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Physiological changes of plants under Cd stress are widely studied, and many of the
symptoms are associated to a Cd-induced Fe deficiency. In Cd-stressed plants, inhibition of
Chl synthesis and decrease in photosynthetic activity occurs together with decreased
accumulation and reorganization of the pigment-protein complexes of thylakoids. Our paper
addresses the question in what extent is responsible the Cd-induced Fe deficiency for
these acclimation responses of thylakoids under Cd toxicity. In order to study the amount
of the different membrane complexes and their interactions Blue Native/ SDS-PAGE method
combined with mass spectrometry protein identification was used to characterize the
proteome profile of thylakoids of both Cd-stressed and Fe-deficient sugar beet plants along

with parallel fluorescence induction studies on functional changes.

The key points of our finding are:
- Cd-induced local Fe deficiency in the chloroplast is the prime trigger of thylakoid
acclimation.
- Both Cd stress and Fe deficiency induce the accumulation of PSII supercomplexes and

at the same time the disassembly of LHCII.



- Increased intensity of cyclic electron flow and accumulation of zeaxanthin, the main
quenchers under severe Fe depletion, seems not to take part in the protective
mechanisms under Cd stress but rather thermal dissipation by inactive PSII

complexes.

Our results appreciably contribute to the sparse structural information on thylakoid
complexes affected by Cd toxicity and Fe deficiency.
All previously published work cited in the manuscript has been fully acknowledged.
I am looking forward to hearing from you at your earliest convenience.
With best regards,
Yours faithfully,

Brigitta Basa
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Highlights:

- Cd-induced chloroplast Fe deficiency is a prime trigger for thylakoid acclimation to
Cd excess.

- Both Cd stress and Fe deficiency induce PSII supercomplex and LHCII disassembly.

- Thermal dissipation by inactive PSII complexes is markedly induced by Cd stress.

- The amounts of PSI supercomplexes and zeaxanthin rise with Fe deficiency.

- Cyclic electron flow and zeaxanthin are likely to be energy quenchers under low Fe.
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Abstract

In intact plants, Cd-induced Fe deficiency is thought to play a role in the toxic effects of Cd
on photosynthesis. To investigate the contribution of the Cd-induced Fe deficiency to Cd
stress symptoms we studied the composition and organization changes of thylakoid pigment-
protein complexes by two-dimensional Blue Native-SDS gel electrophoresis and mass
spectrometry, in parallel to functional changes, using Beta vulgaris plants grown in
hydroponics. Plants were treated by withdrawing Fe or with 10 uM CdCl; for 10 days. Both
metal stresses caused a marked decline in leaf chlorophyll concentration and chloroplast Fe
content, as well as a loss of photosystem | (PSI) and light harvesting complex 1l (LHCII)
complexes. Furthermore, marked organizational changes of the photosynthetic apparatus were
found, including a decrease in the ratio of the PSII mega-/supercomplexes and an increase in
the monomeric form of the LHCII antennae, with the extent of these changes being similar
under both stresses. This supports that Fe deficiency responses have a major role in the
responses of plants under Cd stress. In Fe-deficient thylakoids the increase in the ratio of PSI
supercomplexes and degrading PSII particles was more pronounced, and a higher zeaxanthin
content was found. Under Cd stress, a stronger inhibition of PSII activity and enhancement of
thermal dissipation of the inactive PS1I complexes were observed. The differences detected
under the two metal stresses lead to the conclusion that both local Fe deficiency in
chloroplasts and other direct or indirect inhibitory effects of Cd are behind the response

mechanisms of plants grown under Cd stress.

Keywords: sugar beet; Cd stress; Fe deficiency; thylakoids; Blue-Native PAGE
Abbreviations: BN: blue-native; CA: connecting antenna; Chl: chlorophyll; FNR:

ferredoxin-NADP™ oxidoreductase; LHC: light-harvesting complex; NPQ: non-photochemical
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quenching; PAGE: polyacrylamide gel electrophoresis; PS: photosystem; SDS: sodium-

dodecyl-sulfate; VAZ: violaxanthin+antheraxanthin+zeaxanthin

1. Introduction

Cadmium (Cd) is a heavy metal pollutant that is dangerous to all living organisms. In nature,
Cd can be released as a result of rock mineralization processes, but the main sources of
contamination are anthropogenic activities, including urban traffic, cement factories, metal-
working industries, waste incinerators, and the use of P fertilizers or sewage sludge manures
(Nagajyoti et al., 2010). Cadmium is well known for its phytotoxicity, and therefore its
accumulation in soils leads to reduced yields in horticultural and forest crops by altering many
plant physiological and biochemical processes (Sanita di Toppi and Gabbrielli, 1999).
Although the total amount of Cd taken up by plants is largely species-specific, Cd toxicity
usually causes similar symptoms in most species, such as reduced growth, decrease in

photosynthesis and disturbances in ion uptake (Prasad, 1995; DalCorso et al., 2008).

Damages of the photosynthetic apparatus are related to different direct and indirect
mechanisms induced by Cd. As a consequence of its capacity to replace essential metals in
metal binding proteins, Cd can induce inhibition of chlorophyll (Chl) synthesis and also
disturb PSII function (Bertrand and Poirier 2005; Faller et al., 2005; Kucera et al., 2008). A
direct inhibition of O, evolution by Cd is also possible (Sigfridson et al., 2004; Pagliano et al.,
2006). Because of its stable binding to -SH groups of proteins, Cd may interfere directly with
enzymes related to Chl biosynthesis (Stobart et al., 1985; Padmaja et al., 1990) and C
assimilation (van Assche and Clijsters, 1990), and also with the correct assembly of the
pigment-protein complexes of both photosystems (Baryla et al., 2001). As a secondary effect,

the oxidative stress induced by Cd can lead to an imbalance in the generation and removal of
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reactive oxygen species capable of damaging membranes, proteins and nucleic acids (Kucera

et al., 2008).

In intact plants, many of the symptoms of Cd stress are associated to a Cd-induced Fe
deficiency (Siedlecka and Krupa, 1999; Larbi et al., 2002; Lopez-Millan et al., 2009).
Cadmium inhibits the root Fe(l1l) reductase (Alcantara et al., 1994; Chang et al., 2003) and
impairs Fe uptake and translocation of Fe from roots to shoot (Fodor et al., 2005), leading to
Fe deficiency in leaves. Iron deficiency itself is also a serious worldwide problem in
numerous crops (Marschner, 1995). In chloroplasts, Fe plays important roles in Chl synthesis
(Spiller et al., 1982; Tanaka et al., 1998), and photosynthesis, which utilizes heme- and Fe-S
proteins, is also markedly affected by Fe deficiency (Belkhodja et al., 1998; Larbi et al.,
2006). Changes in Chl fluorescence parameters and loss and recovery of photosynthetic
components found under Cd stress showed a strong correlation with the Fe status of the
nutrient media (Solti et al 2008; Qureshi et al., 2010), underscoring the importance of Fe

deprivation induced by Cd on photosynthetic processes.

Both the inhibition of Chl synthesis and the reduced photosynthetic activity are associated
not only to a decreased accumulation, but also to a reorganization of pigment-protein
complexes. The accumulation of PSI was strongly reduced under Cd exposure (Sarvari et al.,
1999, 2005; Fagioni et al., 2009, Qureshi et al., 2010), and a decreased amount of some
members of the Lhc family was also described in proteomic studies investigating Cd stress
(Kieffer et al., 2009; Farinati et al., 2009; Durand et al., 2010). Regarding Fe deficiency, a
high sensitivity of PSI and LHCII complexes was found (Andaluz et al., 2006; Timperio et
al., 2007). Not much information has been published concerning the organizational changes
of thylakoid complexes induced by Cd or Fe deficiency, although the oligomerization of
LHCII has been shown to be disturbed by both stresses in different plant species (Krupa,

1988; Timperio et al., 2007; Fagioni et al., 2009; Qureshi et al., 2010; Saito et al., 2010).
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Interactions between thylakoid pigment-protein complexes play important roles in
protective mechanisms, especially under stress conditions that lead to imbalances between the
absorbed and utilised light energy. When light is in excess, antenna associated quenching
mechanisms are activated, including the so-called non-photochemical quenching (NPQ)
processes that involve dynamic changes in the organization of the antennae (Li et al., 2002;
Miloslavina et al., 2008; Betterle et al., 2009; Nilkens et al., 2010). Under strong stress
conditions, these protective mechanisms can be insufficient, leading to inactivation of PSI|
centres associated with the controlled degradation and re-synthesis of the D1 (and D2)
proteins of PSII centre (Andersson and Aro, 2001). For instance, in Indian mustard plants the
Cd-induced decrease in the accumulation of multimeric complexes was attributed to an
accelerated turnover of PSII (Qureshi et al., 2010). The long-term consequences of the
imbalance in the activity of the two photosystems include changes in the gene expression,
generally leading to an altered ratio and organization of the core and antenna components
(Wilson et al., 2006). Iron deficiency was also shown to cause remodelling of the

photosynthetic apparatus (Morales et al., 2001; Moseley et al., 2002; Saito et al., 2010).

