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Abstract

Photosynthetic symptoms of acute Cd stress caerbedied by elevated Fe supply. To shed
more light on the most important aspects of thiovery, the detailed Fe trafficking and
accumulation processes as well as the changesist#éius of the photosynthetic apparatus
were investigated in recovering poplar plants. Tekfree, Fe-enriched nutrient solution
induced an immediate intensive Fe uptake. The asa@ Fe/Cd ratio in the roots initiated the
translocation of Fe to the leaf with a short deflgt led to the accumulation of Fe in the
chloroplasts, finally. The chloroplast Fe uptakeswdirectly proportional to the Fe
translocation to leaves. The accumulation of P&ttien centres and the recovery of PSII
function studied by Blue-Native PAGE and chlorophy fluorescence induction
measurements, respectively, began in paralleldorttrease in the Fe content of chloroplasts.
The initial reorganisation of PSII was accompansth a peak in the antennae-based non-
photochemical quenching. In conclusion, Fe accutimnaf the chloroplasts is a process of

prime importance in the recovery of photosynth&sis1 acute Cd stress.

Key words: cadmium; chloroplasthlorophyll-protein complexe#on; photosynthesis;

poplar
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Introduction

Many regions all over the world suffer from heavetal pollution due to anthropogenic
activities. Areas with high industrial or agricutali uses have to cope with increased soil
cadmium (Cd) concentration (Nagajyoti et al.,, 20100 has a known toxicity to the
environment and to all plants (Sanita di Toppi &abbrielli, 1999), thus Cd contamination
has increasing importance. Popldsfulus spp.), which are able to tolerate Cd exposure, are
economically important species from the point @wiof phytoremediation.

In plants, Cd disturbs, among others, the homeigstaseveral metals by competing essential
metal uptake and translocation (Gallego et al. 220Cd stress leads to strong Fe-deficiency
in the shoot (Siedlecka and Krupa, 1999; Fodot.e2@05; Solti et al., 2008). Root-to-shoot
Fe transport requires citrate for Fe(lll)-citratemplex formation (Rellan-Alvarez et al.,
2010). While Cd is supposed to translocate in roglated form, it reduced the expression of
AtFRD3 citrate transporter idrabidopsis (Yamaguchi et al., 2010) leading to a diminished
Fe translocation, and Fe deficiency in the shootaddition, the signalling pathways of the
expression are disrupted and altered by the presein€d both in the roots (Besson-Bard et
al., 2009; Wu et al., 2012) and in leaf tissuesefLal., 2014). In contrast to the effects of Cd
on root Fe uptake and translocation, its effectthenuptake of Fe across different membrane
systems in the mesophyll cells is hardly known.

In the shoot, Cd toxicity and Cd induced Fe defickedeeply influence the development and
activity of the photosynthetic apparatus (Siedleckad Krupa, 1999). Inhibition of the
chlorophyll (Chl) biosynthesis is one of the causéshe retarded thylakoid development.
Although Cd inhibitsd-ALA dehydratase directly, the main reason for thd-induced
inhibition of Chl accumulation is the inhibition ®&fig-protoporphyrin-IX-monomethyl-ester
oxidative cyclase, which is an enzyme operatinchviie cofactor (Padmaja et al., 1990).

Inhibition of Chl biosynthesis decreases the acdatiun of all Chl-protein complexes
3
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(Fagioni et al., 2009; Basa et al.,, 2014). Cd irmdu@lterations in the photosynthetic
structures are in many ways similar to those cabge@e deficiency. As photosystem | (PSI)
is the major Fe containing complex in the photasght apparatus, Fe deficiency strongly
retards the accumulation of PSI in the thylakoidmhenes (Andaluz et al., 2006; Timperio
et al., 2007; Basa et al., 2014). Strong inhibitddrthe photosynthetic electron transport is a
general response to Cd stress. While PSI activay lg@ss affected, Cd was shown to inhibit
photosystem Il (PSIl) at molecular level (Sigfridsset al., 2004). Functional disturbances of
photochemical reaction centres lead to the gemeratnd accumulation of reactive oxygen
species (ROS) (Gallego et al., 2012). In the clplarsts, one of the most important targets of
ROS is the D1 protein of PSIl. Damages in the R&ittion centre leads to inactivation. Non-
photochemical quenching (NPQ) pathways are essdntialiminate the surplus excitation
energy thus prevent the generation of ROS. Amoag/#riable quenching mechanisms, heat
dissipation in antenna complexes and quenchinghbipited PSII centres can significantly
contribute to NPQ (Hendrickson et al., 2005). Usimigrnal non-photochemical quenching
routes, the inactive reaction centres protect ghghbouring active PSIi€how et al., 2005).
Elevated level of Fe was shown to provide protectigainst many toxic effects of Ad.the
presence of Cd, increased Fe supply helped in treterof growth, pigments, and
photosynthetic activity in bean and poplar seedli(fgiedlecka and Krupa, 1996; Sarvari et
al., 2011). InBrassica juncea, the presence of Fe was found to protect thylakoihplexes
against Cd compared to Fe deficient circumstan@eseshi et al., 2010). In addition, it was
also proved that a five-fold higher Fe supply wédeao recover the acute Cd toxicity
symptoms of photosynthesis (Solti et al., 2008)ictvlalso caused a Fe accumulation in the
leaves independently of the presence of Cd in tingiemt solution. However, the exact
reasons of this recovery: how and why this Fe actation starts and how does it contribute

to the physiological restoration are not yet cle@hus, our aim was to find out the

