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Abstract

During the last 40 years, crop breeding has strongly increased yields but has had adverse effects on the content of
micronutrients, such as Fe, Mg, Zn and Cu, in edible products despite their sufficient supply in most soils. This suggests that
micronutrient remobilization to edible tissues has been negatively selected. As a consequence, the aim of this work was to
quantify the remobilization of Cu in leaves of Brassica napus L. during Cu deficiency and to identify the main metabolic
processes that were affected so that improvements can be achieved in the future. While Cu deficiency reduced oilseed rape
growth by less than 19% compared to control plants, Cu content in old leaves decreased by 61.4%, thus demonstrating a
remobilization process between leaves. Cu deficiency also triggered an increase in Cu transporter expression in roots
(COPT2) and leaves (HMAT), and more surprisingly, the induction of the MOTT gene encoding a molybdenum transporter
associated with a strong increase in molybdenum (Mo) uptake. Proteomic analysis of leaves revealed 33 proteins
differentially regulated by Cu deficiency, among which more than half were located in chloroplasts. Eleven differentially
expressed proteins are known to require Cu for their synthesis and/or activity. Enzymes that were located directly upstream
or downstream of Cu-dependent enzymes were also differentially expressed. The overall results are then discussed in
relation to remobilization of Cu, the interaction between Mo and Cu that occurs through the synthesis pathway of Mo
cofactor, and finally their putative regulation within the Calvin cycle and the chloroplastic electron transport chain.
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Introduction Over the past 60 years, the micronutrient content (mostly Fe,
Zn, Mg and Cu) has been reduced in edible products despite
sufficient micronutrient availability in most cultivated soils, and
this is the result of varietal selection that aimed to achieve higher
yields [8,9]. Consequently, whether a genetic improvement of
micronutrient uptake by roots would increase the edible plant
content remains questionable. Alternatively, improving the trans-
fer of such micronutrients in edible parts from remobilization of
vegetative tissue could be an alternative for breeding if we assume
that the recycling (i.e. remobilization) of such nutrients is a
significant process. In addition, it has been shown that some soils
can lack Cu resulting in dramatic agricultural effects [10]. Thus,
Cu deficiency in plants affects human health either directly
(decrease in vyield) or indirectly (symptoms induced by a lack of
micronutrients) [11,12].

As a transition metal [13], Cu is involved in numerous processes
in plants. Most of Cu’s functions in plants rely on enzymatically

While N, P, K and more recently S fertilizations are common
practices in agriculture, the supply of micronutrients is less
frequently considered. However, according to the World Health
Organization [1], two billion people around the world suffer from
micronutrient deficiencies (mostly Fe, Cu, Zn and Mg), causing
7.3% of disease burden. Among the micronutrients involved in
human metabolism, Cu deficiency, for example, causes symptoms
of diseases such as immune defects or anaemia [2]. Without stock
or sufficient intake, undernourished children are the first affected
[3], however Cu deficiency is also observed in developed countries
[4,5]. In the human diet, Cu is mainly present in meat (especially
liver and offal), fish and nuts [6]. However, these food supplies are
not available to most populations suffering from micronutrients
deficiencies. As a consequence, staple foods (cereals, tubers and
oils) must be fortified in order to provide the minimum dose of
essential micronutrients, such as Cu, for these populations [7].
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bound Cu (more than one hundred proteins identified so far [14]),
mostly catalysing redox reactions. As a consequence, only 2% of
plant Cu occurs in its free form. Chloroplasts contain about half of
the total plant Cu, where it is especially associated with proteins
involved in the electron transport chain such as plastocyanin [15].
Three Cu ions are also required for assembly of the active
cytochrome ¢ oxydase complex in the mitochondrial electron
transport chain. Additionally, numerous proteins known to bind
Chu or to be regulated by Cu are involved in the Calvin cycle or in
the Tricarboxylic Acid Cycle (TCA), for example Fructose 1-6 Bis
Phosphatase (FBPase), Glyceraldehyde 3 Phosphate DeHydroge-
nase (G3PDH) [16] and PhosphoGlycerate Kinase (PGK) [17]. Cu
is also important for enzymes involved in cell detoxification, such
as glutathione-S-transferase [18] or Cu-Zn superoxide dismutase
[19], or in cell wall metabolism such as ascorbate and polyphenol
oxidases [20].

From a genetic point of view, some studies have reported a high
variation in Cu content between accessions of the same species
such as spinach, pea [21] and cassava [22]. While it has been
suggested that Cu management should be easily improved by
breeding [4], mechanisms that could increase the Cu content in
edible tissues, such as remobilization, have been poorly described
in the literature.

An important agricultural crop, such as Brassica napus, usually
requires high levels of nutrients and hence fertilization to reach an
optimal yield with preserved quality. Indeed, winter oilseed rape is
highly sensitive to sulphur (S) and nitrogen (N) deficiencies with
negative consequences for yield and seed quality [23] and
therefore, requires high doses of N and S fertilizers. These strong
needs for fertilizers are partly due to the low (macro)-nutrient use
efficiency (defined by the ratio of seed to plant nutrient contents) of
oilseed rape. For example, it has been reported that its low N use
efficiency results from a relatively inefficient endogenous N
mobilization [24,25] that occurs mostly during leaf senescence
[26]. In contrast, S remobilization from leaves to the seeds (linked
to induction of tonoplastic sulphate transporters allowing the
mobilization of sulphate previously stored in leaves [27]) is not
triggered by leaf senescence but rather by S deficiency. Therefore,
without S deficiency, the S content in fallen leaves remains high,
up to 2% of dry weight. According to these studies, Brassica napus
constitutes an important model of defective agro-environmental
interactions in studies of nutrient remobilization from leaves.
Moreover, it constitutes a relevant plant species model because its
genetic proximity to Arabidospis thaliana provides easy access to
molecular tools while maintaining an agronomic relevance.

To date, deciphering of the plant response to Cu deficiency has
been performed through Fe and Zn interactions, identification and
characterization of genes encoding transporters (such as COPT
and HMA families), and monitoring target proteins and metab-
olites [28-31]. However, to our knowledge, the effect of Cu
deficiency on growth and plant metabolism is currently poorly
reported. Indeed, only one article [32] describes the use of a
microarray approach to study modifications of the Arabidopsis
thaliana transcriptome in response to Cu deficiency.

