
OR I G I N A L A R T I C L E

ZRT-IRT-Like PROTEIN 6 expression perturbs local ion
homeostasis in flowers and leads to anther indehiscence and
male sterility

Julien Spielmann1 | Nathalie Detry2 | Noémie Thiébaut1 | Alice Jadoul1 |

Marie Schloesser1 | Patrick Motte1 | Claire Périlleux2 | Marc Hanikenne1

1InBioS-PhytoSystems, Functional Genomics

and Plant Molecular Imaging, University of

Liège, Liège, Belgium

2InBioS-PhytoSystems, Laboratory of Plant

Physiology, University of Liège, Liège, Belgium

Correspondence

Marc Hanikenne, InBioS – PhytoSystems,

University of Liège, Quartier de la Vallée,

1, Chemin de la Vallée, 4 - Bât B22, B4000

Liège, Belgium.

Email: marc.hanikenne@uliege.be

Present address

Julien Spielmann, Plant Science Research

Laboratory (LRSV), UMR5546 CNRS/

University of Toulouse 3, 31320, Auzeville-

Tolosane, France

Funding information

Belgian Federal Science Policy Office, Grant/

Award Number: IAP no. P7/44; Fonds De La

Recherche Scientifique - FNRS, Grant/Award

Numbers: PDR-T.0206.13, MIS-F.4511.16,

CDR J.0009.17, PDR T0120.18; Université de

Liège, Grant/Award Number: SFRD-12/03

Abstract

Metallic micronutrients are essential throughout the plant life cycle. Maintaining

metal homeostasis in plant tissues requires a highly complex and finely tuned net-

work controlling metal uptake, transport, distribution and storage. Zinc and cadmium

hyperaccumulation, such as observed in the model plant Arabidopsis halleri, repre-

sents an extreme evolution of this network. Here, non-ectopic overexpression of the

A. halleri ZIP6 (AhZIP6) gene, encoding a zinc and cadmium influx transporter, in Ara-

bidopsis thaliana enabled examining the importance of zinc for flower development

and reproduction. We show that AhZIP6 expression in flowers leads to male sterility

resulting from anther indehiscence in a dose-dependent manner. The sterility pheno-

type is associated to delayed tapetum degradation and endothecium collapse, as well

as increased magnesium and potassium accumulation and higher expression of the

MHX gene in stamens. It is rescued by the co-expression of the zinc efflux trans-

porter AhHMA4, linking the sterility phenotype to zinc homeostasis. Altogether, our

results confirm that AhZIP6 is able to transport zinc in planta and highlight the impor-

tance of fine-tuning zinc homeostasis in reproductive organs. The study illustrates

how the characterization of metal hyperaccumulation mechanisms can reveal key

nodes and processes in the metal homeostasis network.
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1 | INTRODUCTION

Plants need nutrients such as metal ions for their growth and develop-

ment and, therefore, absorb and distribute those nutrients in adequate

concentrations to all organs and cell types. For this purpose, plants

possess a complex homeostatic network composed of transcriptional

regulators, transmembrane transporters and chelating molecules

enabling the uptake and movement of metal ions from roots to seeds

(Hanikenne, Esteves, Fanara, & Rouached, 2021; Olsen &

Palmgren, 2014; Ricachenevsky, Menguer, Sperotto, & Fett, 2015;

Sinclair & Krämer, 2012; Spielmann & Vert, 2021). Metal availability is

critical for plant reproduction, since reproductive tissues are highly

active and fast-growing tissues, with a high requirement for metals

acting mainly as co-factors (Walker & Waters, 2011). This was shown

by transcriptomic and proteomic analyses during male gametophyte

development within stamens, which revealed that more than

300 metal-related genes are expressed in this organ including numer-

ous metal transporters and zinc-finger proteins (Walker &

Waters, 2011). Consistently, mutations leading to perturbations of

iron, copper or zinc homeostasis often cause sterility. For instance,

ferritin-defective Arabidopsis thaliana mutants display impaired flower

development and seed formation (Ravet et al., 2009). Loss of function
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of transcription factors controlling copper homeostasis (SPL7 and

CITF1) impairs anther dehiscence, pollen abundance and viability (Yan

et al., 2017). The frd3, opt3 or ysl1ysl3 A. thaliana mutants, defective

in metal and/or metal chelator transporters, suffer from pollen viabil-

ity defect or arrested embryo development (Roschzttardtz, Seguela-

Arnaud, Briat, Vert, & Curie, 2011; Stacey et al., 2008; Stacey, Koh,

Becker, & Stacey, 2002; Waters et al., 2006). Similarly, a hma2 hma4

double mutant that is unable to efficiently transfer zinc from roots to

shoots, is also male sterile due to pollen defect (Hussain et al., 2004).

Thus, a finely tuned metal homeostasis is key to ensure a successful

reproduction as well as seed yield and nutritive quality.

During evolution, plants colonized a large variety of environments

that substantially differ in metal availability. An extreme case is repre-

sented by a small number of plant species (around 720) that have

developed a so-called hyperaccumulation strategy and colonize soils

heavily polluted by metals (Hanikenne & Nouet, 2011; Krämer, 2010;

Merlot, de la Torre, & Hanikenne, 2021; Reeves et al., 2018; van der

Ent, Baker, Reeves, Pollard, & Schat, 2013). Hyperaccumulator plants

are highly metal tolerant and actively absorb, efficiently transport and

accumulate metals in shoot tissues (e.g., >3,000 μg.g�1 of zinc in leaf

dry weight) (Krämer, 2010), without toxicity symptoms. Most of these

plants are nickel hyperaccumulators whereas only a few are zinc and

cadmium hyperaccumulators, such as the model species Arabidopsis

halleri (Hanikenne & Nouet, 2011; Krämer, 2010; Merlot et al., 2021;

van der Ent et al., 2013). About 30 candidate genes were identified

for a role in metal hyperaccumulation and hypertolerance in A. halleri

(Krämer, Talke, & Hanikenne, 2007; Merlot et al., 2021; Talke, Han-

ikenne, & Krämer, 2006). Among those, ZIP6 (ZRT-IRT-Like PROTEIN 6)

encodes a zinc and cadmium transporter of the ZIP (ZINC-REGU-

LATED-, IRON-REGULATED-LIKE TRANSPORTER PROTEIN) family,

and is one of the few genes whose function has been experimentally

examined by gene silencing in A. halleri (Spielmann et al., 2020),

together with HMA4 (HEAVY METAL ATPASE 4), NAS2

(NICOTIANAMINE SYNTHASE 2) and CAX1 (CATION EXCHANGER 1)

