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Zn is an essential microelement for all living cells and Zn deficiency is widespread in world’s population.
At the same time high Zn concentration and low Cd concentration are environmental toxics. Both Zn
and Cd are transported in planta via Zn/Cd HMA transporters. Engineering of HMAs expression in plants
may provide a way for Zn biofortification of food as well as phytoremediation of polluted soils. In the
present study we assessed the impact of Zn/Cd HMAs invalidation/overexpression in Arabidopsis
thaliana on Zn and Cd translocation from the roots to the shoot and in Zn grain filling. Overexpression
of AtHMA4 had a large impact on Zn and Cd translocation and resulted in a 3-fold higher potential of Cd
and Zn extraction from an industrial soil highly contaminated by Zn, Pb and Cd. Despite AtHMA4
overexpressing lines presented a higher Zn concentration in the shoot, the Zn content in seeds was
found lower than in wild type plants. Our results indicate that AtHMA4 overexpression is an efficient
tool to increase the root to shoot translocation of Zn and Cd in plants. Concerning biofortification of
seeds this study underlines the needs of specific promoters to drive an expression pattern of the
transporters in favour of Zn grain filling.

Introduction questions the reserves of Zn estimated at the mumate of
consumption to be exhausted within 6(yrs
Zinc is an essential micronutrient for the embrgodéevelopment,
growth and reproduction of all organisms. It playmajor role as a Compared to recursive needs in Zn fertilization aifss improving
cofactor and a structural element in macromolecatesis required crops to raise food Zn content in the edible padsld be an elegant
for the activity of an estimate of 300 proteinslimiing transcription and cost-effective solutiéri. Recent advances in the understandin(
factors regulating gene expression and enzymes iedoin of molecular processes associated to Zn nutritioplants open the
metabolic processes and ROS detoxificdtforin Human it plays way to genetically increase Zn content in crops. rrrition in
critical roles in the nervous, reproductive and inme systems. Over plants associates complex mechanisms involving nieamsporter
25 to 30% of the world’s population is affected By deficiency families including ABC, CDF, ZIP, P-ATPase and Nrarogether
according to Maret & Sandstéahd the World Health Organizationwith various organic and peptidic chelaftd All these actors
(http://mww.who.int/publications/cra/chapters/clepters/volumel/ participate to the acquisition, allocation, compemtalization and
0257-0280.pdf) Such deficiency is mostly encountered in poor domeostasis of Znn planta. Following the pioneering work of
recently developing countries and results fromaralous or alkaline Hussain ancol.’®, two members of the;R,-ATPase heavy metal-
soils with a low Zn bioavailability but also fromc@nomical transporting P-type ATPase subfamily, namely AtHMAhd
limitations to fertilization and a lack of dietargiversification. AtHMA4, have been recognized as the major transpsrinvolved
Unfortunately, staple foods derived from cereals such as rice aiftithe root to shoot translocation of ZnAnabidopsis thaliana'®. No
wheat, feeding at least fifty per cent of the wopldpulation, are Vvisible growth phenotype was associated with smilag Athma2 or
generally poorer in Zn content than other planidseeUse of Zn Athma4 single mutant®, despiteAthma4 mutant had lower shoot Zn
fertilisers poses an economical problem and on ltreg-term content than wild type plants. In contrast, doufletantsAthma2

This journal is © The Royal Society of Chemistry 2014 Metallomics, 2014, 00, 1-3 | 1



©CoO~NOUTA,WNPE

e
[Ny

U OO A DMBEBRAMDIMBAEDIAMDIMNDMOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOUPRRWNRPOOO~NOURARWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOOMWN

Metallomics Page 2 of 15

Athma4 were dwarf, sterile and Zn deficient in the upparts. All  content found in wild type plants and seeds. Degpis low level of
these symptoms were rescued by feedMigna2 Athmad4 mutants Zn, 35S:HVHMA2 Athma2 Athma4 triple mutant plants were able to

with a high Zn concentration in the nutrient sautipointing to a produce viable seed3hus, expression of specifidMA4 in other
major role of both AtHMA2 and AtHMA4 in Zn root tshoot species generally led to rather unpredictable teauid reveals the
translocation. complexity of the transfer of a heterologous phiggjal process
without interacting with the native system. In clusion, crop metal