The first aim of this study was to quantify the effect of Cu
deficiency on growth of Brassica napus and to assess the mobility
of Cu between plant tissues (i.e. Cu remobilization). Moreover, a
wider analysis of plant nutrients has been used to monitor the
effect of Cu-deficiency on the uptake of some macro (Ca, K, Mg,
N, P and S) and micronutrients (B, Fe, Mn, Mo, Na and Zn).
Finally, a molecular approach combining proteomic and targeted
transcriptomic studies has been used to identify the main
metabolic pathways affected by Cu deficiency.
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Materials and Methods

Growth conditions

Seeds of Brassica napus var. Boheme were surface-sterilized by
exposure to 80% ethanol for 30 s followed by 20% sodium
hypochlorite for 10 min. After 10 washes with demineralised
water, seeds were germinated on perlite over demineralised water
for 2 days in the dark and 1 week under natural light in a
greenhouse. Just after first leaf emergence, seedlings were
transferred to a 20 L tank containing the following nutrient
solution: KNOj; 1.25 mM, Ca(NOs), 1.25mM, KH,PO,
0.25 mM, MgSO, 0.5 mM, EDTA, 2 NaFe 0.2 mM, H3BOs3
0.01 mM, MnSO, 5 uM, ZnSO, 3 uM, (NH4)sMo;044 0.7 uM,
CoCly 0.1 uM, NiCly 0.04 uM, SiOy, 0.1 mM, CaCl, 20
1.25 mM, KCI 0.25 mM. Control nutrient solution also contained
NaOH 0.1 mM and CuSOy4 0.7 uM while Na,SO, 1 uM was
added to Cu-depleted nutrient solution. These nutrient solutions
were renewed every two days. Plants were grown under
greenhouse conditions with a thermoperiod of 20°C/17°C day/
night and a photoperiod of 16 h. Natural light was supplemented
with high pressure sodium lamps (Philips, MASTER GreenPower
T400W) supplying an average photosynthetically active radiation
of 280 umol photons.m™%s ™" at canopy height. After one weck of
growth, plants were separated into 2 sets: control plants receiving
normal nutrient solution and Cu-deficient plants receiving the Cu-
depleted nutrient solution (for details, see above) over 25 days.
Four independent samples, each consisting of three plants, were
harvested at the beginning of Cu depletion (t = 0) and after 25 days
with (control) or without Cu (—Cu). Leaves and petioles present at
the beginning of Cu depletion (referred as “old leaves” and “old
petioles”, respectively) were distinguished from leaves appearing
during Cu depletion (referred as “young leaves” and ‘“‘young
petioles™, respectively). At each date of harvest (t=0 and t=25
days), whole roots from control and Cu-depleted plants were
collected. An aliquot of each tissue was weighed and dried in an
oven (60°C) for dry weight (DW) determination and ground to fine
powder for IRMS and ICP-OES analysis. Thereafter, the
remaining fresh tissues were frozen in liquid nitrogen and stored
at —80°C for transcriptomic and proteomic analyses.

Every five days throughout the culture period, non-destructive
determination of chlorophyll content of young and old leaves was
performed using a SPAD chlorophyll meter (SPAD-502 model,
Minolta, Tokyo, Japan). The determination was carried using
three replicates of ten measurements performed on independent
leaves.

Analysis of nutrients in plant tissues

For the analysis of total N and S contents, an aliquot of around
4 mg DW of each plant organ sample was placed in tin capsules
for total N and S analysis using an IRMS spectrometer (Isoprime,
GV Instrument, Manchester, UK) linked to a C/N/S analyser
(EA3000, Euro Vector, Milan, Italy). The total amount of N or S

1333 [T

(Nior Or Siop) In a tissue “i”” at a given time “t” is calculated:

Ntm(or Stot) =% NL[(OI‘ Si,l) X DWI,t/lOO

Other nutrients (K, Ca, S, P, Mg, Fe, Na, Mn, B, Si, Zn and
Cu) were analysed by Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES, Thermo Elemental Co. Iris
Intrepid II XDL) with prior microwave acid sample digestion
(8 mL of concentrated HNOj3 and 2 mL of HyO, for 0.5 g DW),
using a protocol previously described by Mora et al. [33].
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RNA extraction

Total RNA was extracted from 200 mg of frozen samples
ground to a powder with a pestle in a mortar containing liquid
nitrogen. The resulting powder was suspended in 750 pl of
extraction buffer [0.1 M TRIS, 0.1 M LiCl, 0.01 M EDTA, 1%
SDS (w/v), pH 8] and 750 pl of hot phenol (80°C, pH 4). This
mixture was vortexed for 30 s and, after addition of 750 pl of
chloroform/isoamylalcohol (24:1, v/v), the homogenate was
centrifuged (15 000 g, 5 min, 4°C). The supernatant was
transferred into a 4 M LiCl solution and incubated overnight at
4°C. After centrifugation (15 000 g, 30 min, 4°C), the pellet was
suspended in 100 pl of sterile water. RNA was then purified with
an RNeasy mini kit according to the manufacturer’s protocol
(Qiagen, Courtaboeuf, France). Quantification of total RNA was
performed by spectrophotometry at 260 nm (BioPhotometer,
Eppendorf, Le Pecq, France) before Reverse Transcription (RT)
and real time Quantitative Polymerase Chain Reaction (Q-PCR)
analysis.

Reverse transcription (RT) and Q-PCR analysis

For RT, 1 pg of total RNA was converted to cDNA with an
“iScript ¢cDNA synthesis kit” according to the manufacturer’s
protocol (Bio-Rad, Marne-la-Coquette, France).

Q-PCR amplifications were performed using specific primers
for each housekeeping gene (EFI-o and 18§ rRNA) and target
genes (Table 1). Q-PCRs were performed with 4 ul of 200x
diluted ¢cDNA, 500 nM of primers, and 1x SYBR Green PCR
Master Mix (Bio—Rad, Marne-la—Coquette, France) in a real-time
thermocycler (CFX96 Real Time System, Bio—Rad, Marne-la
Coquette, France). A 2 step program, composed of 42 cycles of a
denaturing step at 95°C for 15 s followed by an annealing and
extending step at 60°C for 40 s, was used for all pairs of primers
(Table 1) except for COPT2, for which we used a 3 step program.
In this case the denaturing step was as described previously.
Annealing was at 58.6°C for 10 s and was followed by an
extending step at 72°C for 30 s. For each pair of primers, a
threshold value and PCR efficiency were determined using a
cDNA preparation diluted >10-fold. For all pairs of primers, PCR
efficiency was around 100%. The specificity of PCR amplification
was examined by monitoring the presence of the single peak in the
melting curves after Q-PCRs and by sequencing the Q-PCR
product to confirm that the correct amplicon was produced from
each pair of primers (Eurofins, Ebersberg, Germany). The relative
expression of the genes in each sample was compared with the
control sample [corresponding to untreated plants at the same
time of harvest] and was determined with the delta delta Ct
(AACt) method using the following equation [34]: Relative
expression = 9 AACH with AACt = ACtyearea-ACtconmor and with
ACt = Cterget gene — [V(Ctgrs—4xCtsss yrna)l, where Ct refers to

Table 1. Q-PCR primer sets.
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the threshold cycle determined for each gene in the exponential
phase of PCR amplification and [(Ctgri—xXCtzgs rrna)]
corresponds to the geometric average of Ct of the reference
genes. Using this analysis method, the relative expression of the
different genes in the control sample of the experiment was equal
to 1 [34], and on this basis the relative expression of other
treatments was then compared with the control. For COPT2,
because no transcript was detected in control plants (i.e. Cteonerol 1S

undetermined), values are not expressed relatively to control but as
—ACt
2 .