In this study we aimed to compare the effects of Cd toxicity and Fe deficiency on the
organization and functioning of thylakoid complexes, to better understand the impact of Fe
deficiency itself and its contribution to Cd toxicity symptoms. In order to characterize the
proteome profile of thylakoids, Blue Native (BN)-sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was used, together with mass spectrometry protein
identification, to provide quantitative information on the amount of membrane complexes and

also on their interactions.

2. Materials and Methods

2.1 Plant material
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Hydroponically cultured sugar beet (Beta vulgaris cv. Orbis) plants were used. Seeds were
germinated and grown in vermiculite for 2 weeks. Seedlings were grown in a climate chamber
(16/8 h light [350 umol m?s* PPFD PAR]/dark periods, 23/18 °C and 80% relative humidity)
in 1/2 strength Hoagland solution: (in mM) 2.5 Ca(NO3),, 2.5 KNO3, 1.0 MgSQ,, 0.5
KH,POs4, 0.5 NaCl, (and in uM) 23.12 H3BO3, 9.2 MnCl;, 0.28 ZnSO4, 0.24 Na;M00Oy4, 0.16
CuSQq,, with 45 uM Fe(IIT)-EDTA. Before treatments, seedlings were pre-cultivated in
nutrient solution up to four-leaf stage in plastic buckets of 20 L volume (4 plants per bucket),
and then further cultivated in the above-mentioned nutrient solution (control) or treated with
10 pM CdCl, (+Cd), or by Fe deprivation (zero Fe and 1 g L™ CaCOs; -Fe) for 10 days.
Nutrient solutions were changed weekly, and young, fully expanded leaves were sampled

from the plants submitted to the differently treatments.

2.2 Determination of elemental content

All plant tissues were washed with ultrapure water. Samples were dried in an oven at 60 °C
for 76 h until constant weight. Dried plant materials were digested with HNO3 for 30 min at
60°C, then in H,0, for 90 min at 120°C. lon contents were measured by ICP-MS (Inductively
Coupled Plasma Mass Spectrometer, Thermo-Fisher, USA) for microelements and by ICP-
OES (Inductively Coupled Plasma Optical Emission Spectrometer, Perkin-Elmer, USA) for
macroelements, using 3 replicates per treatment (n=3), each pooling leaves from four different

plants. Chloroplast Fe content was determined according to Solti et al. (2012).

2.3 Determination of photosynthetic pigments

Leaf disks were cut with a calibrated cork borer, wrapped in aluminium foil, frozen in liquid-
N, and stored at -80 °C for both Chl and carotenoid analysis. Leaf pigments were extracted
with 80% (v/v) acetone in the presence of Na-ascorbate, and Chls were measured

spectrophotometrically using the extinction coefficients of Porra et al. (1989). Pigment
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extracts were filtered through OlimPeak 0.45 um filters (Teknokrama, San Cugat del Vallés,
Spain) and analysed in a Waters HPLC by the method described in Larbi et al. (2004). A flow
rate of 1.7 mL min™* was used, and the analysis time per sample was approximately 15 min
including column equilibration. Pigments were detected at 450 nm using a photodiode array
detector (Waters 996, Waters Corporation) and quantified by integration of peak areas. Three

replicates per treatment were used.

To extract pigments from the main complexes obtained by BN PAGE, gel bands were
excised with a surgical blade and the gel matrix was broken with a teflon homogenizer in the
presence of 2 mM Tris-maleate (pH 7.0). In order to obtain an efficient recovery of the
complexes, samples were stored overnight at -20 °C and then centrifuged at 12,000 g for 10
min. Supernatants containing the extracted chlorophyll-protein complexes were concentrated
with Centricon 10.000 MWCO devices (RCYM-10, Millipore, Billerica, MA, USA) at 6,500
g until 300-500 pl final volume and filtered with OlimPeak 0.2 um Syringe filters
(Teknokroma, Barcelona, Spain). Separation cartridges (Sep-Pak Plus Cyg Plus Short
cartridges WAT020515; Waters Corporation, Milford, MA, USA) were first equilibrated with
100% (v/v) methanol and then with 4:1 methanol:water mixture. Then, samples were loaded
in agueous phase onto the cartridge and two mL of pure methanol was injected subsequently
to remove non-adsorbed compounds (this procedure did not cause the elution of pigments
from the column). Elution of the pigments was carried out using five mL of pure acetone, and

analysis was carried out by HPLC as indicated above.

2.4. Photosynthetic activity measurements, quenching analysis

Fluorescence induction measurements were carried out with intact leaves using a PAM 101-
102-103 Chlorophyll Fluorometer (Walz, Effeltrich, Germany). Leaves were dark-adapted for

30 min. The Fq level of fluorescence was determined by switching on the measuring light
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(modulation frequency of 1.6 kHz and photosynthetic photon flux density (PPFD) less than 1
umol m™ s%) after 3 s illumination with far-red light in order to eliminate reduced electron
carriers (Belkhodja et al., 1998). The maximum fluorescence yields, Fy, in the dark-adapted
state and F, ‘ in light-adapted state, were measured by applying a 0.7 s pulse of white light
(PPFD of 3500 pmol m™ s, light source: KL 1500 electronic, Schott, Mainz, Germany). The
maximal and actual efficiency of PSII centres were determined as F./Fn = (Fn - Fo)/Frn and
AFIFq = (Fn* - F)IFy ¢, respectively. For quenching analysis, actinic white light (PPFD of
100 pmol m™ s, KL 1500 electronic) was provided. Simultaneously with the onset of actinic
light the modulation frequency was switched to 100 kHz. The steady-state fluorescence of
light-adapted state (F;) was determined when no change was found in Fy, ‘ values between two
white light flashes separated by 100 s. For assessing the excitation energy allocation in all

samples, the quenching parameters of Hendrickson et al. (2005) were used as follows:
D = 1_i * —FV/Fm ;
Fm I FVM / FmM

o _[F_F)[FIF)
NPQ ml Fm FVM/FmM1

®pg)i: the photochemical efficiency of functional PSII centres; ®npo: 4pH dependent,
xanthophyll-cycle coupled non-photochemical quenching; ®xp: fluorescence/thermal
dissipation of the absorbed energy; ®ng: the thermal dissipation by inactive PSII centers; Fpm:
the mean of quasi non-inhibited control Fy, values. The intensity of actinic light was low

enough not to cause additional photoinactivation of PSII centres.

2.5 Thylakoid proteomics



188  Sugar beet leaves from the differently treated plants were used for isolation of thylakoid

189  membranes according to Jansson et al. (1997), with four biological replicates. Thylakoids (0.5
190  mg Chl mLtin the controls and 0.3 mg Chl mL ' in the Cd-treated and Fe-deficient

191 thylakoids, respectively) were solubilised with 750 mM aminocaproic acid, 50 mM BisTris-
192  HCI (pH 7.0), 0.5 mM EDTA, 250 pug/mL Pefabloc (serine protease inhibitor) and 2% (w/v)
193  n-dodecyl-B-D-maltoside on ice for 30 min. After a 15-min centrifugation at 18,000 g at 4 °C,
194  the supernatant was supplemented with 1/5 volume of 5% (w/v) Serva blue G dissolved in
195 500 mM aminocaproic acid. The use of different Chl concentrations in the controls and the
196  treatments was necessary to optimize the resolution of bands and led to different

197  detergent/Chl ratios. The final Chl load was 10 and 5 pg per lane in the case of controls and
198 the other two treatments, respectively. The protein/Chl ratio was 1.5-2.0 in thylakoids from

199  control and Cd-treated plants and 3.2-4.7 in those from Fe-deficient plants.

200 For separation of the pigment-protein complexes, 1-DE electrophoresis was run under
201  native conditions using BN PAGE (Kdgler et al., 1997) in 5-12% (w/v) acrylamide gradient
202  gels (Mini-Protean, BioRad, Hercules, CA, USA). Electrophoresis was carried out at 4°C,
203  with 5 mA per gel and a maximum of 300 V, for approximately 4 h. Separations were

204  repeated four times with each biological replicate. Gels were scanned using an Epson

205  Perfection scanner 4990 in 24-bit colour at 600 dpi, saved in tiff format and images

206  transformed to 8-bit grayscale .tiff files using Photoshop (Adobe Photoshop 12.0.4). To

207  compare the changes occurring in the amount of the different pigment-protein complexes
208  (bands in the 1-DE BN PAGE gels) with the treatments, densitometric analysis (pixel density)
209  was carried out using the Phoretix image analysis software (Phoretix International, UK). The
210  pixel density (that originates from the blue Coomassie and green/yellow photosynthetic

211  pigment colours) is a valid tool to assess the amount of a given pigment-protein complex

212  across treatments, because Coomassie measures quantitatively proteins and neither the protein
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composition nor the pigment complement of each complex changed with the treatments (see
Results). Since the amounts of thylakoids loaded in each gel were not identical, the total
optical density of each lane was normalized using the amount of Chl loaded (1 pg of Chl gave

204585+15216 optical density units).

