoby et al., 2002). It was 

suggested that bZIP24 functions as a transcriptional repressor under salt stress, playing 

an important function in salt acclimation (Popova et al., 2008).  

bZIP19 and bZIP23 have been associated with the regulation of the response to 

Zn deficiency by inducing the expression of a small set of genes, that include some of 

the ZIP (Assuncao et al., 2010a; Inaba et al., 2015; Lilay et al., 2019a). Plants’ bZIP TFs 

preferentially bind DNA cis-elements of palindromic and pseudo palindromic hexamers 

containing an ACGT core (Jakoby et al., 2002; Sornaraj et al., 2016). However, the F-

bZIPs bZIP19 and bZIP23 bind to a palindromic 10-bp sequence motif, called Zinc 

Deficiency Responsive Element (ZDRE; 5’-RTGTCGACAY-3’), that is present in the 

promotor of 8 out of 15 A. thaliana ZIP genes (ZIP1, ZIP3, ZIP4, ZIP5, ZIP9, ZIP10, 

ZIP12 and IRT3) and another two genes, NICOTIANAMINE SYNTHASE2 (NAS2) and 

NAS4. These genes also contain ZDRE motifs in their promoter are induced by Zn 

deficiency. The ZIP2, which is not induced by Zn deficiency, has no ZDRE sequence in 

its promotor (Grotz et al., 1998; Assuncao et al., 2010a). 

The Zn-dependent activity of these transcription factors is thought to be controlled 

post-translationally, with repressed activity at Zn sufficiency (Assunção et al., 2013; Lilay 

et al., 2019a). Lilay et al. (2020) shows that bZIP19 and bZIP23 act as Zn sensors by 

binding Zn2+ ions to their Cys/His-rich motif, named the Zn Sensor Motif. Deletions or 

modifications of this motif disrupts Zn binding, leading to a constitutive transcriptional Zn 

deficiency response when grown on Zn sufficient media (Lilay et al., 2020). 
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bZIP19 and bZIP23 were isolated using a yeast-one-hybrid screening with 

promoter fragments of the strong Zn-deficiency-induced AtZIP4 transporter (Assuncao 

et al., 2010a). The single T-DNA insertion mutants, bzip19-1 and bzip23-1, were mildly 

sensitive to Zn deficiency while a double mutant, bzip19 bzip23 (henceforth referred as 

bzip19/23), was hypersensitive to Zn deficiency, suggesting that they are partially 

redundant. Analysing the expression of the genes to which bZIP19 and bZIP23 bind 

(ZIP1, ZIP3, ZIP4, ZIP5, ZIP9, ZIP10, ZIP12, IRT3, NAS2 and NAS4) it was observed 

that there was an induction on wild type (WT) under Zn deficiency, whereas the Zn 

deficiency induction was lost in the bzip19/23 mutant (Assuncao et al., 2010a; Assuncao 

et al., 2010b). The bZIP19 and bZIP23 regulatory mechanism, their target genes and the 

characteristic cis elements seem to be conserved in land plants, including the major 

monocot and dicot crops (Assuncao et al., 2010b; Castro et al., 2017). 

Furthermore, a tissue expression analysis of bZIP19 and bZIP23 performed in 

Lilay et al. (2019a), reveals that bZIP19 has a stronger expression in the roots than in 

the shoots, and bZIP23 showed the opposite pattern, with a stronger expression in 

shoots than in roots. In the roots of the pbZIP23::GUS line, it is visible a strong GUS 

expression in the PR tip and tips of LRs (Lilay, 2019b). In the same study it is shown the 

Zn-dependent activities of bZIP19 and bZIP23 are not controlled at the transcriptional 

level, but post-translationally where Zn status modulates their activity. This does not 

seem to interfere with their nuclear location, where cellular Zn deficiency is required for 

target gene expression and Zn sufficiency limits or represses their activity (Lilay et al., 

2019a). So, these TF are, to a large extent functionally redundant, and the distinct 

regulatory activities may rely on their differential tissue-specific expression patterns 

(Inaba et al., 2015; Lilay et al., 2019a). Taking in consideration that bZIP19 is strongly 

expressed in roots and bZIP23 in tips of the primary and lateral roots, these two TF might 

be involved in the modulation of root morphology under Zn deficiency. As was mentioned 

in section 1.2, there is accumulation of inorganic P in the shoot of A. thaliana, grown 

under Zn deficiency, and there is a decrease of Pi concentration in the root (Bouain et 

al., 2014; Kisko et al., 2018; Lilay et al., 2019a). In Kisko et al. (2018), bZIP23 was found 

to bind to a modified ZDRE sequence present in the promotor of the 

LYSOPHOSPHATIDYLCHOLINE ACYLTRANSFERASE 1 (LPCAT1) gene. Under Zn 

deficiency, bZIP23 negatively regulates LPCAT1, resulting in an upregulation of 

INORGANIC PHOSPHATE TRANSPORTER 1;1. This transporter then mediates Pi root-

to-shoot transport, under Zn deficiency. Since bZIP23 has a very specific expression in 
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the root (mentioned above), the integrated result of both Zn and Pi signalling pathways 

might influence the RSA. 

 

1.3. Interaction of phytohormones and nutrients in root 

development 

 

Phytohormones are involved in the shaping of the RSA in response to an unbalanced 

nutritional status. Auxin, a phytohormone essential for root development (Aloni et al., 

2006; Overvoorde et al., 2010), is a part of the RSA response to nitrate deficiency (Krouk 

et al., 2010). Nitrate represses the nitrate NITRATE TRANSPORTER1.1 channel, that 

also facilitates the basipetal transport of auxins in LRs. Under nitrate deficiency, this 

channel is activated, the auxin maximum at the lateral root tip is disrupted and LR growth 

ceases (Krouk et al., 2010). Also, under low P conditions, there seems to be an increase 

of LR density in an auxin-dependent manner (Miura et al., 2011). 

As mentioned above, in section 1.1.2, under Fe-deficiency, there is a decrease 

of lateral root density and average lateral root length (Giehl et al., 2012).  In this study it 

was found that lateral root elongation is highly responsive to local Fe and that the Fe 

pool in lateral roots favours local auxin accumulation. The expression of the auxin 

transporter AUX1 was increased in response to local Fe in lateral roots, facilitating auxin 

transport and accumulation in the lateral root meristem. This accumulation further 

stimulates AUX1 expression and the elongation of emerged lateral roots (Giehl et al., 

2012). Therefore, AUX1 is a major Fe-sensitive component in the auxin signalling 

pathway that mainly directs the rootward auxin stream into lateral roots that have access 

to Fe (Giehl et al., 2012). If no Fe is available, auxin transport is reduced therefore 

arresting LR elongation. Thus, these results define a mechanism connecting nutrient and 

hormone signalling during organ development (Krouk et al., 2010; Kellermeier et al., 

2014). 

However, the way in which Zn deficiency affects IAA metabolism is not yet clear. 

It is believed that Zn is involved in IAA biosynthesis (Alloway, 2008; Broadley et al., 2012) 

and in protecting IAA from oxidative degradation by reactive oxygen species [ROS; 

Henriques et al. (2012)]. The crosstalk between auxin and Fe homeostasis suggests that 

auxin plays a role in the root morphology in response to Fe deficiency, with Fe deficiency 

leading to increased auxin synthesis in A. thaliana and yet displays a decreased auxin 
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transport by the AUX1 protein (Schmidt et al., 2000; Chen et al., 2010; Giehl et al., 2012). 

Since Zn and Fe are both micronutrient transition metals and their transport is mediated 

by common transporters (Wintz et al., 2003), it can be suggested that an interaction 

between hormone’s synthesis and transport might be similar between Fe and Zn. 

Cytokinins (CKs) act as negative regulator of growth and development and 

regulate root architecture by balancing the promoting role of IAA in LR development 

(Aloni et al., 2006; Su et al., 2011). Seguela et al. (2008) demonstrates that CKs repress 

IRT1, FERRIC REDUCTION OXIDASE2 (FRO2; encodes a ferric-chelate reductase) 

and FE-INDUCED TRANSCRIPTION FACTOR expression (FIT1; encodes a FT 

involved in Fe-deficiency response) at the level of transcript accumulation, regardless of 

the plant iron status. The downregulation of IRT1 and FRO2 is independent of FIT and 

might be a result of direct interaction of type-B ARRs and the FRO2 and IRT1 promoter 

(Seguela et al., 2008). As the reduction of ferric iron is a rate-limiting step during iron 

uptake, CKs clearly affect the plant response to Fe deficiency. Following Fe resupply, 

IRT1 transcript levels dropped dramatically and there was a transient induction of CK 

synthesis and signalling genes (increase of IPT3 and type-A ARR4 and ARR6 

transcripts, respectively), indicating that CKs and CK signalling are likely to contribute 

indirectly to the downregulation of the iron uptake genes (Seguela et al., 2008).  

Recently it was suggested that CKs are involved in the response to Zn deficiency, 

in rice (Gao et al., 2019). This work shows that during Zn deficiency there is a decrease 

of CKs’ biosynthesis caused by a decreased biosynthesis by IPT9 and an increase of 

CKs degradation by CKX4. An increase of type-B OsRRs was also reported (Oryza 

sativa RESPONSE REGULATORS). These last will bind to the promoter of OsZIP1 and 

OsZIP5, thought to be responsible for Zn uptake, enhancing transcription and therefore 

promoting Zn uptake. When the plant reaches Zn sufficiency there is an increase of CKs 

synthesis and subsequent repression of genes related to Zn uptake, translocation and 

chelation (Gao et al., 2019). In A. thaliana no similar study was performed to date. 

Therefore, a complete study of the root system architecture of A. thaliana, using 

Zn-deficiency sensitive mutants, developmental marker lines and ZIP marker lines will 

help us better comprehend if Zn plays a role in the modulation of root morphology and 

at the same time fill the remaining gaps of Zn homeostasis regulation. 
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2. AIMS 

 

Plant ZIP transporter proteins responsible for Zn uptake were reported several years ago 

but it was not known until recently how they are controlled (Assuncao et al., 2010a). The 

transcription factors bZIP19 and bZIP23 control the transcription of several ZIP genes 

and it was shown that if both TFs are not expressed, the plant has reduced Zn uptake 

and shows symptoms of Zn deficiency, such as reduced root growth. However, how Zn 

deficiency impacts the RSA and if the response is dependent of phytohormones, such 

as auxin or cytokinins, is still poorly understood.  

The present study aims to identify interactions between Zn homeostasis, in 

particular the bZIP19- and bZIP23-regulated Zn deficiency response, and root growth 

and development.  Several research lines were initialized: first, to characterize the 

expression and subcellular location of ZIP transporters in the root; this is achieved by 

creating and analysing fluorescent marker lines of selected ZIP, both regulated and not 

regulated by bZIP19 and bZIP23 transcription factors. Second, the study focuses on 

analysing root developmental adaptations to Zn deficiency and whether they are linked 

to the bZIP19 and bZIP23 regulatory network. The analysis of root phenotypes in the 

single and double mutant lines of bZIP19 and bZIP23 will help us understand how the 

radicular system responds to Zn supply. Furthermore, we wanted to investigate the 

putative interplay between bZIP19 and bZIP23 and hormones’ pathways during root 

development. The effect of Zn through hormonal pathways will be studied by analysing 

auxin and cytokinin-related marker lines, under different Zn concentrations, as well as 

those marker lines in the bzip19/23 double mutant background and the single mutants. 

In addition, the reverse situation, the effect of auxin and cytokinin in the bZIP19 and 

bZIP23 regulatory network will be investigated by analysing the expression pattern of 

bZIP19 and bZIP23 grown in auxin or cytokinin supplemented media.  

The results obtained will help to dissect the bZIP19 and bZIP23 regulatory 

network in response to Zn deficiency, with a focus on roots and the interplay between 

development and soil zinc uptake and transport. 
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3. MATERIAL AND METHODS 

 

3.1. Plant Material 

 

Wild-type (WT) Arabidopsis thaliana plants of the ecotype Columbia (Col-0) were used 

for the experiments performed and all mutants and marker lines have this background. 

The single mutants, bzip19-1 and bzip23-1, result of a T-DNA insertion 18bp upstream 

the bZIP19 start codon and 91bp upstream the bZIP23 start codon, which resulted in the 

loss of, respectively, bZIP19 (AT4G35040; SALK_144252) and bZIP23 (AT2G16770; 

SALK_045200) transcript and therefore protein (Assuncao et al., 2010a). The bzip19 

bzip23 double mutant (here referred as bzip19/23)  is the product of a cross between the 

single mutants, resulting in the loss of the both bZIP19 and bZIP23 TF (Assuncao et al., 

2010a). The pbZIP19::GUS and pbZIP23::GUS are promoter::GUS fusion lines where 

the promoter regions compromise the whole intergenic region upstream the start codon 

of bZIP19 and bZIP23 genes, respectively (Lilay et al., 2019a). 

The developmental marker line DR5::GUS was previously described in Sabatini 

et al. (1999), pPIN1::PIN1-GFP (hence referred as PIN1-GFP) in Benkova et al. (2003), 

TCS:GFP in Muller and Sheen (2008) and pARR5::vYFP in Siligato et al. (2016). These 

lines are promoter::GUS or promoter::fluorescent protein fusion lines where the gene’s 

promoter ARR5 (AT3G48100) and the synthetic promoters DR5 and TCS are fused 

either to the GUS, GREEN FLUORESCENT PROTEIN or VENUS YELLOW 

FLUORESCENT PROTEIN gene (GFP and vYFP, respectively). For PIN1 

(AT1G73590), the line consists of a promoter::gene-GFP fusion. These four lines were 

crossed with the bzip19/23 double mutant and selected to obtain homozygous plants. 

The pZIP4::GUS line was previously created by Lin et al. (2016) and it consists 

in a fusion of ZIP4 promoter to the reporter gene GUS. The bzip19/23-pZIP4::GUS was 

created and described by Castro et al. (2017). 
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3.2. Plant growth and treatments 

 

All seeds were sterilized with 70% ethanol, followed by 20% sodium hypochlorite and 

several washes with ultrapure water. They were kept for 3-5 days in the dark, at 4ºC and 

grown on square plates (12x12 cm) containing the growth medium. 

Half-strength Murashige and Skoog [½ MS; Murashige and Skoog (1962)] with 

vitamins was used as base media with 2 mM MES, 1,5% sucrose and 1,2% Phyto Agar 

from Duchefa. Different concentrations of Zn were used: Zn deficient medium (Zn-; 0 μM 

ZnSO4), Zn sufficiency medium (Zn+; 15 μM ZnSO4), Zn toxicity medium (Zn++; 150 μM 

ZnSO4). Thereby Zn- medium is in everything identical to Zn+, lacking only the ZnSO4. 

The bottles used to store the media were first rinsed with 0,1 N HCl and washed twice 

with ultrapure water, to ensure the removal of Zn ions possibly adsorbed to the glass 

bottle. 

For phytohormone treatments, the pbZIP19::GUS, pbZIP23::GUS, pZIP4::GUS and 

bzip19/23-pZIP4::GUS lines were grown on auxin and cytokinin supplemented media, 

as described by Bai and Demason (2008). All lines, plus WT Col-0 and bzip19/23, were 

grown on ½ MS Zn sufficient and deficient media for 5 days, followed by respective 

transfer for 2 days to ½ MS Zn sufficient and deficient media, supplemented with either 

10µM indole-3-butyric acid (IBA; a natural auxin) or 1µM 6-benzylaminopurine (BAP; a 

synthetic cytokinin). The seedlings were 7 days old when analysed. 

The analysis of the effect of Zn supply in root hair morphology was performed by 

growing the Col-0 and bzip19/23 double mutants for 7 days under different conditions of 

supply: Zn-, Zn+ and Zn++. 

All plates were placed vertically in a growth chamber, at 22ºC, with 60% relative 

humidity, under 16 hours light/8 hours dark and light intensity of 100 μmol m-2 s-1. 

Information of the different media and lines used in each experiment is present on 

table 2. 
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Table 2 – Lines analysed in the different experiments performed in this study and the different media they were grown in. 

Experiment Lines Media type 

Effect of phytohormones on bZIP9 

and bZIP23 expression 

Col-0 

bzip19/23 

pbZIP19::GUS 

pbZIP23::GUS 

bzip19/23-pZIP4::GUS 

pZIP4::GUS 

½ MS: Zn+ and Zn- (5 days)  

½ MS: Zn+ and Zn- (2 days) 

supplemented with 10 µM IBA 

or 1 µM BAP 

Analysis of ZIP expression 

pattern under different Zn 

concentration 

pZIP::ZIP-mCitrine 

pZIP::GUS 

½ MS: Zn-, Zn+ and Zn++ 

Root hair morphology response 

to Zn supply 

Col-0 

bzip19/23 

½ MS: Zn-, Zn+ and Zn++ 

Selection and analysis of 

developmental marker lines under 

different Zn concentration 

bzip19/23/DR5::GUS 

bzip19/DR5::GUS 

bzip19/23/PIN1-GFP 

bzip19/PIN1-GFP 

bzip23/PIN1-GFP 

bzip19/23/pARR5::vYFP 

bzip23/pARR5::YFP 

DR5::GUS 

PIN1-GFP 

pARR5::vYFP 

TCS::GFP 

½ MS: Zn-, Zn+ and Zn++ 

 

3.3. Establishment of ZIP marker lines 

 

New lines were created for this study to which we refer to as “ZIP marker lines”. The 

translational reporter lines are the result of overlapping Polymerase Chain Reaction 

(PCR) between ZIP promoter and coding sequence (CDS), fused to the fluorescent 

protein gene monomeric Citrine. mCitrine is a variant of YFP less sensitive to lower pH, 

appropriate for location studies of plasma membrane proteins and, as a monomer, does 
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not dimer and produce artifacts [blog.addgene.org/when-is-a-monomer-not-a-monomer-

the-top-three-ways-your-favorite-fluorescent-protein-oligomerizes-in-cells; Griesbeck et 

al. (2001)]. The transcriptional lines are a result of the ZIP’s promoter fusion to the GUS 

gene.  

