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Abstract
Main conclusion The present study is the first to integrate physiological and proteomic data providing information
on Fe, Mn and Zn deficiency-responsive mechanisms of potato plants in vitro.

Abstract Micronutrient deficiency is an important limiting factor for potato production that causes substantial tuber yield
and quality losses. To under the underlying molecular mechanisms of potato in response to Fe, Mn and Zn deficiency, a
comparative proteomic approach was applied. Leaf proteome change of in vitro-propagated potato plantlets subjected to a
range of Fe-deficiency treatments (20, 10 and 0 pM Na-Fe-EDTA), Mn-deficiency treatments (1 and 0 pM MnCl,-4H,0) and
Zn-deficiency treatment (0 pM ZnCl,) using two-dimensional gel electrophoresis was analyzed. Quantitative image analysis
showed a total of 146, 55 and 42 protein spots under Fe, Mn and Zn deficiency with their abundance significantly altered
(P <0.05) more than twofold, respectively. By MALDI-TOF/TOF MS analyses, the differentially abundant proteins were
found mainly involved in bioenergy and metabolism, photosynthesis, defence, redox homeostasis and protein biosynthesis/
degradation under the metal deficiencies. Signaling, transport, cellular structure and transcription-related proteins were also
identified. The hierarchical clustering results revealed that these proteins were involved in a dynamic network in response to
Fe, Mn and Zn deficiency. All these metal deficiencies caused cellular metabolic remodeling to improve metal acquisition
and distribution in potato plants. The reduced photosynthetic efficiency occurred under each metal deficiency, yet Fe-deficient
plants showed a more severe damage of photosynthesis. More defence mechanisms were induced by Fe deficiency than Mn
and Zn deficiency, and the antioxidant systems showed different responses to each metal deficiency. Reprogramming of
protein biosynthesis/degradation and assembly was more strongly required for acclimation to Fe deficiency. The signaling
cascades involving auxin and NDPKs might also play roles in micronutrient stress signaling and pinpoint interesting can-
didates for future studies. Our results first provide an insight into the complex functional and regulatory networks in potato
plants under Fe, Mn and Zn deficiency.

Keywords Differentially abundant protein - Fe deficiency - Mn deficiency - Photosynthesis - Proteomics - Zn deficiency

Abbreviations
CAT Catalase
Electronic supplementary material The online version of this 2-DE Two-dimensional gel electrophoresis
article (https://doi.org/10.1007/500425-019-03163-w) contains DHAR  Dehydroascorbate reductase
supplementary material, which is available to authorized users. Fd Ferredoxin
54 Feng Zhang FDH Formate dehydrogenase
zhangf@ gsau.edu.cn FeSOD  Superoxide dismutase [Fe]

FNR Ferredoxin NADP* reductase

College of Agronomy, Gansu Provincial Key Laboratory NDPK : . :

s Nucleoside diphosphate kinases
of Aridland Crop Science, Gansu Key Laboratory of Crop i P R p .
Improvement and Germplasm Enhancement, Gansu nsLTP Non-specific lipid-transfer protein

Agricultural University, Lanzhou 730070, China OEE Oxygen-evolving enhancer protein

College of Horticulture, Gansu Agricultural University,
Lanzhou, China

@ Springer


http://orcid.org/0000-0003-4387-1212
http://crossmark.crossref.org/dialog/?doi=10.1007/s00425-019-03163-w&domain=pdf
https://doi.org/10.1007/s00425-019-03163-w