These and following studi€s confirmed an essential role forpjofortification through manipulation of metal tsporters still

these transporters in the translocation of Zn Bd &d, a strongly appears as a complex approach and a better unttingaof the

toxic heavy metal. This is in accordance with tieesvation that mechanisms underlying metal transfer processesllisesjuired to
35S:AtHMA4 A, thaliana overexpressing lines accumulated highefevelop more predictable strategies.

levels of Zn and Cd in leavEs Moreover, their implication was

elegantly demonstrated in Zn/Cd hyperaccumulatocispesuch as  In the present study we focused on AtHMA2, AtHMA8&da
Arabidopsis halleri which naturally accumulates and tolerates le#tHMAA4 transporters irA. thaliana and on their potential interest in
concentrations as high as 2.2% zinc and 0.28% cadnmin dry Zn and Cd phytoremediation and Zn biofortificationseeds. Our
biomas$*. Zn hyperaccumulation and full hypertolerance toabd results confirm the interest oAtHMA4 as an efficient tool to
Zn in A. halleri were found dependent on the metal pump AtHMA#hanipulate Cd and Zn translocation from root to shéfhen plants
through a combination of modified cis-regulatorygsences and were grown on a heavy polluted soil containing éaagnounts of Zn
copy number expansion, 3 orthologue®\tiMA4 being found iM. and Cd, overexpression o&HMA4 under the35S: promoter
halleri. Four copies ofAtHMA4 orthologues have recently beerresulted in a 3-fold increase in the rosette cdntdérboth metals.
identified in another Zn/Cd hyperaccumulainccaea caerulescens Concerning Zn biofortification, in an unexpected wap seed
and their expression levels determine the capdoitjolerate and content was decreased MHMA4 overexpressing plants indicating
accumulate cadmium in different ecotypes that a greater Zn content in the shoot is not gefiit to promote an

increased Zn content in seeds.
AtHMAS3, a third member of the ;p-ATPase subfamily inA.

thaliana has been characterized through heterologous esipnem M aterials and methods
yeast mutants and reverse genetics and found tiipate in Zn and

Cd internalisation into the vacudfe Interestingly, two recent QTL Plant material

searches in rice for low Cd accumulation in graionfrdifferent
ecotypes have identified OsHMA3, orthologous to K#B, as
responsible for Cd sequestration in the rice roe@dihg to a
decrease Cd content in griit® AtHMA3 was found further as the
major locus responsible for the variation in leaf &tumulation
observed in a diverse population of 34@haliana accessiors.

T-DNA mutant lines were obtained from the Departh@fiGenetics
of the University of Melbourrtd. 355: AtHMA3 mutant lines $5J,
38F, 36A, 27L) were obtained by agro-transformation in the
laboratory as described in Morel al.® while 35S5:: AtHMA4 lines
(5F, 5H, 5J) were issued from the lineage of the 5B line désgttiin
Verretet al.'® (see Tab. S1).

This corpus of data suggests that genetic engimgeoi the _
expression levels ktHMA2, AtHMA3 and AtHMA4 orthologues in Hydroponic cultures

agronomic species should have a large potenti@ppfications in Arabidopsis plants were grown in a controlled eswinent (8-h
biotechnologies such as Zn biofortification and &md Cd photoperiod at 300 umol ts?, 21°C, and 70% relative humidity)
phytoremediation. However, as underlined by Palmgmedcol.® the in a nutrient solution [800 pM Ca(NB, 4H,0; 2 mM KNOy; 1.1
involvement of these transporters together in Zd @d transport mmM MgSO,, 7 HO; 60 pM KHPO,; 700 uM KHPO,; 20 puM
can be problematic in biofortification efforts afdd crops in which FeSQ, 7H,0; 20uM NaEDTA, 2H,0; 75 nM (NH)M0;0,4, 4H,0;
the accumulation of toxic compounds such as Cd wdmd 35 UM MnSQ, H,0; 3 UM ZnSQ, 7H,0; 9.25 pM HBO3; 785 nM
detrimental. Recently, differetiMA4 genes have been tested agysQ, 5 H,0; final pH 5.8] with additional 1% (w/v) sucrosach
potential tools for engineering Zn content in vasspecies leading 0.8% (w/v) bacto-agar in the case of the solid medi The
to contrasted results. Ectopic expressiomtbfMA4 in tobaccd’ led  germination of surface-sterilized seeds of wildetgmd mutant lines
to plants more sensitive to Zn toxicity, but less €d. Zn was carried out on solid medium. After 2 weeks, hamtlets were
accumulation was affected too, but the effects wéghtly placed on sand, left there for an additional 2-weetkod, and finally