The apoprotein composition of the different pigment-protein complexes was analyzed in a
second dimension using SDS PAGE (Laemmli, 1970). Three mm gel strips cut from a BN
PAGE lane were attached to the top of the second dimension denaturing gel (12% w/v) in
solubilising buffer containing 0.5% (w/v) agarose, and proteins were separated in the above-
mentioned apparatus with a constant current of 20 mA per gel for 2 h. After electrophoresis,
gels were stained with colloidal Coomassie blue G-250 (Candiano et al., 2004). Gels were
scanned using an Epson Perfection scanner 4990 in 8-bit grayscale at 600 dpi, saved in tiff
format and analyzed with the Phoretix image analysis software as indicated above. The
optical density values of all the polypeptides present in the 2-DE BN/SDS gels was used to
assess the changes in the relative distribution of different protein complexes with the
treatments, except in the case of the different PSII forms that were assessed according to the

distribution of the CP47 apoproteins.

2.6. Protein in Gel Digestion and Identification by Nanoliquid Chromatography-Tandem

Mass Spectrometry (nLC—ESI—MS/MS)

Some polypeptide spots could be unequivocally identified on the basis of earlier results using
similar gel systems for separation of polypeptides of PSI (Nelson and Yokum, 2006), PSII

(Aro et al., 2005), ATP synthase (Seelert at el., 2003), and Cyt bgf complex (Suh et al., 2000).

Spots were excised automatically from the Coomassie-stained gels using a spot cutter
EXQuest (BioRad), and in gel-digested with trypsin as indicated elsewhere (Rodriguez-Celma

et al., 2013). Peptide mixtures were analysed with a nano-HPLC system 1200 series (Agilent

10



237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

Technologies) connected to a HCT Ultra high-capacity ion trap (Bruker Daltoniks, Bremen,
Germany) using a PicoTip emitter (50 pm 1.d., 8 um tip i.d., New Objective, Woburn, MA,
USA) and an on line nano-electrospray source (Rodriguez-Celma et al., 2013). Protein
identification was performed by searching in the non-redundant NCBInr 20110129 (12806714
sequences; 4372843424 residues) and Plants_EST EST_105 (136442070 sequences;
23838005216 residues) databases, using the MASCOT server (Matrix Science,
www.matrixscience.com, London, UK). Searches were carried out using a mass window of
50-100 ppm for the precursor with monoisotopic mass accuracy, and fragment mass tolerance
was +0.6 Da. The search parameters allowed for carbamidomethylation (Cys), oxidation of
methionine and allowed fixed modification. Positive identification was assigned with
MASCOT scores above the threshold level (p<0.05) and were validated manually with a score
above homology, great sequence coverage and similar experimental and theoretical MW and
pl (Supplementary Table 1). We used the GO biological process annotation

(http://www.geneontology.org) of the individual identified proteins for classification.

2.7. Statistical analysis
InStat v. 3.00 (GraphPad Software Inc., La Jolla, CA, USA) was used to carry out ANOVA

analysis and a Tukey-Kramer post-test (using a p<0.05 significance level).

3. Results

3.1. Photosynthetic characteristics and mineral content of leaves from control and treated

plants

After the 10-d treatment, sugar beet plants showed characteristic symptoms of Cd toxicity and
Fe deficiency, including slower growth and leaf chlorosis. Leaf Chl concentration showed a
marked decline both under Cd stress and Fe deficiency, with a preferential loss of Chl b as

indicated by the increases in Chl a/Chl b ratios (Table 1). Two groups of Fe-deficient plants

11
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were taken into consideration, one showing a moderate decline in Chl concentration (-Fe) and

Ext

a second extremely Fe deficient group (-Fe="), showing more marked leaf Chl decreases.

Ext

Further studies were mostly focused on the —Fe~" plants, since their leaf Chl concentration

was similar to that of the leaves from Cd-treated plants (Table 1).

Photosystem |1 efficiencies decreased under Cd toxicity and extreme Fe deficiency (Table
2). Under Cd stress, both the maximal (F./Fr,,) and the actual (AF/Fy,”) PSII efficiencies were
markedly reduced, whereas Fe deficiency affected photochemical efficiency only moderately.
However, NPQ was increased markedly by both Cd toxicity and Fe deficiency (1.7- and 1.6-
fold, respectively). Concerning the different mechanisms of energy dissipation, the
proportions of ®neq (4pH dependent, xanthophyll-cycle coupled non-photochemical
quenching) and ®sp (fluorescence/thermal dissipation of the absorbed energy) changed only
slightly. However, ®ng (the thermal dissipation by inactive PSII centers) increased, mainly at
the expense of ®pg); (the photochemical efficiency of functional ones), and this was more
intense in Cd treated plants.

Leaves of Cd-treated plants accumulated high levels of Cd, whereas leaves of control and
Fe-deficient plants showed very low Cd concentrations (Table 3). Regarding macronutrients,
the concentrations of Mg decreased in all treatments, whereas those of Ca increased
significantly in the +Cd and —Fe™" treatments and those of K did not change significantly.
Regarding micronutrients, leaf Mn concentrations decreased in all treatments, whereas those

of Fe decreased significantly in the +Cd and —Fe™

treatments, and those of Zn did not change
significantly.

The Fe content of isolated intact control chloroplasts was 707.0£111.6 amol Fe chloroplast’
! whereas chloroplasts isolated from Cd treated and —Fe™" plants contained 370.9+54.9 and

292.5+65.8 amol Fe chloroplast™ (corresponding to approximately 43-57% and 32-50% of the

control values), respectively.
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3.2. Changes in the amount and organization of the thylakoid complexes revealed by 1-DE

BN and 2-DE BN-SDS PAGE

The electrophoretic profiles of the pigment-protein complexes (1-DE BN PAGE; Fig. 1A)
and their polypeptide composition (2-DE BN-SDS PAGE; Fig. 1B) were similar in thylakoids
from the controls and from leaves affected by extreme Fe deficiency. Similar results were
obtained with thylakoids from Cd-stressed and moderate Fe deficiency (Supplementary Fig.
1). A total of 13 bands were observed in the first dimension BN PAGE gels, some of them of
green colour (bands 1-7 and 10) and others where the blue Coomassie colour was
predominant (8-9, and 11-13). All these bands were identified according to their polypeptide

patterns (Fig. 1B).

Among the first 5 bands of low electrophoretic mobility, bands 1, 2 and 4 were identified
as supercomplexes containing PSI, though the polypeptide composition could not be resolved
because of their small amount. Bands 3 and 5 contained mega-/supercomplexes of PSII core
with its connecting antenna (CA) and outer antenna LHCII, probably differing in the amount
of LHCII antenna bound to the complex. Band 6 at 580 kDa molecular mass contained the
monomer PSI, ATPase and the dimer PSII complex. PSI core complexes devoid of the
antennae together with the CF; part of ATPase were present as one or more bands appearing
around 425 kDa, and this region was labeled as band 7. Band 8 had an approximate 315 kDa
molecular mass and contained PSII core monomer and Cyt bsf dimer. Band 9 contained PSII
core monomer without one of its inner antenna, CP43 (PsbC), whereas CP43 appeared alone
around 109 kDa (band 12). The intense green band 10 with 155 kDa molecular mass consisted
in LHCII trimers. Band number 11 was identified as Cyt bgf monomer devoid of the Rieske
Fe-S protein. Finally, band 13, with the fastest electrophoretic mobility (around 90 kDa),

contained Lhc monomers.
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Based on the polypeptide pattern of the second dimension SDS gels, components of PSII
could be distinguished well in the supercomplexes (bands 3 and 5). The LHCII trimer was
found at 75 kDa, although in the native gel it had a molecular mass of 155 kDa. This can be
explained by the fact that in this system these proteins can bind Chl even in the second
dimension SDS-PAGE separation. Below the trimer, CP47 (PsbB) and CP43 (PshC)
apoproteins were found, followed by D2/D1 (PsbD/PsbA) and the apoproteins of the
connecting antenna CP29 (Lhcb4) and CP26 (Lhcb5). Polypeptides of PSI particles were
found in band 6 and 7. Regarding band 6, Chl-binding PsaA/PsaB/Lhca supercomplex had the
highest molecular mass, and among proteins of higher mobility, several core components
(PsaD, PsaF and PsaL) and an Lhca-type apoprotein (22 kDa) were found. ATP synthase
components included the double band composed of the a. (AtpA) and 8 (AtpB; spot 4)
subunits of CF; in the 55 kDa region, and the y (AtpC) subunit at 35 kDa (band 6 and 7). The
small ATP-ase subunits found in the 10-20 kDa region of the 2-DE gels, such as AtpD, CF,-

I1, and AtpE, were only detected in band 6.