The Gateway® Technology (Invitrogen) was the chosen method to clone the ZIP 

sequences. This system uses BP Clonase and LR Clonase enzymes mixes, that 

recognize att sites, found flanking the DNA sequence of interest and the vectors, to carry 

out the recombination event (Katzen, 2007). The BP Clonase performs the 

recombination of attB sites (flanking the gene of interest) and the attP (donor vector, 

contains ccdB gene that is toxic to E. coli), creating the entry clone possessing the gene 

of interest and attL sites (Figure 2). The LR Clonase carries on the recombination 

between attL sites in the entry clone and the attR sites in the destination vector (contains 

ccdB), creating the expression vector with the gene of interest and a toxic by-product 

plasmid (Figure 2). 

 

Figure 2 – Gateway® Technology scheme. The BP reaction is the recombination of attB sites (flanking the gene of 

interest) and the attP (donor vector, with ccdB), creating the entry clone possessing the gene of interest and attL sites. In 

the LR reaction, the recombination between attL sites in the entry clone and the attR sites in the destination vector 

(contains ccdB) occurs, creating the expression vector with the gene of interest and a toxic by-product plasmid [scheme 

based on the information of Katzen (2007)]. 

 

 

 

https://blog.addgene.org/when-is-a-monomer-not-a-monomer-the-top-three-ways-your-favorite-fluorescent-protein-oligomerizes-in-cells
https://blog.addgene.org/when-is-a-monomer-not-a-monomer-the-top-three-ways-your-favorite-fluorescent-protein-oligomerizes-in-cells
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3.3.1. Primer Design 

 

ZIP sequences were retrieved from PLAZA 4.0 Dicots (Van Bel et al., 2018) and TAIR 

(Huala et al., 2001). The online tool Primer-Blast from NCBI (Ye et al., 2012) was used 

to help design primers. The ZIP1 (AT3G12750), ZIP2 (AT5G59520), ZIP3 (AT2G32270), 

ZIP4 (AT1G10970), ZIP5 (AT1G05300), ZIP9 (AT4G33020), ZIP10 (AT1G31260), 

ZIP12 (AT5G62160) and IRT3 (AT1G60960) sequences were selected and analysed.  

The translational fusions require two sets of primers, one for the promoter 

sequence and other for the CDS (figure 3). The promoter and CDS were amplified 

separately, with an overlapping region, as shown in figure 3. The ZIPs’ promoter was 

amplified from genomic DNA (gDNA) using a forward primer (pZIP-F1) containing the 

attB1 sequence and a reverse primer (pZIP-R1; without attB2 sequence) that binds to 

the first exon, downstream of the overlapping sequence. To amplify the ZIPs’ CDS, from 

cDNA, the forward primer (ZIP-F1) does not contain an attB1 site and binds to the first 

exon or 5’UTR, upstream the overlapping sequence, and the reverse primer (ZIP-R1) 

does contain an attB2 site and binds to the end of the cDNA, right before the stop codon. 

Using this strategy, of an overlapping region, allowed us to fuse the promoter with the 

ZIPs’ CDS. The primers sequences used for the translational lines are listed in table 3. 

Figure 3 – Schematic representation of the strategy used to amplify the promoter and coding sequence (CDS) for the 

translational ZIP lines. The pZIP-F1 + pZIP-R1 amplify the promoter and ZIP-F1 + ZIP-R1 amplify the CDS (first reaction) 

pZIP1-F1 + ZIP-R1 amplify the overlap sequence. [second reaction; scheme designed by Grmay Lilay of Ana Assunção 

Lab, PLEN, Copenhagen University]. 
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Table 3 – Primers’ sequences used to amplify the promoter and CDS for the translational reporter lines. The forward 

primers for the promoters have attB1 sites (red) and the reverse primers of the CDS have attB2 sites (green). To the attB2 

site was added an extra nucleotide (blue) so the amplification product is in frame with the C-terminus mCitrine tag. 

Sequence  Primer Sequence (5' to 3') 
Tm 

(ºC) 
Amplicon 

(bp) 

pZIP1 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGCAAATACTCCGGTTCGCC 61,1 1659 

 R1 CAATCACTCGAGGCACAACAC 59,8  

pZIP2 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTCATCAGCATCAAGAGTACACGA 59,6 1640 

  R1 ACTCCGGCTAAGAATGTGCT 59,1   

pZIP3 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCGCTAATATTAGGATAAGTATTCTGCA 55,9 2648 

 R1 CGTGGAGCTCAACAAACCTGTG 63,4  

pZIP4 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCAGTGAGAAAACAGAATAACGCGA 58,7 821 

  R1 CCAGCTAGTAGAATGGAGGCA 59,0   

pZIP5 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCACCATGCCGCATGGTATGCAG 65,3 1992 

 R1 TTCACCAGATTCCACGCCAA 61,7  

pZIP9 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTATGGCCCAAAGTGTCGCT 60,0 1380 

  R1 TCCGCGAGCAGAGTAAGAAG 59,6   

pZIP10 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTGTTGGTTACACAAAACTGACA 57,3 1187 

 R1 GGAAAGCGGGAATTGATCGG 59,3  

pZIP12 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTGATTTTTGGTCTTTGGGGTGG 59,3 1410 

  R1 AAGAGCCGATGCTTTCTCCG 60,5   

pIRT3 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCACATCTACCTGTTCGAGATGCT 59,0 726,0 

 R1 CTCGGGATCATGAAAAGTGAAGA 59,8  

     

     

ZIP1 F1 CGGCAACAACTATGTTGAGAATTTG 60,1 1073 

  R1 GGGGACCACTTTGTACAAGAAAGCTGGGTCGGCCCAGATGGCGAGGAGA 65,1   

ZIP2 F1 GGCTTTGTCTTCCAAAACCCT 60,7 1086 

 R1 GGGGACCACTTTGTACAAGAAAGCTGGGTCATCCCAAATCATTACAACAGAGAGC 60,7  

ZIP3 F1 GTGATGGAGAAACCGGCGAGTC 64,7 557 

  R1 GGGGACCACTTTGTACAAGAAAGCTGGGTCAGCCCATTTAGCCAATAGAGAC 59,5   

ZIP4 F1 CAGATCATTCCCGAGACAATGG 58,9 1170 

 R1 GGGGACCACTTTGTACAAGAAAGCTGGGTCAGCCCAAATGGCGAGAGC 60,4  

ZIP5 F1 TGACGGTGAGGAACAAGACG 64,4 634 

  R1 
GGGGACCACTTTGTACAAGAAAGCTGGGTCGTTATGTCACTTTTAGCTAAATGGG
CT 

61,3   

ZIP9 F1 AACGGTGGCTTAATGAGGGG 61,9 993 

 R1 GGGGACCACTTTGTACAAGAAAGCTGGGTCAGCCCAAATTGCAAGAGCAGAC 63,5  

ZIP10 F1 TGCCAATCAAAATCCAACTACTCAT 60,7 1023 

  R1 GGGGACCACTTTGTACAAGAAAGCTGGGTCAGCCCACTTGGCCATGACGGACAT 70,4   

ZIP12 F1 CTAGTCTCAGCGGCAGAGGAAG 63,5 1035 

 R1 GGGGACCACTTTGTACAAGAAAGCTGGGTCAGCCCAAATAGCTAAAAGAGACAT 59,8  

IRT3 F1 GGATTGCGAGAATCCTACGTTATT 60,2 1468 

  R1 GGGGACCACTTTGTACAAGAAAGCTGGGTCAGCCCAAATGGCAAGAGAAGAC 62,8   
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The transcriptional lines were achieved by amplifying the promoter of each ZIP 

gene from genomic DNA with both primers (pZIP-F1 and pZIP-R2) containing attB sites. 

The pZIP-R2 binds just before the start codon. The primers used for this type of fusion 

are present in table 4. 

 

Table 4 – Primers used to amplify the promoter for transcriptional lines. The forward primers for the promoters have attB1 

sites (red) and the reverse primers have attB2 sites (green). 

 

 

3.3.2. Genomic DNA extraction 

 

Genomic DNA (gDNA) from A. thaliana Col-0 plants was obtained using a DNA 

extraction procedure based on Edwards et al. (1991). The plant sample, i.e. 2 to 3 

seedlings, was frozen with liquid nitrogen and macerated using polypropylene pestles. 

Extraction buffer (200 mM Tris-HCl pH=7,5; 250 mM NaCl; 25 mM EDTA; 0,5% SDS) 

was added and the samples centrifuged at 20 000 g for 5 minutes. The supernatant was 

transferred to a new microtube to which 1:1 of isopropanol was added. The tubes were 

centrifuged at 20 000 g and the supernatant discarded. The pellet formed was rinsed 

with 70% ethanol and centrifuged for 2 minutes at maximum speed. The supernatant 

Sequence  Primer Sequence (5' to 3') 
Tm 

(ºC) 
Amplicon 

(bp) 

pZIP1 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGCAAATACTCCGGTTCGCC 62,4 1594 

 R2 GGGGACCACTTTGTACAAGAAAGCTGGGTCGAGTTTAAGATATTTATGTTCTTGTTCT 55,7  

pZIP2 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTCATCAGCATCAAGAGTACACGA 60,9 1431 

  R2 GGGGACCACTTTGTACAAGAAAGCTGGGTCTTTAGTTATTGTTTGTTTGTGTTGTG 57,0   

pZIP3 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCGCTAATATTAGGATAAGTATTCTGCA 55,9 2097 

 R2 GGGGACCACTTTGTACAAGAAAGCTGGGTCAATCTCTATCTTATTTTAAAATTAGGGC 55,7  

pZIP5 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCACCATGCCGCATGGTATGCAG 65,3 1453 

  R2 GGGGACCACTTTGTACAAGAAAGCTGGGTCCTTATCGATTAGGGTTTGAATTTGAATCTC 60,3   

pZIP9 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTATGGCCCAAAGTGTCGCT 61,8 802 

 R2 GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACTAAATCCGATTAGGCG 54,0  

pZIP10 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTGTTGGTTACACAAAACTGACA 58,6 979 

  R2 GGGGACCACTTTGTACAAGAAAGCTGGGTCCTTTCTATTTGTTTCTTGTGGAG 55,0   

pZIP12 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTGATTTTTGGTCTTTGGGGTGG 61,0 1299 

 R2 GGGGACCACTTTGTACAAGAAAGCTGGGTCCGTTTACTTTTGACAAAAGTTAGG 66,1  

pIRT3 F1 GGGGACAAGTTTGTACAAAAAAGCAGGCACATCTACCTGTTCGAGATGCT 60,5 773 

  R2 GGGGACCACTTTGTACAAGAAAGCTGGGTCTTGGGGTCTAAGATGTCCTCG 60,6   
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was removed, and the remaining ethanol was air-dried. The pellet was re-suspended in 

50 µL of ultra-pure water and kept at 4ºC for immediate usage or stored at -20ºC. 

 

3.3.3. Polymerase Chain Reaction and Electrophoresis 

 

The PCRs were performed using Thermo Scientific™ Phusion™ High-Fidelity DNA 

Polymerase. gDNA was used as template to amplify the ZIP promoters. cDNA from Col-

0, grown on Zn deficient media, was used to amplify the CDS. Several reactions were 

performed, with different compositions. The used PCR reagents and quantities are 

present in table S1 (APPENDIX A: Molecular cloning of the ZIP sequences). The 

negative control was prepared with ultrapure water instead of template. 

The PCR programs varied greatly between the different amplifications due to 

differences in the primers melting temperature and characteristics of the sequence. The 

different PCR programs are present in table S1 (APPENDIX A: Molecular cloning of 

the ZIP sequences). After the PCR reactions, gel electrophoreses were performed on 

0,8% (w/v) agarose gel, 1x TAE buffer, and 0,25 µL/mL of ethidium bromide, at 120V for 

40 minutes. The GeneRuler 1kb DNA Ladder by Thermofisher Scientific was used as a 

molecular weight marker (MW).  

The PCR products of interest were sliced from the gel and purified using the 

Invitrogen™ PureLink™ PCR Purification Kit with a final volume of 30 µL and stored at -

20ºC. 

 

3.3.4. Overlapping PCR 

 

Considering that there was an overlap of sequences between the promoter and CDS, an 

overlapping PCR was used to join the ZIP promoters and the respective CDSs. A mix 

with all the common components was prepared and in each PCR tube were added the 

ZIP-specific primers and the two different sets of templates – the PCR-purified products 

of both promoter and CDS. Since the different amplifications require different PCR mixes 

and programs, the used combinations are present in table S1 (APPENDIX A: Molecular 

cloning of the ZIP sequences). The primers used were the pZIP-F1 and ZIP-R1 from 

table 3. The overlap sequence present in the promoter and CDS will naturally bind to 
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each other after denaturation and the chosen primers will amplify only the joint sequence. 

The PCR product of interest was purified after gel electrophoresis, as described above, 

in section 3.3.3.. 

 

3.3.5. BP reaction 

 

The BP reaction was performed according to the Gateway® Technology User Guide and 

the donor vector used was pDONR207 (TAIR accession: Vector 1008805106). This 

vector contains a gentamicin resistance gene and a ccdB gene between the attP sites 

for negative selection. The BP reaction contained 50-150 ng of DNA (promoter+CDS or 

promoter, flanked by attB sites), 100-150 ng of pDONR207 and 2% of BP Clonase II 

Enzyme Mix. The reaction was incubated at 25ºC for 1 hour (or 4 to 6H, to increase the 

yield of colonies). To stop the reaction, 1 µL of Proteinase K was added to each reaction 

and then incubated at 37ºC for 10 minutes. 

 

3.3.6. Escherichia coli transformation 

 

The pDONR207-pZIP::ZIP and pDONR207-pZIP entry vectors were transformed into 

Escherichia coli, strain TOP10, by heat shock. For 50 µL of chemically competent cells 

of E. coli TOP10, 5 µL of the BP recombination mixture was added. After transformation, 

the bacteria were plated on LB solid media with 25 µL/L gentamycin and incubated 

overnight at 37ºC. 

The positive colonies were picked and grown in 2 mL LB liquid media with 25 µL/L 

gentamycin and the vectors extracted using the Sigma-Aldrich GenElute™ Plasmid 

Miniprep Kit. To check if the plasmid contained the sequence of interest, a small aliquot 

was digested by restriction enzymes (Table S2 of APPENDIX A: Molecular cloning of 

the ZIP sequences), following the company’s restriction conditions and by analysed by 

electrophoresis on agarose gel. 
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3.3.7. LR reaction 

 

The LR reaction was performed according to the Gateway® Technology User Guide with 

two different destination vectors. For the transcriptional lines was used the pBGWFS7 

vector (Vector ID: 1_15 at VIB-UGent Center for Plant Systems Biology site; 

gatewayvectors.vib.be/collection/pbgwfs7). This vector contains the Bar resistance gene 

(resistance to herbicide Basta, that contains phosphinothricin) and a ccdB gene between 

the attR sites for negative selection. It contains no promoter but has a C-terminus GUS-

GFP tag. For the translational lines was used the pEarleyGate301 vector (TAIR 

accession: Vector 1007964474). This vector also contains the Bar gene, the ccdB gene 

and also a KanR (resistance to kanamycin). This vector was modified by Grmay Lilay 

(AGLA Lab in PLEN, Copenhagen University) to contain a C-terminus mCitrine-HA tag. 

The LR reaction contained 50-100 ng of pDONR207-Insert, 100-150 ng of destination 

vector and 1% of LR Clonase II Enzyme Mix. The reaction was incubated at 25ºC for 1 

to 6 hours (to increase the yield of colonies). 

After performing the LR reaction, the expression vectors were transformed into E. 

coli TOP10, similarly to section 3.3.5. The confirmation of positive expression clones was 

performed similarly to what was previously for BP reaction. The restriction enzymes are 

listed in Table S2. 

 

3.3.8. Agrobacterium and A. thaliana transformation 

 

The expression vectors containing the constructs were transformed into Agrobacterium 

tumefaciens strain GV3101 (pMP90) by electroporation. This strain has a rifampicin 

(genomic) and gentamicin (Vir helper plasmid) resistance selection. Col-0 plants were 

transformed using the floral dip method (Clough and Bent, 1998). Transgenic T1 plants 

were selected by Basta resistance and eight independent lines per construct (T2 

generation), were selected to be analysed. 

 

 

https://gatewayvectors.vib.be/collection/pbgwfs7


FCUP  31 

Arabidopsis thaliana root development modulation in response to zinc deficiency

   

 

3.4. PCR-genotyping of F2 and F3 populations from crosses 

between bzip19/23 and marker lines 

 

In order to obtain the developmental marker lines (section 3.1) in the bzip19/23 double 

mutant background, a cross between the parental line bzip19/23 with the parental line 

containing the construct of interest (i.e. the developmental marker) was performed. From 

this cross resulted the F1 generation, that is heterozygous and therefore there was no 

need to genotype for the mutations. The F1 generation was self-pollinated and a F2 was 

generated. Taking in consideration that the mutations of bzip19 and bzip23 are recessive 

and the two loci are not linked, Mendalian segregation occurred in the F2 generation. 