dependent on the metal concentration in the meditkpression of
AhHMA4 in tobaccé® and in tomato plantunder the control of its
native promoter expected to trigger a high expoestvel resulted
in higher Zn absorption and accumulation in the espparts. In
tobacco this transgene lowered Cd accumulation,ewhitomato it
triggered a Zn overload of the apoplast and a Fieielecy response.
In a recent study, Mills andol.>® have introducedHvHMA2 from

barley in theAthma2 Athma4 mutantsof Arabidopsis. HYHMA2 was

able to rescue the stunted phenotype of th@2 hma4 double

mutants but Zn content increase was limited toolR0% of the Zn

2 | Metallomics, 2014, 00, 1-3

transferred to a home-built hydroponic culture pettihe nutrient
solution and the toxic metal were replenished evedays; Cd was
supplied from a 100 mM Cdgstock solution.

Elemental analyses

Hydroponically grown plants were harvested afterdays of metal
treatment. Roots were rinsed with 10 mM EDTA andntlvath
distilled water. Roots and leaves were dried forh48t 50°C and
mineralized as described in Moeelal 2%, The metal content of these

This journal is © The Royal Society of Chemistry 2014
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samples was determined using ICP-AES (Vista MPXiarar The
contaminated soil was homogenized using a cononéter and its
metal content characterized by analyzing 8 sampile$CP-AES.
Elemental analyses of seeds were performed on demdsplants
cultivated on soil and watered every four days whittif-Hoagland
nutrient solution with or without 10uM Cdgl

Radiolabelling experiments

Seeds were germinated on soil and then transfeoredsand
moistened daily with Coic-Lesaint nutrient mediurheplants were
grown in a controlled environment with the follogironditions: 8
h day length, 30@umol photons ¥ s*, 21°C day / 18°C night and
60 — 70% relative humidity. After 5 to 6 weeks,mitawere removed
from sand and transferred to hydroponic vesseledfiwith the
nutrient solution for 2 days before labelling.

Time-dependent kinetics of *®Cd and ®Zn transfer to the shoot

Fifty mL FALCON tubes were filled with the nutriergolution
(without Zn). For*®Cd labelling, Zn was adjusted tqu81 and 3uM
CdCl, were added to the medium and the specific activit}’°Cd
(CdCb, from Amersham) was adjusted to 100 Bg-ntne plant per
tube was labelled during 1 h. Roots were then drfee 5 min in 5
mM CaC}, and the plants were transferred back to the hyahiop
vessel. After different times (3h to 5 days), soplants were
harvested. Roots and shoots were separated, drégdight at 60°C
and weighted. The specific activity of the wholetoand the whole
shoots were measured using a Wizard 1480 gammadezdi@erkin).
The results were expressed as a ratio of shoatitgcid the whole
plant activity (shoot and roots). F&&n labelling, Zn was adjusted
to 3 uM (ZnSQy). Specific activity 0f**Zn (ZnCh, from CERCA-
LEA, Pierrelatte, France), was also adjusted to BQOnrl, then the
protocol was identical to the one described'fdgd labelling.

In a specific series of experiments to investigate&eompetition
between Zn and Cd absorption and translocationtplaeare fed for
24h with the nutrient containing 3uM of Zn and Gai400 Bq mif
of *zn and'%Cd.