4
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determining processes in this recovdrigerefore, the detailed dynamics of the Fe traiifigk
and accumulation processes as well as the chamgékei status of the photosynthetic

apparatus were investigated in recovering popkmtpl

Materials and methods

Plant material and treatments

Experiments were performed on micropropagated p®pfaopulus jacquemontiana var.
glauca [Haines] Kimura cv. ‘Kopeczkii’). Plants were grown climatic chamber [14/10
hours light (100 pE fh sY)/dark periods, 24/22 °C and 70/75% relative hutyjdin
hydroponics of quarter-strength Hoagland solutib2% mM Ca(NQ),, 1.25 mM KNQ, 0.5
mM MgSQ,, 0.25 mM KHPO,, 0.08uM CuSQ, 4.6 uM MnCly, 0.19uM ZnSQ,, 0.12uM
NaMoO,, 11.56uM HsBOs, and 10uM Fe' —citrate as iron source] for three weeks (four-
leaf stage). Low growth irradiance was necessarhi survival of Cd treated plants (Solti et
al., 2011). Then, non-treated control (Ctrl) plantsre further grown under the same
conditions. A set of plants were treated with [l Cd(NGO;s), for one week (Cad plants).
Nutrient solution was changed in every two days. ifiduce regeneration processes, Cd
treated plants were transferred to Cd-free nutisehition containing a five-fold elevated Fe
supply (50 uM F&-citrate; Cad/Ctrl50 plants). Recovery processegeviellowed on &

leaves, which developed entirely under Cd treatraadtbefore the regeneration period.

Determination of chloroplast iron content
Intact chloroplasts of poplar leaves were isolatisthg a stepwise sucrose gradient, as
mentioned in Sarvari et al. (2011). Fe content a@ilslised chloroplasts was measured in

reduced form as ferrous-bathophenantroline comppfe(BPDS)]* at 535 nm £&22.14 mM
5
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! cm') by UV-VIS spectrophotometer (Shimadzu, Japan)oider to normalize the Fe

content on a chloroplast number basis, images takesn on suspensions in a Burker chamber
in Nikon Optiphot-2 microscope (Zeiss Apochromat®0.95 160/0.17 objective) equipped
with Nikon D70 DSLR camera. Chloroplasts were counted usinggd&hasoftware

(rsbweb.nih.gov/ij/) with Cell Counter plugin.

Determination of Fe concentration in the nutriesiiBon

Samples of 1 mL volume were taken from the 400 natrient solution of the plants. After
reducing the whole available Fe content int6"Ferm by adding 10Q:M ascorbic acid, 300
uM BPDS was added to determine the Fe concentratteording to the above mentioned

bathophenantroline method.

Determination of element concentrations

Leaves were dried for a week at 60 °C, powdereddigested using HNOfor 30 min at 60
°C, and then bleached by,®, for 90 min at 120 °C. After filtration through ME40W
paper, element contents were measured by ICP-M&udtively Connected Plasma Mass

Spectrometer, Thermo-Fisher, USA).

Measurements of photosynthetic pigments

Chlorophyll content of leaves was determined in 809%) acetone extracts by a UV-VIS
spectrophotometer (Shimadzu, Japan) using the atimoicoefficients of Porra et al. (1989).
For the quantification of xanthophyll cycle compots leaf discs were adapted to darkness
or to an actinic light of 100 umol fns* for 30 minutes, and stored in liquid nitrogen. @is
were powdered in liquid nitrogen and extracted &i®o (v/v) acetone containing 0.1% (v/v)

NH4OH at 4 °C. Carotenoid components were separatedRlyC method (Goodwin and

6
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Britton, 1988) using a Nucleosil Cl&®lumn in HPLC-system equipped with an UV/VIS
detector (JASCOnt. Co., Japan). The eluents were (i) acetonitvgger mixture (9:1, 0.01%
(v/v) triethylamine) and (ii) ethyl acetate. Zea#an standard was used for the identification
of peaks and calculation of pigment concentratifiiéth et al., 2002). The de-epoxidation
state of xanthophyll cycle pigments (DEEPS) wasudated as DEEPS=(Z+0.5A)/(V+A+2Z),
where V refers to the amount of violaxanthin, Aaotheraxanthin and Z to zeaxanthin,

respectively.