The genotype of primary interest was bzip19/23 (or mut19/23), and its probability 

of occurring is 1/16. In the second generation we selected the mut19/het23 and 

het19/mut23 (probability of 1/4). These plants were self-pollinated, which increased the 

change of obtaining a double mutant in F3 and a single mutant (meaning, WT19/mut23 

or mut19/WT23). 

Adding to this, the construct T-DNA inheritance of the marker lines was taken in 

account (section 3.1). The construct T-DNA is a dominant allele which means that having 

one copy of the construct allows a construct-related phenotype. Similarly, to the 

inheritance of the bzip19 and bzip23 mutant alleles, in F1 all plants were heterozygous 

for the construct T-DNA. When the F1 was self-pollinated, the F2 segregated the 

construct according to the Mendelian laws. So, in the second generation we were, in fact, 

aiming, primarily, for a homozygous tripe mutant (for the bZIP19 and bZIP23 loci and for 

the construct T-DNA). The probability of this occurring is 1 out of 64 plants. The selection 

of the bzip mutant (double or single) background was made in the F2 generation, where 

F2 plants with different genotypes were selected and self-pollinated to produce the F3 

generation. The construct presence was analysed in F3 generation by a phenotypic 

analysis: plants were selected to be analysed if they presented GUS staining or 

fluorescence, meaning they had at least one copy of the construct. 
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3.4.1. Genomic DNA extraction 

 

The gDNA from leaves of F2 and F3 generation plants was extracted using a procedure 

based on Murray and Thompson (1980). About 2 to 3 leaves were collected from each 

plant and macerated using polypropylene pestles in 2x hexadecyl(trimethyl)ammonium 

bromide buffer (CTAB; 2% (w/v) Cetrimonium bromide, 1.4 M NaCl, 100 mM Tris-HCl 

pH=8.0, 20 mM EDTA). The samples were briefly vortexed and incubated at 65ºC for 1 

hour with occasional mixing by inversion of tubes. After 1 hour the samples were allowed 

to cool to room temperature and chloroform was added and briefly vortexed. The 

samples were centrifuged for 10 min at 20 000 g and the aqueous layer transferred to a 

new tube. In the new tube ice-cold isopropanol was added (2:1 volumes of isopropanol 

to the sample) and incubated overnight at -20ºC. After incubation, the samples were 

centrifuged at 20 000 g for 10 min to form a pellet. The supernatant was discarded, and 

the pellet washed with 70% ethanol. The samples were centrifuged and at 10.000 g for 

5 min, the ethanol was pipetted off and the pellet was air dried. The gDNA was re-

suspended in 50 µL of ultra-pure water and kept at 4ºC for immediate usage or stored at 

-20ºC. 

 

3.4.2. PCR and electrophoresis conditions 

 

The SALK T-DNA insertion lines (Alonso et al., 2003) consist of a random T-DNA 

insertion mediated by Agrobacterium tumefaciens. In this study the double mutant used 

(bzip19/23) is a double knock-out mutant. The T-DNA insertions are in 5’UTR for both 

loci, which disrupts transcription and, subsequently, there is no protein.  

For this, each plant of each generation (F2 and F3; F1 are all heterozygous, as 

explained in 3.4) was genotyped by a diagnostic PCR, using three different primers – 

one that binds to the left border of the T-DNA (LBb1.3) and two specific-primers for each 

bZIP (left primer, LP and right primer, RP). The LBb1.3 primer is a constant for the newer 

SALK lines (signal.salk.edu/tdnaprimers.2.html) and the LP and RP were designed by 

Assuncao et al. (2010a). The sites to which they bind in bZIP19 and bZIP23 and the T-

DNA are schematized in figure 4. 

 

http://signal.salk.edu/tdnaprimers.2.html
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Figure 4 – Scheme of bzip19 and bzip23 mutant alleles. The T-DNA insertion is represented by SALK_# code. Promoter 

(white), exons (grey), introns (black lines), and UTR (black boxes). Primers are represented as arrows: bZIP-specific-

primers (blue), T-DNA primer (red). The promoter box is not the full promoter sequence. 

 

Two types of reactions can be performed: an uniplex reaction which consists of 

two separate amplifications in two different tubes, one with the primers RP+LP that 

amplify the WT allele and other with LBb1.3+RP, that amplifies the T-DNA; and a 

multiplex reaction that is performed by mixing all three primers, amplifying both mutant 

and WT allele, in the same tube. The multiplex reaction is faster to perform and uses 

less resources but may leave doubts regarding the results, for there may be bands 

resultant of unspecific amplification. The uniplex uses more resources but, in opposition, 

provides clearer results. For this study, both were performed: the multiplex was 

performed first, for a large number of samples was analysed. The samples that have the 

desired genotypes, were confirmed by a uniplex PCR. 

After the diagnostic PCR, the PCR-products were visualized on an agarose gel. 

For a multiplex reaction, we expected three results as shown in figure 5. If there is only 

X-size upper band, there was only amplification of RP+LP which means there is no 

insertion of T-DNA and it is a WT plant for that gene. If there is only a Y-size band, both 

alleles were mutated, both have a T-DNA insertion and the only primer pair capable of 

amplification was RP+LBb1.3. If both bands are present, both pairs amplified, and the 

plant has one mutated allele and one WT allele. The X band, the WT band, is heavier, 

for as shown in figure 4, the LR+RP produce a longer amplicon than RP+LBb1.3. The Y 

band, the mutated allele, is lighter because the T-DNA is in the middle of RP and LP, 

leading to a shorter product. For bZIP19 the expected X band is 1118 bp and the Y band 

is 475-775 bp. For bZIP23 the expected X band is 1068bp and the Y band is 522-822 

bp. The interval in the Y band corresponds to an estimated 300 bp variation between the 

sequenced flanking position and the actual T-DNA insertion site.  
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Figure 5 – Expected results of a diagnosis-PCR multiplex reaction to infer if T-DNA is present on one or both alleles. 

(signal.salk.edu/tdnaprimers.2.html).  

 

In a uniplex reaction, since there is only one set of primers in each tube 

(LBb1.3+RP and LP+RP), it is only possible to see the presence of one band or its 

absence. If a plant was a double mutant, there is no PCR amplification with the LP+RP 

primers and therefore no X band on the gel. If the plant was WT, there was no 

amplification with the LBb1.3 primer and there was no Y band. If it is heterozygous, both 

primers amplify, separately, in each PCR reaction, and X and Y bands are observable. 

The diagnosis PCR was performed using Supreme NZYTaq II 2x Green Master 

Mix, following manufacturer’s instructions (NZYTech), and using as template the gDNA 

extracted from each sample (as described in 3.4.1). The multiplex reaction was as follow: 

1x of Supreme NZYTaq II Green Master Mix, 0,25 µM of the LBb1.3 primer, 0,5 µM of 

bZIP-specific RP, 0,25 µM of bZIP-specific LP and 1 pg-0,5 µg of template gDNA. The 

sequences and information of the primers used are listed on table 5. The negative control 

was prepared with ultrapure water instead of template. 

The uniplex reaction contained: 1x of Supreme NZYTaq II Green Master Mix, 

0,25 µM of bZIP-specific RP, 0,25 µM of the LBb1.3 primer or 0,25 µM of bZIP-specific 

LP and 1 pg-0,5 µg of template gDNA. The following steps are in everything identic to 

the multiplex reaction mentioned above. 

 

 

  

http://signal.salk.edu/tdnaprimers.2.html
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Table 5 – List of primers used to genotype the F2 and F3 generations of the crosses between the bzip19/23 double mutant 

and the developmental marker lines. 

Primer name Sequence (5’ to 3’) Tm (ºC) Information 

LBb1.3 ATTTTGCCGATTTCGGAAC 59,9 SALK T-DNA insertion lines 

bZIP19 LP ATTGACGTTGCTGAATGATCC 60,0 SALK_144252 

bZIP19 RP1 ACGATGCCATCTGTTTAGTGC 60,2 SALK_144252 

bZIP23 LP1 TTTTTCATTCACCATTTTTCATTG 60,1 SALK_045200 

bZIP23 RP1 TCATAACCTCATCCTCCAACG 59,9 SALK_045200 

 

The PCR program was the following: initial denaturation, 95ºC for 5 min (1 step); 

Cycle denaturation, 95ºC for 30s; Primer annealing, 55ºC for 30s; Extension, 72ºC for 2 

min (35 cycles); Final extension; 72ºC for 5 min. The electrophoreses were performed 

on 2% (w/v) agarose gel, 0,5x TBE buffer, 1x Gel Red, at 200V for 15 min. The molecular-

weight size marker used was NZYDNA Ladder V. 

 

3.4.3. Selection of homozygous lines 

 

After genotyping the F2 generation plants of all crosses, 4 to 5 plants were selected 

according to the genotype to produce the F3 generation. The selected genotypes were 

homozygous mutant for both alleles (double mutant), homozygous mutant for bZIP19 

and heterozygous for bZIP23, and vice versa. 

The F3 plants of PIN1-GFP, TCS::GFP and pARR5::vYFP crosses were grown on ½ 

MS (Zn+) and after 7dpg were checked for GFP or vYFP signal, by cutting the root tip of 

the seedling and analysing it as described in 3.6. The plants that had signal were 

transplanted to soil. The ones that had no signal were discarded. gDNA was extracted 

as described in section 3.4.1 and a diagnostic PCR was performed to infer the genotype 

as described in 3.4.2. The genotypes of interest were selected and analysed. 

The F3 plants of DR5::GUS cross were checked for the presence of construct by 

performing a histological staining for GUS. Based on the percentage of seedlings 

stained, either 75% or 100%, the heterozygocity or homozygocity of the construct was 
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inferred. F3 plants were then genotyped regarding the bzip19 and bzip23 mutations. 

After confirming the genotype of selected plant, the F4 seeds were germinated, a GUS 

staining assay was performed to check if the construct is present or not (if the F3 plant 

was heterozygous). 

 

3.4.4. Diagnosis PCR for the presence of vYFP 

 

For the bzip19/23 double mutant and bzip23 single mutant of the cross bzip19/23 x 

pARR5::vYFP the presence of vYFP construct was confirmed. Primers were designed 

(table 6) based on the vYFP sequence obtained from SnapGene software (from Insightful 

Science; available at snapgene.com), creating a 609 bp amplicon. 

 

Table 6 – Primers used to amplify the vYFP gene. 

Primer name Sequence (5’ to 3’) Tm (ºC) 

vYFP-Forward GACGTAAACGGCCACAAGTT 60,0 

vYFP-Reverse GAACTCCAGCAGGACCATGT 60,1 

 

The PCR was performed using Supreme NZYTaq II Green Master Mix, following 

manufacturer’s instructions (NZYTech), and using as template the gDNA. The reaction 

contained: 1x of Supreme NZYTaq II 2x Green Master Mix, 0,25 µM of vYFP forward 

primer, 0,25 µM of vYFP reverse primer and 1 pg-0,5 µg of template gDNA. The positive 

controls were performed with gDNA from a F2 TCS::GFP plant and a F2 pARR5::vYFP 

plant in which the construct’s fluorescence was observed and confirmed by fluorescence 

microscopy. The two negative controls were prepared with WT gDNA and ultrapure water 

instead of template.  

The PCR program was the following: initial denaturation, 95ºC for 5 min (1 step); 

Cycle denaturation, 95ºC for 30s; Primer annealing, 55ºC for 30s; Extension, 72ºC for 

30s (35 cycles); Final extension; 72ºC for 5 min. The electrophoreses were performed 

on 1% (w/v) agarose gel, 1x TAE buffer, 1% (v/v) Green Safe, at 120V for 30 min. The 

molecular-weight size marker used was NZYDNA Ladder III. 

https://www.snapgene.com/
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3.5. Histological staining for GUS 

 

The histological analysis of the lines DR5::GUS, bzip19/23/DR5::GUS, 

bzip19/DR5::GUS, pbZIP19::GUS, pbZIP23::GUS, pZIP4::GUS and bzip19/23-

pZIP4::GUS was performed by submersing the seedlings on a GUS staining solution 

containing 0,1 M Na.Phosphate pH=7, 0,5 mM K3FeCN6, 0,5 mM K4FeCN6.3H2O, 10 mM 

Na2EDTA pH=8,0, 0,5 mg/ml X-Gluc and Mili-Q H20 to complete the volume. The 

seedlings were incubated at 37ºC overnight. 

 

3.6. Microscopy 

 

The seedlings were analysed with a Leica DM6000B microscope and, when required, 

Leica EL6000 external light source. The pictures were captured with a Leica MC170 HD 

camera and the V4.13 Leica Application Suite software. 

The PIN1-GFP, TCS::GFP and pARR5::vYFP lines (with and without the double 

and single mutants as background), were mounted on glass microscope slides with 20% 

(v/v) glycerol to be observed with fluorescence microscopy. A L5 filter cube (excitation: 

480/40 nm; emission: 527/30 nm; dichromatic mirror: 505 nm) was used to visualize GFP 

and vYFP signal. 

After the GUS staining assay (see section 3.5), the seedlings were cleared for 20 

minutes with a chloral hydrate solution [8 g chloral hydrate : 3 mL H2O : 1 mL glycerol 

99,5%; Willemsen et al. (1998); Kang et al. (2019)] and mounted on glass microscope 

slides, with the same solution, to be observed with Differential Interference Contrast 

microscopy. 

 

3.7. Root hair morphological analysis 

 

The Col-0 and bzip19/23 7-days old seedlings were observed, on plate, with a 

stereomicroscope Leica EZ4. Photographs were taken using the stereomicroscope 

camera and Leica EZ software. The roots were photographed in the first 3 mm of root 

hair maturation zone, where root hairs are almost fully developed to fully developed. The 
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length of the root hairs comprehended in the photographs was measured using ImageJ 

(FIJI) software (Schneider et al., 2012). 

 

3.8. Bioinformatic analysis 

 

The differentially expressed genes (DEGs) resultant of the microarray analysis described 

by Azevedo et al. (2016) is available at Gene Expression Omnibus, NCBI under the 

accession GSE77286 (ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE77286). For this 

study Col-0 and bzip19/23 A. thaliana plants were grown on hydroponics with Zn 

deficient, Zn sufficient and Zn excessive solution. Both shoots and roots were analysed. 

These data were analysed using Gene Expression Analysis Platform, a user-friendly 

software. DEG of interest that match the criteria, Log Fold Change≥0,1 (FC; absolute 

value) and adjusted p-value<0,05 by the Benjamin-Hochberg correction, were 

highlighted for this study. 

 The bZIP19 and bZIP23 promoter sequences, up to ±2 kb upstream the start 

codon, were analysed in search of putative cis-regulatory elements. The bZIP19 

promoter sequence consisted of intergenic region 2041 nt upstream the start codon, the 

bZIP23 of 2077 nt upstream the start codon and the ZIP4 consisted of 704 nt upstream 

the start codon (sequences retrieved from TAIR). The promoter analysis was performed 

using the online tool New PLACE (Higo et al., 1999). The online tool Promoter Analysis 

of PlantPAN3.0 (Chow et al., 2019) was used to supplement the information obtained 

using PLACE. More specifically, PlanPAN3.0 uses a broader sequence to find AuxREs, 

i.e. 5’-TGTCNN-3’ instead of 5’-TGTCTC-3’ that is automatically used in PLACE. 

Complementary, the pZIP4 promoter sequence was analysed using PlantPAN3.0, in 

search of AuxREs and ARR-binding sites. 

 

3.9. Statistical analysis 

 

The descriptive statistics of root hairs length was performed in Microsoft Excel, after 

being measure in Fiji (ImageJ) software (Schneider et al., 2012). The two-way ANOVA 

with Tukey’s post hoc test and the graphics were produced with GraphPad Prism 8.4.2 

for Windows (graphpad.com). 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE77286
https://www.graphpad.com/


FCUP  39 

Arabidopsis thaliana root development modulation in response to zinc deficiency

   

 

4. RESULTS 

 

4.1. bZIP19 and bZIP23 expression 

 

4.1.1. Cytokinin response regulator-binding sites are highly 

represented in bZIP19 and bZIP23 promoters 

 

To see if bZIP19, bZIP23 and ZIP4 might be transcriptionally regulated by 

phytohormones we analysed their promoters in order to find putative cis- elements 

related with phytohormones auxin and cytokinin regulation, namely AuxREs (5’-

TGTCNN-3’), to which ARFs bind (Ulmasov et al., 1999). Putative binding sites of type-

B ARRs (5’-NGATT-3’), were also looked for (Sakai et al., 2000; Brenner et al., 2012).  

 In the bZIP19 promoter, using New PLACE platform, there are 27-putative binding 

sites for ARRs (ARR1AT) and only one AuxRE (ARFAT). In bZIP23’s promoter there are 

35-hypothetic binding sites for ARRs and no AuxRE was found (table S3 of APPENDIX 

B: Cis-elements in the promoter of bZIP19 and bZIP23). This apparent absence of 

AuxREs is, probably, due the stringent motif automatically used in PLACE (5’-TGTCTC-

3’). This sequence is an AuxRE but there are other similar sequences to which ARFs 

bind. With the Promoter Analysis tool of PlantPAN3.0, we looked for the AuxREs motif 

5’-TGTCNN-3’ (Guilfoyle et al., 1998; Mironova et al., 2014) and got 9 repeats for each 

promoter (table 7). The AuxRE given by PLACE is represented in PlantPAN3.0. To 

confirm the data of cis-regulatory elements of type-B ARRs retrieved form PLACE, the 

5’-NGATT-3’ motif was searched for in PlantPAN3.0. In this platform it was found that 

ARR-binding sites are indeed highly represented in each promoter, with bZIP19 promoter 

presenting 26 repeats and bZIP23 promoter, 33 repeats.  