1%9Cd and ®Zn imaging experiments

For radiotracer imaging, the labelling solutionsitaining 3 pM Zn
and eventually 3 pM Cd were adjusted to a 2 B§ mI* specific

Metallomics

seems to be associated with Cd tolerance throughoification of
roots; translocation of Cd to the shoot which hdsigher rate of
biomass synthesis allows a dilution of the toxiexpanding tissues.
Second, on a technical point of view Cd transfertite leaves
facilitates the harvest and recycling of contangdatbiomass.
AtHMA2 and AtHMA4 have been characterized as theinma
contributors to Zn translocation from root to shagice a double
mutant; Athma2 Athma4 exhibited a strong phenotype of Zn
deficiency®. AtHMA2 and AtHMA4 were further characterized as
contributing also to Cd transport towards the stfddtThese initial
studies have been performed using very low Cd cdratéms in the
nutrient solution (below 0.5 uM) and we first chedlkwhether these
transporters are efficient along a larger domai€dftoncentrations.
%zn and!®°Cd pulse experiments and hydroponic cultures studies
were used to characterize the respective role ¢iM¥2 and
AtHMA4 in Zn and Cd transporh planta.

Col hasa higher rate of Zn and *®Cd translocation than Ws

Col, Ws,Athma2, Athmad and35S:: AtHMA4 plants were fed for 1h
with °°Cd or®®zn radioisotopes at an equimolar ratio of 3 uMhie t
nutrient solution and distribution of the radioigo¢s in the root and
shoot tissues were followed during 6 days. Both elgmreached a
plateau after about 5 to 6 days (Fig. 1) and wheregments were
continued for 2 weeks there was no evidence fohaotsto root
redistribution of Zn and Cd (data not shown). Conicgrrthe wild
type genotypes, Col was more efficient than W$%#n and*®Cd
translocation from root to shoot by 27% and 88%peetively after
three days (Fig.1). This more efficient translamatcould be related
to the fact that in Col a premature stop codon eAtHMA3 gene
led to the synthesis of a likely inactive polypéptinvalidating Cd
and Zn storage into root vacuoles and thus inangagheir
translocation to the shoot (Morela., 2009). After five to six days
19%Cd or®%zn reached a plateau phase in the shoot that cemtifor
at least two weeks, suggesting that there was mwtsto root
transfer of Zn and Cd during the vegetative phase.

AtHM A4 isthe main actor in Zn and Cd translocation

Among the mutants and overexpressing lines, thderdifit
genotypes displayed important differences in theitmming of the
radioisotopes (Fig. LAtHMA4 disruption had the highest impact by
decreasing®Cd and®Zn translocation by at least 50% (Fig. 1A,

activity, either for'®Cd or®2zn. Each plant was labelled during 1 lL.C). In contrast, AHMA4 overexpression led to an increased

in a 50 mL tube, rinsed and then transferred badke hydroponic
vessel. At 12 h for Cd and 5 d for Zn, the plantsen@arvested. The
roots and the shoots were then separated and ptaezda storage
phosphor screen (GE Healthcare) and let in a dassetrnight. The
screen was then scanned using a STORM 840 apparatus.

Results and Discussion
Zn/Cd HM As and Zn/Cd phytoremediation
Root to shoot translocation is an important parameie

phytoremediation. First, on a physiological point wiew Cd
translocation is generally observed in hyperaccatoulspecies and

This journal is © The Royal Society of Chemistry 2014

translocation of both radioisotopes (Fig. 1B, 1D}accordance with
our previous work. In contrast, AHMA2 disruption had no major
impact on the translocation of both Zn and Cd (Eiy, 1C). Such
impact of AAHMA4 disruption was also observed when the plar.~
where fed for 24h with 3uM Zn and Cd, leading to5&63and 65%
decrease in Zn and Cd content in the shoot, respéct{data not
shown). Autoradiographies of rosette leaves andsrogere also
performed after feeding the plants for 1h with thdioisotopes and
observed 24h or five days later f§fCd and®*zn respectively (Fig.

2 A&B). These autoradiographies confirmed the highate of
translocation of%Cd in the Col ecotype compared to Ws. While
AtHMA2 disruption had no major effect on the translocatiétf*Cd

to rosette leavesAtHMA4 disruption had a visible impact on the

Metallomics, 2014, 00, 1-3 | 3
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translocation rate (Fig. 2A). As previously obsehauring pulse

charge the translocation of Cd. Additionally, it Haeen proposed

experiments, overexpression AfHMA4 resulted in an increasedthat an apoplastic transport of Cd could take placéhese higher

translocation ot°®Cd (Fig. 2A) and®®Zn (Fig. 2B) to rosette leaves.
85Zn translocation
<ol A ows <o} B
< S hmag e } i
° °
o o
S 40 S 40 g
2 : | ¢
2 % 2 ¢
£ 20 % . E 20-%
§ é (O S oCol
® ©355::HMA4
0 0 s L "
0 2 4 6 0 2 4 6
Time (days) Time (days)
109Cd translocation
g C gvzvr:ag = D
‘5 col |hma t
e < 601 } ¥
ﬁ o
£
2 : ?
S af é é £ 40t i
E % % °
[
5:3 201 gzog
2 & oCol
g i % * * ° ) ©355::HMA4
0 A . A
0 2 4 6 0 2 4 6
Time (days) Time (days)

concentrations.