(Ahmadi, Corso, Weber, Verbruggen, & Clemens, 2018; Deinlein

et al., 2012; Hanikenne et al., 2008). The ZIP6 gene is duplicated in

the A. halleri genome and both copies are constitutively over-

expressed in A. halleri compared to A. thaliana. With highly similar

coding sequences, but very divergent promoters, the two A. halleri

ZIP6 copies (AhZIP6-1 and AhZIP6-2) display partly organ-specific roles

in roots and aerial parts, and differentially impact metal homeostasis

and tolerance in the plant (Spielmann et al., 2020).

Here, we extended the characterization of the AhZIP6 transporter

to its role in flower development and fertility. We showed that in

A. thaliana, the expression level of AhZIP6-1 positively correlated with

a male sterility phenotype resulting from anther indehiscence. Charac-

terization of this phenotype revealed a local perturbation of cation

(magnesium and potassium) homeostasis in stamens of AhZIP6-1

plants. Complementation of male sterility upon co-expression of

AhZIP6-1 and AhHMA4 genetically linked this phenotype to altered zinc

homeostasis. These observations confirmed that ZIP6 is able to trans-

port zinc in planta and highlighted that fine-tuning of the zinc homeo-

stasis network is required for fertility and reproduction in plants.

2 | RESULTS

2.1 | Expression of AhZIP6 causes sterility in
A. thaliana

We used A. thaliana T3 homozygous transgenic lines expressing

AhZIP6 under the control of either pAhZIP6-1 (AhZIP6-1 lines) or

pAhZIP6-2 (AhZIP6-2 lines) promoters (Spielmann et al., 2020) to

examine the impact of AhZIP6 expression on reproduction. AhZIP6-1

homozygous lines harbored smaller siliques (�0.4 cm in length) than

wild-type Col-0 plants (�1.4 cm in length). These small siliques were

unfertilized carpels and no seeds were produced compared to an aver-

age of 51 seeds per silique in Col-0 (Figure 1a,b). In contrast, hetero-

zygous AhZIP6-1 and homozygous AhZIP6-2 plants produced normal

siliques and seeds (Figure 1a,b). To identify whether the lack of fertili-

zation in AhZIP6-1 homozygous lines was due to male and/or female

defects, manual fertilization and reciprocal crossings were performed.

Application of pollen from wild-type or homozygous AhZIP6-1 plants

on stigmata of homozygous AhZIP6-1 plants partially rescued the phe-

notype since 1.36 and 1.01 cm long siliques containing an average of

32 and 18 seeds were produced, respectively (Figure 1a,b). The partial

complementation potentially resulted from the difficulty to apply

enough pollen on the stigmata during hand crossing. These observa-

tions indicated that both female and male gametophytes of AhZIP6-1

plants were functional. Pollen germination assays, as well as lugol and

Alexander staining, further confirmed that pollen grains were viable

(Figure S1). Moreover, self-fertilization of heterozygous AhZIP6-1

plants or manual crossing between heterozygous and homozygous

AhZIP6-1 plants showed Mendelian segregation of the phenotype and

confirmed that male and female gamete fertility were unaltered in

AhZIP6-1 lines (Table 1a,b).

2.2 | Sterility is determined by the inflorescence
genotype

Grafting experiments were next performed to determine which part of

the plant among roots, shoot and inflorescence was responsible for the

observed phenotype. First, grafting shoots of homozygous AhZIP6-1

plants on Col-0 roots did not rescue the silique phenotype, whereas the

plants obtained with the reciprocal grafting had no phenotype

(Figure 2a), indicating a shoot-dependent phenotype. Second, floral stem

grafting was performed. Homozygous AhZIP6-1 floral stems grafted on

Col-0 plants developed short siliques (�0.42 cm in length), although the

inflorescences formed on the axillary branches of the Col-0 rosettes

developed ‘normal’ siliques (�0.91 cm in length). Reciprocally, Col-0 flo-

ral stems grafted on homozygous AhZIP6-1 plants developed normal

siliques (�0.96 cm in length) and axillary floral stems formed in the

AhZIP6-1 rosettes displayed unfertilized carpels (�0.4 cm in length)

(Figure 2b). Note that in all grafting experiments, fertilized siliques were

smaller than in un-grafted controls, probably because of the stressful

procedure. Taken together, these experiments indicated that the sterility

phenotype was due to a local perturbation in AhZIP6-1 flowers.
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2.3 | Sterility correlates with ZIP6 expression level
in flowers

Two observations suggested that ZIP6 gene dosage in flowers may

be key to determine the sterility phenotype. First, the sterility phe-

notype was only observed in homozygous AhZIP6-1 plants and not

in the heterozygous lines (Figure 1). Second, we have shown that

AhZIP6-1 and AhZIP6-2 have distinct expression patterns, with

AhZIP6-1 and AhZIP6-2 being predominantly expressed in shoots

and roots, respectively (Spielmann et al., 2020). To determine if ste-

rility in AhZIP6-1 plants was a consequence of local differences in

ZIP6 expression level in flowers, silique size (as a proxy for sterility)

and AtZIP6 and AhZIP6 expression levels were scored simultaneously

in individual plants of different genotypes: Col-0, homozygous

AhZIP6-1 or AhZIP6-2 plants and heterozygous AhZIP6-1 plants. In

our growth conditions, 22.3% of Col-0 siliques were found to be

short and/or unfertilized (Figure 3a) while this proportion was 96.8%

in AhZIP6-1 homozygous plants. Heterozygous AhZIP6-1 and homo-

zygous AhZIP6-2 plants displayed an intermediate phenotype with

39.8% and 26.3% of unfertilized siliques, respectively, which was not

significantly different from Col-0 (Figure 3a). Regarding the expres-

sion level of AhZIP6-1, it was 10-fold higher than AtZIP6 in Col-0,

AhZIP6-1 or AhZIP6-2 plants and two-fold higher in homozygous

AhZIP6-1 than in heterozygous AhZIP6-1 or homozygous AhZIP6-2

plants (Figure 3b). Sterility and total ZIP6 expression level (AtZIP6 +

AhZIP6) in inflorescences of AhZIP6-1 and AhZIP6-2 plants were pos-

itively correlated (Figure 3c) suggesting that the sterility phenotype

was a direct consequence of ZIP6 expression.