The same analysis was performed for ZIP4 promoter, using PlantPan3.0 platform. It 

was found 5 repeats of AuxREs and 16 repeats of ARR-biding sites (table 7), about half 

of those found in bZIP19 and bZIP23. 
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Table 7 - Putative cis-regulatory elements found in PlantPAN3.0 for the bZIP19, bZIP23 and ZIP4 promoter sequences 

related with auxin and cytokinin signalling. 5’-TGTCNN-3’ is an Auxin-Responsive Element to which AUXIN RESPONSE 

FACTORS bind. The 5’-NGATT-3’ is the consensus sequence to which type-B ARABIDOPSIS RESPONSE 

REGULATORS bind. The start position is calculated from the start codon. 

 bZIP19 bZIP23 ZIP4 

Cis-element Nº of 
repeats 

Position Nº of 
repeats 

Position Nº of 
repeats 

Position 

TGTCNN 9 -1834, -1829, -
1630, -1114, -
1060, 1055, -
1014, -422, -394 

9 -1514, -1504, -
1232, -1151, -
1000, -830, -
798, -398, -371 

5 -645, -608, -517, -449, -
191 

NGATT 26 -1901, -1846, -
1803, -1643, -
1408, -1402, -
1340, -1154, -
960, -933, -917, 
-884, -855, -649, 
-506, -389, -347, 
-285, -133, -121, 
-117, -102, -90, -
83, -53, -23 

33 -1922, -1858, -
1795, -1756, -
1692, -1622, -
1493, -1485, -
1412, -1312, -
1294, -1210, -
1045, -1044, -
1040, -969, -
915, -896, -877, 
-819, -791, -663, 
-649, -591, -580, 
-243, -201, -186 
, -170, -169, -
136, -116, -65 

16 -618, -603, -552, -387, -
374, -369, -356, -318, -
202, -197, -167, -150, -
137, -119, -108, -100, -89 

 

When using PLACE, elements specific to other hormones were also found in 

bZIP19 and bZIP23 promoters, such as ethylene and abscisic acid. Ethylene response 

element ERELEE4 (Rawat et al., 2005), was present only in bZIP19 promoter, with 2 

repeats. The ABA-responsive elements, ABRELATERD1 (Simpson et al., 2003) and 

ABRERATCAL (Kaplan et al., 2006) were only present in the bZIP19 promoter, with 2 

and 1 repetitions, respectively. They were not present in bZIP23 promoter. Curiously, it 

was observed the presence of several ROOTMOTIFTAPOX1 elements, required for 

root-specific expression (Elmayan and Tepfer, 1995), in the promoters of bZIP19 and 

bZIP23 (16 and 24 repeats, respectively). It was also found 8 and 9 repeats of 

OSE2ROOTNODULE motif (Vieweg et al., 2004), in bZIP19 and bZIP23, respectively. 

These are responsible for organ-specific activity in infected cells of root nodules. It was 

also found, only in the promoter of bZIP19, one RHERPATEXPA7 element, that is 

specific to root hair expression (Kim et al., 2006). The POLLEN1LELAT52 element is 

also present in both promoters, with 5 repeats in bZIP19 and 14 in bZIP23. 

CURECORECR element, the core of a Cu-response element (Quinn et al., 2000), was 

found 12 times in bZIP19 promoter and 8 in bZIP23 promoter. Also, CACTFTPPCA1, 

that is an element specific to mesophyll cells (Gowik et al., 2004) was represented 19 
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times in bZIP19 and 20 times in bZIP23. The information is present on table S3 of 

APPENDIX B: Cis-elements in the promoter of bZIP19 and bZIP23. 

The presence of multiple AuxREs and ARR-binding sites in the bZIP19, bZIP23 

and ZIP4 promoters may indicate the presence of transcriptional regulation by auxin and 

CKs. 

 

4.1.2. bZIP19 and bZIP23 tissue expression pattern 

 

The pbZIP19::GUS and pbZIP23::GUS lines grown on Zn+, present the GUS staining 

pattern described by Lilay et al. (2019a); Lilay (2019b). The pbZIP19::GUS seedlings 

(figure 6, top) show a stronger reporter GUS expression throughout the roots, and the 

pbZIP23::GUS expression is visible in the root tips (figure 6, bottom). In Zn-, the bZIP19 

and bZIP23 maintain the same expression pattern and intensity of expression observed 

for Zn+ conditions (Lilay et al., 2019a; Lilay, 2019b). 

Figure 6 – Expression of pbZIP19::GUS (top) and pbZIP23::GUS (bottom) seedlings grown for 7 days in Zn+ and Zn-. 

Scale bar: 5 mm. 

 

We further analysed in more detail the bZIP19 and bZIP23 tissue expression 

patterns. pbZIP19::GUS drives expression in the majority of the root but is absent from 

the RAM (fig. 7a). The staining starts to appear in the root’s DZ and there is a gradual 

increase of intensity as we move shootward (fig. 7b, c). pbZIP19::GUS is clearly 

expressed in the epidermis as well as in root hairs (fig. 7d). The same expression pattern, 

Zn+ Zn- 
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i.e. absence in the meristem and presence in the DZ, is observed in LRs (fig. 7e, f). It is 

not expressed in the hypocotyl (fig. 7g) and in the SAM (fig. 7i). It is expressed in the 

trichomes (fig. 7h) and sometimes is weakly expressed in cotyledon vasculature (not 

shown).  

Figure 7 – Expression of pbZIP19::GUS in the (a) root apical meristem (RAM) (b) differentiation zone closer to RAM (c) 

differentiation zone farther to RAM (d) root hairs (e) emerging lateral root (f) emerged lateral root (g) hypocotyl/root 

junction (h) trichomes (j) shoot. 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 
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pbZIP23::GUS is expressed in the RAM (fig. 8a), LRP (fig. 8b, c) and the 

meristems of LRs (fig. 8d) but is absent from the tissues where bZIP19 is expressed. In 

the shoot is expressed in the SAM (fig. 8e) and cotyledon vasculature (fig. 8f). The 

expression patterns of pbZIP19 and pbZIP23 are, as observed, highly complementary. 

 

Figure 8 – Expression of pbZIP23::GUS in the (a) root apical meristem (b, c) lateral root primordia (d) lateral root  

meristem (e) shoot apical meristem (f) cotyledon vasculature. 

  

(a) (b) (c) 

(d) (e) (f) 
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4.1.3. Cytokinin may influence bZIP19 and bZIP23 

expression 

 

To see whether there is an effect of phytohormones auxins and cytokinins on 

bZIP19 and bZIP23 expression, the pbZIP19::GUS, pbZIP23::GUS, pZIP4::GUS and 

bzip19/23-pZIP4::GUS lines were grown on auxin (IBA) and cytokinin (BAP) 

supplemented media. All lines were grown on Zn+ media for 5 days, followed by a 

transfer for 2 days to media supplemented with either 10 µM IBA or 1 µM BAP. In some 

experiments, the same procedure was done for Zn- media. To confirm that the 

phytohormones used in this experiment are indeed active and thus, influencing the root 

development, we checked root hair length (see figure S1a of APPENDIX C: Effect of 

IBA and BAP supplementation in root morphology). With IBA supplemented medium 

it is also visible an aberrant number of LRP, sometimes not spaced (figure S1b, centre). 

Contrarily to auxins, BAP stopped the development of LRP (figure S1b, right).  

The pbZIP19::GUS line grown with IBA, in Zn+, presents a similar intensity and 

pattern of expression as in the control (figure 9a, b). Similarly, the pbZIP23::GUS line, 

when grown with IBA, does not show any alteration of intensity and pattern of staining, 

compared to the control situations (figure 9c, d). IBA also does not change the bZIP19 

and bZIP23 expression pattern under Zn deficiency (data not shown). 
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Figure 9 – Effect of 10 µM indol-3-acetic acid (IBA) on pbZIP19::GUS and pbZIP23::GUS lines grown on Zn+. (a) 

pbZIP19::GUS seedlings overview; (b) Longitudinal section of pbZIP19::GUS plants; (c) pbZIP23::GUS seedlings 

overview; (d) Root tip of pbZIP23::GUS plants. Scale bar of (a) and (c): 5 mm. Scale bar of (b) and (d): 100 µm. Three 

independent experiments were performed. 

 

When pbZIP19::GUS line is grown on BAP, bZIP19 expression seemed to be highly 

increased in 1 µM BAP Zn+ (figure 10a, b). However, in a repetition of the same 

treatment, the result was contradictory, i.e. it was observed a reduction of expression of 

bZIP19 expression by BAP (both in Zn+ and Zn-; not shown). Yet, we can say that there 

seems to be an influence of CKs in bZIP19 expression. In BAP supplemented media the 

bZIP23 expression seems to be reduced, in Zn+ (figure 10c, d). IBA does not change 

the bZIP23 expression pattern when the line was grown on Zn-, compared to BAP Zn+ 

(data not shown). 

In conclusion, these results indicate that cytokinin might impact both bZIP19 and 

bZIP23 expression. 

Control    + IBA Control    + IBA 

(a) 
Control    + IBA Control    + IBA 

(b) 

(c) (d) 
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Figure 10 – Effect of 1 µM 6-benzylaminopurine (BAP) on pbZIP19::GUS and pbZIP23::GUS lines grown on Zn+. (a) 

pbZIP19::GUS seedlings; (b) Longitudinal section of pbZIP19::GUS plants; (c) pbZIP23::GUS seedling overview; (d) Root 

tip of pbZIP23::GUS plants. Scale bar of (a) and (c): 5 mm. Scale bar of (b) and (d): 100 µm. Three independent 

experiments were performed. 

  

4.2. Zn concentration and root development 

 

4.2.1. Genes related to root development are differentially 

expressed under Zn deficiency 

 

Azevedo et al. (2016) describes a microarray dataset that provides a comparative 

analysis between A. thaliana Col-0 and the bzip19/23 double mutant grown on Zn-, + 

and Zn++. We analysed these data to find root-specific and hormone related DEGs. The 

criteria, Log FC≥0,1 (absolute value) and adjusted p-value<0,05 was used to select the 

DEGs. 

The first comparison performed was between Col-0 Zn+ and Col-0 Zn-. Of this 

analysis, 36 genes were found to be upregulated in the root tissues of Col-0 plants grown 

on Zn deficiency, compared to Col-0 plants grown on Zn sufficiency (table 8). Among 

these are, as expected, the ZIP1, ZIP3, ZIP4, ZIP5 transporters and the NAS4, that are 

Control              + BAP Control       + BAP 
(c) (d) 

(a) 
Control    + BAP Control    + BAP 

(b) 
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upregulated in Zn deficiency (Assuncao et al., 2010a). Other Zn deficiency-induced ZIP 

genes, such as IRT3, were also found to be upregulated but are not presented as they 

did not achieve the defined values of Log FC and/or p-value. bZIP19 is not upregulated 

(bZIP23 was not present in the Arabidopsis ATH1 gene chip), because bZIP19 and 

bZIP23 are thought to be constitutively expressed and their activity is regulated by Zn 

post-translationally, not at the transcriptional level (Lilay et al., 2019a; Lilay et al., 2020). 

The gene that presents a higher increase of expression is the CU-DEFICIENCY 

INDUCED TRANSCRIPTION FACTOR1 (CITF1) that encodes a transcription factor 

responsive to Cu-deficiency (Yan et al., 2017). There are other genes connected to Cu 

such as FE SUPEROXIDE DISMUTASE1 gene (encodes a FeCuSOD) and the COPT2 

gene (encodes a Cu transporter), that in a smaller degree, are upregulated.  

Of these 36 genes, it was only found one gene involved in CKs homeostasis, 

more specifically at the biosynthesis level, the IPT7. The IPT7 gene is specifically 

expressed in the in the endodermis at the root elongation zone, and it is negatively 

regulated by CKs and positively regulated by auxins (Miyawaki et al., 2004).  

Concerning root specific genes, it is to be noted the upregulated expression of 

the CLAVATA3/ESR-RELATED3 and GOLVEN4 genes that encode signalling peptides 

that act in lateral root and root hair growth, respectively. 

 

Table 8 – Upregulated genes (n=36) in the root tissues of Col-0 Zn- compared to Col-0 Zn+. The results are in descending 

order of Log Fold Change (FC) value (continues on next page). 

AGI Log FC Adj. p-value Description 

AT1G71200 0,343 0,00563 CITF1; CU-DEFICIENCY INDUCED TRANSCRIPTION FACTOR 1 

AT1G05300 0,287 0,00434 ZIP5; cation transmembrane transporter/ metal ion transmembrane 

transporter 

AT3G59930 

/// 

AT5G33355 

0,282 6,23E-05 Defensin-like protein 206 /// defensin-like protein 

AT1G10970 0,28 0,000657 ZIP4 (ZINC TRANSPORTER 4 PRECURSOR); cation transmembrane 

transporter/ copper ion transmembrane transporter 

AT3G62930 0,275 0,0239 Monothiol glutaredoxin-S6 

AT5G66170 0,258 0,0243 STR8; Thiosulfate sulfurtransferase 18 

AT1G73220 0,257 0,00277 AtOCT1 (Arabidopsis thaliana ORGANIC CATION/CARNITINE 

TRANSPORTER1); polyamine transporter 

 0,226 0,0136 Maturase K 

 0,204 0,0162 RPL20; 50S ribosomal protein L20 
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AT3G24160 0,2 0,0237 PMP (putative type 1 membrane protein) 

AT2G32270 0,197 0,00552 ZIP3; zinc ion transmembrane transporter 

AT5G39610 0,192 0,0162 AtNAC6 (ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN 6); 

protein heterodimerization/ protein homodimerization/ transcription 

factor 

 0,19 0,0287 RPOC1; RNA polymerase beta' chain 

 0,189 0,0488 NDHI; NADH dehydrogenase 18 kda subunit 

AT4G33020 0,181 0,0133 ZIP9; cation transmembrane transporter/ metal ion transmembrane 

transporter 

AT5G47240 0,174 0,0133 AtNUDT8 (Arabidopsis thaliana Nudix hydrolase homolog 8); hydrolase 

AT1G06225 0,174 0,0193 CLE3 (CLAVATA3/ESR-RELATED 3); protein binding / receptor binding 

AT2G07674 

/// 

AT2G07751 

0,172 0,0136 ARTHMP087; Hypothetical protein 

AT4G25100 0,17 0,0202 FSD1 (FE SUPEROXIDE DISMUTASE 1); copper ion binding / 

superoxide dismutase 

 0,159 0,0353 NDHA; NADH dehydrogenase subunit 1 

AT3G46900 0,153 0,0264 COPT2; high affinity copper ion transmembrane transporter 

AT3G12750 0,143 0,0208 ZIP1 (ZINC TRANSPORTER 1 PRECURSOR); zinc ion 

transmembrane transporter 

AT1G56430 0,142 0,0136 NAS4 (NICOTIANAMINE SYNTHASE 4); nicotianamine synthase 

AT3G44840 0,134 0,0231 S-adenosyl-L-methionine-dependent methyltransferases superfamily 

protein 

AT1G55020 0,129 0,0136 LOX1; lipoxygenase 

AT3G23630 0,127 0,0387 AtIPT7; ATP binding / t-rna isopentenyltransferase/ transferase, 

transferring alkyl or aryl (other than methyl) groups 

AT2G07751 0,123 0,0479 ARTHMP086; NADH dehydrogenase subunit 3 /// NADH-ubiquinone 

oxidoreductase chain 3 

AT4G19750 

/// 

AT4G19760 

0,117 0,0387 Glycosyl hydrolase family protein with chitinase insertion domain /// 

Glycosyl hydrolase family protein with chitinase insertion domain 

AT4G19370 0,116 0,0293 MODIFYING WALL LIGNIN-2, MWL-2; chitin synthase 

AT5G59540 0,113 0,0237 Oxidoreductase, 2OG-Fe (II) oxygenase family protein 

AT3G02240 0,11 0,0237 GLV4; GOLVEN4; secreted peptide 

 0,106 0,0237 PSBI; Photosystem II protein I 

AT5G17230 0,103 0,0264 PSY; Phytoene synthase 

AT1G72890 0.102 0.0431 TIR-NBS class of disease resistance protein 

AT5G50400 0.101 0.0287 PAP27 (PURPLE ACID PHOSPHATASE 27); acid phosphatase/ 

protein serine/threonine phosphatase 

AT2G20030 0.1 0.026 Putative RING-H2 finger protein ATL12 
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Fifteen genes were downregulated in the root tissues of Col-0 plants grown on Zn 

deficiency, compared to Col-0 plants grown on Zn sufficiency (table 9). The most 

downregulated genes are SUCROSE SYNTHASE4 and SUCROSE SYNTHASE1, 

genes that encode SUCROSE SYNTHASES, that catalyse the first degradative step in 

sucrose utilization and are expressed in phloem companion cells (Yao et al., 2020). 

While there is an upregulation of FE SUPEROXIDE DISMUTASE1, the genes 

encoding CuZnSODs (CU SUPEROXIDE DISMUTASE1 and 2), are downregulated.  

ARF2, an auxin-response factor thought to be involved in auxin and ethylene 

homeostasis is also downregulated under Zn-deficiency. 

 

Table 9 – Downregulated genes (n=15) in the root tissues of Col-0 Zn- compared to Col-0 Zn+. The results are in 

ascending order of Log Fold Change (FC) value. 