200

Planta (2019) 250:199-217

Introduction

Micronutrients such as iron (Fe), manganese (Mn) and
zinc (Zn) are essential for plant growth and develop-
ment, which play crucial roles in various cellular func-
tions (Pilon et al. 2009; Hidnsch and Mendel 2009). Fe,
Mn and Zn are required as a cofactor or activator for many
enzymes directly involved in photosynthesis, respiration,
redox reaction in chloroplast and mitochondrion, nitrogen
fixation, DNA synthesis, transcription, and other biosyn-
thetic and degradative reactions (Broadley et al. 2007;
Andreini et al. 2008; Nouet et al. 2011). On the other
hand, these three metals are of particular importance to
photosynthesis in plants. Fe is an important component
of photosynthetic apparatus (Balk and Schaedler 2014). It
is found in all photosynthetic electron-transfer complexes
including cytochrome (Cyt) bsf complex and ferredoxins
(Briat et al. 2015). Some Fe-cofactor containing proteins
also participate in chlorophyll biosynthesis (van Leeuwe
and Stefels 2007). Mn is pivotal for photosystem II (PSII)
as a component of oxygen-evolving complex, which cata-
lyzes the water splitting reaction of PSII to produce oxy-
gen and provides electrons for photosynthetic electron
transport chain (Millaleo et al. 2010). Zn is a cofactor of
carbonic anhydrases that catalyze the hydration of CO,
and promote carbon fixation in photosynthesis (Broadley
et al. 2007).

Micronutrient deficiency often occurs during plant
growth and development. It leads to a variety of mor-
phological, physiological and biochemical alterations in
plants, and causes metabolic remodeling for improving
metals acquisition and distribution. Chlorosis is one of
the most important symptoms of Fe deficiency (Abadia
et al. 2011). It is attributed to the inhibition of chlorophyll
biosynthesis, which requires the function of Fe-containing
enzymes (van Leeuwe and Stefels 2007). Fe deficiency
also causes alterations in thylakoid membrane structure
and photosynthetic electron-transfer chain (Sharma 2007,
Laganowsky et al. 2009), including the decline of light-
harvesting complex (LHC) and Cyt b6f complex, which
lead to the reduced photosynthetic efficiency. Previous
study has revealed that the decreased LHCI subunits and
PSI core subunits (PsaC and PsaD) can be as indicators of
Fe-deficiency response in rice (Yadavalli et al. 2012). To
cope with Fe deficiency, plants have devised various strat-
egies for acquiring Fe. Two main strategies are known:
Strategy I based on a reduction uptake system (dicots
and non-graminaceous monocots) and Strategy II based
on a chelation uptake system (graminaceous monocots)
(Curie and Briat 2003; Abadia et al. 2011). It is known
that potato belongs to Strategy I plant, which can induce
Fe(III)-chelates reductase and Fe(II) transporter located at

@ Springer

the plasma membrane of epidermal root cells, and release
some low-molecular-weight compounds including carbox-
ylates, flavins and phenolic compounds in response to Fe
deficiency (Ivanov et al. 2012; Legay et al. 2012). Several
phytohormones including auxin, jasmonic acid and cyto-
kinins have also been reported to transmit Fe-deficiency
signals for adaption change of root morphology (Bacaicoa
et al. 2009; Maurer et al. 2011).

Mn is required for biosynthesis of carbohydrate, lipid and
lignin in plants, and its deficiency can inhibit plant growth
and decrease biomass (Marschner 2012). Mn deficiency
often leads to inter-venal chlorosis of younger leaves, and
it is most likely because the Mn complex is required for
stabilizing D1 protein in PSII (Allen et al. 2007; Schmidt
et al. 2016). The tissue necrosis of Mn-deficient plants is
also common due to a decrease in MnSOD levels and an
increase in oxygen free radicals (Allen et al. 2007). Most of
the Mn transporters have been identified in plants, such as
NRAMP (natural resistance-associated macrophage protein),
ZIP (ZRT/IRT-like protein), YSL (yellow stripe-like), CAX
(cation exchanger), CCX (calcium cation exchanger), CDF/
MTP (cation diffusion facilitator/metal tolerance protein),
P-type ATPases and VIT (vacuolar iron transporter) (Morris
et al. 2008; Mills et al. 2008; Cailliatte et al. 2010; Milner
et al. 2013).

Zn deficiency also has a negative effect on plants, which
results in short internodes, a decrease in leaf size and
delayed maturity (Assunc¢do et al. 2010a). It can cause a
decrease in Cu/Zn-SOD activity and accumulation of reac-
tive oxygen species (ROS), resulting in oxidative damage
of cell membrane (Cakmak 2000). The carbonic anhydrase
activity is reduced under Zn deficiency, which inhibits the
carbon fixation in photosynthesis (Cakmak et al. 2010).
Several members of ZIP family transporters are induced in
roots of Arabidopsis under Zn deficiency (Wintz et al. 2003).
Two highly homologous transcription factors, AtbZIP19 and
AtbZIP23, have been identified to regulate Zn-deficiency
response in Arabidopsis (Assungdo et al. 2010b).