358::AtHMA4 (of-]]

p & 35S::HMA4 "

Ws
athma2

athma4

athma2 athma4

358::HMA4 358::HMA4

Fig. 2 Autoradiography of representative roots and rodettees of wild type
plants and mutant or overexpressing lines afteellialg with °Cd or%zn.

Fig. 1 Percentage dfZn and®Cd into the shoot following a one hour root™) Autoradiographi4h after 1h 0f™*Cd labelling of Col an@5s:: AtHMA4

exposure to the radiotracefs) Zn translocation in Ws andthma2 and
Athma4 in the same ecotype, Zn in the nutrient solutias\8 uMB) Zn

line (Col background) and Ws and tiéhma2 and Athmad4 mutants(Ws
backgroundB) Autoradiographyf ®Zn 24h and 5 days after 1h labelling in

translocation in Col and t85S:: AtHMA4-58 line in the same ecotype, Zn inthe Col and5S::AtHMA4-58B line (Col background).

the nutrient solution was 3 pkg) Cd translocation in Ws and thehivia2
and Athma4 mutants in the same ecotype, Zn and Cd concenmtsain the

nutrient solution were 3 pPMD) Zn translocation in Col and the AtHMA2 and AtHMA4 display
expressiolf'** and that a strong phenotype of Zn deficiency wa-

35S:AtHMA4-5B line in the same ecotype, Zn and Cd concentraiiorise

nutrient solution were 3 pM. Values are the meaatdéast 3 experiments;

error bars represent standard error to the mean.

109Cd appeared as punctuated at the leaf surfaceZRjgreminding
the distribution of trichomes iA. thaliana leaves. The Cd conten
appeared higher in the roots of the Ws genotypepened to the Col
one; however HMAs mutations or overexpression did greatly
affect root Cd content (Fig. 2A).

The different genotypes were also grown in hydrépaonditions

and after three weeks subjected for eleven daysatious Cd

concentrations in the medium and Cd content in dsette leaves
was then determined (Fig.3). In the wild type Cdaaaniration in the
rosette was roughly linearly related to the Cd catregion in the
medium. Cd was actively transferred to rosette Ilgasice at
equimolar concentrations of Zn and Cd (3 uM), Cdteonin the

leaves was about twice the Zn contedtHMA2 mutation did not
impact on Cd content in the rosette whittHMA4 mutation had a
major effect at low Cd concentrations. a sixty per cent decreas
in Cd translocation at 0.5 uM Cd. The effect of thatation was
reduced at higher Cd concentrations, dropping to 20%0 pM

(Fig. 3A inset). ThusAtHMA4 behavesn planta as a high-affinity
Cd transporter in the micromolar range and when CGateatration
in the medium exceeds 3 uM other transporters sdgento take in

4 | Metallomics, 2014, 00, 1-3

The absence of effect oAtHMA2 mutation is intriguing since
rather similar patterns of

only found in Athma2 Athma4 double mutants. However these
results are in accordance with the previous studies Hussain and
col. (2004). In another studithma2 mutants were found to have a
higher Zn content in the rosette than wild typenpf4. One
explanation would be thattHMA4 is overexpressed ithma2
mutants but we failed to found such deregulation AGHMA4 in

t

Athma2 mutants using Q-PCR (data not shown). Anothe.

explanation could be that the function AfHMA2 is to partly

contribute to Zn translocation to the shoot andniyaio distribute
Zn and by homology Cd in the leaves, allowing thaicycling

through phloem loading. However, during the pulspegiments
10%cd and®zn reached a plateau phase in the shoot aftertdiix

days (Fig. 1) that continued for at least two we@kada not shown),
suggesting that there was no further shoot to treoisfer of Zn and
Cd.