AGI Log FC Adj. p-value Description 

AT3G43190 -0,246 0,0387 SUS4; UDP-glycosyltransferase/ sucrose synthase/ transferase, 

transferring glycosyl groups 

AT5G20830 -0,2 0,0214 SUS1 (SUCROSE SYNTHASE 1); UDP-glycosyltransferase/ sucrose 

synthase 

AT2G28190 -0,198 0,00112 CSD2 (COPPER/ZINC SUPEROXIDE DISMUTASE 2); superoxide 

dismutase 

AT1G08830 -0,176 0,00306 CSD1 (COPPER/ZINC SUPEROXIDE DISMUTASE 1); superoxide 

dismutase 

AT5G62000 -0,167 0,0142 ARF2 (AUXIN RESPONSE FACTOR 2); protein binding / transcription 

factor 

AT5G42200 -0,163 0,0324 E3 ubiquitin-protein ligase ATL23 

AT2G43160 -0,14 0,00651 Putative clathrin interactor EPSIN 2 

AT4G22780 -0,137 0,0387 ACR7; amino acid binding 

AT2G15890 -0,123 0,0133 MEE14 (maternal effect embryo arrest 14) 

AT1G03610 -0,121 0,0387 Hypothetical protein 

AT4G27450 -0,115 0,0315 Aluminium induced protein with YGL and LRDR motifs 

AT3G45450 

/// 

AT3G48870 

-0,111 0,0387 HSP93-III; ATP binding / atpase/ DNA binding / nuclease/ nucleoside-

triphosphatase/ nucleotide binding / protein binding 

AT3G03380 -0,106 0,0133 Degp7 (degp protease 7); catalytic/ protein binding / serine-type 

endopeptidase/ serine-type peptidase 

AT1G23900 

/// 

AT1G23940 

-0,106 0,0231 GAMMA-ADAPTIN 1 (GAMMA-ADAPTIN 1); binding / clathrin binding 

/ protein binding / protein transporter 

AT2G02850 -0,103 0,0419 ARPN (PLANTACYANIN); copper ion binding / electron carrier 
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The following analysis were also performed: bzip19/23 Zn+ vs Col-0 Zn+, 

bzip19/23 Zn- vs Col-0 Zn- and bzip19/23 Zn- vs bzip19/23 Zn+ (APPENDIX D: 

Differentially expressed genes of microarray data analysis, tables S4, S5 and S6, 

respectively). Analysing these data, we can see that the number of DEGs is, in general, 

smaller. Only 10 genes are downregulated in the bzip19/23 Zn+ compared to Col-0 

grown on Zn+ (table S4). In the absence of bZIP19 and bZIP23 TFs, in Zn sufficiency, 

bZIP19, ZIP1, 3, 4, 5 and 9 are downregulated (table S5), the contrary of what happens 

in Zn deficiency in the Col-0 genotype (table 8). Furthermore, when comparing the 

double mutant and Col-0, both grown on Zn deficiency (table S5), we find the above-

mentioned downregulated genes and adding to these, other two genes of relevance are 

downregulated, NAS4 and FERRIC REDUCTASE DEFECTIVE3. Lastly, the double 

mutant grown without Zn only has 3 DEGs, when compared to the double mutant grown 

with Zn (table S6). PHOSPHOLIPASE A 2A and CITF1 are upregulated and ZINC 

FINGER14 is downregulated. 

The DEGs of plants Col-0 and bzip19/23, grown on Zn++ medium compared to 

Zn+ were also analysed. In Col-0 roots grown with an excessive amount of Zn there are 

in total, compared to Zn+, 559 DEGs that match our criteria of selection. Of these, 392 

are upregulated and 167 are downregulated. As it rather extensive to present all genes, 

genes related to Zn and/or metal homeostasis, CK and auxin signalling were searched 

for. Analysing the 559 upregulated genes, of the selected, the most upregulated is IRT2, 

with a Log FC of 0,78. Along with ZIP9 and IRT1, these are the only ZIP family members 

upregulated. Other metal transporters such as NRAMP4, MTPA2 and HMA3 are also 

upregulated. No genes directly related to CK or auxin signalling were found. Looking into 

the 167 downregulated genes, we see that ZIP2, 3, 4 and 5 are downregulated. FE 

SUPEROXIDE DISMUTASE1, the FeSOD gene, is also downregulated.  

When the mutant is grown in Zn++, compared to Col-0 grown on Zn++, there are 

only 5 DEGs, being 1 upregulated and 4 downregulated. GOLVEN9 is the gene 

upregulated and bZIP19, ZIP3, ACTIN-RELATED PROTEIN9 and 

PHOSPHATIDYLINOSITOL 4-KINASES GAMMA3 are downregulated (table S7). 

In summary, in addition to genes involved in metal ion homeostasis we found that 

specific genes related to root development are differentially expressed in Zn deficiency. 
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4.2.2. Zn transporters: transcriptional and translational 

marker lines 

 

In order to have tools to analyse Zn uptake and transport within the root, a set of ZIP 

transporters were selected to clone and analyse their tissue specific expression and 

location in roots. We selected 10 ZIPs (ZIP1, 2, 3, 4, 5, 9, 10, 12 and IRT3). Of these 10 

ZIPs, all, except for ZIP2, possess the ZDRE sequence in their promoter and are 

regulated by bZIP19 and bZIP23. 

We obtained, for the translational lines, the promoter and CDS of ZIP1, 2, 3, 4, 9, 

12 and IRT3. For the transcriptional lines, we obtained the pZIP1, pZIP2, pZIP9 and 

pIRT3. Figure 11 contains exemplar agarose gels of the sequences cloned – promoter, 

CDS and overlapped sequences.  

Figure 11 – Representative electrophoresis gels of the following ZIP amplifications: (a) promoter for translational lines (b) 

coding sequence for translational lines (c) promoter for transcriptional lines (d) overlap of promoter and coding sequence 

for translation lines. MW stands for molecular weight and kb stands for kilobase pairs. 

 

We obtained the expression vector with the pZIP2::GUS, pZIP2::ZIP2-mCitrine, 

pZIP4::ZIP4-mCitrine, pZIP9::ZIP9-mCitrine and pIRT3::IRT3-mCitrine constructs. After 

plant transformation, A. thaliana transgenic seedlings were selected and eight T2 

generation lines were grown on Zn+, Zn- and Zn++ to evaluate their cellular and sub-

cellular location. These lines are currently being analysed. 
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4.2.3. Root phenotypes of plants grown under different Zn 

supply  

 

The study of Zn deficiency effect on root development started in our group by evaluating 

the PR length and the number of LRP and LR in the roots of Col-0 and bzip19/23 double 

mutant plants grown on Zn+ and Zn- media.  

 Col-0 on Zn- shows no alteration of primary root length compared to Col-0 Zn+ 

(figure 12a). The bzip19/23 double mutant on Zn-, clearly shows a decreased root length 

(fig. 12a). The LRP number is not affected (fig. 12b). When analysing LRs number, we 

can see that the bzip19/23 in Zn- displays a great reduction of LRs (fig. 12c). 

Figure 12 – Root parameters of Col-0 and bzip19/23 double mutant plants grown on Zn+ and Zn- media for 12 days. (a) 

Primary root length; (b) Lateral root primordia count; (c) Lateral root count. Error bars are for standard error of the mean. 

Two-way ANOVA analysis with Tukey’s post hoc test. p-value≤0,001 (parameters evaluated in a previous work of the Zinc 

Group, PlantBio Lab, CIBIO). 

 

In the microarray analysis (section 4.2.1), we found a gene upregulated by Zn 

deficiency thought to be involved in root hair development (GOLVEN4). Thus, to 

investigate if Zn supply influences root hair development, Col-0 and bzip19/23 double 

mutant plants were grown on plates with Zn-, Zn+ and Zn++. Indeed, there seems to be 

variation of root hair length between the different Zn concentrations and genotypes 

(figure 13a). In Zn-, Col-0 hairs are longer when compared to Col-0 Zn+ (fig. 13b). The 

bzip19/23 mutant on Zn+ shows a subtle, yet significant decrease compared to Col-0 in 

Zn+ (fig. 13b). Contrarily, the bzip19/23 mutant shows a decrease of root hair length 

compared to both Col-0 in Zn- and bzip19/23 in Zn+ (fig. 13b). In Zn++ media the Col-0 

and bzip19/23 root hairs are longer for both genotypes (fig. 13b).  

(a) (b) (c) 
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Hence, these results seem to indicate that in Col-0 plants, both under Zn deficiency 

and Zn excess, the root hair length is increased. In extreme Zn deficiency, represented 

by bzip19/23 in Zn deficient media, the root hairs length is decreased. 

Figure 13 – Root hair length in response to different Zn supply. (a) 3mm root section containing root hairs of Col-0 and 

bzip19/23 plants grown on Zn-, Zn+ or Zn++; (b) Average root hair length of Col-0 and bzip19/23 grown on different 

conditions of Zn supply. For each condition, 13 to 20 roots were analysed. The number of root hairs measured ranges 

from 244 to 568, per condition. Error bars are for standard error of the mean. p-value ≤ 0,001. The two-way ANOVA 

(Tukey’s post hoc test) analysis indicates that Zn supply is responsible for, approximately, 22% of the variation and the 

genotype is responsible for only 6% of the variation. The interaction between these variables is responsible for 6% of 

variation. 

 

(a) 

(b) 

Zn- Zn+ Zn++ 
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4.2.4. Root development markers are not affected by 

different Zn concentrations 

 

Important root developmental marker lines, such as the hormone-related marker lines: 

DR5::GUS, PIN1-GFP, TCS::GFP and pARR5::vYFP  were grown in Zn- (0 µM), Zn+ 

(15 µM) and Zn++ (150 µM). The main aim was to verify whether Zn concentration 

causes any change in their expression pattern. All of these developmental marker lines 

have well-described expression patterns, [e.g. Sabatini et al. (1999); Benkova et al. 

(2003); Vleten et al. (2005); Muller and Sheen (2008); Siligato et al. (2016)]. 

For PIN1-GFP, there is no change of pattern when plants are grown on Zn -, Zn+ and 

Zn++ (figure 14a). In the primary root tip, all plants have GFP fluorescence in the stele 

and in the meristem, in the rootward membrane of the cell (and spreading to the inner 

lateral sides), where PIN1 transporters are normally localised (figure 14, top). In LRP, 

PIN1 is driving auxin transport into the centre of the LRP and in the latter stages PIN1 is 

driving auxin to the future QC, as is it expected (data not shown). This pattern is 

maintained through the several Zn conditions. LRs have PIN1-GFP fluorescence in the 

QC, the stele and more faintly in the columella, similarly to the primary root meristem. 

This pattern is maintained through the different Zn concentrations (fig. 14a, bottom). 

DR5::GUS plants grown in Zn-, Zn+ and Zn++, also show no difference in the pattern 

of the primary root meristem (figure 14b, top). The auxin maxima is localised, as 

described in Sabatini et al. (1999), in the columella initials, the mature columella cells 

and in the QC. Staining in the procambium cells, that will differentiate in the xylem, may 

also be observed (data not shown). The LRP, through the different developmental stages 

show DR5 expression, with a clear GUS staining in the newly formed QC (latter stages 

of formation; data not shown). Lateral roots present a similar expression pattern to the 

primary root tip, with staining in the QC and columella, showing not to be affected by Zn 

concentration (figure 14b, bottom). 
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Figure 14 – Effect of Zn supply in the root apical meristem (RAM) and lateral root (LR) of the developmental marker lines: 

(a) DR5::GUS; (b) PIN1-GFP. RAM scale bar: 100 µm. LRs scale bar: 50 µm. 
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TCS::GFP is expressed in the root tip, more specifically in the columella cells (figure 

15a, top), as described by Muller and Sheen (2008). Although it is arguable and may 

need further confirmation, Zn- and Zn++ plants appear to present a lower GFP 

fluorescence intensity in the RAM (figure 15a, top). Along the root, it is expressed in the 

vasculature, although with less intensity (data not shown). TCS is also expressed in 

trichoblasts, the root hair cells (data not shown). The TCS synthetic promoter does not 

drive expression in LRP but does so in LRs (figure 15a, bottom). At the LRs level no 

differences of expression were observed when plants were grown on the different 

concentrations of Zn-, Zn+ or Zn++ (figure 15a, bottom). 

The pARR5::vYFP is clearly expressed in the lateral root cap, columella cells and 

lateral root cap, in the stele in the rest of the root (figure 15b, top), as Siligato et al. (2016) 

described. There is no difference of expression pattern between Zn-, Zn+ and Zn++ 

(figure 15b, top). It is not expressed in LRP and when LRP emerge, becoming LRs, the 

pARR5 expression is visible in the outer layer of the root cap, and in the tissues 

mentioned for the primary root (fig. 15b, bottom). 
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 Figure 15 – Effect of Zn supply in the root apical meristem (RAM) and lateral root (LR) of the developmental marker lines: 

(a) TCS::GFP; (b) pARR5::vYFP. RAM scale bar: 100 µm. LRs scale bar: 50 µm. 
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4.2.5. Establishment and analysis of root development 

markers in the single mutants bzip19 and bzip23 and the 

double mutant 

 

To have insights into the putative interactions of root development and Zn homeostasis 

through bZIP19 and bZIP23, the marker lines described in the previous section 

(DR5::GUS, PIN1-GFP, TCS::GFP and pARR5::vYFP) were crossed with the bzip19/23 

double mutant. The F1 generation was self-pollinated to generate the F2. To obtain the 

marker lines with the single and double mutant as background, F2 and F3 plants were 

genotyped with a diagnostic PCR. Codes for each F2 plant were attributed, resorting to 

letters and numbers. The F3 code is based on the F2 code. 

All 221 F2 plants (relative to the four markers) were genotyped for the presence 

or absence of T-DNA insertion on the bZIP19 and bZIP23 genes. 

 The F2 generation resulting from the bzip19/23 x DR5::GUS cross was genotyped 

(representative gel in figure 16a). Plant A9 is homozygous for the mutation on both genes 

for there is only amplification of the T-DNA insertion. Plant A7 is homozygous for the 

mutation in the bZIP19 gene and heterozygous for bZIP23, for there is amplification of 

both WT allele and the T-DNA insertion.  

The F2 generation resulting from the bzip19/23 x PIN1-GFP cross (representative 

gel in figure 16b), plants B4 and B5 are heterozygous for bZIP19 and homozygous 

mutant for bZIP23. Plant B10 is the inverse, homozygous mutant for bZIP19 and 

heterozygous for bZIP23.  

The F2 generation resulting from the bzip19/23 x TCS::GFP and bzip19/23 x 

pARR5::vYFP crosses were also genotyped and the images of representative gels are 

presented in figure S2 of APPENDIX E: Electrophoresis gel images of TCS::GFP and 

pARR5:vYFP crosses. In figure S2a, for the TCS::GFP marker, we can see the PM1 

plant is homozygous mutant for the bZIP19 and heterozygous for the bZIP23 and, the 

PM2 plant is a double mutant. In figure S2b, relative to the pARR5::vYFP marker, the B3 

plant is mutant for the bZIP19 and heterozygous for bZIP23. 

0,3 
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Figure 16 – Electrophoresis gel containing the F2 generation diagnosis PCR products of (a) bzip19/23 x DR5::GUS and 

(b) bzip19/23 x PIN1-GFP crosses. Within each point, the top image is relative to bZIP19 amplification and the bottom 

relative to bZIP23.  MW stands for Molecular Weight and kb for kilobase pairs. 

  

The F2 plants with a genotype of interest, according to the gel analysis, were 

selected and an uniplex PCR was performed (data not shown). This PCR allowed us to 

confirm the genotype of the plants and select plants of the following genotypes: double 

mutants, mut19/het23 and het19/mut23. The chosen plants were selfed to obtain the F3 

generation and the presence of the marker construct was assayed as described in 3.4.3. 

The chosen plants and their genotypes regarding the bZIP loci and marker are present 

in table 10. 
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Table 10 – Selected plants of the F2 generation to generate the F3 generation. The plant code is composed of a letter 

and a number. PM stands for Possible Double Mutants, and these plants were grown on Zn deficient media. The aim was 

to find bzip19/23 plants through their hypersensitive response to Zn deficiency. n=X is the number of plants genotyped 

per cross. 

 

After checking the presence of the marker construct, the F3 generation was grown 

and genotyped. For some plants, such as the double mutant, the F3 genotype is equal 

to the F2 plant since it is no longer segregating. For mut19/het23 or het19/mut23 plants, 

segregation is still occurring for one of the bZIPs and we needed to select the single 

mutants. In figure 17 we can see the F3 electrophoresis gels of the progeny of the plant 

A9 [fig. 17a; double mutant; DR5::GUS] and PM19 [fig: 17b; single mutant bzip19; PIN1-

GFP]. Thus, we were able to obtain the mentioned F3 plants in table 11, to be analysed 

under different concentrations of Zn. The bzip23/DR5::GUS plants, due lack of time, 

were not analysed. 