Extraction and determination of total proteins

Two hundred mg of fresh matter from old leaf samples were
ground to a fine powder in liquid nitrogen in the presence of
50 mg of poly(vinylpolypyrrolidone) (PVPP). The addition of
PVPP is used to fix plant polyphenols that might interfere with the
quantification of proteins or during separation of proteins by
electrophoresis. The ground material was dissolved in 1.75 mL of
TCA/acetone solution (10% TCA (w/v) prepared in acetone).
After centrifugation (3 min, 16 000 g, 4°C), the protein pellet was
purified according to the protocol adapted from Wang et al. [35].
The protein pellet obtained after precipitation with TCA/acetone
(10% TCA (w/v) was suspended in 1.75 mL of 0.1 M ammonium
acetate dissolved in 80% methanol. After homogenization and
centrifugation (16 000 g, 3 min, 4°C), the pellet was washed with
1.75 mL of 80% acetone and centrifuged again (16 000 g, 3 min,
4°C). The supernatant was removed and the pellet was dried
under vacuum (Speedvac Concentrator 5301, Eppendorf, France)
for 5 min at 50°C and then suspended with 0.8 mL of phenol at
pH 7.9 and in 0.8 mL of dense SDS buffer (30% sucrose, 2%
SDS, 0.1 M Tris-HCI, pH 8.0, 0.5% 2-mercaptoethanol). After
5 min incubation at 4°C and centrifugation (16 000 g, 3 min,
4°C), the phenol phase was transferred to a new tube and
supplemented with 1.75 mL of 0.1 M ammonium acetate and
stored at —20°C overnight. Afterwards, ammonium acetate was
used to precipitate proteins to enable their collection by
centrifugation (16 000 g, 5 min, 4°C). The protein pellet was
then washed with 1.75 mL of 100% methanol and again with
1.75 mL of 80% acetone. Residual acetone was removed by
vacuum evaporation over a few minutes. The pellet was
resuspended in 400 pL of R2D2 rehydration buffer [5 M urea,
2 M thiourea, 2% CHAPS, 2% N-decyl-N,N-dimethyl-3—
ammonio—]-propanesulfonate, 20 mM dithiothreitol, 5 mM Tris
(2—carboxy— ethyl) phosphine, 0.5% IPG buffer] (GE Healthcare,
Saclay, France), pH 4 to 7 [36]. The total protein concentration
was determined by the method previously described by Bradford
[37] using bovine serum albumin as standard.

Gene Accession number Forward Reverse Gene Function

EFT-o DQ312264 5'-gcctggtatggttgtgacct-3” 5'-gaagttagcagcacccttgg-3’

18S rRNA GQ380689 5'-cggataaccgtagtaattctag-3’ 5'-gtactcattccaattaccagac-3’

COPT2 NM_114557 5'-tgcacatgaccttcttttgg-3’ 5'-gtcatcggagggtttgttga-3’ Cu uptake

HMA1 NM_119890.6 5'-gtacagctgaccgaggaagc-3’ 5'tgcccataaatgggttcaat-3’ Cu allocation to chloroplast
MOT1 NM_128127 5'-ctcgccaggatttggactta-3’ 5'agatccccaacacgaacaag-3’ Mo uptake

doi:10.1371/journal.pone.0109889.t001
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Two-dimensional electrophoresis (2-DE) and image
analysis

2-DE was performed according to the protocol detailed by
Desclos et al. [25]. Gels were stained using the silver—staining
procedure described by Blum el al. [38] and scanned with a
ProXPRESS 2D proteomic imaging system (Perkin—Elmer,
Courtaboeuf, France). Images of the 2-DE gels were analysed
using the Progenesis SameSpots software v3.0 (Nonlinear
Dynamics, Newcastle upon Tyne, UK) according to the manu-
facturer’s protocol. Gels from three independent biological
replicates were used. Spot detection, warping, and matching were
performed automatically by the software and manually validated.
Artefacts due to non—specific silver nitrate staining or spots that
could not be confidently verified as true matches were disregarded
rather than manually edited, and misalignments were corrected by
manual warping when appropriate. Mw and pl were calculated
using SameSpots software calibrated with commercial molecular
mass standards (prestained precision protein standards; Bio—Rad,
Marne-la—Coquette, France) run in a separate marker lane on 2—
DE gel.

RuBisCO relative quantification

In order to observe maximum spots, silver staining was
performed on 2-DE with a saturated RuBisCO signal. The
amount of RuBisCO was then measured by Experion Pro260
Analysis Kit (Bio-Rad, Marne-la—Coquette, France). The Ex-
perion automated electrophoresis system applies a combination of
microfluidic  separation technology and sensitive fluorescent
detection of proteins [39]. The protein extracts were treated with
the Experion reagents and then separated on the Experion
automated electrophoresis station according to the manufacturer’s
instruction. Peak areas corresponding to large and small RuBisCO
subunits were then compared using software given by manufac-
turer.

Protein Identification by ESI LC-MS/MS

Spots of interest were excised from 2D gels and washed several
times with water and dried for a few minutes. Trypsin digestion
was performed overnight with a dedicated automated system
(MultiPROBE 11, Perkin-Elmer). The gel fragments were subse-
quently incubated twice for 15 min in a 0.1% CH3CN solution in
water to allow extraction of peptides from the gel pieces. Peptide
extracts were then dried and dissolved in starting buffer for
chromatographic elution, consisting of 3% CH3;CN and 0.1%
HCOOH in water. Peptides were enriched and separated using
lab—on—a—chip technology (Agilent, Massy, France) and fragment-
ed using an on-line XC'T mass spectrometer (Agilent). The ESI
LC-MS/MS data were converted into DTA— format files that
were further searched for proteins with MASCOT Daemon
(Matrix Science [40]). For protein identification, two strategies
were employed to mine the maximum data. Measured peptides
were searched in the NCBI nr-protein sequence database,
viridiplantae (green plants [41]), and in the Brassica EST database
(Brassica Genome Gateway 2007, [42]). Proteins with two or more
unique peptides matching the protein sequence with a score >53,
as defined by MASCOT, were considered as a positive identifi-
cation. The spectra of each peptide were verified manually. In
cases where protein identification data were lacking, BLAST
analysis was performed [43].

Data and statistical analysis

Regarding the growth, ICP-OES and IRMS analyses, all
experiments were conducted with 4 independent biological
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replicates each corresponding to 3 plants. Proteomics and Q-
PCR analyses were performed on 3 independent biological
replicates each corresponding to 3 plants. Data are given as mean
* SE for n=3 or 4. For Q-PCR, SE and Student’s T-test were
based on AACt (or ACt for COPT2, see above for more
information), when the relation between values is still linear.
According to Yuan et al. 2006 [44], a confidence interval of each
mean value (with min and max values) can be calculated and has
been presented in the results section as [mean of relative
expression] (Min value-Max value) with Min value = 2~ (AACH#SE)
and Max value = 2~ A28 (Vin value =27 ““*S® and Max
value = 27 ACTSE) o COPT2). Conversion of the results of an
exponential process into a linear comparison of amounts leads to
an asymmetric distribution [34].