Separation and estimation of chlorophyll-proteimptexes

Thylakoid membranes were isolated then solubilisegharated, identified and quantified as
described by Sarvéri et al. (2014). Shortly, astgubilisation with 2% (w/v) n-dodecyl-D-
maltoside on ice for 30 min'D electrophoresis was run using BlueNative PAGHJKr et
al., 1997) in 5-12% (w/v) acrylamide gradient g@ni-Protean, BioRad) with 10-20 ul
solubilized thylakoids (0.5 mg Chl il applied per lane. Electrophoresis was carriedndihit
constant voltage of 40 V (15 min), then 150 V anshaximum of 5 mA per gel at 6 °C for
approximately 6 h. To analyse the polypeptide casiijpm of the different complexes, thin
slices of native gels were transferred to the tépdenaturing gels, and run in second
dimension by the method of Laemmli (1970) with adifioation by adding 10% glycerol to
the stacking (5%) and separating (10—-18% lineadignd) gels. Complexes were identified by
their characteristic polypeptide patterns as inaBaisal. (2014). Gels were scanned using an
Epson Perfection V750 PRO gel scanner. The quawnfityChl-protein complexes were
assessed according to the pixel density of themifft bands in the™ID BlueNative lanes
using Phoretix 4.01 software (Phoretix Internatlphewcastle upon Tyne, UK). In the case
of the complex PSI and PSIl dimer band, the pixghber of PSIlI dimers was calculated

proportionally to the pure PSII monomer band on blasis of the density ratio of CP47

7
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pattern. Treatment-induced changes in the absaloteunts of complexes were estimated
after the total pixel density of each lane was raized to identical density (identical Chl

content) and then to the total Chl content in Isasfedifferently treated plants (pg Chl [&af

Chlorophylla fluorescence induction

Fluorescence induction measurements were carriewvitiu intact leaves using a PAM 101-
102-103 Chlorophyll Fluorometer (Walz, EffeltricBermany). Leaves were dark-adapted for
30 min. The klevel of fluorescence was determined by switclinghe measuring light with
modulation frequency of 1.6 kHz and photosynthptioton flux density (PPFD) less than 1
pumol m? st after 3 s illumination by far-red light in orden €liminate reduced electron
carriers. The maximum fluorescence vyields, i& the dark-adapted state ang’ in light-
adapted state, were measured by applying a 0.7se ptiwhite light (PPFD of 3500 pmol
photon nf s?, light source: KL 1500 electronic, Schott, Mai@ermany). The maximal and
actual efficiency of PSII centres were determinedrém = (Fn — Fo)/Fm andAF/Fy = (F'—
F)/Fy’, respectively. For quenching analysis, actiniatesight (PPFD of 100 pmol photon
m? s*, KL 1500 electronic) was provided. Simultaneousith the onset of actinic light the
modulation frequency was switched to 100 kHz. Themady-state fluorescence of light-
adapted state (Fwas determined when no change was found.jnvielues between two
white light flashes separated by 100 s. Considetimgt all stress factors inhibiting
photosynthesis also leads to light stress, the ajueg parameters of Hendrickson et al.

(2005) were used for assessing the excitation gradlgcation in all samples as follows:

Ft Fv/Fm F K Fv/Fm
) * ; Pree = (— ) " (——);
Fm'/ ( FVM / FmM ) e ( I:mI Fm) ( FVM / FmM )

®ps1 = (1-
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Fi. . Fu/Fn Fo/ Fm
(D,:—*—; (D:]_——;
o= () e T v = T

®pgy. the photochemical efficiency of functional PSléntres; ®npg: ApH dependent,
xanthophyll-cycle coupled non-photochemical quenghi ®;p: fluorescence/thermal
dissipation of the absorbed energyir: the thermal dissipation by inactive PSII centigse
intensity of actinic light (100 umol photons?) corresponded to the optimal growth light
intensity of Cad plants.,fr/Fmv Was applied as the mean qffs, values of Ctrl (Quasi non-

inhibited) plants according Solti et al. (2014a).

Statistical analysis

The element and pigment contents of three indiViglemts per treatments were measured in
two subsequent experiments (n=6 biological repei#). Thylakoid were isolated from five
plants per treatments in two subsequent experimantsrun by 2D BN/SDS PAGE 3 times
(2 biological and 3 technical repetitions per sahplTo compare multiple treatments,
ANOVA tests with Tukey-Kramer multiple comparis@ost hoc tests were performed by
InStat v. 3.00 (GraphPad Software, Inc.). The tesngnificantly different’, means that the

probability for similarity of samples is P<0.05.

Results

In order to study the detailed restoration procegewth, nutritional and photosynthetic
parameters of Cd treated plants were determineguértly after the transfer to Cd-free
nutrient solution containing a five-fold elevated $upply (Cad/Ctrl50 plants). In comparison,
the behaviour of Ctrl leaves was studied only & Ktieginning and the end of the short

9
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investigating period to indicate the physiologiaddaracteristics of non-treated plants in
partially and totally developed leaves, and to adslito which extent the values of parameters
in Cad/CtrI50 leaves approximated the Ctrl leveds®& on the previously reported data in
Solti et al. (2008), the continuous Cad (Cad/Cagdtment was not repeated here since no
significant changes in the values of the parameterg detected in the period of the present

investigation.