  

Cross Plant code bZIP genotype Marker genotype 

bzip19/23 x DR5::GUS A9 Double mutant +/- 

(n=51) A10 Het19/mut23 +/- 

 PM10 Mut19/het23 +/- 

    

bzip19/23 x PIN1-GFP B4 Het19/mut23 +/- 

(n=45) C8 Het19/het23 +/- 

 PM19 Mut19/WT23 +/- 

    

bzip19/23 x TCS::GFP A16 Double mutant +/+ 

(n=64) C5 Het19/mut23 +/- 

 C8 Het19/het23 or WT23 +/- 

 PM1 Mut19/het23 or WT23 +/+ 

  PM2 Double mutant +/- 

 PM3 Het19/mut23 +/- 

    

bzip19/23 x pARR5::vYFP B1 Double mutant +/+ ou +/- 

(n=61) B3 Mut19/het23 +/- 

 B6 Het19/mut23 +/+ or +/- 

 PM2 Mut19/het23 +/- 

 PM6 Het19/mut23 +/+ or +/- 
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Figure 17 – Uniplex PCR products of the F3 generation of (a) bzip19/23 x DR5::GUS and (b) bzip19/23 x PIN1-GFP 

crosses. Within each topic, the top image is relative to bZIP19 amplification and the bottom relative to bZIP23. MW stands 

for Molecular Weight and kb for kilobase pairs.   
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Although we were able to select F2 plants from the TCS::GFP and pARR5::vYFP 

crosses and obtain the F3 generation, due to lack of time, we were not able to genotype 

the F3 plants and obtain F4 seeds in time for the analysis. We were, in suma, able to 

obtain the PIN1-GFP and DR5::GUS constructs with the bzip19/23 double mutant, 

bzip19 and bzip23 single mutants as background, mentioned in table 11. 

 

Table 11 – Selected F3 plants to analyse, regarding PIN1-GFP and DR5::GUS markers. The plant code consists of the 

F2-plant code it originates from (table 10) plus the number of the F3 plant. n=X is the number of F3 plants genotyped per 

cross. 

 

For the analysis of root developmental marker lines, DR5::GUS, PIN1-GFP, 

TCS::GFP and pARR5::vYFP, in the different mutant backgrounds, the plants on table 

11 were grown on Zn+, Zn- and Zn++. 

PIN1-GFP is expressed in the root vasculature and also in the root stem cell 

niche. Bizarrely, the roots of bzip19/23/PIN1-GFP were very small in all Zn 

concentrations (1-2 cm). Interestingly, the these plants, in Zn+, display a completely 

normal PIN1 expression pattern and polar location in the primary root tip vasculature 

membranes (figure 18) and LRs (figure S3 of APPENDIX F: Lateral roots of 

developmental marker lines in bzip19/23, bzip19 and bzip23 background). The 

same observation is valid for Zn- and Zn++, there is no difference between the 

bzip19/23/PIN1-GFP and the Col-0/PIN1-GFP. The single mutant bzip23/PIN1-GFP 

shows no differences in PIN1 expression and location both in root apical meristem (figure 

18) and LRs (figure S3), in all Zn concentrations. The single mutant bzip19/PIN1-GFP 

does not show any fluorescence (the roots were also very small in all Zn concentrations).  

 

Construct Plant code Genotype 

DR5::GUS 
A9-2; A9-5; A9-6; PM10-1; PM10-2; A10-18; A10-23; 
A10-24 

bzip19/23/DR5::GUS 

(n=48) PM10-4 bzip19/DR5::GUS 

 A10-16; A10-19 bzip23/DR5::GUS 

   

PIN1-GFP C8-22 bzip19/23/PIN1-GFP 

(n=136) PM19-13; PM19-14; PM19-15; PM19-17 bzip19/PIN1-GFP 

 B4-29; B4-42 bzip23/PIN1-GFP 
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Figure 18 – Root tip of auxin transporter marker line PIN1-GFP with the bzip19/23 double mutant and bzip23 single 

mutant as background. The bzip19/23/PIN1-GFP and bzip23/PIN1-GFP lines were, similarly to the PIN1-GFP line, grown 

in Zn- (0 µM),  Zn+ (15 µM) and Zn++ (150 µM). Scale bar: 100 µm. 

 

For the DR5::GUS marker line, bzip19/23/DR5::GUS and bzip19/DR5::GUS 

plants were analysed. The bzip19/23/DR5::GUS plants, in the three conditions of Zn 

supply, display a similar expression intensity and pattern in the RAM compared to the 

Zn- 

 

Zn+ 

 

Zn++ 
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DR5::GUS (figure 19). In LRs and LRP there was also no differences in the expression 

pattern of the DR5::GUS marker (figure S4 of APPENDIX F: Lateral roots of 

developmental marker lines in bzip19/23, bzip19 and bzip23 background). 

 

Figure 19 – Root tip of auxin maxima marker line DR5::GUS with the bzip19/23 double mutant and bzip19 single mutant 

as background. The bzip19/23/pDR5::GUS and bzip19/pDR5::GUS lines were, similarly to the line DR5::GUS, grown in 

Zn- (0 µM),  Zn+ (15 µM) and Zn++ (150 µM). Scale bar: 100 µm. 

Zn- 

 

Zn+ 

 

Zn++ 
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As mentioned before, it was not possible, by time restrictions, to genotype the F3 

generation of TCS::GFP and pARR5::vYFP and obtain these lines with the bzip19, 

bzip23 and bzip19/23 as background.  

In the F2 analysis, the TCS::GFP marker was present and with normal expression 

for all genotypes tested (not shown). However, for the cytokinin-related marker line 

pARR5::vYFP in the F2 analysis, we noticed that bzip23 single mutant (heterozygous for 

the bZIP19) and bzip19/23 double mutant plants, did not have pARR5::vYFP 

fluorescence (figure 20a). The bzip19/pARR5::vYFP plants have normal fluorescence 

signal (not shown). To exclude the hypothesis of loci linkage between bZIP23 and the 

construct, the presence of the construct was confirmed in the bzip23 plants. We 

genotyped for the vYFP gene and the three plants proved to possess the pARR5::vYFP 

construct (figure 20b). This result suggests the existence of a genetic interaction between 

bZIP23 and cytokinin signalling. 

Figure 20 – Absence of vYFP fluorescence in bzip23 mutants. (a) vYFP fluorescence, or its absence, on the root tip of 

pARR5:vYFP, bzip19/23/pARR5::vYFP and bzip23/pARR5::vYFP plants; (b) PCR products of vYFP genotyping. The 

positive controls are bzip19/23/TCS::GFP (referred as GFP for simplicity) and bzip19/pARR5::vYFP. The negative control 

are Col-0 WT and Neg. MW stands for Molecular Weight and kb for kilobase pairs. 

MW GFP WT Neg 

1 kb 
0,6 kb vYFP amplicon; 609bp 

pARR5-vYFP 

(a) 

(b) 
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5. DISCUSSION 

 

5.1. Expression pattern of bZIP19 and bZIP23 

 

To investigate if a gene plays a role during a developmental process, the most frequent 

approach begins with the analysis of its expression pattern. A major aim of this research 

work was to investigate if bZIP19 and bZIP23 TFs are involved in the root system 

development and growth response to Zn deficiency. We observed that bZIP19 and 

bZIP23 present a distinct but complementary pattern – bZIP19 is expressed in 

differentiated root tissues an bZIP23 is expressed in the root cell dividing tissues. This is 

in agreement with the results reported in Lilay et al. (2019a), where bZIP19 is shown to 

be expressed more intensively in the roots and bZIP23 is more expressed in the shoots 

and also in the root tips. We also observed that bZIP19 and bZIP23 expression is not 

dependent of the plant Zn status. These results are in line with the ones shown in Lilay 

et al. (2019a) – there is no change of expression pattern or intensity when plants are 

grown in Zn deficiency or sufficiency. This suggests that bZIP19 and bZIP23 are 

constitutively expressed and are regulated by Zn post-translationally (Assunção et al., 

2013). Additionally, the separate and complementary pattern might suggest that bZIP19 

and bZIP23, although functionally redundant (Assuncao et al., 2010a; Lilay et al., 2019a), 

may be involved in other responses or signalling pathways, as was show for bZIP23 

(Kisko et al., 2018). Analysing homeostasis regulators of elements closely related to Zn, 

such as Fe, we see that FIT1, that encodes a TF responsible for Fe-deficiency response, 

is highly upregulated during Fe deficiency (Colangelo and Guerinot, 2004; Jakoby et al., 

2004). The FIT1 TF directly regulates the expression of genes involved in Fe acquisition 

such as IRT1 and FRO2 (Colangelo and Guerinot, 2004). Curiously, FIT1 and bZIP19 

show a very similar tissue expression in the root – both are expressed in the DZ of the 

root and are absent in the root meristems (Colangelo and Guerinot, 2004; Jakoby et al., 

2004). The Cu deficiency-response, an element closely related to Zn, involves the 

SQUAMOSA PROMOTER BINDING PROTEIN-LIKE7 (SPL7) and CITF1 TFs 

(Yamasaki et al., 2009; Bernal et al., 2012; Yan et al., 2017). SPL7 is thought to be 

constitutively expressed, mainly in the root tissues, and in Cu-deficiency induces the 

expression of CITF1, that in turn upregulates the expression of FRO4 and FRO5, but not 

COPT2 (Yamasaki et al., 2009; Yan et al., 2017). In the Zn-deficiency response, we 



FCUP  67 

Arabidopsis thaliana root development modulation in response to zinc deficiency

   

 
know that the bZIP19 and bZIP23 directly regulate the Zn uptake by binding to the 

promoters of ZIP and NAS target genes, that contain at least one ZDRE (Assuncao et 

al., 2010a). Although Zn-deficiency response shares some common features with both 

Cu and Fe-deficiency responses, such as TF constitutive expression or direct binding to 

ZIP family genes promoters, the Zn-deficiency response seems, however, distinct. 

 

5.2. Putative transcriptional regulation of bZIP19 and bZIP23 

by auxins and cytokinins 

 

Bioinformatics is rapidly becoming a cornerstone of biology for its variety and large extent 

of data analysis. Following this premise, in order to investigate how bZIP19 and bZIP23 

might be regulated at the transcriptional level, we analysed their promoters in search for 

hormone related cis elements ZIP4 is a ZIP family Zn transporter and one of the target 

genes of bZIP19 and bZIP23, with ZIP4 transcription induced at Zn deficiency (ref), and 

it is also used in this analysis. In this study, resorting to online tools, it was found that the 

promoters of bZIP19 and bZIP23 possess type-B ARRs binding sites. AuxREs, although 

to a smaller, extent are also present. The ZIP4 promoter, also possesses type-B ARRs 

binding sites and AuxREs. Our results are in accordance with similar analysis of 

promoter sequences of AtIRT1, AtFIT1, OsZIP1 and OsZIP5, that were shown to 

possess several type-B RRs binding sites (Seguela et al., 2008; Gao et al., 2019). The 

presence of RRs TFBS led the authors to speculate that there is an interaction between 

CKs signalling and Zn homeostasis, at the root level, in the rice plant (Gao et al., 2019). 

The same supposition was made for Fe homeostasis and CK signalling (Seguela et al., 

2008). However, in Gao et al. (2019), there is no mention of the known regulation of the 

AtZIP by the AtbZIP19 and AtbZIP23. Recent results by our group show that OsbZIP48, 

a F-bZIP, is a functional homolog of the AtbZIP19 and AtbZIP23 and is involved in the 

regulation of Zn homeostasis in rice, supporting a conservation of this regulatory 

mechanism in land plants (Castro et al., 2017; Lilay et al., 2020). Consequently, when 

evaluating the interplay of CK signalling and Zn homeostasis, the F-bZIP, should be also 

be taken in consideration, as was performed in our study. Even though bZIP19 and 

bZIP23 expression is not regulated by Zn at the transcriptional level, it might be so by 

molecular players of phytohormones signalling pathways.  
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5.3. Influence of auxins and cytokinins in bZIP23 and bZIP23 

expression 

 

To further test the hypothesis of bZIP19 and bZIP23 being regulated transcriptionally by 

auxin and/or cytokinin, we performed hormonal treatments to see if the expression 

pattern was altered. In our experiments, auxin does not seem to influence the bZIP19 

and bZIP23 expression pattern, independently of the Zn status. It has been reported that 

auxin, in a situation of Fe deficiency, through nitric oxide, induces the expression of FIT1 

and other Fe-deficiency response genes (Chen et al., 2010; Lin et al., 2016; Yang et al., 

2016). This difference between FIT1 auxin-induced expression and the bZIP19 and 

bZIP23 absence of response, might be explained by the different promoter type of FIT1 

and bZIP19/bZIP23, one being inducible by Fe-deficiency, and the others being 

constitutively expressed. Yet, it does not totally explain the result. It may also be that the 

AuxREs present in the bZIP19 and bZIP23 promoters are either not enough in number, 

or are not favourably positioned (e.g. not close to the 5’UTR) or also not coupled with 

other element (e.g. not forming a composite AuxRE) and therefore do not generate auxin 

response (Mironova et al., 2014).  

Contrarily to auxins, CKs seem to influence bZIP19 and bZIP23 expression. 

However, we obtained contradictory results, with the observation of both induction and 

reduction of bZIP19 expression upon CK treatment. For bZIP23, the expression was 

reduced by CKs. CK signalling is complex and not yet fully understood. In A. thaliana, 

the presence of CK activates the signalling cascade and leads to the phosphoactivation 

of type-B ARRs, TFs constitutively expressed (Sakai et al., 2000; Hwang and Sheen, 

2001). After activation by phosphorylation they bind to the promoter of type-A ARRs 

(negative regulators of CK signalling) and other CK responsive genes (Sakai et al., 2000; 

Taniguchi et al., 2007; Zubo et al., 2017) of which we hypothesize – bZIP19 and bZIP23. 

It will be necessary to repeat the experiment and, for example, perform hormone 

concentration gradients to see if the response is proportional to the hormone’s dosage. 

We may expect two different outcomes: 1st bZIP19 and bZIP23 are both negatively 

regulated by CKs; 2nd bZIP19 is induced by CKs (through the binding of type-B ARRs) 

and bZIP23 is downregulated by CKs, implying that bZIP19 and bZIP23 may be 

regulated in a different way by phytohormones. 
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The analysis of the expression pattern of ZIP4 would help clarify if the ZIP 

transporters can be transcriptionally regulated by auxin and/or cytokinin. The ZIP4 line, 

with the bzip19/23 double mutant background would help understand if the loss of 

bZIP19 and bZIP23 would influence this regulation. In Gao et al. (2019) the OsZIP1 and 

OsZIP5 expression is repressed by CKs, independently of the plant Zn status. It is also 

shown that a type-B RR is thought to induce OsZIP1 and OsZIP5 expression. Thus, in 

the future, it should be ascertained the influence of both hormones in the promoter of 

ZIP4, bZIP19 and bZIP23, by using reporter lines and hormonal treatments but also other 

molecular biology techniques to allow validation, such as RT-qPCR. Nevertheless, the 

results indicate that CK influences both bZIP19 and bZIP23 expression and might be an 

important signal for the plant to regulate root development in accordance with Zn 

nutritional status. 

 

5.4. Cytokinin biosynthesis in Zn deficient plants 

 

Taking in consideration the proposed interaction of CK signalling and Zn homeostasis 

we looked for DEGs related to CK signalling. We found that IPT7 is upregulated in Col-

0 plants grown in Zn- (compared to Zn+). These results do not agree with the ones 

reported in Gao et al. (2019). The authors suggest that during Zn deficiency there is a 

decrease of CKs (Gao et al., 2019). This is mediated, in part, by a decrease of OsIPT9 

expression, being OsIPT9 a protein involved in the biosynthesis of CKs. According to the 

authors, in Zn deficiency, the lower concentrations of CKs leads to the downregulation 

of type-A RRs and an increased phosphorylation of type-B OsRRs, that in turn activate 

de transcription of Zn-deficiency responsive ZIPs. In a broad analysis of cytokinin-related 

genes involved in the root response to nutrient availability and other abiotic stresses, it 

is reported that IPT3 and IPT5 are the most responsive IPT genes. These two are, for 

example, downregulated in a Fe deficiency condition (Ramireddy et al., 2014). IPT7 is 

upregulated in the roots of plants grown on the following situations: nitrate deficiency; 

excess cadmium; potassium deficiency. On the other hand, IPT7 is downregulated in Fe 

deficiency, drought, salt and osmotic stresses (Ramireddy et al., 2014). Thus, the actual 

influence of Zn deficiency on CK levels needs to be clarified. Furthermore, when 

analysing the interaction between CK signalling and Zn homeostasis, it should be taken 

in consideration the CYTOKININ RESPONSE FACTORs (CRFs), recently reported 

cytokinin-responsive genes, that are mostly upregulated in Fe deficiency (Ramireddy et 
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al., 2014). Even if our results are not in agreement with the previous reports, we suggest 

that Zn deficiency may influence the plant CK levels.  

 

5.5. Root system architecture responses to different Zn 

concentrations 

 

To see how the root system responds to Zn deficiency and understand if the Zn-

deficiency homeostasis regulators, bZIP19 and bZIP23, play a role in root modulation, 

we analysed the phenotype of Col-0 and the bzip19/23 double mutant plants, grown on 

Zn deficiency. In a previous work, we concluded that, at 12 dpg, the PR length of Col-0 

is not affected by Zn-deficiency. Possibly because we are only achieving a mild Zn-

deficiency, or it is too early to see any effect of Zn deficiency [as was suggested by 

Gruber et al. (2013)]. We should have guaranteed that we were inducing a situation of 

Zn deficiency by measuring the shoot Zn content and see if they meet the specified 

values of a situation of Zn deficiency [~15-20 µg g−1 dry biomass; Broadley et al. (2012)]. 

However, bzip19/23 double mutant plants show a decreased PR length, indicating that 

in extreme Zn deficiency the plant is not able to grow. The literature describing the RSA 

adaptation response to Zn deficiency is contradictory. There are studies where the 

primary root length is unaffected by Zn deficiency (Gruber et al., 2013), or presents a 

growth decrease (Talukdar and Aarts, 2007) or a growth increase (Bouain et al., 2014; 

Sinclair and Kramer, 2019). This difference can originate from the different media 

composition, namely the residual Zn content, and the time scale of the analysis. 