F IGURE 1 Silique length and number of seeds per silique in A. thaliana expressing AhZIP6. (a) Pictures of inflorescence (top) or silique
(bottom) and (b) silique length and number of seeds per silique in different genotypes of A. thaliana and after different crosses. The mother plants
for crosses (x) always had a homozygote pAhZIP6-1::AhZIP6 genotype. Red and orange arrowheads point to short and complemented siliques,
respectively. Values (means ± SEM; from one experiment representative of two independent experiments, with for self-pollination, 20 siliques for
three independent lines per genotype and, for crosses, 6–19 siliques from successful crosses). Data were analysed by one-way ANOVA followed
by Tukey multiple comparison post-test. Statistically significant differences between means are indicated by letters (p < .05). Scale bars: 5 mm
[Colour figure can be viewed at wileyonlinelibrary.com]
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2.4 | Male sterility results from anther
indehiscence

Detailed observation of stamens of homozygous AhZIP6-1 plants rev-

ealed that pollen was not properly released due to anther dehiscence

failure (Figure 4a). Cross sections were performed at flower develop-

ment stages 9, 11 and 13 [according to Sanders et al., 1999]. As

expected, in wild-type and AhZIP6-2 anthers, tapetum degeneration

occurred between stages 9 and 11, whereas in the AhZIP6-1 lines,

tapetum was still present at stage 11 indicating a delay in tapetum

degeneration (Figure 4b and Figure S2). Moreover, endothecium

thickening and lignification were not observed in the AhZIP6-1 anthers

in contrary to wild-type and AhZIP6-2 anthers (Figure 4c).

To link these observations to the local expression pattern of ZIP6

in the anthers, promoter-GUS reporter lines were analysed. The

AhZIP6-1 promoter (pAhZIP6-1) drove strong GUS expression in the

filament and anthers, mainly in the stamen connective tissue

(Figure 4d). In contrast, the AhZIP6-2 promoter (pAhZIP6-2) was

barely active in flowers (Figure 4d). Similar patterns were found in

A. halleri, indicating conserved regulation of the AhZIP6 copies when

heterologously expressed under the control of their native promoter

in A. thaliana (Figure S3). ZIP6 transcript quantification in Col-0,

AhZIP6-1 and AhZIP6-2 plants confirmed that AhZIP6-1 was strongly

expressed in stamens, �5- and 2-fold higher than AtZIP6 and

AhZIP6-2, respectively (Figure 4e). Differences in AhZIP6-1 and

AhZIP6-2 expression levels were observed in inflorescences, flowers

and stamens (Figures 3b and 4e). However, relative AhZIP6-1 expres-

sion was two-fold higher in stamens than in flowers or inflorescences,

confirming the localized perturbation (Figures 3b and 4e).

2.5 | Magnesium and potassium concentrations
are perturbed in AhZIP6-1 stamens

As AhZIP6 is a zinc transporter (Spielmann et al., 2020), we next

assessed whether a change in zinc supply could complement the male

sterility phenotype of the AhZIP6-1 plants. Col-0, AhZIP6-1 and

AhZIP6-2 plants were therefore grown in hydroponics and, after

3 weeks in control conditions (1 μM Zn), were exposed to zinc defi-

ciency (0 μM Zn) or zinc excess (10 and 20 μM) until silique formation

(around 5 weeks). No effect of zinc supply on the phenotype of

AhZIP6-1 lines was observed (Figure S4A).

TABLE 1 Analysis of gamete fertility

(a) Segregation of AhZIP6-1 heterozygote plant progenies

WT (%) HT (%) HM (%) Total

Theoretical NA 66.6 33.3 N = 900

Experimental NA 68.8 31.2

(b) Segregation of a cross between plants homozygote and
heterozygote for AhZIP6-1

WT (%) HT (%) HM (%) Total

Theoretical 0 50 50 N = 302

Experimental 0 49.3 50.7

Note: Segregation analysis in the progeny of self-pollinated pAhZIP6-1::

AhZIP6 heterozygote A. thaliana plants (a) and of hand crosses between

pAhZIP6-1::AhZIP6 heterozygote (HT) and homozygote (HM) A. thaliana

plants (b). (a) Plants were genotyped by PCR after germination under

antibiotic selection. Therefore, no wild-type progeny (WT) was recovered.

NA: not applicable. (b) Segregation was scored upon visual observation of

the silique phenotype. Data were obtained from three independent lines.

F IGURE 2 Reciprocal grafting of Col-0 and pAhZIP6-1::AhZIP6 root and floral stems. Silique length of plants after root (a) and floral stem
(b) grafting between homozygous plants expressing pAhZIP6-1::AhZIP6 (in orange) and Col-0 (in black). Values are means ± SEM of 5–7 (a) or 5–
11 (b) independently grafted plants per genotype, with a minimum of 10 siliques per plant, respectively. Data were analysed by one-way ANOVA
followed by Tukey multiple comparison post-test (a) or by two-way ANOVA followed by Bonferroni multiple comparison post-test (b).
Statistically significant differences between means are indicated by letters (p < .05) or by asteriks (***p < .001) [Colour figure can be viewed at
wileyonlinelibrary.com]
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To check whether the homeostasis of other ions was affected by

AhZIP6-1 expression, the ionomes (11 elements) of whole flowers and

isolated stamens were analysed in plants grown on soil. The expres-

sion of either AhZIP6 copies had no impact on the ionome of whole

flowers or on the concentration of zinc in the stamens (Figure 5c). In

contrast, an increased accumulation of magnesium (+30%) and potas-

sium (+58%) was observed in the stamens of AhZIP6-1 lines compared

to Col-0 and AhZIP6-2 lines (Figure 5a,b). A simultaneous depletion of

magnesium and potassium in the medium (0 mM instead of 0.75 mM

and 1.58 mM respectively) was not able to restore the fertility of

AhZIP6-1, comforting the hypothesis of a local perturbation

(Figure S4B).