Potato (Solanum tuberosum L.) is the fourth most impor-
tant food crop worldwide and a model for vegetatively
propagated storage organs. Micronutrients such as Fe, Mn
and Zn play vital role in the primary growth and develop-
ment of potato plants, and lateral tuber yield and quality
formation (Vreugdenhil 2007). These metals deficiency
can cause substantial tuber yield losses and decrease the
nutritional quality of tubers (Chatterjee et al. 2006; Legay
et al. 2012). Despite an advanced knowledge of Fe, Mn and
Zn deficiency-responsive mechanisms in model plants, it
remains largely unknown in potato. In addition, based on the
potato genome sequencing data, a large number of functional
genome researches would be carried out (PGSC 2011). It
needs to establish the stable technology system for mutant
phenotype analysis, genetic transformation and material
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acquisition. In vitro techniques can offer an optimal control
of the experimental growth conditions, which is suitable
for researching the Fe, Mn and Zn deficiency-responsive
mechanisms in potato. Furthermore, recent reports have
been published focusing on proteome changes in response
to micronutrient deficiency in plants (Rellan-Alvarez et al.
2010; Lan et al. 2011; Hsieh et al. 2013). Our observations
attempt to extend findings regarding the potential proteomic
dynamics of in vitro-propagated plantlets of potato under Fe,
Mn and Zn deficiency and to enrich the research content of
Fe, Mn and Zn deficiency-responsive mechanisms in potato.

In the present study, a comparative proteomic approach
was applied to investigate the molecular events of in vitro-
propagated plantlets of potato in response to Fe, Mn and Zn
deficiency, respectively. The differentially abundant proteins
including well-known and novel Fe, Mn and Zn deficiency-
responsive proteins were identified using two-dimensional
gel electrophoresis (2-DE) coupled with MALDI-TOF/TOF
MS and Mascot database searching. The findings will help
drive further work to develop strategies for reducing Fe, Mn
and Zn deficiency effects on potato, and to gain comprehen-
sive knowledge of the underlying molecular mechanisms of
potato in response to these metals deficiency.

Materials and methods

Plant materials, trace element treatments
and sampling

In vitro-propagated plantlets of potato (S. tuberosum L.
cv. Atlantic) as the experimental materials (supplied by
Gansu Key Laboratory of Crop Improvement and Germ-
plasm Enhancement, Lanzhou, China) were propagated from
single-node sections in MS medium (Murashige and Skoog
1962) containing 3% (w/v) sucrose and 0.8% (w/v) agar (pH
5.8). The MS medium contained the following macronutri-
ents: 1.5 mM MgSO,-7H,0, 1.25 mM KH,PO,, 20.6 mM
NH,NO,, 18.8 mM KNO;, 3 mM CacCl,-2H,0, 110 nM
CoCl,-2H,0, 100 nM CuCl,-2H,0, 100 pM H;BO;, 5 pM
KI, 100 pM MnCl,-4H,0, 1.03 pM Na,MoO,-2H,0, 30 pM
ZnCl, and 124 pM Na-Fe-EDTA. The single-node explants
obtained from propagated plantlets were firstly transferred
into liquid MS medium containing 3% (w/v) sucrose (pH
5.8) without Fe, Mn and Zn, respectively. The explants were
inserted on the paper bridges in each culture bottles, and
the liquid MS medium was under the paper bridges. Only
the part below stem node of every explant was immersed in
the liquid MS medium. They were cultured for 2 weeks at
2542 °C under 16-h photoperiod (100 pmol m~2 s~ light
intensity). For Fe-deficiency studies, the control (124 pM
Na-Fe-EDTA) and Fe-deficiency treatments (20, 10 and
0 pM Na-Fe-EDTA) were prepared with liquid MS medium