Polypeptides of the Cyt bgf complex, Cyt f (PetA), Cyt bs (PetB) Rieske Fe-S protein
(PetC) and subunit IV (PetD), were found in bands 8 and 11 (in the latter band, PetC was not
detected). Apoproteins of the LHCII and the Lhc monomers fall between 20-30 kDa in the
region of band 12 (spots 10-12). In the vicinity of the Lhc monomer band, an aggregate was
found which contained Lhcb8 (spot 5). The 33 kDa molecular weight OEEL protein of the

water splitting complex was also seen in the region corresponding to band 13 (spot 9).

Polypeptide profiles of thylakoids observed in the 2-DE BN SDS gels were similar to the
control in those obtained from plants affected by Cd-toxicity or Fe-deficiency (Fig. 1B,
Supplementary Fig. 1). The only exception was the appearance of an enzyme complex in

thylakoid preparations from Fe-deficient plants that included aldolase and ferredoxin-NADP

oxidoreductase (FNR) (spots 6, 7 and 8 in Fig. 1B), at approximately 180 kD in 1-DE gels,

14



335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

which was hardly detected in those from control (Fig. 1B) and Cd-treated plants
(Supplementary Fig. 1). This complex could not be distinguished as a separate coloured band

in the 1-DE gels.

Cadmium toxicity and Fe deficiency led to marked changes in the amount of the different
pigment-protein complexes (Fig. 2). Changes were assessed using the pixel density of the
different bands in the 1-DE BN PAGE gels [in the case of band 6 the contribution of the PSI
monomer (6°) and the PSII dimer (6 ) were estimated from the 2-DE gel by comparing the
density ratio of the CP47 apoprotein (PsbB) in band 6 with that of band 8, which contains
only PSII monomer]. Cadmium treatment decreased the amounts of PSII mega-
/supercomplexes (bands 3 and 5), PSI (bands 1, 2, 4, 6" and 7) and LHCII trimer (band 10) by
approximately 70%, whereas the amounts of PSII dimer (band 6 ), PSII monomer (band 8)
and Lhc monomers (band 13) were reduced by approximately 50-60%, and that of the CP43-
less PSII core (band 9) was lowered by less than 50%. In moderately Fe-deficient samples,
the amounts of PSI, PSII supercomplexes, PSII monomers, and LHCII trimers decreased to
similar extents to those in Cd-treated thylakoids, whereas the PSII dimer was less reduced,
and the amounts of CP43-less PSII core and Lhc monomers were similar to those in the

control. In samples severely Fe-deficient (-Fe™

) the pattern was quite similar to those of
samples from Cd treated plants, with a significantly stronger reduction detected in the case of

PSII supercomplexes and LHCII trimer.

The same data were analysed to get information about treatments-induced changes in the
ratios between the different types of thylakoid complexes (Fig. 3). The PSI/PSII ratio
(assessed from the ratio [bands 1, 2, 4, 6" and 7]/[bands 3, 5, 6”, 8 and 9]) did not change
under either Cd stress or Fe deficiency. However, the LHCII trimer/PSlI ratio (calculated as
the ratio [band 10]/[bands 3, 5, 6, 8 and 9]) decreased significantly in the Fe-deficient

samples, whereas the LHCII trimer/Lhc monomer ratio (calculated as the ratio [band
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10]/[band 13]) was decreased by both Cd toxicity and Fe deficiency, with a stronger effect in
the latter case.

The changes in the relative distribution of different PSI and PSII protein complexes in the
samples were assessed from the optical density values of the polypeptides present in the 2-DE
BN-SDS PAGE gels (Fig. 4A and 4B for PSI and PSII, respectively; see gels in Fig. 1B). In
the case of PSII complexes the ratios were calculated on the base of CP47 spots, as this
protein is present in each of the complexes and its amount is directly proportional to the
complex. In the case of PSI the only significant change was a reduction in PSI monomer
(band 6°) in the case of the extremely Fe-deficient samples; the organization of PSI did not
change with Cd treatment. However, marked changes were induced in the organization of
PSII by all the treatments (Fig. 4B). In control samples, the PSII monomer (band 8) was the
most abundant (33%), followed by PSII supercomplexes (bands 3 and 5) and dimers (band
6”) (23 and 24%, respectively), and the CP43-less PSII core monomer (band 9) (about 20%).
Cadmium treatment decreased significantly the proportion of PSII supercomplexes, while that
of CP43-less PSII core increased significantly and the proportions of PSII dimer and
monomer did not change. Similar organization changes were observed in thylakoids from Fe-
deficient plants. In moderately Fe-deficient plants, the proportion of the CP43-less PSII was
almost two-fold compared to the control, at the expense of PSII supercomplexes and
monomers.

The changes in the relative amount of other complexes and soluble proteins bound to
thylakoids were also assessed from the optical density values of all the polypeptides present in
the 2-DE BN-SDS PAGE gels (Fig. 5; see gels in Fig. 1B). There was an increasing trend in
the amount of ATP synthase (in bands 6 and 7), which was significant in extremely Fe-
deficient thylakoids. Moreover, a significant increase in the CF1/CF,+CF; ratio was also

detected both in the Cd treated and extremely Fe-deficient samples but not in the moderately
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Fe-deficient ones. While the total amount of Cyt bgf complex (in bands 8 and 11) did not
change significantly in the treated samples, the dimer/monomer ratio increased in Cd treated
and extremely Fe-deficient ones. The amounts of Rubisco (in band 6 and zone at
approximately 500 kD in the 1-DE BN PAGE gels) and that of the complex including
aldolase and FNR (zone at approximately 180 kD in the 1-DE BN PAGE gels) increased

significantly in extremely Fe-deficient plants when compared to the controls.

3.3. Carotenoid composition of pigment-protein bands separated by 1-DE BN PAGE
The carotenoid composition of the pigment-protein complexes separated from the treated
thylakoids was similar to that of the corresponding controls (see Supplementary Fig. 2). Core
complexes contained mainly 3-carotene), whereas in the antenna complexes lutein, VAZ
(violaxanthin-antheraxanthin-zeaxanthin), and neoxanthin were the main carotenoids.

The VAZ/lutein ratio was high in the PSI+PSII dimer (band 6) and Lhc monomer bands
(band 13), and it was very low in LHCII trimers (band 10) (Fig. 6). The markedly increased
amount of VAZ pigments observed in extremely Fe-deficient leaves (Fig. 6) could not be

detected in any of the main bands of the BN gels.

4. Discussion

In plants, the effects of Cd toxicity are generally intertwined to others caused by a Cd-induced
Fe deficiency. For instance, it has been reported that a Cd-induced Fe deficiency in leaves is
deeply involved in the effects of Cd on photosynthesis (Siedlecka and Krupa, 1999; Larbi et
al., 2002), and that during Cd exposure, the loss and Fe-dependent recovery of the thylakoid
apparatus and photosynthetic activity are closely related to Fe availability (Sarvari et al.,
1999; Shao et al., 2007; Solti et al., 2008). To further investigate the contribution of Fe
deficiency to Cd stress symptoms, the composition and organization changes of the thylakoid

complexes were compared in plants grown under these two stresses using 1-DE BN and 2-DE
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BN-SDS PAGE, combined with mass spectrometry along with parallel studies on functional
changes. Sugar beet plants were chosen as model plants, as they have been shown to be

sensitive both to Cd exposure (Larbi et al., 2002) and Fe deficiency (Larbi et al., 2006).

Both Cd toxicity and Fe deficiency caused strong leaf chlorosis in sugar beet, with the final
leaf Chl concentrations being similar in leaves of plants grown with Cd and in extremely Fe-
deficient condition. These changes in Chl are in full agreement with the changes found in
chloroplast Fe contents, which were also similar in Cd-treated and extremely Fe-deficient
plants. This, along with the fact that leaf Fe concentrations in plants grown with Cd were
significantly higher than that found in extremely Fe-deficient leaves, supports that Cd impairs
significantly chloroplast Fe supply in leaves. The decrease in Chl is likely to be associated to
the shortage of Fe. Fe deficiency is known to affect several enzymatic steps in Chl
biosynthesis, including the functioning and biosynthesis of Mg-protoporfirin-IX-monomethyl-
ester oxidative cyclase (Yang et al., 2010) and chlorophyll a oxygenase (Tanaka et al., 1998).
In addition, Fe is important part of many of the components of the photosynthetic machinery

(Terry and Abadia, 1986).

The decreases in leaf Chl concentrations and the parallel increases in the Chl a/b ratio
indicate that the photosynthetic apparatus undergoes a significant reorganization under both
Cd toxicity and Fe-deficiency. The major changes found to be concerned the relative amount
of multi-protein complexes, whereas the 1-DE BN-PAGE band patterns of thylakoids from
control and treated plants did not differ qualitatively, and the polypeptide and carotenoid

composition of the corresponding BN bands was also similar.