Growth parameters

The 6" leaves of Ctrl plants reached their full physiotad activity before the time of
investigations (Supplementary Table 1). Nevertlglgsowth of leaves continued during the
recovery period. Cadmium treatment caused a sogmfidecrease in the growth parameters
of 6" leaves compared to the Ctrl ones (SupplementableTH. Leaves reached about 75%
of their size up to the beginning of regeneratanmd showed only a moderate increase further
during the recovery period. Both the growth of lea¢a and dry weight terminated on the
third day of the recovery treatment. While the @age in fresh weight and leaf area was more
or less continuous (Fig. 1A, B), the dry weightwaoalation was only significant during the
light period (Fig. 1C). Because of the slight irage in the growth parameters, we present the

physiological data on a leaf basis that repredtetset changes occurred in whole leaves.

Uptake and translocation of Fe and Cd

After one-week Cd treatment, Fe concentration i@ 61 leaves of treated poplar plants
decreased significantly compared to that of theesmonding Ctrl (Ctrl: 217.0+4.3 pg'g
DW; Cad: 102.0+2.8 pg'gDW, see also Supplementary Table 1). Transfe@agd plants to

a Cd-free, Fe-enriched nutrient solution, both fleeuptake (measured as the remaining Fe

content of the nutrient solutions; Fig. 2) and stanation (measured as the Fe content of

10
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leaves; Fig. 3A) increased significantly. The Faakp was clearly associated to the light
periods both in Ctrl and Cad/Ctrl50 plants as nancfe in the Fe concentration of the nutrient
solutions was found before and after the dark perig-ig. 2). The relative intensity of the
uptake of Fe in both Ctrl and Cad/CtrI50 plants weeximal in the first light period, and
decreased in parallel to the decline of the Feerdrif the nutrient solution. Similarly to Ctrl
plants, Cad/CtrI50 plants also removed more or fleestotal Fe content from their 400 mL
nutrient solution during the 72 h regeneration gu&riwhich means a 3.83+0.13 pumol (Ctrl)
and 19.26+0.26 umol (Cad/CtrI50) net Fe uptake fthentotal 4 and 20 pmol available Fe
content, respectively.

Fe content of the"8leaves of Cad/Ctrl50 plants started to increaleviing a 3 h lag-period.

It only increased during the light periods, white tFe content of leaves was the same before
and after the dark periods (Fig. 3A). The intensifyfFe accummulation in leaves was the
highest during the second light period (400.5+62Fe leaf accumulated in an hour, in
average). In contrast to Fe content, Cd conter@oleaves was more or less stable in the
light, and an increase was detected between thefetiek previous and the start of the next
light periods (Fig. 3B). .

One-week Cd treatment significantly decreased thedntent of the chloroplasts compared to
Ctrls (Supplementary Table 1). The Fe content dbroplasts of Cad/CtrI50 plants also
increased only in the light periods (Fig. 3C). Altigh chloroplast Fe content started to rise in
the first light period, this increase was signifitg higher during the second and third light
periods. As a result of three-day recovery, thecBetent of chloroplast in"6leaves of
Cad/CtrI50 plants reached the Ctrl level measutethe beginning of the recovery period
(Supplementary Table 1). The Fe content of chl@siglin Ctrl plants also increased together

with plant growth.

11
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Fe translocation and chloroplast Fe accumulatioremealysed as the function of the root Fe
uptake or root Fe/Cd ratio and as the functioreaf Fe content or the amount of translocated
Fe, respectively. These analyses indicated thafthéranslocation into the leaves and Fe
uptake of chloroplast were directly proportionaltbe Fe taken up by roots and by leaves,
respectively (Fig. S1). Translocation to tHel6af started when the Fe/Cd ratio in roots was
>2 on a dry weight basis (Fig. 4A). Chloroplast Fealte was first detected when the Fe

concentration in the"sleaf exceeded about 2 nmol Fe hipw (Fig. 4B).

Restoration of photosynthetic pigments

The amount of Chl pigments significantly decreasader acute Cd stress (Supplementary
Table 1). The Fe-enriched recovery medium causessi@ration in the pigment pool. The
total Chl content (Chbh+b) remained unchanged and increased during thedndtsecond
light period, respectively (Fig. 5A). However, &ghblk increase in the standard deviation of the
Chl content at the end of the first light periodaindicates the initiation of Chl accumulation,
which, perhaps, was interrupted by the dark peroslow but gradual Chl accumulation was
found during the subsequent light periods. As altes this increase, the total Chl content in
Cad/CtrI50 leaves approximated the level of Ctrfiobe the recovery period in three days
(Supplementary Table 1). Higher amount of Chls W@asd in Ctrl leaves in a growth-
dependent manner.