All data were analysed with Student’s T-test (p<<0.05) and

marked by an asterisk (*) or cross () when significantly different.

Results

Cu depletion affects the growth and Cu content of
B. napus

After 25 days of culture, control whole plant DW increased
from 3.23+0.24 g to 39.67%1.26 g (table 2). The total DW of Cu-
depleted plants was decreased by 18.4% relative to control plants
(table 2, from 39.67 to 32.37 g DW.plant !. This was the result of
a significant reduction in root DW (from 4.11%0.23 in control
plants to 3.73+0.06 ¢ DW.plant ' in Cu-depleted plants) and
secondly, of old petioles DW (from 8.07%0.60 to 6.31+0.49 g
DW.plant™"). No significant differences in growth rates were
found for other organs. Control plants accumulated 251.5 pg of
Cu while the Cu content in Cu-depleted plants only rose from
29.0%4.0 ug to 74.8%3.0 pg. The slight increase in total Cu in
Cu-depleted plants was the result of a trace of Cu found in the
mineralized water used for the nutrient solution (0.47=*0.00 pM,
data not shown). In roots of control plants, the amount of Cu
increased from 14.7%3.0 pug to 155.2%+13.2 ug but only reached
43.4*1.5 pg in Cu deficient plants. In aerial tissues that developed
under Cu depletion, the Cu amount was reduced from
11.8£19png to 2.6*0.7pg and from 76.2+4.8 ug to
16.2+2.3 ng in petioles and leaves, respectively. In petioles
already present at the time of the Cu depletion, the amount of
Cu rose from 2.1£0.2 pg to 8.0x0.7 pg during depletion while it
reached 20.3*2.4 pg in control plants at the end of the
experiment. The amount of Cu in old leaves of control plants
did not vary significantly during the experiment, while in Cu-
depleted plants, it was reduced from 12.2*1.1 pg to 4.7+1.0 ug
indicating a remobilization of 61.4%4.2% of the Cu initially
present in these leaves.

No significant difference was observed for RuBisCO by
Experion method (Figure 1.A). During the whole experiment,
the leaf chlorophyll content (SPAD values, Figure 1.B) were not
significantly different between control and Cu-depleted plants. At
the end of the experiment, this was confirmed in old leaves
(Figure 1.C). Also, N content in old leaves didn’t present any
difference between the two conditions (Figure 1.D).

Cu depletion increases expression of Cu transporters in
Brassica napus

The relative expression of genes involved in Cu transport
(HMA1I, COPT2) is given in Figure 1. Expression of the HMAI
gene encoding a chloroplastic Cu transporter was monitored in
leaves, whereas COPT2, which encodes a transporter involved in
Cu uptake, was monitored in roots. The relative number of

HMAI transcripts increased 2.68 fold (2.23-3.24) after 25d of Cu
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depletion (Figure 2.A). Transcripts of COPT2 were detected only
in roots from Cu-depleted plants suggesting that the expression of
the COPT?2 transporter was up-regulated and/or de-repressed in
Brassica napus roots in response to Cu deficiency (Figure 2.B).

Cu depletion affects uptake of some mineral nutrients

Figure 3 shows that Cu deprivation decreased Cu uptake by
81.8£2.0%, but also affected the uptake of Na (—41.0=3.8%), B
(—31.6*2.1%) and Mg (—28.5%2.8%). while plant dry weight
was reduced by 18.4%£2.5% (Table 2). Cu deficiency had no effect
on total plant uptake for nutrients such as N, Ca, K, S, P, B, Fe,
Mn and Zn, despite the difference of biomass. In contrast, uptake
of Mo was increased by 121.8% despite the reduced plant growth
and was associated with a very strong up-regulation of the
molybdenum transporter 1 gene (MOT1, Figure 2.C), having an
important role in efficient Mo uptake [45,46]. Indeed, in Cu-
depleted plants, the number of MOT1 transcripts was found to be
159.61 fold (127-200) higher than in control plants.

Table 2. Biomass and Cu content in Brassica napus L. at t=0 and after 25 days of culture with (control) or without Cu (—Cu).
t=0 Control (25d) -Cu (25d)
Old leaves DW (g) 2.13*0.17 4.78+0.79 4.83+0.93
Cu amount (ug) 12.2%1.1 17.0x2.5 4.7£1.0%F
% remobilized NA NA 60.36+4,15
Old petioles DW (g) 0.63+0.04 8.07+0.60 6.3120.49%F
Cu amount (ug) 2.1+0.2 20.3+2.4% 8.0+0.7*F
Young leaves DW (g) NA 12.7+0.94 8.83+1.64
Cu amount (ug) NA 76.2+4.8 16.2+23 f
Young petioles DW (g) NA 10.02+0.78 8.66-0.55
Cu amount (ug) NA 11.8+1.9 2.6*0.7 T
Roots DW (g) 0.48+0.03 4.11£0.23* 3.73+0.06*
Cu amount (ug) 14.7£3.0 155.2+13.2* 43.4+1.5%F
Total DW (g) 3.23+0.24 39.67+1.26% 3237£1.71%F
Cu amount (ug) 29.0+4.0 280.5+13.5% 74.8+3.0%F
* and T represent significant differences at p<<0.05 compared to t=0 and control, respectively. NA: Not Applicable.
doi:10.1371/journal.pone.0109889.t002

Cu depletion induces proteomic modifications

Leaves already present at the beginning of Cu depletion were
the most affected tissues, not only due to their decreased Cu
content and hence the mobilization of Cu (by about 60%)
to other tissues, but also according to their decrease of Mg
(—42.1%=11.0%), Na (—42.6*=13.6%), Ca (—35.8%10.0%) and Fe
(—27.9%13.5%) contents. Therefore, leaves were selected for a
comparative proteomic approach in order to highlight the main
metabolic modifications induced by Cu depletion. Representative
2D gels corresponding to protein extracts from leaves of control
and Cu-depleted plants are shown in Figure 4. On each gel, 693
proteins were identified. Their comparative analysis revealed 48
proteins significantly up- or down-regulated by Cu depletion.
Because different spots correspond to different isoforms of the
same protein, only 33 different proteins were identified. Among
them, 25 proteins were accumulated in Cu-depleted old leaves.
Transketolase-like protein (#7 to 11, Figure 4 and Table 3) was
the strongest protein induced with four isoforms that were
accumulated more than fourfold compared to control. On the
other hand, repression was significant in only 8 of the 33 identified

A. B D.
2,5 350
Q
2
< 300
Q 2 220 =~
9 < —— Control %
o g 10 - Cu 3 250
> 0 <>u
% 1.5 0 10 20 5
-
c o
€ Time (days) ° 200
[
E C. € s
s 1 30 -
2 g 3
=
3 '©20 E 100
€ 05 et z
o 50
& 10
0 0 0
Control -Cu Control -Cu Control -Cu

Figure 1. Parameters associated with senescence. (A.) Relative amount of RuBisCO in old leaves. Relative chlorophyll content (SPAD value)
during (B.) the whole experiment at whole plant level and (C.) after 25 days of depletion in old leaves (D.) N content in old leaves.