Based on the densitometry analysis of the BN gels, the most sensitive complexes were
those containing PSI and LHCII during both Cd treatment and Fe deficiency, in agreement
with previous results obtained in Fe-deficient sugar beet and spinach (Andaluz et al., 2006;

Timperio et al., 2007), as well as in Cd-treated cucumber, poplar, spinach and Indian mustard
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plants (Sarvari et al., 1999; Sarvari, 2005; Fagioni et al., 2009; Qureshi et al., 2010). PSI and
LHCII are the most abundant thylakoid complexes (see legend of Fig. 2), and therefore they
are strongly influenced by the decrease in leaf Chl. In addition, PSI complexes contain a high
amount of Fe in the form of Fe-S centres (12 Fe per PSI unit), which are structurally
important for the stabilization of the complexes (Amann et al., 2004). The decrease in the
amount of Lhcs can be related not only to the Fe deficiency-induced loss of stabilizing Chls
(Hoober et al., 2007), but also to both the influence of Cd on the expression of Lhc genes
(Tziveleka et al., 1999; Fusco et al., 2005) and the acclimation trend of stressed plants

towards a decreased antenna size (Timperio et al., 2007; Laganowsky et al., 2009).

Regarding the organisation of PSI, proportions of the supercomplexes together with the
core complexes tended to be increased in Fe-deficient thylakoids, but a significant decrease in
monomeric PSI was only detected in extremely Fe-deficient plants. PSI supercomplexes most
probably represent NAD(P)H dehydrogenase-PS1 (NDH-PSI) supercomplexes participating in
cyclic electron flow (Peng et al., 2008). Thus, the higher proportion of PSI supercomplexes
may be a sign of a higher contribution of cyclic electron flow to the excess light energy
guenching processes. An increase in the proportion of the membrane bound FNR supposed to
participate in cyclic electron flow (Benz et al., 2010) was also observed in the case of
extremely Fe-deficient thylakoids together with an increased abundance of ATP synthase and
a higher stability of the Cyt bef dimers. Results found here confirm those of a previous study
(Andaluz et al., 2006), namely that some of the chloroplast stromal proteins, such as the
Rubisco large subunit, plastid aldolase, and an unknown protein containing a FNR domain
were still present in Fe-deficient sugar beet thylakoid preparations even after an extensive
washing, with the amount of some ATPase subunits being also high. Supporting the above
mentioned hypothesis, Fe deficiency was found to increase the amount of Lhcb1 and Lhcb2

proteins in PSI complexes and stroma lamellae of spinach leaves (Timperio et al., 2007), and
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to cause post-translational modifications of PsaH2 protein (involved in the binding of Lhcb
proteins to PSI) in Arabidopsis (Laganowsky et al., 2009), which may contribute to the light
harvesting efficiency of PSI participating in cyclic electron flow. Iron deficiency also induced
an increase in cyclic electron flow in cyanobacteria (Michel and Pistorius, 2004). Similar
changes were not found in thylakoids of Cd treated plants, suggesting that cyclic electron

flow is relevant as a protective mechanism under Fe deficiency but not under Cd stress.

The observed PSII organizational changes can be related to the strong Cd-induced Fe
deficiency, since they were quite similar in Cd treated and extremely Fe-deficient thylakoids.
PSII mega-/supercomplexes differing in the amount of LHCII trimer and/or being in different
oligomerization state were the most sensitive to both stresses. This is likely related to the high
sensitivity of Lhcb4 and Lhch6 to Fe deficiency (Timperio et al., 2007), since these
connecting antennae are essential for the formation of super- and megacomplexes (Dekker
and Boekema, 2005). The amount of CP43-less PSII core, considered as intermediates in the
PSII regeneration cycle (Andersson and Aro, 2001), was somewhat less reduced than that of
the other PSII forms, which may be related to the slow regeneration of PSII (Geiken et al.,
1998). In moderately Fe-deficient thylakoids, however, the abundance of CP43-less PSII core
increased compared to that of the other PSII forms. An increase in the amount of a PSlI
subcomplex suggesting a higher rate of PSII repair was also shown in Brassica juncea (Indian
mustard), a less sensitive, hyper-accumulator plant, both under Fe deficiency and Cd
treatment (Qureshi et al., 2010). Therefore, moderately Fe-deficient plants may have enough
energy to repair PSIl damage, whereas energy would be hardly available under strong Fe

deprivation or Cd stress.

The most obvious change in the organization of complexes was the increased Lhc
monomer to trimer ratio in the thylakoids from stressed plants, in agreement with previous

results obtained with Cd-treated Indian mustard (Qureshi et al., 2010), and Fe-deficient sugar
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beet and spinach (Andaluz et al. 2006, Timperio et al. 2007, respectively). It was
demonstrated that light energy can be quenched more easily when absorbed by the
monomeric Lhc-s than by the trimeric form (Garab et al., 2002). The observed changes can be
the consequence of changed Lhcb isoforms, which are known to influence the organization of
both PSII supercomplexes (Damkjer et al., 2009) and LHCII (Caffari et al., 2005). In
agreement, transcriptome analysis of Fe-deficient barley plants revealed that two of the Lhcbl
genes had an elevated level of expression with a concomitant increase of monomeric Lhcbl
proteins (Saito et al., 2010). Distinct changes in Lhcbs were found in other species suggesting
that acclimation may be species-specific (Andaluz et al. 2006, Timperio et al. 2007,
Laganowsky et al. 2009). This question has not been discussed yet in the context of Cd stress.
According to our results obtained with poplar, a subpopulation of both Lhca and Lhcb genes
could play a crucial role in acclimation under Cd-exposure (unpublished data). We
hypothesize that the organizational changes in the Lhc antennae in sugar beet under both Cd
stress and Fe deficiency could result in a reduction of the proportion of absorbed energy
reaching the reaction centre, thus limiting the degradation of the photosynthetic components

caused by photoinhibitory processes.

Changes in the carotenoid composition may also contribute to the protection of
photosynthetic apparatus against excess light, particularly in severely Fe-deficient plants,
where high amounts of Z accumulate in leaves (Fig. 6; Morales et al., 1990) and thylakoids
(Quilez et al., 1992). In chlorophyll b and xanthophyll-biosynthesis mutants, xanthophylls
were bound loosely to the complexes or occurred as free pigment (Dall’Osto et al., 2010). The
location of the large amount of Z in Fe-deficient thylakoids, however, is unknown so far and

should be the focus of further studies.

In conclusion, the very similar reorganization of thylakoid complexes, particularly PSII

and LHCII, in both extremely Fe-deficient and Cd-stressed plants, supports the pivotal role of
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chloroplast Fe deficiency in triggering the acclimation responses under Cd stress. Although
the main quenchers under severe Fe depletion, i.e. increased intensity of cyclic electron flow
and accumulation of Z, seems not to take part in the protective mechanisms under Cd stress
but rather thermal dissipation by inactive PSII complexes. These differences in PSI response
and in protective mechanisms under Cd stress can be attributed to a more pronounced
inhibition of PSII activity, which is likely to be related to direct or indirect effects of Cd not

other Fe deficiency.
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7. Tables

Table 1. Leaf chlorophyll (Chl) concentration and Chl a to Chl b ratio in control leaves and
leaves affected by Cd toxicity and moderate and extreme Fe deficiency. +Cd: Cd treated, —Fe:
Ext.

moderately Fe deficient, -Fe~"": extremely Fe deficient. * values differing significantly from

the controls (P <0.05).

Control +Cd -Fe -Fef*t

Chl (ugcm?) 53.1+3.9  19.74#7.6%  257+1.9*  16.9+4.3*

Chla/bratio 3.3#0.1 3.9+0.2* 3.8+0.1* 5.2+1.5*
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743  Table 2. Photochemical efficiency and energy dissipation parameters in control leaves and
744 leaves affected by Cd toxicity and extreme Fe deficiency (Fe™"; see Table 1 for treatments).
745 Upper part: parameters for treated leaves are given in the shaded area (in italics) as

746  percentages of those found in the controls. Lower part: proportions (in %) of the different

747  mechanisms of energy dissipation. *values differing significantly from the controls (P <0.05).

Control  +Cd -Fe™
Fu/Fm 0.84+0.01 60.2+3.8* 91.2+6.1*
AF/F,' 0.76£0.02 66.7+3.8* 87.1+6.1*
NPQ 0.22+0.08 172.8+2.8* 156.1+£10.5*
Dpg)y 73.7£4.0 30.4+2.5* 55.9+3.7*
DnE 2.0+£1.0 39.8+0.2* 8.8+0.6*
Dnpo 2.6+0.8 8.3+0.1* 2.6+0.2
@ p 21.7+£1.5 21.5+1.3 32.6+2.2*
748
749
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750  Table 3. Mineral composition of control leaves and leaves affected by Cd toxicity and Fe

751  deficiency (see Table 1 for treatments). Cadmium concentrations in all samples and the rest of
752  nutrient concentrations in the control are expressed in pg g™ dry weight. Other nutrient

753  concentrations in the treated leaves are given in the shaded area (in italics) as percentages of

754  the values found in the controls. *values differing significantly from those of the controls (P

755  <0.05).
Control +Cd -Fe -Fe™

Cd 0.9+0.2 633.0£82.3 1.2+0.2 1.2+0.3
K 36774+8337  108.6x13.7 80.8+18.3 90.6x4.5
Ca 18643+492 144.8+4.0* 124.3+7.6 148.7+£3.9*
Mg 175566842 54.3+1.1* 53.1+20.7* 37.7x£14.7*
Fe 76.0£4.0 56.1+3.0* 89.4+4.7 24.922.7*
Mn 349.3+58.7 34.2+11.6* 50.4+8.5* 15.7£2.6*
Zn 47.1+7.8 88.5+8.9 118.4+£19.5 127.1+£21.0

756

757
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Supplementary Table 1. Proteins identified in 2-DE BN-SDS PAGE gels. Positive identification was assigned with Mascot scores above the
threshold level (P <0.05), at least 2 identified peptides (ion) with a score above homology and 10% sequence coverage. Protein score is —
10*Log (P), where P is the probability that the observed match is a random event. Function was inferred from GO:P (biological process-

P) annotation.