We further checked whether Cd may impact on Zn toaason
through a competitive mechanism. A competition leetw Zn and
€cd translocation was expected since AtHMA4 behava &/Cd
transporter in heterologous expression experimiefits Such
competition was observed on the short term udfigd and®®zn,
the uptake of Zn being decreased by about fiftycger in the
presence of an equimolar concentration of Cd (Fig. SHowever,

This journal is © The Royal Society of Chemistry 2014
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when Cd was applied on a longer period such as reldags it did Wild type plants and two lines overexpressikigiMA4 were grown
not impact on the rosette Zn content of wild typed éAthma2 on a polluted soil harvested in Mortagne du Nordergha lead
mutants (Fig. 3B) despite Cd content was higher #rarcontent in  smelter called “Metaleurop Nord” has been the sewt a large
the rosette when Zn and Cd were given at an equeectration of pollutior?”. Emissions from the industrial smokestacks were
3 uM. These results suggest that Zn content irttesmaves is under estimated to 4 t of Cd and 67 t of Pb per year dutire eighties.
a strong homeostatic process and that the appatesgnce of The industrial sites closed in 2003, leaving adazgntaminated area
competition in translocation is certainly due toadaptation of the of spoiled agricultural and urban soils. Since ttiés area is used to
plant in the presence of Cd. DisruptionAiHMA4 led to a fifty to experiment different strategies of remediation. $itnchemical
thirty percent decrease in Zn content of the tesatthe absence asproperties of the soil used in the present haveadl been
well as in the presence of Cd (Fig. 3B). described® (soil S2). We observed a high concentration ofvitea
metal, mainly Zn and Pb in this soil (Fig. #. thaliana from the
All these data point to AtHMA4 as an interestingoltdor  Col ecotype and two lines overexpressstMA4 under the control
phytoremediation since it is the major actor in @hslocation, its of the strong35S: promoter called5B and 5H (in the Col
overexpression increases the Cd content in the pfamer parts and packground) were grown for 6 weeks on this soil avete just
the presence of Cd in the upper parts does notlgiegiact the Zn atered with tap water. At the end of the cultire weight of plants
content. were almost identical, thBB and 5H transgenic lines being only
about 10% heavier than wild type plants. Howevee tiwo
overexpressing lines were able to accumulate inrdisette leaves

ool £ 5= A more than two fold the Zn content and almost tHied the Cd
2 /,? Eg 60 ff content found in the wild type (Fig. 4). Such irase in Cd and Zn
g § Ws . A + _____ uptake is interesting since one of the main problewf
06007 3 7§ Aimas g2 - phytoremediation is generally the time needed ¢over a clean soil
= - s . . . . .
g @ 3 0% ) o which is directly related to the biomass productiand to the
S 400 Cd(uM) Cd (uM) translocation capabilities of the plants.
(8]
8
2 Ws .
@ 200 Athma2 * Soil metal content
Athmad (Mg g'' DW)
0 Zn 125.3
0 05 1 3
Cd (uM) Pb 36.2
Cu 80
200
L ix\{zmaZ B Fe 56
— Athma4
I cd 23
2 150
2 | * 160
=3
= 100} g4 g
s E E
b3 i * * * = 1205
< Z 3t 2
(7] —
50 c -
: E
I S 9 o0 s
o a ©
* * - (&)
0 0 0.5 1 3 10 2 Ja S
Cd (uM) o l 40 3
b 5
Fig. 3 Shoot Cd and Zn content, after eleven days in tpairi conditions in 0 0
presence of various Cd concentratiohsCd content in rosette leaves of Ws 0 0
Athma2 and Athma4 mutants. Left inset: shoot Cd content accordingtb Col 35S::HMA4-5B 35S::HMA4-5H

concentration in the nutrient solution. Right ingemtribution ofAtHMA4 to
Cd translocation according to Cd concentratioherutrient solutiorB) Zn
content in rosette leaves of Wahma2 andAthma4 mutants according to Cd
concentration in the nutrient solution. Values #re mean of at least 3
experiments; error bars represent standard erthietmean. Asterisk p<0.05.