Considering our results and the results reported in the literature, we hypothesise that a 

mild Zn deficiency induces primary root growth, to search for Zn in the soil and, in 

extreme Zn deficiency, the plant in no longer able to cope and does not grown, as 

observed for Fe and N deficiencies (Gruber et al., 2013; Bouain et al., 2014; Sinclair and 

Kramer, 2019). Furthermore, the hypersensitive phenotype of the bzip19/23 double 

mutant indicates that the transcription factors bZIP19 and bZIP23 are important in the 

growth of the primary root. The analysis of tissue expression and cellular location of ZIP 

transporters that are targets of bZIP19 and bZIP23 TFs (ZIP4, ZIP9 and IRT3), and one 

that is a non-target (ZIP2), is currently being performed and will help elucidate the impact 

of Zn homeostasis regulators in root development. 
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Root hairs are a vital part of the A. thaliana root system, where both root hair 

length and density contribute to increase soil-root contact, and are, therefore, influenced 

by environmental cues (Grierson et al., 2014; Orman-Ligeza et al., 2014; Salazar-Henao 

et al., 2016). In the in silico promoter analysis we found that the bZIP19 promoter 

possesses a root-hair specific cis-element while bZIP23 promoter does not. This finding 

corroborates our observation of bZIP19, and not bZIP23, being expressed in root 

epidermal cells, including, the root hairs. These results then suggest that Zn deficiency 

and the bZIP19 TF may influence root hair development. In future studies it will be 

interesting to analyse the bzip19 and bzip23 single mutant root hair phenotypes. With 

effect, we observed that under Zn deficiency Col-0 plants produce slightly longer root 

hairs and the bzip19/23 mutants produce smaller root hairs, in comparison to Zn+ 

condition. This might be a similar response to what is being speculated for the PR under 

Zn deficiency –  in mild deficiency, root hairs cells elongate to increase their surface area, 

but in extreme Zn-deficiency, root hairs do not elongate. However, it should be taken in 

consideration that when A. thaliana plants are grown on Zn deficiency, there is a 

decrease of P in the root and it is accumulated in the shoot (Bouain et al., 2014; Kisko 

et al., 2018; Lilay et al., 2020). The root hair response to P deficiency is well 

characterized. When plants are grown in P-deficient medium, the root hairs length is 

increased, as a strategy to increase the root surface area (Bates and Lynch, 1996, 2000; 

Lopez-Bucio et al., 2002). Hence, it should be confirmed if the observed root hair 

elongation is due to Zn deficiency or due to secondary P-deficiency.  

Concerning plants grown on Zn excess media, both genotypes show longer root 

hairs than the Zn+ condition. What is previously described is that plants grown with Zn 

excess, produce branched root hairs due to secondary Fe-deficiency (Müller and 

Schmidt, 2004; Fukao et al., 2011). However, in our analysis we did not observe 

branched root hairs caused by Zn toxicity. It is likely the Zn++ medium concentration is 

not enough to induce Zn toxicity and does only stimulate root hair growth. In future 

analysis we must test different higher Zn concentrations and select one to use as 

standard concentration. Moreover, ZIP transporters may be localised in the root hairs 

and it will be interesting to analyse the root hair length variation with the ZIP translational 

lines provided in this study. Of the eight ZIP transporters responsive to Zn deficiency, 

some are bound to be localized in the epidermis plasma membrane and their cellular 

location may be changed in accordance with the plant Zn status. The ZIP reporter lines 

are currently being analysed and will be an useful tool to elucidate the observed root hair 

responses. 
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We also visualized the root hairs length of Col-0 plants grown in IBA or BAP 

supplemented media. In the IBA and BAP-supplemented conditions the root hairs are 

also longer than the control condition, as was reported by Zhang et al. (2016) and An et 

al. (2012), which could suggest some relation between root hair growth, Zn deficiency 

and phytohormone signalling that needs further investigation. Curiously, in our 

microarray data analysis, ARF2, a repressor ARF (Okushima et al., 2005) was found to 

be downregulated in Col-0 plants grown on Zn deficiency. When ARF2 is overexpressed 

under a root hair specific promoter, the root hairs length is severely decreased thus 

suggesting that ARF2 might negatively regulate root hair length (Choi et al., 2018). It has 

not been studied if it is involved in a root hair response to Zn deficiency or any other 

nutritional deficiency. Other genes related to root development were found in our 

microarray analysis, such as CLAVATA/ESR-RELATED 3 and GOLVEN 4. The 

presence of these DEGs in a situation of Zn deficiency proves that root development 

does respond to Zn deficiency by adjusting its intrinsic pathways and architecture. 

 

5.6. Zn concentration and bzip mutations effect on auxin-

related marker lines 

 

To study the effect of Zn status in root development we used reporter lines for polar auxin 

transport (PIN1 and DR5) which are important root developmental markers. The results 

obtained in this study show that there is no variation in PIN1 transporter location or 

expression, in response to the tested Zn concentrations. There is also no alteration of 

the auxin maxima, both in Zn deficiency and Zn excess. These results seem to suggest 

that there is no obvious interaction between auxin transport and Zn homeostasis. The 

involvement of auxin transport in the root adaptation to nutrients heterogeneity in the soil 

has been significantly explored. Using DR5 and PIN1 reporter lines, it has been shown 

that during Fe deficiency there is an increase of auxin in the root tips (Yang et al., 2016). 

The high amount of auxin in the root tip is thought to lead to the PR and LR elongation 

during Fe mild deficiency, a phenotype reported by Gruber et al. (2013). It is then odd 

that Zn homeostasis and polar auxin transport are not linked. The difficulty of obtaining 

a condition of Zn-deficiency in Col-0 plants, especially at a very early stage of plant 

development, might explain the absence of variation in the PIN1 and DR5 lines. Further 

experiments should be done to see if auxin transport is or is not affected by Zn deficiency, 



FCUP  73 

Arabidopsis thaliana root development modulation in response to zinc deficiency

   

 
by, for example, analysing other auxin-related marker lines, such as AUX1 and PIN2-4, 

PIN7 reporter lines and see if Zn deficiency influences other elements of auxin transport 

(Swarup et al., 2001; Blilou et al., 2005; Vleten et al., 2005; Scheres and Xu, 2006). The 

auxin biosynthetic pathways and other signalling components, such as auxin perception, 

should also be considered in the study of root responses to Zn deficiency. 

Concerning the situation of Zn toxicity, it has also been shown, using auxin 

transport-related reporter lines, that when plants are suffering from Cu or Fe toxicity, 

there is less auxin in the root tip, which leads to the arrest of the PR growth (Yuan et al., 

2013; Li et al., 2015). For Zn the decrease of root growth by Zn toxicity was also reported, 

but the relation to auxin signalling was not assessed (Reichmann, 2002; Broadley et al., 

2012). Although it was not quantified in our study, the PR length was not visible reduced 

in the Zn++ medium. We may, as stated before, not be observing a situation of Zn 

toxicity. This assumption is based on the root hair phenotype results obtained 

[stimulation of growth instead of a decrease, as reported in the literature by Fukao et al. 

(2011)]. Therefore, to observe any effect, we need to further increase the Zn 

concentration in the Zn toxicity condition. 

To supplement the study of Zn supply effect in the referred developmental marker 

lines, we crossed the DR5 and PIN1 lines with the bzip19/23 mutant. This strategy aims 

to understand if the bZIP19 and bZIP23 transcription factors are involved in polar auxin 

transport and therefore, in the root response to environmental cues. The analysis of the 

PIN1 reporter line with the bzip19/23 double mutant and bzip23 background, shows that 

PIN1 expression was not affected by the absence of bZIP19 and bZIP23, under the 

different Zn concentrations. For the DR5 reporter line, we analysed the line with the 

bzip19/23 and bzip19 mutant as background. Although we were able to select the line in 

the bzip23 single mutant background, due to lack of time, it was not possible to analyse 

it. However, the root auxin maxima were not affected by the lack of the bZIP19 and 

bZIP23 TFs. When analysing these results, it seems that bZIP19 and bZIP23 do not 

influence or are involved in the polar auxin transport, but this assumption needs to be 

further proved. We had hypothesised that being bzip19/23 in a situation of extreme Zn 

deficiency, differences would be observed in PIN1 and DR5 lines, which did not occur. 

In the literature it is not described the effect of a TF-mutation involved in nutrient 

homeostasis in auxin-related reporter lines. However, a similar approach was done for 

the NITRATE TRANSPORTER 1.1 (CHL) channel that is involved in nitrate sensing and 

auxin transport (Krouk et al., 2010). The DR5 line was crossed with the chl mutant and 

the effect of nitrate supply on auxin gradients was evaluated. The chl mutation enhances 
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auxin accumulation in lateral roots which promotes the growth of these roots at low 

nitrate concentration (Krouk et al., 2010). As no similar approaches were performed for 

the TFs that regulate Fe and Cu-deficiency responses (fit1, spl7, citf1 mutants), we could 

not compare the results. 

 

5.7. Zn concentration and bzip mutations effect on cytokinin-

related marker lines 

 

Since CKs are linked to numerous aspects of plant growth and development, the same 

approach was performed for cytokinin-related marker lines, more particularly for CK 

signalling pathways (TCS and ARR5). We observed no major differences in both reporter 

lines when plants were grown on the different Zn concentrations. However, these results 

need to be validated. The relation between CKs and nutrient homeostasis has long been 

established (Werner et al., 2010; Ramireddy et al., 2014). For metal micronutrients this 

relation has already been reported before, for Fe and also for Zn (Seguela et al., 2008; 

Gao et al., 2019). It has been suggested that, during Zn deficiency, the levels of CK 

decrease. However, in our microarray result, we observed the upregulation of one CK 

biosynthesis gene (IPT7). Either way, increase or decrease of CK levels in the plant, 

such an event should be reflected in the TCS and ARR5 reporter lines used in this study. 

Such result might be explained by the same suppositions made for the DR5 and PIN1 

reporter lines: 1st either there is no direct interaction between CK signalling and Zn 

homeostasis (which is unlikely) or; 2nd we are not being able to induce a severe Zn 

deficiency and Zn toxicity. 

The cytokinin-related lines used in this study report the transcriptional activity of 

type-B ARRs (through TCS line) and type-A ARR5. As explained before, due time 

restriction it was not possible to select the F3 plants of the cross between the double 

mutant and both maker lines. During F2 selection of the plants, both double bzip19/23 

and the single mutants seemed to display normal TCS::GFP expression. However, the 

double mutant bzip19/23 and the single bzip23 mutant plants did not expressed the 

pARR5:: vYFP, meaning that bZIP23 is necessary to drive the expression of ARR5. The 

bzip19 mutants showed normal pARR5:: vYFP expression. This indicates that there is 

an interaction between CK signalling and Zn homeostasis, more particularly between 

bZIP23 and ARR5, and possibly other type-A ARRs. It should be highlighted that bZIP23 
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and ARR5 are both expressed in the RAM, and there is an overlap of their expression 

with the predicted distribution of free CK in the RAM (Antoniadi et al., 2015; Lockhart, 

2015). Therefore, we could speculate that Zn deficiency, through the CK signalling 

pathway, regulates RAM size to adapt the RSA to Zn availability. Many proteins essential 

for cellular division and growth are Zn-binding proteins (e.g. RNA polymerase). When 

plants suffer from Zn deficiency the Zn2+ pool available for these proteins is possibly 

altered and modifies the primary metabolism of the plant (Broadley et al., 2007). In a 

way, plants may response by adjusting the RAM size, either to promote root growth size 

or to cease it. The influence of cytokinins and auxins in the RAM size has been largely 

studied – in an antagonistic way, CKs promote cell differentiation and auxins promote 

cell division in the RAM (Werner et al., 2001; Dello Ioio et al., 2007; Moubayidin et al., 

2010; Dello Ioio et al., 2012). However, the interaction between nutrient deficiencies and 

RAM-size regulation mediated by CKs is largely unexplored. Recently, it has been 

proposed that, in rice, N deficiency leads to the decrease of CKs content in the root, 

which in turn promotes RAM proliferation and root growth (Wang et al., 2020). bZIP23 

has already been shown to not be restricted to Zn homeostasis and is involved in Zn-P 

homeostasis crosstalk, where it acts as a transcription repressor by binding to a modified 

ZDRE (Kisko et al., 2018). In the future, it is necessary to make clear, in a situation of Zn 

deficiency, how the content of CKs in the root is influenced and how the root is affected. 

It is crucial to clarify the role of the bZIP23 transcription factor in this interaction, and the 

connection to ARR5 and other type-A ARRs. To study the hypothesis of Zn 

homeostasis/CK signalling interaction in regulating the RAM size, it would be interesting, 

for example, to measure the RAM size in bzip mutant plants, particularly for bzip23, 

grown on Zn+ and Zn-. 

 In summary, in this study it was shown that there is an interaction between Zn 

homeostasis and CK signalling, which may regulate the root response to Zn deficiency. 

Additionally, further studies need to be performed to clarify if auxin is or is not involved 

in this interaction and thus, in root development modulation in response to Zn deficiency.  
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6. CONCLUSIONS 

 

The aim of this study was to dissect the bZIP19 and bZIP23 regulatory network in 

response to Zn deficiency, with a focus on roots and the interplay between development 

and soil zinc uptake and transport. 

The in silico examination of bZIP19 and bZIP23 promoters provided information 

about a likely transcriptional regulation of these genes by phytohormones and therefore 

demonstrated to be of great importance. We investigated into further detail the bZIP19 

and bZIP23 tissue expression pattern, which is proven to be highly complementary. 

While bZIP19 is expressed in differentiated root tissues, bZIP23 is expressed in root cell 

dividing tissues. This expression pattern is not altered by the plant Zn status. We also 

have indications that CK might influence bZIP19 and bZIP23 expression and might be 

an important signal for the plant to regulate root development in accordance with Zn 

nutritional status. 

In previous work about Zn deficiency effect on root development, the 

hypersensitive phenotype of the bzip19/23 double mutant suggests that the transcription 

factors bZIP19 and bZIP23 are important in the growth of the root and their absence 

affects the root system architecture. Most of the root parameters analysed were not 

affected by Zn deficiency in Col-0 plants. However, analysing root hairs length, we may 

say that Zn deficiency stimulates root hair growth in Col-0 plants (mild deficiency) and 

decreases root hair growth in bzip19/23 plants (extreme deficiency). Thus, we may 

hypothesise that: 1st Both mild and extreme Zn deficiency cause, a decrease of the root 

system; 2nd Mild Zn deficiency leads to a more expansive root system size, however a 

situation of extreme deficiency causes a root system size decrease The root response 

may then depend on thresholds concentrations of Zn. The analysis of the ZIP 

transporters tissue expression and subcellular location is currently being performed and 

will help elucidate the impact of Zn homeostasis regulators in the evaluated root 

parameters. 

To investigate the putative interplay of bZIP19 and bZIP23 and phytohormones 

pathways, we created developmental marker lines with the bzip19/23 double mutant and 

the single mutants as background. We concluded that Zn status does not seem to 

influence auxin transport and maxima, in every condition and genotyped analysed. 

Cytokinin-related marker lines do not show major change in response to Zn status. 
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Moreover, the most interesting result was the absence of expression of pARR5::vYFP 

marker in bzip23 mutant background which indicates a genetic interaction between the 

type-A ARR and the bZIP23. A probable conjuncture is that bZIP23 might be involved, 

through CK signalling, in root meristem regulation since it is where ibZIP23 iand ARR5 

are expressed. 

Together, these results are aiding us to dissect root development modulation in 

response to Zn deficiency, and the role that the master regulators bZIP19 and bZIP23 

might play in this question. However, several questions remain unanswered and new 

lines of investigation may be started based on this information.   
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7. FUTURE PERSPECTIVES 

 

The present study contributed with advances for a better understanding of the root 

development modulation in response to Zn deficiency. However, many questions remain 

to be answered, mainly related to the root phenotypes of Zn deficiency and the 

interaction of Zn homeostasis and CKs signalling. The future research lines may include: 

inspect other root system development parameters in response to Zn deficiency and 

mutant backgrounds; connect the analysis of the ZIP marker lines with root phenotypes 

in different Zn concentrations; interaction between Zn homeostasis and CKs. 

To study the phenotypic root response to Zn deficiency and solidify our results, 

we should increase the number of experiments and study different tempos to see the 

evolution of root development and ascertain the actual response to Zn deficiency. It will 

also be interesting to analyse other root development parameters, such as root meristem 

size, which we hypothesise to be regulated by CK in response to Zn deficiency.  

We observed that the root development response to Zn deficiency may be 

interconnected with Zn homeostasis players. In this study we developed reporter lines 

for a selection of ZIP transporters, and we intend in the future to obtain the remaining 

ZIP lines. With a complete plethora of ZIP marker lines, we would be able to characterize 

in detail the Zn uptake and Zn transport pathway(s) and their influence on the root 

phenotypes observed (e.g. the root hairs phenotypes). Additionally, the ZIP lines would 

be of major interest in the study of the Zn homeostasis regulatory network controlled by 

bZIP19 and bZIP23 TFs, and to elucidate the link between Zn homeostasis and 

phytohormones.  