The Chla/b ratio of treated leaves changed markedly by teeatéd Fe supply (Fig. 5B). Cd
treatment caused a significant decrease inalthtatio which started to increase in parallel to
the rise in chloroplast Fe content. The @Hl ratio exceeded the level of Ctrl in the second
light period, then lowered back to the level of|Clrater on, no further oscillations were
measured. No similar variability was observed ia @hla/b ratio of Ctrl leaves (data not

shown).

12
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The amount of carotenoids decreased significamlyCiad leaves compared to Citrls
(Supplementary Table 1). Carotenoid content alseved characteristic changes ifi I@aves

of Cad/CtrI50 plants. The amount gfcarotene stagnated in the initial phase of regobet
turned into accumulation in the third part of thstflight period (Fig. 6A). During the second
light period, some accumulation was also obsertrezh no further significant changes were
measured in thg-carotene content. In contrast to fhearotene, both of the lutein and the
>VAZ contents remained unchanged during the figgttliperiod, and started to increase only
later in the second light period (Fig. 6B,C). AWards, no singnificant changes were
observed. Carotenoid content of Ctrl leaves in@easignificantly during the recovery
treatment without any change in the caroteinoid paosition (Supplementary Table 1).

In Cad/Ctrl50 leaves, the change in the de-epoxidaif xanthophyll cycle pigments under
light adapted conditions (DEEPS) showed similandréo that of the Chd/b ratio (Fig. 6D).

It started to increase in the first light periodached its maximum in the second ligh period
and began to decrease markedly from the end o$ebend light period gradually reaching

the level of the Ctrl.

Chl-protein composition of thylakoid membranes

The main Chl-containing bands separated by BluevBladPAGE, after resolution of their
individual proteins by SDS PAGE, were identified BSI (supercomplexes and monomers,
both contain PSI subcomplexes), PSIl supercompldgesatain PsbB, PsbC, and Lhcb
antennae), PSIl dimers and monomers (contain PRBIBC), PSII complexes that lack CP43
(contains PsbB, but not PsbC), Lhc supercomplex QlLlHhat also bind connecting
antennae), Lhc complexes and monomers (contain timoers and/or Lhcb proteins) (Fig.

7A.B).
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The amount and ratio of each complexes were styoafjered under acute Cd stress
compared to Ctrl: the amount of all complexes werkiced, and a retardation in the relative
abundance of LHCII trimers and PSI complexes waenked (Supplementary Table 2, Fig.
7C). Starting up the recovery, the complexes shavtediacterisctic changes in th8 léaves

of Cad/CtrI50 plants (Fig. 7C, Fig. 8). Accumulatiof reaction centres (both PSI and PSII)
could be detected from the beginning of the sedmgid period, in parallel to the increase in
the chloroplast Fe concentration, while the amaointHCII timers and Lhc monomers
increased mainly from the second part of the setightiperiod accompanied by the decrease
in the Chla/b ratio (Fig. 8, black arrows). However, remarkableanges were already
observed in the macrocomplex organisation of P®lthe very early phase of recovery,
practically in parallel to the start of the increas the Fe content of leaves and chloroplasts.
Reorganisation of PSII complexes and their antemas evidenced by the elevated amounts
of PSII supercomplexes, PSII dimers and Lhc supeptexes (Fig. 8, grey arrows). By the
time of 53. hour of the recovery, the abundancB %l complexes, Lhc supercomplexes and
LHCII trimers more or less approached the levelhef initial value (0 h) of the Ctrl leaves,
whereas the amount of PSI complexes still remaineell below the Ctrl value
(Supplementary Table 2). In the Ctrl leaves, togethith Chl accumulation, all thylakoid
complexes increased in abundance during the imatstl time period. Some reorganization

of the thylakoids, i.e. the elevated ratio of sgpemnplexes was also observed.

Excitation energy allocation

Control plants reached their full physiologicaliaity before the start of recovery as it was
proved by the observed stability in the excitatemergy allocation parameters during the
recovery period (Supplementary Table 1). In contrasute Cd stress caused strong decrease

in the photochemical quenchin@ds)), and elevated the constant thermal dissipatiah an
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fluorescenced®; p) and non-photochemical quenching by inactive P&ittion centresi{yg).
During recovery treatment, thig-g, started to rise slowly but tendentiously (Fig. 9By the
third light period, there was no significant diéaice between Cad/Ctrl50 and Ctrl leaves. The
tendency of changes in botkxp and @y were roughly the opposite compared dps)
parameter but the relaxation ®f 5 was faster than that dfyr (Fig. 9C,D). Though acute Cd
stress did not cause any significant changes in ahtennae-based non-photochemical
guenching, the start of the recovery processes dlealy associated with a peak-like
elevation of®dynpq values approximately 6-10 hours after the staregéneration at the end of
the first light period (Fig. 9B). In the secondhtgperiod, thedypq values of regenerating
plants did not differ from those of the Ctrls’. adfether, the most important changes were

associated with the 6-11 h time window after exp@sa elevated Fe level.