doi:10.1371/journal.pone.0109889.g001
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Figure 2. Relative accumulation of transcript of Cu transporters (A. HMAT in old leaves and B. COPT2 in roots) and Molybdenum
transporter 1 (C. MOTT in roots) in Brassica napus L after 25 days of culture with (control) or without Cu (—Cu). Control is represented by

white bars and —Cu by grey bars. MOTT and HMAT values are expressed as

2 —AACt

while COPT2 value is expressed as 2~ (for details, see “Material

and Methods”). * represents significant differences at p<<0.05. ND: not detected.

doi:10.1371/journal.pone.0109889.g002

proteins, with the Oxygen Evolving Enhancer (OEE, #33 to 37)
having the greatest repression in our study (—2.3 to —3.93).
Among all proteins (Table 3), five were involved in stress responses
(disease/defence or defence/secondary metabolite), for example
glutathione reductase (#18), and seventeen proteins were involved
in energy processes, for example aldolase (#27) and ATP synthase
(#17). Protein annotations in databases also indicated that
chloroplasts were the main locations of the identified proteins
with 17 references, including the most repressed, OEE (#33 to
37), and the most induced, Transketolase-like protein (#7 to 11).

Considering some of the characteristic Cu proteins reported in
the literature [47], Plastocyanin was too small (around 10 kDa) to
be found on our gels while Cu-Zn superoxide dismutase and
Polyphenol oxidase were not differentially expressed and/or
detected.

Discussion

Cu remobilization from old leaves is induced by Cu
deficiency

In this study, the effectiveness of Cu deficiency can be attested
by the low Cu concentration found in old and young leaves of Cu
depleted plants (0.97+0.03 ug.g”' DW and 1.66+0.40 pg.g '
DW, respectively) which was lower than the usually admitted
minimum concentration (5 pg.g~ ' DW) [48]. Using Cu deficiency
we were able to demonstrate a decrease in the Cu content of leaves
by 61.4%4.2% (Table 2). To our knowledge, alongside work on

3500 ~
3000 A
2500 A
2000 A
1500 A
1000 A
500 -

0

Mineral Nutient Uptake
(mg.plant)

Arabidopsis thaliana [49], this is one of the few studies that shows
that Cu can be recycled between leaves. However, the Cu
remobilization could be underestimated in our conditions because
some traces of Cu were found in the nutrient solution, as suggested
by the slight increase in the overall Cu content in Cu-depleted
plants (Table 2). A precise estimation of Cu remobilization would
require the use of stable isotopes. This remobilization of Cu in
leaves was concomitant with an increase in COPT2 and HMAI
expression. Despite a tendency of an increase of RuBisCO and N
amounts, the RuBisCO, N amounts and chlorophyll contents in
old leaves were not significantly differentially affected between
control and Cu-depleted plants (Figure 1). Then we could assume
that Cu remobilization was not associated with leaf senescence.
This is also consistent with the down-regulation of senescence-
associated proteases such as FtsH2 (#14, Table 3), a protease
involved in the degradation of photosystem II [26,50]. Thus, this
study suggests that Cu depletion induces a Cu mobilization
independent of the distinguishing marks of senescence. This is
different to what has been found for N for example, whose
deficiency is known to increase leaf senescence in Brassica napus

[25].

Effect of Cu deficiency on metabolic pathway in
chloroplasts from old leaves of B. napus

Because the spots of our 2D-E gels correspond to the most
abundant proteins in old leaves, numerous proteins (especially
transporters and transcription factors) corresponding to transcripts

*

Figure 3. Mineral nutrient uptake in control plants (blue) and Cu-depleted plants over 25 Days (red). Due to large differences between
nutrients, factors have been attributed to each nutrient to allow representation on the same graph. * indicates significant difference between control

and Cu depleted plants at p=0.05.
doi:10.1371/journal.pone.0109889.g003
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Figure 4. Representative Silver-stained 2-DE gels of proteins from old leaves of Brassica napus L. after 25 days of culture with
(control, A) or without Cu (—Cu, B). A total of 150 ug of total proteins was loaded on an IEF strip forming an immobilized pH linear gradient from
4 to 7 (for details, see “Materials and Methods”). Numbers indicate sequenced and identified proteins presented in table 3. Molecular mass markers

(MW in kDa) are listed on the right side of the gel.
doi:10.1371/journal.pone.0109889.9004

identified in previous studies as regulated by Cu depletion could
not be observed in the present work. Thus, this study complement
previous transcriptomic data on Cu remobilisation [51,52]. This
proteomic analysis of Cu-deficient old leaves showed that more
than half of the up or down-regulated proteins were localised in
chloroplasts (Table 3) indicating potential disturbance, despite an
absence of chlorophyll content variation (Figure 1.B, C). Five of
these proteins are involved in the Calvin cycle and 5 are involved
in the thylakoid electron transport chain (Figure 5). From a
general point of view, among the 33 proteins that were
differentially expressed relatively to control plants (Table 3), 11
of them are known to rely on the presence of Cu for their synthesis
and/or activity, and 9 were over expressed (#15, 16, 17, 19, 27,
29, 39 and 43). As a consequence, it could be suggested that the
lack of Cu reduced their activity which may explain their up-
regulation (or alternatively reduced their down-regulation). A
similar regulation would also occur for enzymes that are located
upstream or downstream of such copper deficiency up-regulated
proteins. For example, this is the case (Figure 5) within the Calvin
cycle for Transketolases (#6-11) or TPI (#41), which are located
upstream and downstream of Aldolase (#27), a copper dependent
protein that was up-regulated by Cu-deficiency.

Among Cu binding or regulated enzymes within the Calvin
cycle (FBPase [53], GAPDH, Aldolase [16], RuBisCO [18], PGK
[17]), only Aldolase (#27) and PGK (#21) were found to be over
represented (Table 3 and Figure 5). However, whilst RuBisCO

PLOS ONE | www.plosone.org

was not significantly affected (Figure 1), its main regulator
RuBisCO activase (#24) was increased by about 3 folds (Table 3).
It should be noted that PGK, Aldolase, Transketolase and TPI are
also involved in glycolysis (in the cytosol or plastids [54]) and their
regulation should therefore induce mitochondrial defects.

GAP is a crosspoint between numerous pathways, with B6
vitamin biosynthesis being one of them [55]. However, under an
impaired Calvin cycle, more GAP would be available for this cycle
(Figure 5). Vitamin B6 can also be synthesized through Pyridoxin
biosynthesis protein (#32, Table 3) which is over represented in
old leaves of Cu-depleted B. napus. The B6 dependent protein
Glutamate-1-semialdehyde aminomutase (GSA, #25) [56] with a
role in chlorophyll biosynthesis also accumulated (Figure 5).