AhZIP6 being a divalent cation transporter, we thus tested its

ability to transport magnesium and thereby complement the CM66

F IGURE 3 Relationship between ZIP6 expression and fertility. (a) Determination of the proportion of unfertilized carpels of transgenic
A. thaliana plants expressing pAhZIP6-1::AhZIP6 (AhZIP6-1), pAhZIP6-2::AhZIP6 (AhZIP6-2) or in Col-0 (AtZIP6) grown on soil (long days). Values
(means ± SEM) are from three biological replicates per line and at least 30 siliques per line. (b) Relative transcript levels (RTL) of ZIP6 (AtZIP6
+ AhZIP6) in inflorescence of the same plants. Values (means ± SEM) are from three biological replicates per line for two or three lines per
genotype (Spielmann et al., 2020) and are relative to EF1a and At1g58050. (a and b) Data were analysed by one-way ANOVA followed by Tukey
multiple comparison post-test. Statistically significant differences between means are indicated by letters (p < .05). (c) Correlation analysis
(Pearson test) of silique length (a) and total ZIP6 (AtZIP6 + AhZIP6) expression (b). Note that AtZIP6, AhZIP6-1 and AhZIP6-2 were amplified with
specific primers (b, c) and these expression values were summed up in the correlation analysis (c) for AhZIP6-1 and AhZIP6-2 lines

ZINC HOMEOSTASIS AND MALE STERILITY 5



yeast strain that lacks the two main magnesium transporters (ALR1

and ALR2) (Li, Tutone, Drummond, Gardner, & Luan, 2001). This strain

is unable to grow on a standard synthetic medium and we observed

that constitutive expression of AhZIP6 failed to rescue this phenotype,

suggesting that AhZIP6 is not able to transport magnesium

(Figure 5d).

Finally, to further examine the possible cause of magnesium accu-

mulation in AhZIP6-1 stamens, we measured the transcript levels of

F IGURE 4 Legend on next page.
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the MHX gene, which encodes a zinc and magnesium vacuolar trans-

porter that is more abundant in A. halleri shoots than in A. thaliana

(Elbaz et al., 2006). MHX transcript levels were around 40% higher in

stamens of AhZIP6-1 lines compared to Col-0 and AhZIP6-2 lines

(Figure 5e). At the whole flower level, no difference in MHX expres-

sion was found between the three genotypes, which suggested a local

effect in stamens (Figure 5e).

2.6 | Expression of AhHMA4 complements the
male sterility of AhZIP6-1 lines

As AhZIP6 is hypothesized to mediate zinc (and cadmium) ion influx

into the cytoplasm (Spielmann et al., 2020), we next tested the possi-

bility to alter the phenotype of the AhZIP6-1 plants by overexpressing

the HMA4 gene, encoding a plasma membrane-localized zinc efflux

F IGURE 4 Characterization of anther development in A. thaliana expressing AhZIP6. (a) Pictures of flowers and stamens (developmental stage
13) of Col-0 and homozygous plants expressing pAhZIP6-1::AhZIP6 (AhZIP6-1) or pAhZIP6-2::AhZIP6 (AhZIP6-2). Cross-section of anthers, stained
with Toluidine Blue (developmental stage 11) (b) or, Phloroglucinol (developmental stage 13) (c), in genotypes presented in (a). White, orange, red,
green and blue arrows highlight respectively the tapetum, the endothecium secondary thickening, the lack of endothecium secondary thickening
and the presence or absence of lignified structure in the endothecium. (d) Histochemical detection of GUS activity (blue) directed by the pAtZIP6,
pAhZIP6-1 or pAhZIP6-2 promoters in flowers and stamens. Pictures (a, b, c and d) are representative of six independent lines per construct.
(e) Relative transcript levels (RTL) of ZIP6 (AtZIP6 + AhZIP6) in transgenic homozygous A. thaliana plants expressing pAhZIP6-1::AhZIP6
(AhZIP6-1), pAhZIP6-2::AhZIP6 (AhZIP6-2) or in Col-0 (AtZIP6) grown on soil (long days). Values (means ± SEM; for stamens, from two biological
replicates each consisting of 800 stamens per genotype, and for flowers, from three biological replicates each consisting of 40 flowers per
genotype) are relative to EF1a and At1g58050. Statistically significant differences of means between genotypes within a tissue are indicated by

asteriks (*p < .05, **p < .01, ***p < .001) and between tissues within a genotype by different letters (p < .05, capital letters: AhZIP6-1, lowercase
italic letters: AhZIP6-2, capital letters in italic: Col-0). Scale bars: 1 mm (flower), 200 μm (stamen) and 50 μm (stamen cross-sections) [Colour figure
can be viewed at wileyonlinelibrary.com]

F IGURE 5 Consequences of AhZIP6 expression on the flower and stamen ionome. (a) Magnesium, (b) potassium and (c) zinc concentrations in
flowers and stamens of transgenic homozygous A. thaliana plants expressing pAhZIP6-1::AhZIP6 (AhZIP6-1), pAhZIP6-2::AhZIP6 (AhZIP6-2) or in
Col-0 plants grown on soil (long days). Values are means ± SEM, with for stamens, three biological replicates each consisting of 100 stamens from
three independent lines and for flowers, two biological replicates each consisting of 40 flowers from three independent lines. (d) Expression of
AhZIP6 or the empty vector (ev, pFL38) in the magnesium-sensitive alr1alr2 double mutant (CM66) and the parental strain CM52. The CM66