Discussion

Acute cadmium stress resulted in inhibited Fe aadation in leaves thus causing disturbed
development of the photosynthetic apparatus (Stkdland Krupa, 1999; Solti et al., 2008).
By increasing the Fe supply of Cd stressed poplantg, an appropriate sequence of
restoration processes was observed in Fe uptak&amlocation, chloroplast Fe uptake, and

in the recovery of photosynthetic parameters.

Uptake and translocation of Fe

After replacing the nutrient solution to Cd-fre@-énriched medium (Cad/Ctrl50 plants), the
Fe content of roots, leaves and chloroplasts beadewated in a short time period. Increase
in the Fe translocation and in the chloroplast pake were directly proportional to the Fe
uptake by roots and Fe translocation to leavepertwely, i.e. dependent on the actual Fe

flux into the roots and to the leaves.
15
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Concerning the Fe uptake, the Fe content of thehfreitrient solution decreased without any
delay (Fig. 2) indicating that the Cd stress dassmhibit the Fe uptake of the roots. The total
Fe content of the medium was taken up by both thea@d Cad/Ctrl50 plants (4 and 20 pmol
Fe in the 400 mL nutrient solution, respectivelyyidg three light periods, which underlines
the importance of the periodic nutrient solutiofreshments in experimental protocols.
Moreover, the decrease in the Fe content of Ctsl@Qtion was much higher compared to
Ctrl, which must be connected to the fast increaste Fe concentration of root tissues of
Cad/CtrI50 plants. The high Fe uptake intensityCafl/CtrI50 roots found in this work also
supports that the activity/number of Fe uptaketeelaenzymes/transporters (NtIRT1 and
NtFROL1 orthologs) were higher in the roots of Gaahtin Ctrl plants, as it was also shown at
expression level by Yoshihara et al. (2006). Ineagrent, Cad treatment induced an
accumulation of not only Cd but also Fe in the so@todor et al., 2005). The dependence of
root Fe uptake on light periods may be relatedhéofact that root carbon metabolism and root
exudation strongly depends on the phloem carbomitppnd thus on photosynthesis (Dilkes
et al., 2004). The Fe uptake is probably sourcé&ditn(organic acids and reducing power)
during the dark periods. Shoot-born signals alsatrdmute to the diurnal regulation of Fe
uptake related proteins in strategy-l plants (\&rtl., 2003). Moreover, the Fe nutritional
status also has a feedback regulation on the d¢ancadbck (Hong et al., 2013)

With a short delay to the Fe uptake, Fe translonatiso started in regenerating plants
(Fig. 3). The decreased leaf Fe, which is a wetlvkm indirect effect of Cd treatment
(Siedlecka and Krupa, 1999), started to increaser & three-hour lag period probably
connected to a delay in the root-to-shoot Fe tomagion. The short delay indicates that the
regulation of Fe translocation may be in strongrattion with the increase in the Fe/Cd ratio
of root symplasfrom 0.3, characteristic to Cad plants (Fodor gt2805), to around 2.0 (Fig

4A). The quasi-continuous Cd translocation to |lsafflem the Cd reservoir of roots) and the
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strong Fe uptake of roots caused a shift in Fe&fld which probably affected the Fe-related
signal transduction pathways. Since the xylem logdf Fe is strongly dependent on the
presence of citrate (Rellan-Alvarez et al., 20H0) Cd stress decreases the amount of the
FRD3 citrate transporter significantly (Yamaguchiagé, 2010), the increasing translocation
of Fe could be a result of enhanced transcriptioAtBrd3 Populus ortholog (Durrett et al.,
2007). Similarly to Fe uptake, Fe translocatioroasems to have a diurnal activity as the
citrate is converted from sugar and sugar alcoholeaules transported to the roots in the
phloem. At the same time, the effect of the roespure may be the dominant impulsive force
in Cd translocation.

The majority of shoot Fe content is localised i tthloroplasts, particularly in
thylakoids (Morrissey and Guerinot, 2009). As aulesf acute Cd stress and also under Fe
deficiency, the Fe content of chloroplasts decré@&se@ccordance with previous data (Sarvari
et al.,, 2011; Basa et al., 2014). The effect of d@dFe transport mechanisms inside the
mesophyll cells is poorly known. Under acute Cesdr the reduced Fe uptake of chloroplasts
is connected to (i) the inhibited photosynthetidivety and the direct coupling of the
photosynthetic electron transport and the redudbiased Fe uptake mechanism of chloroplast
(Solti et al., 2014b) and (ii) the possible predermitochondrial Fe uptake under Fe limited
conditions (Vigani, 2012, Vigani et al., 2013). Netheless, during regeneration, the short
(approximately 5-6 hours) delay between the stidgad and chloroplast Fe accumulation and
the direct proportionality between Fe translocaaod chloroplast Fe uptake together indicate
that chloroplast Fe uptake is preferred if more (&least around 2 nmol rigDW) is
available in the leaf (Fig. 4B), and consequentlythe cytoplasm of the mesophyll cells.
Based on our data, the further translocation otcCthe leaf could have negligible impact on
the chloroplast Fe acquisition process. In agreg¢ntie@ presence of a large amount of Cd in

chloroplasts has not been verified yet (Ramos.eR@02; Pietrini et al., 2003).
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Restoration of photosynthetic structures and agtivi