Differentially expressed proteins located in thylakoids (Figure 5)
could be subdivided into two groups: the first one including OEE
(#33 to 37), NADPH subunit 48 (#20) and ATP synthase (#17)
were down-regulated, which is consistent with previous work
reporting a down-regulation of photosynthesis-related genes in
response to Cu deficiency [51]. The second group corresponded to
[Fe-S] cluster containing proteins such as Ferredoxin (#30 and 31)
and Rieske domain protein (#47), which were over expressed in
response to Cu depletion. We suggest that overall the electron
transport chain was down-regulated, but an impairment of [Fe-S]
cluster biosynthesis could be compensated by an up-regulation of
de novo synthesis of [Fe-S] proteins. This stimulation of [Fe-S]
cluster proteins can be linked to the accumulation of Rhodanese

7 October 2014 | Volume 9 | Issue 10 | €109889



An lonomic and Proteomic Approach

iency in Brassica napus:

Cu Defic

6£0L1€8¢€|16/[pa2D 1310

1sejdouojyo/Abiaug zo D2Isspig] aseAde aseuabAxo/asejfxoqied a1eydsoydsig-g’L-asojnqu 1sejdoiolyd o 19 6/V/8L°9  9W/LL'S 16T 14
eLpUOYI0NN ¥00v6512/16
/361015 78 1590 1014 "90 [bupypy; sisdopiqpiy] daneind ‘uungns eydje asepidad buissadoid [eupuoydouy L1 L TPS/909  TS/ES'S 18T €C
BLIPUOYIONUN ¥00v6512)16
/abeI031S % 159 "104d 90 [pupipyy sisdopigpay] aaneind qungns eydje asepndad Buissadoid |elpuoyd0ny 6l 6l 15/90°9 €6/85°S 06l 44
BLIPUOYDOUA
[£11 nD -3sejdouojyd/ABiaug 20 §650£7SL[16/[publpY} Sisdopigpiy] | sseury SjesdA|boydsoyd Lz ST L'0S/L6'S  Lb/vy9 [40! 4
1sejdouioyd/A61aug "Z0 L0EY6€8LIIB [puplDY) Ssisdopiqpiy] 8% Nunqns aseuaboipAyap H()AYN 9L 6L 0LS/6V'9  0S/S¥'S [T~ 0z
£0€6/1205|16/[wnunaup
[sn> 1sejdouojyd/wisljogeIs “Lo 1221D] i->nsejdoiolyd ‘4 uiioid HujuleIuod-uleWOP 3XI|-353UBPOYY S L 90S/€TS  SS/T6Y 60T 6l
3|ondep/wsijogelaw
[l m K1epuodas 1 2ua4a(q ‘07 TL98vYE L1B/[pasunf poisspag] aseidnpas suolen|y 6L Sl 909/€0'8  19/2S9 19— 8l
BLIPUOYDOMA
[9L] uz pue n> -1sedouojyd/A61au3 "Z0 ££6££8.6T|16/[e1eIA| "dsqns pouf] sisdopiqoiy] | wungns asedly ¢y S8 0'LY/L6'S  T9/STS €9°C LL
[S/] uz pue n> 1sejdouojy/AB1au3 20 €251 1¥8L|16/[publpY} Ssisdopiqpay] uteloid 3xi-2s3uepoys pioxe|AyL 14 S 9'L¥/99°S  T9/80°9 vl 9l
[52] uz pue n>y asejdouojy/ABisu3 "zo €S LLY8L[I6/[pubibys sisdopiqoiy] utRioid a)ij-as3uepoys poxelAy L L Ll ¥v6v/TTS  ¥9/vL9 ¥S'L Sl
1sejdoiojyd/abelors €8€€71£5€|16/[uoAyop3sip
v uz '8 1594 "101d "90 wnjpodAyopig) aji|-o1se|dololyd ‘z HS1d4 dseajoudojjersw duiz Juspusdap-dly 9L ST 0TL/T9S  69/LLS €07— vl
asejdouojy/ABisu3 "zo 9zzeeesLiB/bubipys sisdopiqoiy] sseinwodniboydsoyd  LL 0L ¥'€9/95'S  0L/8%'9 L0T— €l
1sejdoiojyd/oiyen
[oL] uz Jenjjadeaul ‘g0 0z1559T|16/[sndou possspig] 0£DSH ulR10id 21eUBOd Yo0ys 1eaH /€ 6 L'0L/80°S  €4/STS 90T 4}
BLIPUOYDOMA
-1sejdouojyd/Abiaug z0 §896¢€L|16/[pupijpy) sisdopiqoiy] uiRioid Bji-asejoldjsueIL 9T tF TL8/9L'9  VL/¥S'S (Y4 L
elpuoydoU
-1sejdouojyd/ABiaug Z0 §896z€L|16/[pupipy) sisdopiquiy] uiioid ji-dsejolsuRIL 6T 79 TL8/919  9//19°S oty oL
BLIPUOYDONN
-3sejdouojyd/ABiaug Z0 589675 |16/[pubipys sisdopiqoiy] uieloid ji-esejorNsuell /T L9 TL8/9L'9  SL/8LS LY 6
eLpuoydol
-isejdolojyd/Abiau3 20 589675 £|16/[pupyipys sisdopiqoiy] uieloid Syji|-esejoINsuRIL T 9b TL8/91'9  SLWLS 6L 8
BLIPUOYDONA
-1sejdouojyd/Abiaug zo €866890¢€|16/[pubiiby; sisdopiqpiy] asejoloxysuell 0L €L 66L/TL'9  08/L%9 we L
eLpuoydoU
-1se|douojyd/ABiaug z0 589675 |16/[pubipys sisdopiqpiy] uiRloid dyil-asejoydxsuell 8L Sl S°18/08'S 18/5°9 €S 9
BLIPUOYDOMA
121N [S-34] -1sejdosojyd/Abiaug zo 201 €690€|16/[bupiibY) Sisdopiqpiy] yungns @3 G/ asenpalopAxo suouinbign HAYN €L €L TL8/9L'9  08/9T9 oLy S
£08£08£6T|16/[10I4]
[/ uz wsijoqelsy ‘Lo "dsqns pipif] sisdopiqpiy] aseyiuhs suiuolyidw Juspuadapul-ulweledqod 6L 62 £Y8/TL'9  16/£59 81T v
£08£08.6|16/[e3e14|
[€/] uz wsl|oqeIsy “Lo "dsqns pjpuf] sisdopiqoiy] sseyiuhs suluolyisw Juspusdapul-uiweeqod  ¥Z 85 €Y8/TL'9  06/%9'9 SL'L €
1sejdosojyd/aiyen Jejnjjdenu| ‘8o €767TL0LY|16/[e3s9A “dsqns pisaA bupbpi] ai-onseldoiolyd ‘Hd|) uloid suosedeyy  oF  LLL TT01/65°9 66/€°9 1z 14
2dudyaQ/asessiq ‘L L 96CLLLL|1B/[sndbu poisspig] ueload Bulpuiq aseulsoIA  0C  OF €Y0L/6ES  SLL/LS e L
90N uonezije>o| ie|njd *ou uoissadde |[gON/wsiuebiQ/oweu uoid (%) Wd M/id *oayy M\ dduepunqy ‘ou yods
-gns/uonediyisse|d jeuoidung s /id ~dx3 aAne|dy