strain is unable to grown in control condition (4 mM Mg). Transformants were serially diluted at OD600 of 0.2, 0.02, 0.002 (left to right) and
spotted on SC-Leu medium with control (4 mM) and excess (250 mM) magnesium concentrations. Pictures were taken after 4 days of incubation
at 30�C and are representative of two independent experiments, each including three independent transformants. (e) Relative transcript levels
(RTL) of MHX in transgenic homozygous A. thaliana plants expressing pAhZIP6-1::AhZIP6 (AhZIP6-1), pAhZIP6-2::AhZIP6 (AhZIP6-2) or in Col-0
grown on soil (long days). Values (means ± SEM; for stamens, from two biological replicates each consisting of 800 stamens per genotype, and for
flowers: from three biological replicates each consisting of 40 flowers per genotype) are relative to EF1a and At1g58050. Data were analysed by
two-way ANOVA followed by Bonferroni multiple comparison post-test (a, b, c and e). Statistically significant differences of means between
genotypes within a tissue are indicated by asteriks (**p < .01, ***p < .001) and between tissues within a genotype by different letters (p < .05,
capital letters: AhZIP6-1, lowercase letters: AhZIP6-2, capital letters in italic: Col-0) [Colour figure can be viewed at wileyonlinelibrary.com]
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transporter. HMA4 is highly expressed in A. halleri and plays a key role

in pumping zinc in seeds in A. thaliana (Hanikenne et al., 2008;

Hussain et al., 2004; Olsen et al., 2016). AhZIP6-1 plants were crossed

with lines expressing AhHMA4 under the control of the pAhHMA4-2

promoter (Nouet et al., 2015). The F2 plants were sorted in three

groups: (a) heterozygote for AhZIP6 and homozygote for AhHMA4

(Zo-HH), (b) homozygote for AhZIP6 and heterozygote for AhHMA4

(ZZ-Ho) and (c) the double homozygotes (ZZ-HH). These F2 plants as

well as control plants (Zo-oo, oo-HH and oo-oo) were then grown on

soil and fertility was assessed by visual determination of the silique

length. If the expression of AhHMA4 had no effect on the phenotype,

the expectation was that all ZZ plants should be sterile. However,

27.4% of ZZ-Ho plants and the majority (77.6%) of ZZ-HH plants

were fertile with normal silique lengths (Figure 6a). This suggested

that (a), at the homozygote state, expression of AhHMA4 in the

AhZIP6-1 background complemented the phenotype, (b) that this com-

plementation was sensitive to AhHMA4 gene dosage and therefore

(c) that the male sterility phenotype possibly resulted from altered

zinc allocation. To support these conclusions, the expression pattern

of the GUS gene under the control of pAhHMA4-2 was determined in

flowers. pAhHMA4-2 was active in petal and sepal vascular tissues, in

the stigma, in filaments and in the connective of the stamens

(Figure 6b). This expression pattern was highly similar to the activity

profile of pAhZIP6-1 (Figure 4d) and this co-localization supported

the hypothesis that AhHMA4 expression could locally complement the

negative impact of AhZIP6-1 on male fertility.

3 | DISCUSSION

Zinc is a metal micronutrient with an important, but largely unknown,

function in pollen formation or more generally in plant reproduction

(Curie et al., 2009; Jochner et al., 2013; Pandey, Pathak, &

Sharma, 2006). So far, only few zinc finger proteins have been linked

to anther and pollen development (D'Ippolito, Arias, Casalongue,

Pagnussat, & Fiol, 2017; Kapoor, Kobayashi, & Takatsuji, 2002; Xu

et al., 2020). Here, we showed that expression of AhZIP6-1, encoding

a zinc and cadmium transporter in A. halleri (Spielmann et al., 2020),

strongly caused male sterility in A. thaliana due to anther indehiscence

(Figures 3 and 4). As pollen grains were fully functional (Table 1),

anther indehiscence was also responsible for an apparent lower pollen

germination in AhZIP6-1 lines (Figure S1A). We acknowledge that the

sterility phenotype observed in the AhZIP6-1 lines is the result of the

cumulative expression of AtZIP6 and AhZIP6-1. However, the contri-

bution of AtZIP6 to the total ZIP6 expression is minor (<10%–20%)

and �3-5-fold smaller than the difference of AhZIP6 expression

between AhZIP6-1 heterozygous (no phenotype) and homozygous

(phenotype) lines (Figures 1, 3a,b and 4e).

Anther cross sections revealed that the indehiscence phenotype

was linked to two developmental defects in AhZIP6-1 lines. First, the

tapetum degradation was delayed during stamen maturation

(Figure 4b and Figure S2). The main function of this cell layer is, upon

degradation, to provide nutrients to pollen grains (Gomez, Talle, &

Wilson, 2015; Pacini, 2010; Pacini, Franchi, & Hesse, 1985). Most

mutations impacting tapetum function lead to pollen development

problems (Albrecht, Russinova, Hecht, Baaijens, & de Vries, 2005; Col-

combet, Boisson-Dernier, Ros-Palau, Vera, & Schroeder, 2005; Yang

et al., 2003; Yang, Vizcay-Barrena, Conner, & Wilson, 2007; Zhu

et al., 2008). The expression of AhZIP6-1 did not impact pollen viabil-

ity, germination or starch content (Figure S1) suggesting that the main

tapetum function was not impacted. However, the degradation of the

tapetum cell layer occurred later in AhZIP6-1 plants compared to

Col-0 or AhZIP6-2 plants (Figure 4b and Figure S2). A delay in tapetum

degradation was shown to lead to a delay of dehiscence, suggesting

this process to be essential for proper anther opening (Gomez

et al., 2015; Kim et al., 2010). We therefore hypothesize that indehis-

cence of AhZIP6-1 anthers is, at least in part, a consequence of del-

ayed tapetum degeneration. Second, another point revealed by anther

F IGURE 6 Complementation of the male sterility in pAhZIP6-1::
AhZIP6 A. thaliana plants by pAhHMA4-2::AhHMA4. (a) pAhZIP6-1::
AhZIP6 and pAhHMA4-2::AhHMA4 homozygous plants were crossed
and the proportion (%) of plants harboring the sterility phenotype was
scored in the F2 progeny (means ± SEM from two independent
experiments, each including three to six plants per genotype). The
genotype of the plants is indicated as follows: ZZ, homozygote for
pAhZIP6-1::AhZIP6; Zo, heterozygote for pAhZIP6-1::AhZIP6; HH,
homozygote for pAhHMA4-2::HMA4; Ho, heterozygote for
pAhHMA4-2::HMA4; oo: wild-type allele. The phenotype was visually
determined by scoring the silique length. Plants with only unfertilized
carpels are in dark grey, plants with both unfertilized and normal
siliques are in light grey and plants with only normal siliques are in
white. Data were analysed by one-way ANOVA comparing the
proportion of normal siliques between genotypes followed by Tukey

multiple comparison post-test. Statistically significant differences
between means are indicated by different letters (p < .05).
(b) Histochemical detection of GUS activity (blue) directed by the
pAhHMA4-2 promoter in flowers and stamens of A. thaliana. Scale
bars: 1 mm (flower) and 200 μm (stamen) [Colour figure can be
viewed at wileyonlinelibrary.com]
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cross-section observations was a collapsing of the endothecium in