Spot in identificati M?JISS MASCOT Accesion No. Mascot  No. of Sequence
number Protein identification WINGOW score NCBI/EST  matches peptides “*Veroo°
(ppm) (%)
PSI core complex
PsaB 100 156 gi|752032 4 2 3
1 PsaA 100 82 0i|22091526 2 2 2
PSI type 111 chlorophyll a/b- .
binding [Arabidopsis t], Lhcaz ~ 00 163 gil430947 3 2 10
3 PS 1 P700 chlorophyll a
apoprotein A2, PsaB [Spinacia 100 106 0i|11497524 2 2 3
oleracea]
15  Photosystem | reaction center .
subunit 11 PsaD 75 390 gi|417544 34 6 28
17  Photosystem I reaction center 0i|131187/
subunit 111, PsaF 100 130 EG551670 3 3 10,5
19  Photosystem | subunit XI 75 65 gi[5738542 1 1 6

precursor , PsaL [Arabidopsis
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thaliana]

Lhc proteins

LHCB4.3 (light harvesting

5 complex PSII), LHCBS 75 124 %'L1859202451630/ B 21
[Arabidopsis thaliana]

10 Type | (26 kD) CP29 polypeptide 0i|19184/
[Solanum lycopersicum] s 520 BQ487648 10 42

1 LHCBS; chlorophyll binding,
CP26 [Arabidopsis 75 104 gi|15235028 2 9
thaliana]

12 LHCll type | CAB-40, LHCB1 50 74 0i[19829 5 26
(Nicotiana tabacum)

13 LHCll type I CAB-36, LHCB1 75 84 0i[19827 9 8
[Nicotiana tabacum]

14 PSI type 111 chlorophyll a/b-
binding protein, LHCA3 75 155 i|430947 5 14
[Arabidopsis thaliana]

ATP synthase

4 ATP syn?hase betg subunit 75 260 0i[12004131 4 15
[Anagallis arvensis]

16  ATP synthase delta chain, 0i|114584/
chloroplast 100 369 BQ487814 8 20
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18  ATP synthase beta chain, .

chloroplast precursor (Subunit 1) 100 64 91461595 1 4
Membrane associated enzimes

2 Rubisco Large Subunit 100 143 gi|118624224 4 9

9 33 kDa precursor protein of the .
OEC [Salicornia europaea] = 363 0i[197691939 17 21
Thylakoid membrane

20  phosphoprotein 14 kDa, gi|255541776/
chloroplast precursor, putative 100 59 FG345112 2 4.6
[Ricinus communis]

6 fruct(_)se-bls_phosphate aldo_lase, 75 240 0i[255581400 17 16
putative [Ricinus communis]

7 Ferr«_edoxm--NADP reduc_tase, 75 300 0i119905 9 15
leaf isozyme, chloroplastic

8 fructose-bisphosphate aldolase, 75 278 0i[255581400 44 19

putative [Ricinus communis]
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8. Figure captions

Fig 1. (A) 1-DE BN PAGE profiles of thylakoids isolated from leaves of control (Ctrl) and
differently treated plants (see Table 1 for treatments). The molecular mass of the complexes
was estimated (red numbers on the left) using data published by Fagioni et al. (2009) as
standards (black numbers). Rubisco — ribulose 1,5-bisphosphate carboxylase-oxigenase. (B)
2-DE BN-SDS PAGE polypeptide patterns of thylakoids isolated from leaves of control and

extremely iron deficient (-Fe™

) plants. Polypeptides identified on the basis of previous
studies using similar gel systems are marked in black, whereas proteins identified in the
present study by nano-HPLC combined with mass spectrometry are marked in red

(Supplementary Table 1). FNR — ferredoxin-NADP™ reductase.

Fig. 2. Changes in the amounts of different pigment-protein complexes in 1-DE BN PAGE
gels of thylakoids isolated from leaves of plants affected by Cd toxicity and Fe deficiency (see
Table 1 for treatments). Changes were estimated from the optical density of the bands and
given as percentage of the control value. +Cd: dark grey; -Fe, light grey; -Fe™, white. Sum
PSI: bands 1, 2, 4, 6’ and 7; PSII super-complex: bands 3 and 5; PSII dimer: band 6”; PSII
monomer: band 8; CP43-less PSII core: band 9; LHCII trimer: band 10; Lhc monomers: band
13. The optical density values for the controls (Fig. 1A) were as follows: Sum PSI,
539927+37245; PSII super-complex, 154748+16135; PSII dimer, 159367+34979; PSI|I
monomer, 217804+38004; CP43-less PSII core, 131751+26066; LHCII trimer, 595840+9229;
Lhc monomers, 146385+14154. In the case of band 6, the contribution of the PSI monomer
(6") and the PSII dimer (6 ) were estimated in the second dimension gel by comparing the

density ratio of the CP47 apoprotein (PsbB) in band 6 with that of band 8, which contains
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only PSII monomer. All the values differed significantly from the controls (P <0.05) except

the one signed: *.

Fig. 3. Ratio of pigment-protein complexes estimated from the 1-DE BN PAGE gels of
thylakoids from leaves of control plants and plants affected by Cd toxicity and Fe deficiency
(see Table 1 for treatments). Control, black; +Cd, dark grey; -Fe, light grey; -Fe™, white.
LHCII-t — LHCII trimer, Lhc-m — Lhc monomer. The PSI/PSII, LHCII trimer/PSII and LHCII
trimer/Lhc monomer ratios were estimated from the optical density of the bands as [bands 1,
2, 4, 6" and 7]/[bands 3, 5, 67, 8 and 9]), [band 10]/[bands 3, 5, 67, 8 and 9]) and [band

10]/[band 13]), respectively. *values differing significantly from the controls (P <0.05).

Fig. 4. Relative distribution of different PSI (A) and PSII (B) protein complexes in thylakoids
from leaves of control plants and plants affected by Cd toxicity and Fe deficiency (see Table 1
for treatments), assessed from the 2-DE BN-SDS PAGE gels. The optical density values of all
spots present in the second dimension of the different BN bands were used in the assessment,
as follows: A) PSI supercomplex, white (bands 1, 2 and 4); PSI monomer, light grey (band
6"); PSI core, dark grey (band 7). B) PSII mega-/super-complexes, white (bands 3 and 5);

PSII dimer, light grey (band 6”); PSII monomer, dark grey (band 8); CP43-less PSII, black
(band 9). In the case of band 6 the contribution of the PSI monomer (6°) and the PSII dimer
(6 ) were estimated in the second dimension gel by comparing the density ratio of the CP47
apoprotein (PsbB) in band 6 with that of band 8, which contains only PSII monomer. *values

differing significantly from the control value (P <0.05).

Fig. 5. Changes in the relative amount of other complexes and soluble proteins in thylakoids

from leaves of control plants and plants affected by Cd toxicity and Fe deficiency (see Table 1
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for treatments), assessed from the 2-DE BN-SDS PAGE gels. The optical density values of
the corresponding spots were used to estimate the amounts of ATP synthase (bands 6 and 7),
Cyt bgf complex (bands 8 and 11), Rubisco (band 6 and zone at approximately 500 kD in the
1-DE BN gels) and a complex composed of aldolase and FNR (zone at approximately 180 kD
in the 1-DE BN gels). Control (black), +Cd (dark grey), -Fe (light grey) and -Fe™* (white).

*values differing significantly from the controls (P <0.05).

Fig. 6. VAZ/lutein ratio in leaves and different 1-DE BN PAGE bands of thylakoids from
leaves of control plants and plants affected by Cd toxicity and Fe deficiency. Control (black),
+Cd (dark grey), -Fe®" (white). PSI-m: PSI monomer, PSII-d — PSII dimer, VAZ:
violaxanthin-antheraxanthin-zeaxanthin. *value differing significantly from the controls (P

<0.05).

Supplementary Fig. 1. 1-DE (upper horizontal gel bands) and 2-DE BN-SDS PAGE
polypeptide patterns of thylakoids isolated from leaves of Cd-treated (A) and moderately Fe
deficient (B) plants. Numbered lanes are: 1,2,4: PSI supercomplexes; 1,3,5: PSII
supercomplexes; 6: PSI (RCI+LHCI), PSII core dimer, ATPase, Rubisco; 7: PSI core,
ATPase CF1; 8: PSII core monomer, Cyt bef dimer; 9: CP43-less PSII core; 10: LHCII trimer;
11: Cyt bgf monomer; 12: CP43; 13: Lhc monomer. Some of the characteristic polypeptides

identified on the basis of previous studies using similar gel systems are marked (See Fig.1).