‘syue|d |0J3UOD 0} dAlR[R) sndbu g pa31a|dap-nD JO SIARI| P|O Ul PAIR|NWINIDE (SNjeA dAIIRHAU) JapuUN Jo (3njeA aAlsod) JOAO suldlold payliuspl Jo aduepunqgy € ajgel

October 2014 | Volume 9 | Issue 10 | €109889

PLOS ONE | www.plosone.org



An lonomic and Proteomic Approach

Brassica napus:

iciency in

Cu Defi

ul paquasap ul0id Buipuodsa1i0d 3Y3 Jo (p[og ul) sioleinbal 4o (so1jel

) puel

€003'6886010"2uod |euinol/| £g1"0L:10p
‘(s39¥jdeIq Ul pajedIpUl) SaIpNIs snoiadid
0} puodsa.110d $330U Ul USAIB SIUSWS|T "PaIedIpUl S JSGUINU UOISSIDIR UI30id Jueguan sii pue payizuapl sem 3 YdIym ul wsiueblo syl Yyum paisi|

s ui304d paydlew-1saq paubisse sy ‘uIS0id Yyoes 104 ‘paredipul Os|e d1e paulelqo (JS) 96e1an0d 3dusNnbas Jo abeiuadiad aY) pue YOS Y3 (W) sapndad paydiew SI/SIN-DT 40 Jaquinu ay3 ‘mip/|d [ed13a103y) pue |eauswiiadx3

1sejdouojyd/A61au3 "Z0 L1TETTSLIIB [pupijpys sisdopiqoiy] 7 uiRioid H wilsAs abeaes]d aupA|6 dqeqold  §L 9 6LLIVTS  9L/8SY aLL— 8t
115N [S-24] 1se|douojyd/A61au3 2o 6€9¢v86(16/[publY) Sisdopiqoay] uRloid Sa4 sl TT T €2/088  LL/LL'9 vLT Ly
|osoykD/aduapeQ/aseasIq "L L 81£1€TSL|1B/[bupipy) Sisdopiqpiy] Jz-uxopaixoldd  LE 8L LYT/TL6  LL/66Y 97— o
uonedyisse|) Jedpun ‘gL v¥6691 L[16/[gjp sidpuis] 10sind31d sbejd L u1a1oid I|-UILLSD = |n4 :PWeNd3Y €T L 0TC/LT9  6L/ILS 66'L Sy
uonedyisse|d Jedpun ‘L ¥SLSSLL1B/[publpys sisdopiqoiy] uRloid xi-ulweD /L 9 8'1T/189  6L/SLS 9T 44
l6£] uz pue n> 1se|dolojyd/wsljogeIs i “Lo 6€v£8LL6T16/[sndbu pjsspig] oseipAyue dluogued-elaq iseidoiolyd 8 Ly LSE/LY'S  6L/LS 64T 34
payissepun "€l 90016€8L[16/[publpY) Sisdopiqpiy] uRloid pazuReieYUN 9T 6 66L/LES  OT/EL'S LT (4

elUpuoydolIN
-1sejdouo|yd/ABiau3 ‘zo 679225 L|16/[bupijpyy sisdopiqpiy] ssesswos| sjeydsoydssoul 9L 0L €E€E/L9L  9U8TS S5l Ly
[91] uz pue [g1] nD eupuoydouN/ABisul "zo voLLTTsL|6/[puplpyy sisdopiqpiy] ped HUNQNs seYIUAS d1v-04Ld [BUPUOYIONN  vE 6T 9/T/8T9  LTLL9 1g'L— o
l6£] uz pue n3 1sejdoojyd/wisljogeIs iy “Lo L¥€8£90€|16/[publpY) Sisdopiqpiy] | dseipAyue dluoqued /L €g S6C/¥S'S  6T/ELS 18°€ 6€
|0503KD/duasQ/35e3s1Q "L L vS6TesL16/[oubypy sisdopiqoiy] 7edsad uiioid yjil-uixopasolyl Ll €L L'€€/598  6T/19'S 69'L 8¢
1821 uw 1se|douojyd/A61au3 20 ¥ZE0ETS L16/[oubijpy; sisdopiqoay] g-| uisioid Jadueyus buinjons-usbAxQ  §S  v8 0'SE/T6'S  0E/TES 8C— L€
1821 uw 1se|douojyd/A61au3 20 78£618.6T|16/[e101A| “dsqns pipiA] sisdopiqpiy] Z-0 nunqgns || walsAsoloyd 7§ /9 L'SE/€6'S  0€/€0°S S6T— o€
(821 uw 1se|douojyd/A61au3 20 78£618£6€|16/[e1e1A| dsqns pipiA] sisdopiqpiy] Z-0 Munqgns || walsAsoloyd 8y 9 L'SE/E6'S  0E/V6'Y 95T— (13
(821 uw 1sejdoiojyd/ABIau3 2o ¥ZE0€TS L|16/[publpy) Sisdopiqpay] g-1 ulRioid Jadueyud Buijons-usbAx0  vS 18 0'S€/T6'S  0€/T6Y €T 43
(821 uw asejdosojyd/AB1sug 2o yze0ezsL1b/[pupipys sisdopiqoiy] -1 uisloid ssdueyud BuinjoAs-USBAXQ  §L S 0'SE/L6'S  LE/88Y €6'€— €€
[5S] sisayauhsolq og |osoikD/aduapeq/aseasia "L L £1595TTL)1B/[snowodpf snjo7] uiioad sisayiuksolq auixopuhkd sz €L 0'€EE/TL'9  TEMHB'S 4 43
128N [S-34] asejdosojyd/AB1sug 2o 6€L0£L5|16/[publDY) Sisdopiqpiy] 3se1dNnpal +dQVYN-UXopalRd 6 bE 1'07/99'8 z€/8'S 95'L LE
118N [5-24] 1se|douojyd/A61au3 20 78T6ETS LI1IB/[bublpy) Sisdopiqply] | 35e1oNpalopIXo-(+)dAVYN-UXopaid  vE  6b €0b/Te8 TE/ILS (4} o€
[££1uz pue [91] N eUpUOYONN/ABIBUT 20 506265 LZ|16/[bupipy) sisdopiqpiy] SseusboipAysp alejew Juapuadap-QYN [BUPUOYIONN  LE 6 8GE/WNSE  LE/IL'D €€l 6C
2WOSoqIY/SISaYIUAS ulaloid 'S0 00£v1L2SL16/[sndou poisspig] uiroid jewosoqu SOp 3 6 0CENVL'S LEIVT'S Lyl 8¢

eLpPUOYD0LIN
[94] uz pue [91] N> -1sejdouo|y/Abiau3 ‘2o SLLLETSL|16/[publpY} Sisdopiqpiy] ssejople aeydsoydsig-ssoniy /£ 6L v'8€/CT9  OV/¥9'9 o'l Vi
wsi|oqeIs “LO 656€89916/[sndbu poIsspig] aseuaboipAysp |oyodje [Aweuurd sy 9L L'SL/L6'S  Th/vy'9 wl 9z
[95] 3uspuadap 9g wsijoqe ‘Lo 81062¢S L[16/[pubipy; sisdopiqpiy] T aseanwoulwe-1'z SpAyspeIwas-|-sjewein|o (4 7 T0S/EV'9  vi/€09 L'l 14
0N uonezjjexo| Jenj|@d ‘ou uoissade |gON/wsiuebig/aweu uid3odd (%) WA MW/Id ‘oayl M\ ®uepunqy  ‘ou jods