AhZIP6-1 plants due to a lack of lignification of the cell wall of endo-

thecium cells (Figure 4b,c). The endothecium has key functions in pro-

curing forces enabling anther opening (Dawson et al., 1999;

Keijzer, 1987; Scott, Spielman, & Dickinson, 2004; Villarreal

et al., 2009; Wilson, Song, Taylor, & Yang, 2011). Mutations affecting

endothecium development and thickening lead to male sterility phe-

notypes due to anther indehiscence (Brown, Zeef, Ellis, Goodacre, &

Turner, 2005; Jung et al., 2008; Kim, Jung, Jeung, & Shin, 2012;

Mitsuda et al., 2007; Mitsuda, Seki, Shinozaki, & Ohme-Takagi, 2005;

Steiner-Lange et al., 2003; Yang et al., 2007). The secondary thicken-

ing of the endothecium did not occur in AhZIP6-1 plants, with a col-

lapsing of this cell layer (Figure 4b). Therefore, mechanical forces

essential for anther dehiscence were not produced, affecting pollen

release by AhZIP6-1 anthers and leading to sterility.

Anther indehiscence in AhZIP6-1 A. thaliana plants was associated

with increased potassium and magnesium accumulation in stamens

(Figures 4 and 5), possibly accounting for male sterility. Indeed, altered

accumulation of potassium, affecting osmotic pressure and water

movement, has been linked to altered anther dehiscence (Bassil

et al., 2011; Bock et al., 2006; Jakobsen et al., 2005; Matsui, Omasa, &

Horie, 2000; Rehman & Yun, 2006; Wei et al., 2018; Wilson

et al., 2011). For instance, potassium concentration was shown to

increase during anther maturation in barley, with, in particular, accu-

mulation of potassium in the stomium area (Rehman & Yun, 2006)

which has a key role in anther dehiscence (Scott et al., 2004). Potas-

sium accumulation in indehiscent AhZIP6-1 anthers could be seen as

an ultimate effort of the plant to force dehiscence. Testing this

hypothesis will require the identification of the transporter(s) respon-

sible for potassium accumulation in the anthers, and their analysis in

AhZIP6-1 plants. It may also be interesting to measure potassium con-

tent in other indehiscent anther mutants (Kim et al., 2010; Sanders

et al., 1999).

Ionome profiling of AhZIP6-1 indehiscent anthers also revealed a

magnesium accumulation (Figure 5a). Proper magnesium homeostasis

has been linked to plant reproduction, especially to pollen development

(Chen et al., 2009; Dhaka et al., 2020; Li et al., 2008; Mueller-Roeber &

Arvidsson, 2009; Xu et al., 2015). For instance, the magnesium trans-

porter MGT5 is important for tapetum function (Xu et al., 2015). In

AhZIP6-1 plants, the MHX gene (Figure 5e), encoding a zinc and magne-

sium vacuolar transporter (Shaul et al., 1999), was induced in stamens,

which may account for magnesium accumulation there (Figure 5a). The

higher expression of MHX in AhZIP6-1 stamens may compensate the

zinc homeostasis perturbation due to the higher expression of ZIP6, as

found in A. halleri. Indeed, the MHX protein levels are higher in

A. halleri shoots compared to A. thaliana (Elbaz et al., 2006), and this

may counterbalance the higher ZIP6 expression in A. halleri.

Although, at an organ level, zinc concentration was not altered in

anthers of AhZIP6-1 lines (Figure 5c), we observed that the male steril-

ity could be rescued by the expression of AhHMA4 in these lines,

suggesting that anther indehiscence primarily resulted from altered

zinc distribution in anther cells or tissues (Figure 6a). As the HMA4

and ZIP6 proteins are driving zinc transport in opposite directions, out

of the cytoplasm for HMA4 and to the cytoplasm for ZIP6

(Guerinot, 2000; Hanikenne et al., 2008; Hussain et al., 2004; Talke

et al., 2006; Williams & Mills, 2005), at a cellular level, HMA4 expres-

sion likely counterbalances the deleterious action of ZIP6 in

A. thaliana stamens (Figure 6a). Increased magnesium and potassium

levels, and the consecutive anther indehiscence phenotype, would

thus result from processes (e.g., high MHX expression) compensating

altered zinc homeostasis in AhZIP6-1 lines. Several zinc finger proteins

were identified to be involved in tapetum degeneration (Kapoor

et al., 2002; Zhang et al., 2008). Altered zinc homeostasis may affect

the function of these proteins and lead to the developmental defects

observed in AhZIP6-1 anthers (Figure 4). Many metal homeostasis

mutants (e.g., frd3, hma2hma4, nas4x-2 or ysl1ysl3) display altered

anther and/or pollen development, which has been linked to zinc

and/or iron deficiency in flowers (Hermand et al., 2014; Hussain

et al., 2004; Roschzttardtz et al., 2011; Schuler, Rellán-�Alvarez, Fink-

Straube, Abadia, & Bauer, 2012; Waters et al., 2006), highlighting the

importance of proper metal homeostasis for male fertility.