Supplementary Fig. 2. Carotenoid composition of BN bands belonging to thylakoids isolated
from leaves of control plants and plants affected by Cd toxicity and Fe deficiency (see Table 1
for treatments). Control (black), +Cd (dark grey), -Fe™ (white). VAZ: violaxantin-

antheraxanthin-zeaxanthin. A: PSII mega/supercomplexes (bands 3,5), B: PSI monomer and
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PSII dimer (band 6), C: PSII core monomer (band 8) D: CP43-less PSII core (band 9), E:

LHCII trimer (band 10), F: Lhc monomers (band 13).
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9. Figures

Figure 1.

PSI(RCI+LHCI)
PSII core dimer
ATPase
Rubisco

PSI core 7
ATPase F1 portion
PSII core monomer 8

Cyt bgf dimer
CP43-less PSlicore 9

LHCII trimer- 10
Cyt bgf monomer—11

CP43—— 12

Lhc monomer — 13

44

10 11

1213




120 ~

100 -

o]
o
1

Relative amount (Ctrl%)
5 8

N
o
L

o_

Figure 2.

mmﬁmll

Sum PSI

PSII super-
complex

PSII dimer

PSII
monomer

45

T

CP43-less LHCII trimer
PSIl core

Lhc
monomers



5.0
4.5
4.0
3.5 1
3.0
2.5 A

20 - *

1.5

1.0 1

0.5 A

00 L T 1
PSI/PSII LHCII-t/PSIl LHCII-t/Lhc-m.

Figure 3.

46



100% -

80% -

60% -

40% -

20% -

0% -

A

Figure 4.

Ctrl

+Cd

Fe

Ext

47

Ctrl

+Cd




12

*
1
10 -
)
=
3
S 8 r -
8 1
£
2
S 61
Q.
w©
° *
e 4 1
o * *
X x
2 - *
*
0 B T T T
CFo/CF1 CF1 Cyt b6f-dimer Cyt b6f- RuBisCo aldolase/
monomer FNR
Figure 5.

48



1.6 1

1.0

0.8

VAZ/Lutein

0.6

0.2

!

Leaf PSII PSI-m+PSlI-d LHCII trimer Lhc monomers
supercomplex

0.0 -

Figure 6.

49



12345 6 78 9 1011 1213

1_2345 6 78 9 1011 1213

Supplementary figure 1.

50



300 -

250 -

200 ~

150 -

{1

300 C
250
200 -
150 -
100 -
50
0 _ﬂ e e |
300 - E
250 -
200 -
150 -
100 -
50 -
0 -
Lutein Neoxanthin R-Carotene VAZ

Supplementary figure 2.

51

300 - B

250 -
200 -
150 -
100 -

L N m
300 D
250
200 -

150 -
100 -

g el mll
300 ~ F
250 ~
200 -

150 -
100 -
N
0 - ’ : . ;
Lutein Neoxanthin R-Carotene VAZ



Figure 1
Click here to download high resolution image

A fpm—t SM] O EORE AN aees
2 raur
3 s BRET
! 1013



http://ees.elsevier.com/eeb/download.aspx?id=142215&guid=fec6b8eb-bc9a-4bd6-a6c1-9b474582c468&scheme=1

Figure 1
Click here to download high resolution image

A o (S o R
p—2 |
— — {
H = oo



http://ees.elsevier.com/eeb/download.aspx?id=142216&guid=bec3d5fa-1cc0-4407-bbf7-fa4d412ed44e&scheme=1

Figure 2

Click here to download high resolution image

120

100 -

(o2]
o
|

Relative amount (Ctrl%)
5 3

N
o

I T

Sum PSI

——

PSIl super-
complex

PSlI dimer

——

PSlI
monomer

_—

—_——

CP43-less LHCII trimer

PSIl core

—

Lhc
monomers


http://ees.elsevier.com/eeb/download.aspx?id=141016&guid=5c0dfe46-4c31-456d-96e8-ae98fbc80508&scheme=1

Figure 3
Click here to download high resolution image

5.0 1

4.5 -

4.0 -

3.5

3.0 -

2.5

2.0 -

1.5 -

| |

PSI/PSII LHCII-t/PSII  LHCII-t/Lhc-m.


http://ees.elsevier.com/eeb/download.aspx?id=141017&guid=f88de61a-ef9b-4161-88ec-741c8479dca6&scheme=1

Figure 4
Click here to download high resolution image

100%

80% e T ' B

60 °/o | *

40%

20%

0% -

A Ctrl

Fe' B  Ctrl +Cd


http://ees.elsevier.com/eeb/download.aspx?id=141018&guid=2ddf8df4-dd3a-4b06-99e5-1acc9b6e1536&scheme=1

Figure 5

Click here to download high resolution image

% of total protein content

12

=k
o
1

CFo/CF1

CF1

T

Cyt b6f-dimer

Cyt béf-
monomer

RuBisCo

T

aldolase/
FNR


http://ees.elsevier.com/eeb/download.aspx?id=141025&guid=d69e24a6-9cee-455d-919b-be34f13c8b5c&scheme=1

Figure 6
Click here to download high resolution image

1.6 -

1.4 -

1.2

1.0 1

0.8 -

VAZ/Lutein

0.6 -
04

0.2 1

Leaf PSIl PSI-m+PSIi-d LHCII trimer Lhc monomers
supercomplex

0.0


http://ees.elsevier.com/eeb/download.aspx?id=141031&guid=f0c913b9-4b6a-470c-8473-dc1710945b8d&scheme=1

Figure_captions

Fig 1. (A) 1-DE BN PAGE profiles of thylakoids isolated from leaves of control (Ctrl) and
differently treated plants (see Table 1 for treatments). The molecular mass of the complexes
was estimated (red numbers on the left) using data published by Fagioni et al. (2009) as
standards (black numbers). Rubisco — ribulose 1,5-bisphosphate carboxylase-oxigenase. (B)
2-DE BN-SDS PAGE polypeptide patterns of thylakoids isolated from leaves of control and

extremely iron deficient (-Fe™"

) plants. Polypeptides identified on the basis of previous
studies using similar gel systems are marked in black, whereas proteins identified in the
present study by nano-HPLC combined with mass spectrometry are marked in red

(Supplementary Table 1). FNR — ferredoxin-NADP™ reductase.

Fig. 2. Changes in the amounts of different pigment-protein complexes in 1-DE BN PAGE
gels of thylakoids isolated from leaves of plants affected by Cd toxicity and Fe deficiency (see
Table 1 for treatments). Changes were estimated from the optical density of the bands and

EXt \white. Sum

given as percentage of the control value. +Cd: dark grey; -Fe, light grey; -Fe
PSI: bands 1, 2, 4, 6” and 7; PSII super-complex: bands 3 and 5; PSII dimer: band 6”; PSII
monomer: band 8; CP43-less PSII core: band 9; LHCII trimer: band 10; Lhc monomers: band
13. The optical density values for the controls (Fig. 1A) were as follows: Sum PSI,
539927+37245; PSII super-complex, 154748+16135; PSII dimer, 159367+34979; PSII
monomer, 217804+38004; CP43-less PSII core, 131751+26066; LHCII trimer, 595840+9229;
Lhc monomers, 146385+14154. In the case of band 6, the contribution of the PSI monomer
(6") and the PSII dimer (6 ) were estimated in the second dimension gel by comparing the
density ratio of the CP47 apoprotein (PsbB) in band 6 with that of band 8, which contains

only PSII monomer. All the values differed significantly from the controls (P <0.05) except

the one signed: *.



Fig. 3. Ratio of pigment-protein complexes estimated from the 1-DE BN PAGE gels of
thylakoids from leaves of control plants and plants affected by Cd toxicity and Fe deficiency

EXt \white.

(see Table 1 for treatments). Control, black; +Cd, dark grey; -Fe, light grey; -Fe
LHCII-t — LHCII trimer, Lhc-m — Lhc monomer. The PSI/PSII, LHCII trimer/PSII and LHCII
trimer/Lhc monomer ratios were estimated from the optical density of the bands as [bands 1,
2, 4, 6" and 7]/[bands 3, 5, 67, 8 and 9]), [band 10]/[bands 3, 5, 67, 8 and 9]) and [band

10]/[band 13]), respectively. *values differing significantly from the controls (P <0.05).