containing 3% (w/v) sucrose (pH 5.8). For Mn-deficiency
studies, the control (100 pM MnCl,-4H,0) and Mn-defi-
ciency treatments (1 and 0 pM MnCl,-4H,0) were prepared
with liquid MS medium containing 3% (w/v) sucrose (pH
5.8). For Zn-deficiency studies, the control (30 pM ZnCl,)
and Zn-deficiency treatment (0 pM ZnCl,) were prepared
with liquid MS medium containing 3% (w/v) sucrose (pH
5.8). The detailed MS medium formulation for Fe, Mn and
Zn deficiency is shown in Supplemental Table S1. Then, the
cultures were transferred into these trace element treatment
medium, respectively, and cultured at 25 +2 °C under 16-h
photoperiod (100 pmol m~2 s~! light intensity). There were
about 300 explants used for each treatment (60 bottles for
each treatment, and every five explants per bottle), and each
treatment was replicated three times. After a 3-week culture,
the fresh leaves were used for physiological analysis, and the
leaves immediately frozen in liquid nitrogen were stored at
—80 °C for proteomic analysis.

Determination of chlorophyll content

Approximately, 1 g of fresh leaves was extracted in 10 mL
of 80% chilled acetone. After centrifugation at 3000g for
2 min at 4 °C, the supernatant was used for the determination
of chlorophyll content. The absorbance of supernatant was
recorded at 663 nm and 645 nm, respectively. Chlorophyll
content was calculated as described by Bhushan et al. (2007)
and expressed as mg g FW ™1,

Determination of sucrose, glucose and fructose
content

Sugars were extracted as described by Matsuura-Endo et al.
(2004) with some modifications. Approximately, 2 g of fresh
leaves was homogenized in liquid nitrogen and incubated
with 80% (v/v) ethanol at 70 °C for 3 h. The homogenate was
centrifuged at 5000g for 20 min, and the supernatant was
collected. The supernatant was then vacuum-dried, dissolved
in distilled water, and passed though membrane filters (0.2-
pm, Millipore, Bedford, MA, USA). The concentrations of
sucrose, glucose and fructose in the filtrate were determined
using HPLC (Agilent 1100 series, USA) with a ZORBAX
Carbohydrate column (4.6 X 150 mm, USA).

Protein extraction

Total leaf proteins were extracted as described by Donnelly
et al. (2005) with some modifications. Approximately, 2 g
of leaves was homogenized in liquid nitrogen and precipi-
tated overnight at —20 °C by the addition of 25 mL of 10%
(v/v) chilled trichloroacetic acid/acetone containing 0.07%
(v/v) p-mercaptoethanol. After centrifugation at 20,000g for
20 min at 4 °C, the supernatant was removed. The pellet
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was re-suspended with 25 mL of chilled acetone containing
0.07% (v/v) p-mercaptoethanol and incubated at — 20 °C for
20 min. After centrifugation at 20,000g for 15 min at 4 °C,
the pellet was collected. The steps were repeated until the
pellet became pure white. The washed pellet was air-dried
for 1 h and then solubilised in 300 pL of rehydration buffer
[8 M urea, 2% (v/v) Triton X-100, 1% (w/v) DTT] for 2 h
at room temperature. After centrifugation at 20,000g for
15 min at 4 °C, the supernatant was collected and stored at
—80 °C. The protein extraction was repeated for both control
and treatments in triplicates, and the protein concentration
was measured using Bio-Rad Protein Assay Reagent Kit
(Bio-Rad, Hercules, CA, USA).