The expression patterns of AhZIP6-1 and AhZIP6-2 in stamens of

A. thaliana and A. halleri were very similar (Figure 4 and Figure S3),

suggesting conserved cis regulation as in root and shoot tissues

(Spielmann et al., 2020). In both species, AhZIP6-1 was highly

expressed in stamen connective and, in contrast, AhZIP6-2 expression,

as evidenced by GUS staining, was not detectable. However, AhZIP6-1

expression triggers male sterility in A. thaliana and not in A. halleri. We

hypothesize that in A. halleri, the undesirable effects of AhZIP6 in sta-

mens are compensated by AhHMA4, which has an expression profile

very similar to AhZIP6-1 in stamens (Figures 4 and 6) and is constitu-

tively overexpressed in A. halleri (Hanikenne et al., 2008). This mecha-

nism is therefore reconstituted in AhZIP6-1/AhHMA4 double

homozygous lines in A. thaliana as discussed above. This suggests that

a fine balance among overexpressed zinc transporter genes is required

in A. halleri to enable zinc hyperaccumulation while maintaining key

developmental processes such as reproduction.

In summary, in this study, the different overexpression levels of

AhZIP6-1 and AhZIP6-2 in A. thaliana, without ectopic pattern – their

expression pattern is similar to the endogenous AtZIP6 –, allowed to

shed light on the link between zinc and fertility. Our data highlight the

need for optimal zinc homeostasis for stamen development and pollen

release. Moreover, although it only moderately affects the ionome of

the plants, as previously reported (Spielmann et al., 2020), the pres-

ented data support the working hypothesis that AhZIP6 is key to fine-

tune metal distribution at local scale, controlling metal homeostasis in

specific cell-types (Spielmann et al., 2020). Finally, this study illustrates

how the characterization of metal hyperaccumulation mechanisms can

reveal key nodes and processes in the metal homeostasis network.

4 | METHODS

4.1 | Plant material, growth conditions and
transformation

Arabidopsis thaliana (accession Columbia-0, Col-0) and A. halleri ssp.

halleri (accession Langelsheim) were used for all experiments. The
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AhZIP6-1, AhZIP6-2, AhHMA4 lines represent Col-0 plants expressing

AhZIP6 under the control of the pAhZIP6-1 and pAhZIP6-2 promoters

(Spielmann et al., 2020) or AhHMA4 under the control of the

pAhHMA4-2 promoter (Nouet et al., 2015), respectively. Note that

the two AhZIP6 copies mostly differ in promoter sequences and have

almost identical coding sequences (Spielmann et al., 2020). The

pAhZIP6-1::GUS, and pAhZIP6-2::GUS lines in A. thaliana or A. halleri

were previously described (Spielmann et al., 2020), and pAhHMA4-2::

GUS A. thaliana lines are Col-0 expressing the construct described in

the ‘Cloning and DNA manipulation’ section below. Seeds were

surface-sterilized using chloral vapor, and sown on solid agar (0.8%

w/v; Select Agar; Sigma Aldrich) ½ MS medium (Duchefa Biochimie)

supplemented with sucrose (1% w/v; Duchefa Biochimie) and placed

at 4�C for 2 days (A. thaliana) or 2 weeks (A. halleri). Two weeks after

germination, A. thaliana seedlings were transferred on soil or in hydro-

ponic trays (Araponics). For hydroponic experiments, plants were

grown for 3 weeks in control Hoagland medium, then submitted to

experimental conditions until silique development. The nutrient solu-

tion was exchanged with a fresh medium once a week. The control

Hoagland medium was modified as in (Hanikenne et al., 2008; Talke

et al., 2006) and included 1 μM zinc (ZnSO4.H2O) and 10 μM FeIII-

HBED [N,N0-di (2-hydroxybenzyl) ethylenediamine N,N0-diacetic acid

monohydrochloride]. Zinc was omitted from the medium for defi-

ciency experiments and 10 μM or 20 μM zinc were added for a weak

or strong excess, respectively. Plants were cultivated in climate-

controlled growth chambers at 20�C (night and day), with either a

photoperiod of 8 hr (short days, for vegetative A. thaliana experi-

ments) or 16 hr (long days, for A. thaliana flowering experiments) light

(100 μmol photon m�2 s�1). To obtain flowers of A. halleri, plants

propagated by cutting were cultivated a couple of months at 20�C

(long days), then cold-treated (at least 8 weeks at 4�C, short days) and

placed back to 20�C (long days) until flowering. Details on experimen-

tal replication are provided in figure legends.

4.2 | T-DNA mapping and plant genotyping

As homozygous AhZIP6-1 A. thaliana lines were male sterile,

phenotyping experiments were performed by selecting vegetative

homozygous plants from segregating populations. This required prior

identification of homozygous plants by genotyping. To achieve this, the

insertion sites of pAhZIP6-1::AhZIP6 T-DNA in the genome of three

independent lines were first mapped using a HiTAIL-PCR approach as

described (Liu & Chen, 2007). Two successive PCR were required: (a) a

degenerated primer (50-acgatggactccagagcggccgcvnvnnnggaa-30) was

combined to a T-DNA specific primer (50-ttcccagataagggaattagggttc-30)

for a first PCR and (b) a primer (50-acgatggactccagag-30) specific to the

degenerate primer was combined to a second T-DNA specific primer

(50-acgatggactccagtccggccgtttcgctcatgtgttgagcatataag-30) in a second

PCR. The amplified segments were cloned into the pJET1.2/blunt clon-

ing vector (ThermoFischer Scientific), sequenced and mapped to the

A. thaliana genome to identify the T-DNA insertion site. Based on this,

three primers were designed for genotyping each line: (a) a forward

primer upstream of the insertion site (primer A), (b) a reverse primer

downstream of the insertion site (primer B) and (c) a reverse primer

specific of the T-DNA (primer C) (Table S1). Two PCRs were performed

on genomic DNA of each plant and plants with a negative first PCR

(primer A + B) and a second positive PCR (primer B + C) were deter-

mined as homozygote for AhZIP6-1.

4.3 | Measurement of silique length and seed
counting

Silique length was measured using a ruler. The same siliques were

then discoloured by two successive 48 hr of incubation in 70% etha-

nol. The number of seeds per silique was then counted using a Nikon

SMZ1500 binocular.

4.4 | Crosses and segregation analysis

As their pollen was not released, homozygote AhZIP6-1 A. thaliana

plants were always used as mother plants in crosses. Pollen was

from heterozygote and homozygote AhZIP6-1, homozygous

pAhHMA4-2::AhHMA4 or Col-0 plants. For segregation analysis,

seeds from heterozygote AhZIP6-1 plants (three independent

lines) were germinated on ½ MS agar medium with 1% sucrose and

antibiotic selection (kanamycine, 50 μg/ml, Duchefa Biochemie).