Fig. 4. Relative distribution of different PSI (A) and PSII (B) protein complexes in thylakoids
from leaves of control plants and plants affected by Cd toxicity and Fe deficiency (see Table 1
for treatments), assessed from the 2-DE BN-SDS PAGE gels. The optical density values of all
spots present in the second dimension of the different BN bands were used in the assessment,
as follows: A) PSI supercomplex, white (bands 1, 2 and 4); PSI monomer, light grey (band
6); PSI core, dark grey (band 7). B) PSII mega-/super-complexes, white (bands 3 and 5);
PSII dimer, light grey (band 6”); PSII monomer, dark grey (band 8); CP43-less PSII, black
(band 9). In the case of band 6 the contribution of the PSI monomer (6°) and the PSII dimer
(6 ) were estimated in the second dimension gel by comparing the density ratio of the CP47
apoprotein (PsbB) in band 6 with that of band 8, which contains only PSII monomer. *values

differing significantly from the control value (P <0.05).

Fig. 5. Changes in the relative amount of other complexes and soluble proteins in thylakoids
from leaves of control plants and plants affected by Cd toxicity and Fe deficiency (see Table 1
for treatments), assessed from the 2-DE BN-SDS PAGE gels. The optical density values of
the corresponding spots were used to estimate the amounts of ATP synthase (bands 6 and 7),

Cyt bgf complex (bands 8 and 11), Rubisco (band 6 and zone at approximately 500 kD in the



1-DE BN gels) and a complex composed of aldolase and FNR (zone at approximately 180 kD
in the 1-DE BN gels). Control (black), +Cd (dark grey), -Fe (light grey) and -Fe®* (white).

*values differing significantly from the controls (P <0.05).

Fig. 6. VAZ/lutein ratio in leaves and different 1-DE BN PAGE bands of thylakoids from
leaves of control plants and plants affected by Cd toxicity and Fe deficiency. Control (black),
+Cd (dark grey), -Fe®" (white). PSI-m: PSI monomer, PSII-d — PSII dimer, VAZ:
violaxanthin-antheraxanthin-zeaxanthin. *value differing significantly from the controls (P

<0.05).



Table 1

Table 1. Leaf chlorophyll (Chl) concentration and Chl a to Chl b ratio in control leaves and
leaves affected by Cd toxicity and moderate and extreme Fe deficiency. +Cd: Cd treated, —Fe:
moderately Fe deficient, -Fe™": extremely Fe deficient. * values differing significantly from

the controls (P <0.05).

Control +Cd -Fe -FefX

Chl (ugcm?) 53.1+3.9 19.747.6*  257#1.9*  16.9+4.3*

Chla/bratio 3.3+0.1 3.9+0.2* 3.8+0.1* 5.2+1.5*



Table 2

Table 2. Photochemical efficiency and energy dissipation parameters in control leaves and
leaves affected by Cd toxicity and extreme Fe deficiency (Fe™"; see Table 1 for treatments).
Upper part: parameters for treated leaves are given in the shaded area (in italics) as
percentages of those found in the controls. Lower part: proportions (in %) of the different

mechanisms of energy dissipation. *values differing significantly from the controls (P <0.05).

Control  +Cd -FeBX

Fv/Fm 0.84+0.01 60.2+3.8* 91.2+6.1*
AF/Fy' 0.76+£0.02 66.7+3.8* 87.1+6.1*

NPQ 0.22+0.08 172.8+2.8* 156.1+10.5*

Dpg 73.7+4.0  30.4+2.5* 55.9+3.7*
(OINTS 2.0+1.0 39.8+0.2* 8.8+0.6*
Dnpo 2.6+0.8 8.3+0.1* 2.6+0.2

@ p 21.7¢15  21.5%13 32.6+2.2*



Table 3

Table 3. Mineral composition of control leaves and leaves affected by Cd toxicity and Fe
deficiency (see Table 1 for treatments). Cadmium concentrations in all samples and the rest of
nutrient concentrations in the control are expressed in ug g™ dry weight. Other nutrient
concentrations in the treated leaves are given in the shaded area (in italics) as percentages of

the values found in the controls. *values differing significantly from those of the controls (P

<0.05).
Control +Cd -Fe -Fe™

Cd 0.9£0.2 633.0+£82.3 1.2+0.2 1.2+0.3

K 367748337  108.6£13.7 80.8+£18.3 90.6x£4.5
Ca 18643+492 144.8+4.0* 124.3+7.6 148.7+£3.9*
Mg 1755616842 54.3+1.1* 53.1+20.7* 37.7x£14.7*
Fe 76.0£4.0 56.1+£3.0* 89.4+4.7 24.912.7*
Mn 349.3+58.7 34.2+11.6* 50.4+8.5* 15.7+2.6*
Zn 47.1+7.8 88.5+8.9 118.4+19.5 127.1+£21.0
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Table 1

Supplementary Table 1. Proteins identified in 2-DE BN-SDS PAGE gels. Positive identification was assigned with Mascot scores above the
threshold level (P <0.05), at least 2 identified peptides (ion) with a score above homology and 10% sequence coverage. Protein score is —10*Log

(P), where P is the probability that the observed match is a random event. Function was inferred from GO:P (biological process-P) annotation.

Spot in identificati M?JISS MASCOT Accesion No. Mascot  No. of Sequence
number Protein identification WINGOW score NCBI/EST  matches peptides “*Veroo°
(ppm) (%)
PSI core complex
PsaB 100 156 gi|752032 4 2 3
1 PsaA 100 82 0i|22091526 2 2 2
PSI type 111 chlorophyll a/b- .
binding [Arabidopsis t], Lhcaz ~ 00 163 gil430947 3 2 10
3 PS 1 P700 chlorophyll a
apoprotein A2, PsaB [Spinacia 100 106 0i|11497524 2 2 3
oleracea]
15  Photosystem | reaction center .
subunit 11 PsaD 75 390 gi|417544 34 6 28
17  Photosystem I reaction center 0i|131187/
subunit 111, PsaF 100 130 EG551670 3 3 10,5
19  Photosystem | subunit XI 75 65 gi[5738542 1 1 6

precursor , PsaL [Arabidopsis




thaliana]

Lhc proteins

LHCB4.3 (light harvesting

5 complex PSII), LHCBS 75 124 %'L1859202451630/ B 21
[Arabidopsis thaliana]

10 Type | (26 kD) CP29 polypeptide 0i|19184/
[Solanum lycopersicum] s 520 BQ487648 10 42

1 LHCBS; chlorophyll binding,
CP26 [Arabidopsis 75 104 gi|15235028 2 9
thaliana]

12 LHCll type | CAB-40, LHCB1 50 74 0i[19829 5 26
(Nicotiana tabacum)

13 LHCll type I CAB-36, LHCB1 75 84 gi[19827 5 8
[Nicotiana tabacum]

14 PSI type 111 chlorophyll a/b-
binding protein, LHCA3 75 155 i|430947 5 14

[Arabidopsis thaliana]




ATP synthase

ATP synthase beta subunit

[Anagallis arvensis] 75 260 gi|12004131 4 15
16  ATP synthase delta chain, gi|114584/
chloroplast 100 369 BQ487814 8 20
18  ATP synthase beta chain, i
chloroplast precursor (Subunit 1) 100 64 9i[461595 1 4
Membrane associated enzimes
2 Rubisco Large Subunit 100 143 0i|118624224 4 9
9 33 kDa precursor protein of the .
OEC [Salicornia europaea] & 363 9i[197691939 17 21
Thylakoid membrane
20  phosphoprotein 14 kDa, gi|255541776/
chloroplast precursor, putative 100 59 FG345112 2 4.6
[Ricinus communis]
6 fructose-bisphosphate aldolase, 75 240 i[255581400 17 16
putative [Ricinus communis] g
7 Ferredoxin--NADP reductase, 75 300 i1119905 9 15
leaf isozyme, chloroplastic g
8 fructose-bisphosphate aldolase, 75 278 0i[255581400 44 19

putative [Ricinus communis]



Supplementary_figure_captions

Supplementary Fig. 1. 1-DE (upper horizontal gel bands) and 2-DE BN-SDS PAGE
polypeptide patterns of thylakoids isolated from leaves of Cd-treated (A) and moderately Fe
deficient (B) plants. Numbered lanes are: 1,2,4: PSI supercomplexes; 1,3,5: PSII
supercomplexes; 6: PSI (RCI+LHCI), PSII core dimer, ATPase, Rubisco; 7: PSI core,
ATPase CF1; 8: PSII core monomer, Cyt bef dimer; 9: CP43-less PSII core; 10: LHCII trimer;
11: Cyt bgf monomer; 12: CP43; 13: Lhc monomer. Some of the characteristic polypeptides

identified on the basis of previous studies using similar gel systems are marked (See Fig.1).

Supplementary Fig. 2. Carotenoid composition of BN bands belonging to thylakoids isolated
from leaves of control plants and plants affected by Cd toxicity and Fe deficiency (see Table 1
for treatments). Control (black), +Cd (dark grey), -Fe®' (white). VAZ: violaxantin-
antheraxanthin-zeaxanthin. A: PSII mega/supercomplexes (bands 3,5), B: PSI monomer and
PSII dimer (band 6), C: PSII core monomer (band 8) D: CP43-less PSII core (band 9), E:

LHCII trimer (band 10), F: Lhc monomers (band 13).