Fig. 4 Shoot Cd and Zn contents of Cd@B and 5H, two lines
overexpressingAtHMA4 under the control of th&5S:: promoter. Plants
were grown for four weeks on a Zn and Cd contamatha&oil coming from
an area polluted by lead and zinc smelters. Vadmeshe mean of at least 3
experiments; error bars represent standard errothéo mean; a was

Overexpression of AtHMA4 increases the potential of Znand Cd ="~ )
significantly different from b, p<0.05.

extraction from a metal polluted site
Expression levels of Zn/Cd HMAs and Zn content in seeds

This journal is © The Royal Society of Chemistry 2014 Metallomics, 2014, 00, 1-3 | 5
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As exposed in the introduction, improving cropsdise food Zn HMA member expressed in seeds and solely at the déednsfer
cells. Thus, it is likely that ectopic expressidrAHMA4 results in a
Ws background competitive transfer that diminishes the targetoigZn to seeds.

While AtHMA4 certainly stays an interesting candidate for Zn
biofortification strategies, a considerable worlayst to be done

Do — around the promoters which should be used to opirtie targeting
.......................................... | Of Zn to the Seeds.

[S2]
o

Ey
o

As underlined in previous reviews on Zn biofordior?, a
potential risk of the use of Zn/CddPATPases is that an increase in
Zn content in the grain could be accompanied byomcamitant
increase in the highly toxic heavy metal Cd. Thipdthesis was
tested using the lines previously studied and ugisgnilar protocol
with the difference that the nutrient solution usediood the pots

GrainZn content (ug g*' DW)
N w
o o

10 ‘g g was containing 10 puM Cdgktill in the presence of 3 pM Zn. A
SN IS N SN N N & 1 toxic effect of Cd treatment was clearly observeatsiit resulted in
ZN & o~ ON BN 5N EN 3
o U \ a mean 28% decrease in seeds production for thivetwies
Invalidated AtHMA3 AtIMAS studied. However this treatment did not impact tiyethe Zn
mutants overexpressing lines overexpressing lines

content in seeds in all genotypes tested (Figlr6)hese conditions

Fio 57 ent i ds f lants invalidatedAMA2. AtHMAS and Cd was undetectable in seeds, below the detectiohdf ICP-AES
ig. 5Zn content in seeds from plants invalidatedAtH , an . . B
AtHMA4 or overexpressingAtHMA3 or AtHMA4. White columns, Col for this element meaning that Cd content was lohant0.5 g é

background, grey columns Ws backgrounds. Dasheds, bfentical DW in A. thaliana seeds. This observation questions the use ot

conditions but 10 pM Cdglwas added to the nutrient solution. Values arérabidopsis as a model plant to work on Cd transiooato the
the mean of at least 4 to 7 different plants peotgoe. Error bars representgrain. As a comparison, Cd content in brown rice inahe range of
standard error to the mean, p<0.05. 6 ug g' DW when the plants were challenged with 20 uM’Cd
Moreover, it has been recently published that OsR2M#thologous
content in the edible parts would be an elegant @sl-effective in rice to AtHMA4 in Arabisopsis, is involved in Zand Cd upward
solution to Zn deficiency in the human diétwe took advantage of translocation and in grain Cd filling while Zn fillj appears to be
the numerous lines either invalidated or overexpngsAtHMA3 or  driven by another transport&rTransporters from the Nramp family
AtHMA4 to test their efficiency in grain Zn biofortifidah. Seeds could be good candidafé$? and OsNRamp5 has already been

were harvested from wild type and mutant plantsvgran pots of clearly identified as a major contributor to Cd awailation in rice
loam watered every four days by flooding the pota half-strength grairt®.