It has long been known that the reasons for manyptyms of acute Cd stress are indirect,
the most serious one, in the context of photosyrttsructures and activity, being the Cd
induced Fe deficiency (Siedlecka and Krupa, 1998ti &t al., 2008). Together with the
inhibition of Chl synthesis, the accumulation ofl B8mplexes was inhibited primarily, but
the development of PSII and particularly its antersystem was also retarded under Cd
treatment (Fagioni et al., 2009; Basa et al., 2@B4vell as under Fe deficiency (Timperio et
al., 2007; Basa et al., 2014). Since the amoumSif complexes were the least sensitive to
Cd stress, the markedly lowered PSII activity (dasedbps)) is connected to the presence of
damaged PSII reaction centres verified by the Ipigiportion of quenching related to non-
functional PSII reaction centres (higbyg). As a result of Cd stress, the amount and
aggregation of Lhc complexes also decreased (Figa8a et al., 2014). Similarly, reduced
amount of Lhcbl and Lhcb2 proteins was also obsemerye under similar conditions,
which significantly decreased the Chl-Chl and Cdnletenoid energy transfer rate (Janik et
al., 2010). The declined efficiency of excitatiameggy transfer may be the main reason for
the elevated; values in Cad plants.

During regeneration, together with the increasthénchloroplast Fe content (Fig. 3), both the
accumulation of Chl-protein complexes and theiudtiral remodelling and functional
restoration were observed (Fig. 8). The @t ratio and the amount gkcarotene increased
first indicating the accumulation of reaction cestr According to the analysis of pigment-
protein complexes, the main reason was the shapat@n in the amount of the Fe
containing PSI reaction centres. As the biosynthedi Chls and Fe-S cofactor binding
proteins such as the PSI reaction centre requirggraficant amount of Fe (Jensen et al.,

2003; Amunts et al., 2010), the start of their aalation is an indirect sign of the elevation
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of bioactive Fe content in chloroplasts. Accordinga recent discovery i@hlamydomonas
reinhardtii, the nuclear-encoded TAAl protein may contribute the sensing of the
chloroplast Fe nutritional status and contributethte expression oPsaA gene (Lefebvre-
Legendre et al., 2015). The delay we measured utiderecovery treatment between the
uptake of Fe into the chloroplasts and the appear#éme PsaA was similar to that found in
Chlamydomonas. Nevertheless, the presence of TAA1 homologsghér plants has not been
proved yet.

Lowering of the Chla/b ratio and increase in the amounts of lutein arnrokanthophylls,
i.e. the accumulation of Chkb containing Lhc antennae, mostly LHCII trimers, wiatayed

to the second light period. Together with the acglation of thylakoid complexes, the actual
gquantum efficiency®ps)) also recovered gradually in parallel to the daseein excitation
energy dissipation by inactive PSII reaction ceneyg). In addition to the decreasinigyr
values, other processes also indicate the remodetif the different non-photochemical
guenching routes. A sharp, peak-like increase m dhtennae based non-photochemical
quenching ©npg) observed in the third part of the first light jeel of recovery coincided with
the fast reorganisation of complexes (elevatedorati PSIl dimers, PSIl- and Lhc
supercomplexes) without a net increase in their wamso (Fig. 9C vs. Fig. 8). Thus, the

reorganisation of PSIl may have contributed to pleiakdnpq values.

Conclusion

The root-to-shoot Fe translocation and the Fe w@ptaik chloroplasts is retarded under a
threshold value of root and leaf Fe content (oClerfatio), respectively. During the recovery
of Cd stressed plants performing high Fe-uptakeafp the elevated Fe supply starts a rapid
Fe accumulation in the roots. The increase in tw Fe/Cd ratio induces root-to-leaf Fe

translocation, and the increased Fe content oekeanhances Fe uptake into the chloroplasts.
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Accumulation of Fe in chloroplasts precedes thevery of photosynthesis independently of
the presence and further translocation of Cd toleaé Among the Fe homeostasis linked
structural and physiological parameters, the biegenof PSI complexes and the remodelling
and reactivation of PSIl complexes are the mostomamt in the initialization of the

restoration of photosynthesis.
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Figure 1. Area growth (A) and increase in fresh (B) and weight (C) of Cad/Ctrl50 leaves
during the recovery period. Ctrl values at the bemig of the recovery treatment are
indicated by arrows. Grey fields indicate the dpétiods and the error bars show the SD,
n=6.
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1 Supplement