2-DE

The first dimension of the isoelectric focusing (IEF) was per-
formed using 17 cm IPG strips (Bio-Rad) with pH 3-10 in
PROTEAN IEF Cell System (Bio-Rad). The IPG strips were
rehydrated overnight with 950 pg of total proteins diluted
in rehydration buffer [7 M urea, 2 M thiourea, 2% (W/v)
CHAPS, 0.3% (w/v) DTT, 0.5% (v/v) IPG bufter (pH 3-10)
and 0.002% (w/v) bromophenol blue] to reach a final volume
of 350 pL. After rehydration, the focusing was performed
at 20 °C using the following settings: 50 V during 12 h,
gradient to 250 V during 1 h, gradient to 1000 V in 1.5 h,
gradient to 9000 V in 5 h, 9000 V until 62,000 Vh, 500 V
during 24 h. Prior to second dimension electrophoresis, the
IPG strips were equilibrated at room temperature for 15 min
in 5 mL of equilibration buffer [6 M urea, 2% (w/v) SDS,
20% (v/v) glycerol, 0.375 M Tris-HCI (pH 8.8) and 0.2%
(w/v) DTT], and subsequently for 15 min in the same buffer
but 2.5% (w/v) iodoacetamine replacing DTT. The equili-
brated strips were loaded and run on 12% SDS-PAGE gels
using PROTEANII xi Cell System (Bio-Rad). The separated
proteins were visualized by coomassie brilliant blue G-250
staining. For each protein sample, three replicates were run
for each gel to ascertain reproducibility.

Image acquisition and data analysis

The CBB-stained 2-DE gels were scanned with a UMAX
PowerLook 2100XL-USB scanner (Maxium Tech Inc., Tai-
wan, China) at a resolution of 300 dpi, and subsequently
analyzed using PDQuest v8.0.1 (Bio-Rad). The gel image of
control was selected as reference gel to align with gel image
of Fe-deficiency treatments (20, 10 and 0 pM), Mn-defi-
ciency treatments (1 and 0 pM) and Zn-deficiency treatment
(0 pM), respectively. The abundance of one protein spot was
expressed as the volume of that spot which was defined as
the sum of the intensities of all the pixels that make up that
spot. To minimize possible errors due to differences in the
amount of protein loaded and the staining intensity, the spot
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abundance was normalized as a percentage of the total spot
volume (relative V%) from three replicate gels, which were
used to quantify and compare the spots. Only spots with
statistical significance (P <0.05) and reproducible changes
were considered, and the spots with an abundance ratio at
least twofold in relative abundance were selected as differ-
entially abundant proteins.

Protein identification by MALDI-TOF/TOF MS

Protein pots with significantly differential abundance were
excised, destained and in-gel digested with trypsin and
peptides extracted according to Katayama et al. (2001).
Peptide MS and MS/MS were performed on an ABI 5800
MALDI-TOF/TOF Plus mass spectrometer (AB SCIEX,
Framingham, MA, USA). The MS spectra were recorded
in the positive reflector mode in a mass range from 800 to
3500 Da with a focus mass of 2000. For one main MS spec-
trum, 25 subspectra with 125 shots per subspectrum were
accumulated using a random search pattern. MS was used as
a CalMix5 standard to calibrate the instrument (ABI 5800
Calibration Mixture). For MS calibration, autolysis peaks of
trypsin (m/z 842.5100 and 2211.1046) were used as inter-
nal calibrates, and up to 10 of the most intense ion signals
were selected as precursors for MS/MS acquisition, exclud-
ing the trypsin autolysis peaks and matrix ion signals. In
MS/MS positive-ion mode, for one main MS spectrum, 50
subspectra with 50 shots per subspectrum were accumu-
lated using a random search pattern. Collision energy was
1 kV, collision gas was air, and default calibration was set
using the Glul-Fibrino-peptide B (mm/z 1570.6696) spotted
onto Cal 7 positions of the MALDI target. Both the MS
and MS/MS data were integrated and processed by using
the GPS Explorer V3.6 software (AB SCIEX) with default
parameters. Peptides were identified by searching the peak
list against the NCBInr-S. tuberosum database 20160526
(43,985 sequences; 19,331,394 residues) using MASCOT
V2.3 search engine (Matrix Science, London, UK). The
parameters for searching were: taxonomy, S. tuberosum;
trypsin as the digestion enzyme; one missed cleavage site;
fixed modifications of Carbamidomethyl (C); partial modi-
fications of Acetyl (Protein N-term), Deamidated (NQ),
Dioxidation (W), Oxidation (M); 100 ppm for precursor
ion tolerance and 0.3 Da for fragment ion tolerance. The
significance threshold (P <0.05) was set using the Mascot
algorithm.