Hoagland’s nutrient solution for thirty minutes. tilese conditions
of high Zn availability none of the plants presehta visible Conclusions
phenotype. Seeds were mineralized and their catontent
determined. Zn content was found 28% higher inWseaccession Phytoremediation and biofortication are emerging eegr
than in the Col one (Fig. 5). As expected, invalmatof the main technologies that are still in their early develemal stages. Full
actors in Zn xylem loadingstHMA2 or AtHMA4, resulted in about a scale applications using phytoremediation are ddhitat the
thirty percent decrease in Zn content in seeds. exception of phytostabilization that consists ia éstablishment of a
vegetal cover to structure the soil and diminisbsiem by wind and
Four lines overexpressingtHMA3 in the Ws background \yater in order to limit the spreading of toxics. more curative
displayed a reduced Zn content in seeds by abaty fwercent technique for heavy metal polluted soil is phyteastion which
compared to the wild type accession. This can Iptamed by the ses the absorption properties of plant roots taekthe metal from
fact thatAtHMAS3 is in Arabidopsis and rice a vacuolar pump thate goip43s Efficiency of this technique is tightly linked to
allows the uptake of Zn and Cd from the cytoplasrto ithe nymerous parameters such as biomass production catidre
vacuolé® "% thus overexpression of such transporter is eRfeltt yotation, rate of root uptake which depends on hisitsavailability
decrease the seeds Zn content. More surprisingthasthe four anqg root to shoot translocation to harvest theamirtation stored in
lines overexpressingtHMA4 also displayed a decreased Zn contefiie shoot tissues. This last step is an imporianitihg factor as in
in seeds. Despite these lines were found to hawgher potential of st plants the toxic metal content is higher iotihan in shoot at
Zn translocation from the roots to the sHdoDverexpression of the notable exception of hyperaccumulator sp&tf&sThese last
AtHMA4 resulted in mean to a thirty percent decreasee@ds Zn years, molecular genetic studies have shown tAgiIMA4
content. This observation suggests that Zn coritetite rosette is orthologues in hyperaccumulators have been sulaitte
not the major determinant of Zn filling in seedstdpic expression duplications and driven by strong promoters and thay play a
of AtHMA4 could result in a widespread distribution of Znléave rcial role in loading Zn and Cd into the xyf&t In the present
tissues which has an adverse effect on graindillifauris andol.° study we observed that ectopic expression AHMA4 in

have shown using laser capture microdissection thabarley arapidopsis conducted to a 3-fold increase in thieaetion of Zn
HVHMAZ2, homologous t&AtHMA2 and AtHMA4, is the only Zn/Cd

6 | Metallomics, 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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and Cd from a soil contaminated by metallurgic dgtivThis is an
important result since a higher rate of translacatimeans a
reduction in the time needed for soil remediatidmicl is the main
drawback of phytoremediation which can last foratts** This

study points also that expression of homologous KdMn#ay be
crucial to get an enhanced activity. We proposehypothesis that
HMAs function as multimers and that expression dfeterologous
gene could result in non-functional multimeric sparters through
the formation of dominant negative complexes. Saghothesis of
positive or negative interactions between proteimgh close

structures could explain the large diversity of pmsses when
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Many efforts have been made to understand the mlalebasis of

the selectivity and velocity of HMAs. These studhese frequently Bibliographic References
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Supplementary Table 1
Lines Genenumber  Ecotype  Stock Ref. Described in Expr. level vswild-type*
hma2-4 At4g30110 Ws SALK-050924 Hussainet al. 2004 nil
hma4-2 At2g10110 Ws SALK-034393 Hussetial. 2004 nil
35S:HMA4  At2g10110 Col NASC N9416-17 Vewredl. 2004 Fig 44 F. Verret's PhD thesis 2004
35S:HMA3  At4g30120 Ws request to authorslorelet al. 2009 Tab S2 in Morel et al. 2009

Table S1 Main characteristics of the different lines usedhis study* Quantification using ImageJ software estimated

an increase in the expression levels by 5.8 fdtd8for the35S::HMA3 lines and around 6 fold for tt85S::HMA4 lines.

Supplementary Figure 1

A Zn 3 uM B Zn 3 UM+ Cd 3 uM

0.8 = + 4 08
2 (] e5zn
> 06 - -1°9Cd | 06
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Fig. S1 Daily uptake of Zn (white bars) and Cd (grey bars) whantp were placed in 3 uM Zn (A)

or 3 uM Zn plus 3 uM Cd (B) as followed throufjin and**Cd absorption. Values are the mean

of at least 3 experiments; error bars representsird error to the mean.

This journal is © The Royal Society of Chemistry 2014
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Changesin the expression levels of Pig,-ATPasesin
Arabidopsisimpacts Zn and Cd contentsin shoot and seeds

35S::AtHMA4 athma4

358::HMA4
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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