-gns/uoinedijisse]d jeuoidpung s /id *dx3 anne|dy

o) g 9|qel

October 2014 | Volume 9 | Issue 10 | €109889

PLOS ONE | www.plosone.org



Cu Deficiency in Brassica napus: An lonomic and Proteomic Approach

» Erythrose 5P
il FBPase transketolase ryihrose \
(#6-11) aldolase
@21

HSC70 (#12) F1,6BP
aldolase transketolase
G e RuBisCO o | T
P DHAP  activase (#24)

Pyridoxin l
biosynthesis — ,,

protein (#32) Itamme GAPDH PGK #21) RuBisCO o /

5

FTSH2 (#14)

nthas (#39)

OEE (“1;23-37) Plastocyanin \
. Rieske (#47) Ferredoxin
Thylacoid Fe-S (#30,31) Fe-S\ Lumen

membrane Y

Glutathione
reductase (#18)

/T NADPH :
% / \%A subunit 48 (#20) ATP Carbonic
- ﬁ anhydrase
o®

Rhodanese (#15,16)
SCN- «— CN

S"‘M

Plastidial envelope

Chloroplast
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dashed lines and named in orange italics. Underlines indicate Cu binding and/or known Cu regulation. Other elements known to bind and/or
regulate proteins are indicated in purple. PS I: Photosystem [; PS Il Photosystem II; R5P: ribulose-5-phosphate; X5P: xylose-5-phosphate; F1,6BP:
Fructose-1,6-bisphosphate; GAPDH: GlycerAldehyde Phosphate DeHydrogenase; PGK: PhosphoGlucoKinase; GAP: GlycerAldehyde-3-Phosphate;
FBPase: Fructose-1,6-BisPhosphatase; TPI: Triose Phosphate Isomerase; GSA: Glutamate-1-Semialdehyde 2,1-Aminomutase; OEE: Oxygen Evolving
Enhancer; Chl: Chlorophyll; CN: cyanate; SCN: Thiocyanate.

doi:10.1371/journal.pone.0109889.g005

family members (#15 to 16), previously described as protecting translation and the proteolysis and thus lead to differences between
[Fe-S] clusters [57] in addition to their role in cyanate transcriptomic and proteomic results.
detoxification.

Previous studies [52,58] highlighted the transcription factor Crosstalk between Cu, [Fe-S] and Mo
SPL7 (SQUAMOSA-promoter binding link protein 7) which Surprisingly, among all quantified mineral nutrients, only Mo
seems to coordinate the early response to Cu deficiency by uptake was strongly increased in Cu-depleted plants (Figure 1) and
targeting a Cu response element (CuRE) in the promoter of genes this was further linked to strong up-regulation of MOTI gene in
differentially expressed during Cu deficiency. Unfortunately, we roots (Figure 2).
couldn’t performed an analysis on promoters of genes correspond- The relation between Mo and Cu homeostasis has been
ing to the proteins presented in table 3 as B. napus genome reported several times but remains poorly explained [60-63]. As
sequence is not yet available. However, regulation seems to be an example, in lesser yam (Dioscorea esculenta) [63], molybdenum
complex as Cu deficiency induces a down-regulation at transcript reached a higher concentration in Cu depleted plants than in
level of carbonic anhydrase [52], but it was up-regulated at protein plants submitted to any other nutrient deficiencies.
level in our study (#39). It should be noted that the Carbonic The crosstalk between Cu-Mo and Cu-[Fe-S] established from
anhydrase regulation is independent from SPL7 [52] and thus its the literature and the present study are summarised in Figure 6
regulation should not be directly induced by Cu deficiency. and can explain the up-regulation of Mo uptake (Figure 1) and
Moreover, previous studies on Cu deficiency also reported a expression of [Fe-S] proteins (Rieske #47 and Ferredoxin #30,

variation of microRNAs [51,52] or proteases ([59] as well as 31, table 3) by Cu deficiency. Indeed, the chloroplast produces its
FTSH2 #£14, Table 3 and Figure 5) that could impact on the own [Fe-S] clusters through the SUF (sulfur assimilation proteins)
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of Mitochondria.
doi:10.1371/journal.pone.0109889.g006

machinery [64], which may be inhibited by Cu deficiency, as
previously described in Bacillus subtilis [65]. As previously
discussed, our leaf proteomic analysis revealed two identified
proteins that were over-expressed during Cu deficiency, Ferre-
doxin and Rieske protein which contain [Fe-S] clusters (#30, 31,
47, Table 3, Figure 6). We may hypothesized that their activity
was lowered due to [Fe-S] cluster destabilization by Cu-depletion.
This should lead to the observed up-regulation of both proteins to
compensate for a possible loss of activity. To minimize the effect of
Cu deficiency in chloroplast, the Cu transport across Chloroplast
membrane is stimulated through the up regulation of HMAI
(Figure 2.C, 5, 6).

MOT1 was previously identified as a S transporter (SULTR5;2)
and it was identified very recently as a high affinity transporter of
Mo [45]. Its localization remains unclear (mitochondrial mem-
brane [46] or plasma membrane [45]). Its precise function has not
been reported yet, but its importance for an efficient Mo uptake is
acknowledged [66]. At cellular level, Mo is essentially used by the
Molybdenum Cofactor (MoCo) which is essential for key enzymes
such as nitrate reductase and aldehyde oxidase [66]. The first step
of the MoCo biosynthesis occurs in the mitochondria and
produces cPMP (Figure 6, [67]). cPMP is then exported across
the mitochondria membrane by support of the ATM3 transporter
[68]. In the cytosol, it must bind Cu in order to be metabolised
into MPT representing a step that should be affected in Cu
depleted plants. Then, the CNX1 multidomain protein releases
Cu and inserts Mo from MPT to give a functional MoCo molecule
[69]. It has been reported that CNXI1 binds to the cytoskeleton
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[70] and could have a role as a Mo sensor, interacting with MOT1
transporter to regulates Mo concentration in the cell [71]. Overall,
it would explain how the Cu deficiency indirectly up-regulates the
Mo uptake through the increase of MOT1 expression. On the
other side, a transcriptomic analysis of Arabidopsis thaliana W'T
and mot] mutants submitted to Mo deficiency [72] did not reveal a
modification of the expression of genes involved in Cu metabo-
lism.

The impairment of Mo metabolism could also be the cause of
Ferredoxin and Rieske up-regulation. Indeed, a strong crosstalk
exists between Fe and Me metabolisms: some proteins involved in
MoCo biosynethesis are Fe-S (but these Fe-S clusters assembly are
independent from the SUF machinery) [66], and Ferredoxin
transcripts were up-regulated during an Mo deficiency in motl
mutants [72].
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