A most interesting conclusion that we may gather from the results obtained is the 

existence of a link between Zn homeostasis and cytokinin signalling. Further studies 

need to be performed to unravel the genetic interaction between the type-A ARR5 and 

bZIP23, that was uncovered in this study. We speculate that CK might serve as a signal 

to modulate root development in response to the Zn nutritional status through bZIP23 

and ARR5. This hypothesis needs to be confirmed by phenotypic and molecular analysis. 

These future perspectives of basic genetic and hormonal mechanisms in 

Arabidopsis thaliana will be valuable to understand how to enhance the root system in 

crop plants in adverse environment conditions, particularly in a situation of Zn deficiency.   
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APPENDIX A: Molecular cloning of the ZIP sequences 

 

Table S1 – Set of successful mastermixes and PCR cycles that allowed the amplification of several ZIP promoters, coding 

sequences or the overlap of the former. (a) pZIP1, 2, 4, 9, 10 and 12 (translational lines) and pZIP2, 9 and IRT3 

(transcriptional line); (b) CDS of ZIP1 and 4; (c) CDS of ZIP12; (d) CDS of ZIP2, 3 and 9; (e) pZIP3 (translational line); (f) 

pZIP2 (transcriptional line); (g) Overlap ZIP4; (h) Overlap of ZIP1, 2, 9 and 12 (continues on next page). 

(a)   

 

(b)  

 

(c)  

 

(d)  

 

 

 

 

Reagents Final concentration  PCR stage Temp (ºC) Time (min:s)  

5x Phusion HF Buffer 1x  Initial denaturation 98 1:00 x1 

10 mM dNTPs 200 µM each  Cycle denaturation 98 0:15  

Forward Primer 0,5 µM  Annealing 60 0:15 x35 

Reverse Primer 0,5 µM  Extension 72 0:45  

Template DNA 20 ng  Final Extension 72 7:00 x1 

Phusion DNA Polymerase 0,02 U/µL  Cool-off 4 ∞  

Reagents Final concentration  PCR stage Temp (ºC) Time (min:s)  

5x Phusion HF Buffer 1x  Initial denaturation 98 1:00 x1 

10 mM dNTPs 200 µM each  Cycle denaturation 98 0:15  

Forward Primer 0,5 µM  Annealing 60 0:15 x35 

Reverse Primer 0,5 µM  Extension 72 0:30  

Template DNA 20 ng  Final Extension 72 7:00 x1 

Phusion DNA Polymerase 0,02 U/µL  Cool-off 4 ∞  

Reagents Final concentration  PCR stage Temp (ºC) Time (min:s)  

5x Phusion GC Buffer 1x  Initial denaturation 98 1:00 x1 

10 mM dNTPs 200 µM each  Cycle denaturation 98 0:15  

Forward Primer 0,5 µM  Annealing 60 0:15 x35 

Reverse Primer 0,5 µM  Extension 72 0:30  

Template DNA 20 ng  Final Extension 72 7:00 x1 

DMSO 3%  Cool-off 4 ∞  

Phusion DNA Polymerase 0,02 U/µL      

Reagents Final concentration  PCR stage Temp (ºC) Time (min:s)  

5x Phusion GC Buffer 1x  Initial denaturation 98 1:00 x1 

10 mM dNTPs 200 µM each  Cycle denaturation 98 0:15  

Forward Primer 0,5 µM  Annealing 60 0:15 x35 

Reverse Primer 0,5 µM  Extension 72 0:30  

Template DNA 20 ng  Final Extension 72 7:00 x1 

DMSO 3%  Cool-off 4 ∞  

Phusion DNA Polymerase 0,02 U/µL      
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(e)  

 

(f)  

 

(g)  

 

(h)   

  

Reagents Final concentration  PCR stage Temp (ºC) Time (min:s)  

5x Phusion HF Buffer 1x  Initial denaturation 98 1:00 x1 

10 mM dNTPs 200 µM each  Cycle denaturation 98 0:15  

Forward Primer 0,5 µM  Annealing 55 0:15 x35 

Reverse Primer 0,5 µM  Extension 64,5 3:00  

Template DNA 20 ng  Final Extension 64,5 10:00 x1 

DMSO 3%  Cool-off 4 ∞  

Phusion DNA Polymerase 0,02 U/µL      

Reagents Final concentration  PCR stage Temp (ºC) Time (min:s)  

5x Phusion HF Buffer 1x  Initial denaturation 98 1:00 x1 

10 mM dNTPs 200 µM each  Cycle denaturation 98 0:15 x35 

Forward Primer 0,5 µM  Annealing/Extension 64,5 3:00  

Reverse Primer 0,5 µM  Final Extension 64,5 10:00 x1 

Template DNA 20 ng  Cool-off 4 ∞  

DMSO 3%      

Phusion DNA Polymerase 0,02 U/µL      

Reagents 
Final 
concentration 

 PCR stage Temp (ºC) Time (min:s) 
 

5x Phusion HF Buffer 1x  Initial denaturation 98 1:00 x1 

10 mM dNTPs 200 µM each  Cycle denaturation 98 0:15 x35 

Forward Primer 0,5 µM  Annealing/Extension 72 2:00  

Reverse Primer 0,5 µM  Final Extension 72 10:00 x1 

Promoter 10 ng  Cool-off 4 ∞  

CDS 10 ng      

DMSO 5%      

Phusion DNA Polymerase 0,02 U/µL      

Reagents 
Final 
concentration 

 PCR stage Temp (ºC) Time (min:s) 
 

5x Phusion HF Buffer 1x  Initial denaturation 98 1:00 x1 

10 mM dNTPs 200 µM each  Cycle denaturation 98 0:15 x35 

Forward Primer 0,5 µM  Annealing/Extension 64,5 4:00  

Reverse Primer 0,5 µM  Final Extension 72 10:00 x1 

Promoter 10 ng  Cool-off 4 ∞  

CDS 10 ng      

DMSO 5%      

Phusion DNA Polymerase 0,02 U/µL      
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Table S2 – Restrictions enzymes used to check the presence of insert after the BP and LR reactions. 

Plasmid Name RE Enzymes used 

pDONR207-pZIP2 EcoRV-HF + AflII 

pDONR207-pZIP2::ZIP2 EcoRV-HF 

pDONR207-pZIP4::ZIP4 EcoRI 

pDONR207-pZIP9::ZIP9 BamHI + PstI 

pDONR207-pIRT3-IRT3 EcoRV-HF + PstI 

  

pBGWFS7-pZIP2 AflII 

pEarlyGate301-pZIP2::ZIP2 XhoI + AflII 

pEarlyGate301-pZIP4::ZIP4 XbaI + XhoI 

pEarlyGate301-pZIP9::ZIP9 HindIII 

pEarlyGate301-pIRT3::IRT3 HindIII  

 

  



FCUP  106 

Arabidopsis thaliana root development modulation in response to zinc deficiency   

 

APPENDIX B: Cis-elements in the promoter of bZIP19 and bZIP23 

 

Table S3 – Relevant cis-elements, regarding hormone homeostasis or tissue-specific expression, found in the promoter of bZIP19 and bZIP23. IUPAC nucleotide code: K=G/T, N=A/C/G/T, W=A/T. 

Retrieved from PLACE platform (continues on next page). 

Cis-element Consensus Nº of repeats in 
bZIP19 

Position in bzip19 Nº of repeats in 
bZIP23 

Position in bzip23 Role 

ABRELATERD1 ACGTG 2 -1923, -553 0 --- ABA-responsive 

ARFAT TGTCTC 1 -1004 0 --- ARF binding site 

ARR1AT NGATT 27 

-1900, -1712, -1688, -1673, -1640, -
1470, -1402, -1396, -1344, -1334, -
1326, -1220, -1881, -1146, -964, -922, 
-873, -579, -556, -432, -331, -238, -
102, -98, -83, -64, -34 

35 

-2022, -1921, -1856, -1769, -1735, -
1729, -1618, -1582, -1488, -1461, -
1421, -1378, -1305, -1287, -1250, -
1202, -1035, -1030, -958, -918, -850, 
-807, -649, -635, -566, -422, -346, -
236, -225, -183, -151, -127, -117, -45, 
-41 

Transcriptional activator 
ARR1 binding site 

CACTFTPPCA1 CACT 29 

-2024, -1970, -1832, - 1800, -1735, -
1574, -1564, -1485, -1458, -1407, -
1386, -1364, -1284, -1214, -1093, -
1040, -983, -949, -843, -720, -655, -
546, -540, -477, -420, -372, -340, -
290, -2 

20 

-1959, -1956, -1948, -1896, -1863, -
1744, -1651, -1646, -1637, -1477, -
1444, -1224, -1112, -927, -521, -165, 
-106, -60, -21 

Mesophyll specific 
expression 

CURECORECR GTAC 12 
-1969, -1967, -1768, -1766, -1573, -
1571, -648, -646, -419, -417, -343, -
341 

8 
-1781, -1779, -1113, -1111, -395, -
393, -189, -187 

Copper-response 
element, oxygen-
response 

 

ERELEE4 AWTTCAAA 2 -868, -802 0 --- Ethylene-responsive 

OSE2ROOTNODULE CTCTT 8 
-1784, -1526, -1507, -799, -325, -294, 
-287, -247 

9 
-1917, -1334, -1104, -1061, -897, -
783, -325, -292, -35 

Specific to infected cells 
of root nodules 
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POLLEN1LELAT52 AGAAA 16 
-1882, -1531, -1045, -971, -965, -909, 
-814, -752, -748, -713, -704, -452, -
404, -260, -149, -43 

14 
-1965, -1626, -1596, -1548, -1432, -
1428, -1096, -1084, -1070, -1057, -
923, -594, -305, -180 

Pollen-specific expression 

RHERPATEXPA7 KCACGW 1 -551 0 --- 
Root-hair specific 
expression 

ROOTMOTIFTAPOX1 ATATT 16 
-1996, -1993, -1986, -1875, -1872, -
1802, -1601, -1550, -1311, -1272, -
1248, -1199, -896, -848, -845, -637 

24 

-1821, -1814, -1798, -1795, -1663, -

1656, -1631 -1628, -1563, -1552, -
1549, -1516, -1415, -1388, -1385, -
1210, -879, -838, -686, -622, -619, -
573, -570, -491 

Root-specific expression 
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APPENDIX C: Effect of IBA and BAP supplementation in root 

morphology 

Figure S1 – Effect of phytohormones indol-3-acetic aid (IBA) and 6-benzylaminopurine (BAP) on root morphology. (a) 

Elongated root hairs of plants grown on media supplemented with either IBA or BAP, compared to control condition; (b) 

Unspaced lateral root primordia caused by IBA supplementation, compared to shown control conditions. Plants grown on 

BAP, present several lateral root primordia arrested in early stages (zoomed in) throughout the differentiation of the root. 

 

 

  

(a) 

(b) 

Control 

Control 

IBA 

IBA 

BAP 
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APPENDIX D: Differentially expressed genes of microarray data 

analysis 

 

Table S4 – Differentially expressed genes (n=10) of bzip19/23 double mutant’s root tissues, grown on Zn+, compared to 

Col-0 grown on Zn+. 

AGI Log FC Adj. p-value Description 

AT4G35040 -1,15 6,18E-09 bZIP19; Transcription factor bZIP19 

AT2G32270 -0,664 8,48E-08 ZIP3; zinc ion transmembrane transporter 

AT5G24240 -0,572 1,97E-07 PI4Ky3; Phosphatidylinositol 3- and 4-kinase / ubiquitin family protein 

AT3G59930 /// 

AT5G33355 

-0,47 3,96E-05 DELF206; Defensin-like protein 206 /// defensin-like protein 

AT1G05300 -0,389 4,32E-06 ZIP5; Metal ion transmembrane transporter 

AT1G10970 -0,244 0,00145 ZIP4 (ZINC TRANSPORTER 4 PRECURSOR); metal ion 

transmembrane transporter 

AT2G27550 -0,239 0,0271 ATC (ARABIDOPSIS THALIANA CENTRORADIALIS); 

phosphatidylethanolamine binding 

AT5G43500 -0,236 0,000478 ATARP9 (ACTIN-RELATED PROTEIN 9); DNA binding / protein 

binding 

AT3G12750 -0,219 0,0271 ZIP1 (ZINC TRANSPORTER 1 PRECURSOR); metal ion 

transmembrane transporter 

AT5G50400 -0,106 0,0271 PAP27 (PURPLE ACID PHOSPHATASE 27); acid phosphatase/ 

protein serine/threonine phosphatase 
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Table S5 – Differentially expressed genes (n=16) of bzip19/23 double mutant’s root tissues, grown on Zn-, compared to 

Col-0 grown on Zn-. First are presented the upregulated genes (n=2) and afterwards the downregulated (n=14).  

AGI Log FC Adj. p-value Description 

AT2G29130 0,179 0,0106 LAC2 (laccase 2); laccase 

AT1G62310 0,108 0,0304 JMJ29; Transcription factor jumonji domain-containing protein 

    

AT4G35040 -1,090 1,05E-06 bZIP19; Transcription factor bZIP19 

AT2G32270 -0,743 1,45E-08 ZIP3; zinc ion transmembrane transporter 

AT3G59930 /// 

AT5G33355 

-0,716 2,87E-07 DELF206; defensin-like protein 206 /// defensin-like protein 

AT1G05300 -0,671 4,61E-07 ZIP5; cation transmembrane transporter/ metal ion transmembrane 

transporter 

AT5G24240 
 

-0,550 2,70E-07 PI4Ky3; Phosphatidylinositol 3- and 4-kinase / ubiquitin family 

protein 

AT1G10970 -0,516 2,87E-07 ZIP4 (ZINC TRANSPORTER 4 PRECURSOR); metal ion 

transmembrane transporter 

AT3G12750 -0,358 1,47E-05 ZIP1 (ZINC TRANSPORTER 1 PRECURSOR); metal ion 

transmembrane transporter 

AT4G33020 -0,312 0,0017 ZIP9; metal ion transmembrane transporter 

AT5G43500 -0,240 0,000313 ATARP9 (ACTIN-RELATED PROTEIN 9); DNA binding / protein 

binding 

AT1G56430 -0,226 0,00584 NAS4 (NICOTIANAMINE SYNTHASE 4); nicotianamine synthase 

AT5G50400 -0,191 0,000604 PAP27 (PURPLE ACID PHOSPHATASE 27); acid phosphatase/ 

protein serine/threonine phosphatase 

AT1G20380 -0,169 0,0349 POQR; Prolyl-oligopeptidase family protein 

AT1G53490 -0,136 0,00584 HEI10; RING finger-containing protein 

AT4G04990 -0,132 0,0304 DUF761; Serine/arginine repetitive matrix-like protein 

AT3G08040 -0,126 0,0222 FRD3 (FERRIC REDUCTASE DEFECTIVE 3); antiporter/ 

transporter 
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Table S6 – Differentially expressed genes (n=3) of bzip19/23 double mutant’s root tissues, grown on Zn-, compared to 

bzip19/23 grown on Zn+. First are presented the upregulated genes (n=2) and afterwards the downregulated (n=1). 

AGI Log FC Adj. p-value Description 

AT2G26560 0,349 0,0055 PLA2A (PHOSPHOLIPASE A 2A); lipase/ nutrient reservoir 

AT1G71200 0,300 0,0405 CITF1; CU-DEFICIENCY INDUCED TRANSCRIPTION 

FACTOR1 

    

AT1G58340 -0,136 0,0371 ZF14; antiporter/ drug transporter/ transporter 

 

 

Table S7 – Differentially expressed genes (n=5) of bzip19/23 root tissues, grown on Zn++, compared to Col grown on 

Zn++. First is presented the upregulated gene (n=1) and afterwards the downregulated (n=4). 

AGI Log FC Adj. p-value Description 

AT5G15725 0,166 0,00855 GLV9; GOLVEN (GLV)/ROOT GROWTH FACTORS/CLE-Like 

small signalling peptide. 

    

    

AT4G35040 -1,080 8,13E-08 bZIP19; transcription factor bZIP19 

AT5G24240 -0,649 1,51E-07 PI4Ky3; phosphatidylinositol 3- and 4-kinase / ubiquitin family 

protein 

AT2G32270 -0,323 0,00103 ZIP3; zinc ion transmembrane transporter 

AT5G43500 -0,276 0,000505 ATARP9 (ACTIN-RELATED PROTEIN 9); DNA binding / protein 

binding 
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APPENDIX E: Electrophoresis gel images of TCS::GFP and 

pARR5:vYFP crosses 

 

 

 

 

 

 

 

Figure S2 – Multiplex PCR products’ gel of (a) bzip19/23 x TCS::GFP and (b) bzip19/23 x pARR5::vYFP crosses (F2 

generation). Within each gel, the top image is relative to bZIP19 amplification and the bottom relative to bZIP23. MW 

stands for Molecular weight and kb for kilobase pairs. 
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APPENDIX F: Lateral roots of developmental marker lines in 

bzip19/23, bzip19 and bzip23 background 

 

Figure S3 – Lateral root of PIN1-GFP, bzip19/23/PIN1-GFP and bzip23/PIN1-GFP grown in Zn- (0 µM),  Zn+ (15 µM) 

and Zn++ (150 µM). Scale bar: 50 µm. 
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Figure S4 – Lateral roots of DR5::GUS, bzip19/23/DR5::GUS and bzip19/DR5::GUS grown in Zn- (0 µM),  Zn+ (15 µM) 

and Zn++ (150 µM). Scale bar: 50 µm. When the bzip19/23/DR5::GUS is grown in Zn-, the occurrence of lateral roots is 

almost null, being lateral root primordia more frequent or more noticeable (because of the colour), and so, for this situation, 

a photograph of the lateral root primordia is shown. 
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