Seedling were genotyped as described above by PCR. Pollen fertil-

ity was determined by silique phenotypical analysis of the F1

plants of crosses between heterozygote and homozygote

AhZIP6-1 plants.

4.5 | Histochemical staining

GUS staining was performed as described (Jefferson, Kavanagh, &

Bevan, 1987). Samples were incubated between 30 min and 24 hr in

staining solution. Tissues were then fixed and discoloured as

described (Hanikenne et al., 2008).

Lugol staining was performed on pollen grains. Stamens were

manually opened using tweezers. Pollen grains were then placed on

microscope slide by strumming stamen and a drop of 100% lugol was

added. After a 2 min incubation at room temperature, pictures were

taken using a Nikon SMZ1500 binocular.

For Alexander staining, yellow but not yet opened stamens [anther

development stage 11 or 12 according to Sanders et al., 1999 and

flower development stage 12 according to Alvarez-Buylla et al., 2010]

were placed in Alexander staining solution (Alexander, 1969) and incu-

bated 5 hr at 50�C. Stamens were then washed with distilled water.

Stained stamens were placed between microscope slide and lamella,

and stamens were opened by gentle circular squashing. Pictures were

taken using a Nikon SMZ1500 binocular.
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4.6 | Pollen germination assay

Pollen grains and stamens were deposited on a pollen germination

medium as described (Boavida & McCormick, 2007; Johnson-

Brousseau & McCormick, 2004) and the plates were incubated 24 hr

at 25�C in a high humidity environment. Pictures were then taken

with a Nikon SMZ1500 binocular.

4.7 | Root and floral stem grafting

Root grafting were inspired by Turnbull, Booker, and Leyser (2002). A

sterile glass microscope slide was placed on a solid ½ MS + 1% sucrose

plate. On this slide, seedlings with two- to three-centimetre-long roots

were placed with the root in contact with the medium whereas hypo-

cotyls and cotyledons were in contact with the glass slide to prevent the

development of adventitious roots. Both cotyledons were removed using

a scalpel and hypocotyls were horizontally cut in their middle. Shoots

were moved to their new roots and closely joined. After a 1 week of

growth, adventitious roots were cut using a scalpel. The plants were then

transferred on soil and grown until flowering. Floral stem grafting was

performed as described in Nisar, Verma, Pogson, and Cazzonelli (2012).

4.8 | Gene expression analyses

Total RNA was extracted from plant tissues (100 mg for inflores-

cences, 20 flowers or around 800 stamens) using the NucleoSpin®

RNA Plant Kit (Macherey-Nagel). cDNAs were synthesized with the

RevertAid H Minus First Strand cDNA Synthesis Kit (ThermoFisher

Scientific) using Oligo(dT) and 1 μg of total RNAs. cDNA were 50-fold

diluted and quantitative PCR, quality control and primer efficiency

correction were done as described (Spielmann et al., 2020). Relative

transcript level normalization was performed using At1g58050 and

EF1a (Nouet et al., 2015). Primer sequences are provided in Table S2.

4.9 | Cloning and DNA manipulation

The pAhHMA4-2::AhHMA4 construct was described in Nouet

et al. (2015). The pAhHMA4-2::GUS was obtained by extending in 50

the short pAhHMA4-2 fragment (1,281 bp) described in Hanikenne

et al. (2008) with a 982 bp fragment from the longer pAhHMA4-2

promoter described in Nouet et al. (2015).

4.10 | Histological sections

Samples were fixed overnight in FAA (37% Formaldehyde: Ethanol:

Acetic Acid, 2:17:1 v:v) at 4�C. After dehydration in a graded ethanol

series, samples were cleared in Histo-Clear, embedded in paraffin and

sectioned at 5 μm with a microtome. For Toluidine Blue staining, sec-

tions were stained in aqueous 0.2% Toluidine Blue for 1 min before

rinsing and mounting in Entellan (Merck 107,961). For Phloroglucinol

staining, sections were incubated 1 hr at room temperature in a 2%

(w/v) Phloroglucinol in 100% EtOh. Then, sections were mounted

with 18.5% (v/v) HCl.

4.11 | Analysis of metal contents

Stamens (100/sample) were digested with 3 ml of ≥65% HNO3 (Sigma-

Aldrich) using a DigiPrep Graphite Block Digestion System (SCP Sci-

ence) as follows: 10 min at 45�C, 10 min at 65�C and 90 min at 105�C.

Once cooled, sample volumes were adjusted with distilled water to

50 ml and samples were analysed by inductively coupled plasma-mass

spectrometry (ICP-MS) (ELAN DRC II, Perkin Elmer SCIEX).

Flowers (5 mg of dry flowers/sample) were acid-digested as

described above. Once cooled, sample volumes were adjusted to

10 ml with distilled water and 200 μl of ≥65% HNO3 (Sigma-Aldrich)

were added. Metal concentrations were determined using inductively

coupled plasma atomic emission spectroscopy (ICP-AES) with a Vista-

AX instrument (Varian, Melbourne, Australia).

4.12 | Yeast tolerance and complementation
assays

The CM66 yeast strain (alr1alr2) (Li et al., 2001) and the

corresponding parental strain CM52 were transformed with an empty

pFL38 vector and/or a pFL38 vector expressing AhZIP6 under the

control of promoter pGK1 (Spielmann et al., 2020). Transformants

were selected on SC-Leu medium (MP Biomedicals) containing

250 mM magnesium to allow the growth of CM66. For each geno-

type, three independent colonies were grown in 2 ml liquid medium

SC-Leu (MP Biomedicals) for 2 days at 30�C with a 250 rpm agitation.

Five hundred microliters of the cultures were then harvested by cen-

trifugation and resuspended in water. For drop tests, the yeast sus-

pension was serially diluted to OD600 of 0.2, 0.02, 0.002 and 10 μl of

each serial dilution was dropped on SC-Leu (MP Biomedicals) plates

containing 4 or 250 mM of MgS04 and observations were made after

4 days of growth at 30�C.
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