Functional classification and hierarchical clustering
analysis

The functional classification of the identified proteins was
conducted according to the putative functions assigned to
each of the candidates using Geneontology database (http://
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amigo.geneontology.org/cgi-bin/amigo/blast.cgi). A hier-
archical clustering analysis was performed by using the
MultiExperiment Viewer (MeV) software. The data were
taken in terms of fold expression with respect to the control
expression value. Then, the data sets were log-transformed
to the base 2 to level the scale of expression and reduce the
noise. Only the clusters with n> 6 were taken to investigate
the co-expression patterns for functionally similar proteins.

Statistical analysis

Statistical analysis was carried out with three biological
replicates for proteomic and physiological analyses. The
repeated measurement was given as mean + standard error
(SE). The results of spot abundance and physiological data
were statistically evaluated by one-way analyses of variance
(ANOVA) and the Duncan’s multiple range test to determine
the significant difference among group means. In all cases,
significance was defined as P <0.05.

Results

Morphological and physiological changes under Fe,
Mn and Zn deficiency

The morphological and physiological responses of potato
seedlings in vitro were investigated under each metal-defi-
ciency condition. The Fe-deficient plants displayed growth
dwarfed, chlorosis in young leaves, and root growth inhib-
ited (Fig. 1a). With the decrease of Fe concentration in
medium, the chlorophyll content of leaves was significantly
reduced by 40%, 51% and 87% at 20, 10 and 0 pM Na-
Fe-EDTA treatments compared to control (124 pM Na-Fe-
EDTA), respectively (Fig. 1b). There were no visible mor-
phological changes in Mn-deficient plants (Fig. 1c), but the
chlorophyll content of leaves was significantly declined by
20% at 0 pM MnCl,-4H,0 treatments compared to control
(100 pM MnCl,-4H,0), respectively (Fig. 1d). The Zn-defi-
cient plants showed growth dwarfed, smaller leaves, and root
growth inhibited (Fig. le). The chlorophyll content of leaves
was significantly decreased by 29% at 0 uM ZnCl, treatment
compared to control (30 pM ZnCl,) (Fig. 1f). The glucose,
fructose and sucrose content of leaves were also affected by
these metals deficiency. For Fe-deficient plants, the glucose
and fructose content of leaves was significantly increased by
57% and 200% at O pM Na-Fe-EDTA treatment compared
to control, respectively (Fig. 2a, b), whereas the sucrose
content was significantly decreased with the decrease of Fe
concentration in medium (Fig. 2¢). For Mn-deficient plants,
the glucose content of leaves was significantly increased
by 14% at 0 pM MnCl,-4H,0 treatment compared to con-
trol (Fig. 2d), and the fructose content showed no obvious

change at 0 pM MnCl,-4H,0 treatment (Fig. 2e). Compared
with the control, the sucrose content of leaves was signifi-
cantly declined by 23% and 12% at 1 and O pM MnCl,-4H,0
treatments, respectively (Fig. 2f). For Zn-deficient plants,
the glucose and fructose contents of leaves were significantly
decreased by 19% and 59% at O pM Na-Fe-EDTA treatment
compared to control, respectively (Fig. 2g, h), whereas the
sucrose content was significantly increased by 60% com-
pared to control (Fig. 2i).