3  Supplementary Table 1.Physiological parameters of th& Gaves at the beginning and in

4  the 53. hour of the investigated recovery periaéaiments: Ctrl — control or Cad — one week

5 treatment without or with 10 pM CdNGOn Hoagland solution of ¥4 strength, 53 h Ctrl or

6 Cad/Ctrl50 — further treatment under Ctrl condisoor with five-fold elevated Fe supply.

7  Similarities between samples (n=6) were analyseith whe-way ANOVA with post-hoc

8  Tukey-Kramer test (P<0.05).

leaf area (cr)
fresh weight (mg)
dry weight (mg)
leaf Fe content (ug l€&f

chloroplast Fe content
(fmol chloroplast)

leaf Cd content (ug ledf
Chl a+b content (ug led)
Chl a/b ratio

B-carotene contenfunol leaf®)
lutein content (umol led)
SVAZ (umol leaf')
DEEPS

Dpg;

Dnpo
®rp

Onr

10

Oh 53 h
Ctrl Cad Ctrl Cad/CtrI50
46.7+3.9 33.9+0.4 85.1+4.4 45.2+5 F
320.9+192 245.2456.9 | 597.1+22.86 320.7+46.3
53.8+3%  35.7+4.0 | 100.0+3.8 50.7+3.7
11.7+0.2 3.6+0.7 22.0+0.4 8.7+0.8
0.74+0.24  0.40+0.13 | 1.22+0.19  0.81+0.18
n.d. 9.0+0.24 n.d. 11.1+0.2
736.8+172.& 319.6+7.9 |1568.5+91.0 580.3+34.8
3.40+0.0%  3.01+0.08 | 3.32+0.084 3.34+0.13
5.03+0.958°  4.07+0.94 | 10.32+1.72 6.59+1.57
92.9+5.8 46.3+1.3 | 197.6+0.8 74.6+1.3
17.2+1.% 10.9+1.7 34.1+1.3 16.8+1.8
0.018+0.062 0.068+0.008 | 0.021+0.002 0.037+0.008
0.698+0.028 0.521+0.040|0.699+0.008 0.658+0.02%
0.041+0.009 0.040+0.018|0.054+0.023 0.045+0.020
0.258+0.013 0.315+0.02%|0.251+0.017 0.266+0.01%
0.004+0.003 0.124+0.038(0.001+0.00?7 0.031+0.013
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Supplementary Table 2.Abundance of Chl-protein complexes (values givepgnChl leaf
1 in the differently treated"bleaves. Treatments: Ctrl — control or Cad — onekateeatment
without or with 10 pM CdN@in Hoagland solution of ¥ strength, 53 h Ctrl @dtrl50 —
further treatment under Ctrl conditions or withefifold elevated Fe supply. Abbreviations:
LHC/Lhc — light-harvesting complexes, PS — phottmys CP — chlorophyll-protein, s —
supercomplex, t — trimer, d — dimer, m - monomeamilarities between samples (n=6) were

analysed with one-way ANOVA witpost-hoc Tukey-Kramer test (P<0.05).

0Oh 53 h
Ctrl Cad Ctrl Cad/CtrI50
PSI 189.6£2.9 68.7+7.9 |386.6+11.8 125.645.1
PSll-s 30.5¢4.8  245+3.f | 152.3+7.8 41.5+3.0
PSIl-d 49.7+3.0  16.335.9 [126.3+15.2 38.7#4.%
PSIl-m 89.7+1.8 25.3+2.8 | 151.0+7.8 65.8+11.4
CP43-less PSI 16.3+45 10.2+1.%* | 141450 7.1+1.8
Lhc-s 30.9+9.8  7.9+2.3 | 109.3x2.4 27.1x1.8
LHCII-t 214.3+7.8 107.3+6.8 | 434.6+43.7 182.1+9.9
Lhc-m 83.0+3.1 44.8+10.4 | 128.0+41.2 59.8+9.6

36



140 - A

120 -
o — 100
o
58 [
T o 60
sk
n O 40 -
cE +
S 20
ey
0 |
'20 T T T 1
0 5 10 15 20
root Fe uptake (pmol)
0.6 - B
23T o5
g8
%E' 0.4
(]
LS 03
]
K e
E © 0.2
oo )
o) LL
‘_53 0.1 -
SE o
-0-1 T T T T 1
0 30 60 90 120 150

translocated Fe
(nmol Fe leaf1)

Supplementary Figure 1.Dependence of Fe translocation and chloroplasigtake on the

Fe uptake of roots (A) and the root-to-leaf Fe gtacation (B), respectively. The values
measured during the lag periods with no significapttake and translocation were omitted
from this evaluation. As for correlation analysistween the parameters, linear regressions
were performed, where’Ralues were (A): 0.9393 and (B): 0.9863. Thusait be concluded
that Fe translocation into the leaves as well aufptake into the chloroplasts is directly

proportional to the Fe taken up by roots and bydearespectively.
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