Identification of Fe, Mn and Zn
deficiency-responsive proteins by 2-DE and MS

Comparative proteomics analysis was used to investi-
gate the changes of leaf protein profiles in potato seed-
lings in vitro under each deficiency condition. Total leaf
proteins of control, Fe-deficiency treatments (20, 10 and
0 pM Na-Fe-EDTA), Mn-deficiency treatments (1 and
0 pM MnCl,-4H,0) and Zn-deficiency treatment (0 pM
MnCl,-4H,0) were extracted and separated by 2-DE, and
three replicate gels for control and each treatment were
obtained (Supplemental Figs. S1-S3). Figure 3 showed the
representative standard gel maps of each deficiency con-
dition, respectively. More than 1100 protein spots were
reproducibly detected and matched between all the gels.
Quantitative image analyses showed a total of 146 pro-
tein spots from Fe-deficiency treatments, 55 protein spots
from Mn-deficiency treatments and 42 protein spots from
Zn-deficiency treatment with their abundance significantly
altered (P <0.05) by more than at least two-fold, respec-
tively. Interestingly, the differentially abundant proteins in
Fe-deficiency treatments were obviously more than Mn- and
Zn-deficiency treatments, which indicated that the potato
seedlings in vitro might be more sensitive to Fe deficiency.
The expression profile of these proteins indicated that most
of the proteins showed quantitative changes, and some pro-
teins also showed qualitative changes (Fig. 3; Supplemental
Tables S2—-S4). Of the 146 differentially abundant proteins
under Fe deficiency, 60 proteins were up-regulated, 29 pro-
teins were down-regulated, one protein was disappeared,
30 proteins were induced at least one concentration under
Fe deficiency, and the rest showed a mixed expression pat-
tern. Of the 55 differentially abundant proteins under Mn
deficiency, 28 proteins were up-regulated, 11 proteins were
down-regulated, 10 or 6 proteins were induced or disap-
peared at least under one Mn-deficiency treatment. Of the
42 differentially abundant proteins under Zn deficiency, 31
proteins were up-regulated, 8 proteins were down-regulated,
and 3 proteins were disappeared.

All the differentially abundant proteins were success-
fully identified by MALDI-TOF/TOF MS. The primary
identification information of these differentially abundant
proteins under Fe, Mn and Zn deficiency were presented in

@ Springer


http://amigo.geneontology.org/cgi-bin/amigo/blast.cgi

204

Planta (2019) 250:199-217

Fe (uM)

Zn (uM)

Fig.1 The Fe, Mn and Zn deficiency-induced morphological
responses in potato plants in vitro. The single-node explants obtained
from in vitro-propagated plantlets of potato were transferred into Fe,
Mn and Zn deficiency-treatment medium, respectively, and cultured
for 3 weeks at 25+2 °C under 16-h photoperiod (100 pmol m=2 s~
light intensity). a, b The plant morphology and chlorophyll content
of control (124 pM Na-Fe-EDTA) and Fe-deficiency treatments (20,
10 and O pM Na-Fe-EDTA). ¢, d The plant morphology and chloro-

Supplemental Tables S5-S7, which are summarized in Sup-
plemental Tables S2—S4, respectively. To generate a board
survey of these identified proteins with altered abundance,
a Venn diagram was conducted to show the dynamics of
the number of differentially abundant proteins under Fe,
Mn and Zn deficiency. Among these identified proteins,
17 proteins were identified under all deficiency condition
(Fig. 4a), including 23-kDa oxygen-evolving protein of
PSII (spot 2111), ATP synthase CF1 beta chain (spot 3703),
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treatments (1 and 0 pM MnCl,-4H,0). e, f The plant morphology and
chlorophyll content of control (30 pM ZnCl,) and Zn-deficiency treat-
ment (0 pM ZnCl,). Each value is represented as mean + SE for three
independent experiments. Means followed by different small letters
are significantly different at P <0.05 according to Duncan’s multiple
range test

photosynthetic NDH subunit of lumenal location 5 (spot
7003), ribulose-1,5-bisphosphate carboxylase/oxygenase
large subunit (RuBisco large subunit, spot 8705), oxygen-
evolving enhancer protein 1 (OEE 1, spot 7104), plastidic
aldolase (spot 3511), enolase-like isoform X1 (spot 3710),
glyceraldehyde 3-phosphate dehydrogenase (spot 5507),
mitochondrial NAD-dependent malate dehydrogenase (spot
7410), dehydroascorbate reductase (DHAR, spots 4214 and
5106), chitinase (spots 6407, 7302 and 8315), peroxidase
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Fig.2 The Fe, Mn and Zn deficiency-induced physiological 0 pM Na-Fe-EDTA). d, f The glucose, fructose and sucrose content

responses in potato plants in vitro. The single-node explants obtained
from in vitro-propagated plantlets of potato were transferred into Fe,
Mn and Zn deficiency-treatment medium, respectively, and cultured
for 3 weeks at 25+2 °C under 16-h photoperiod (100 pmol m~2 s~!
light intensity). a—c The glucose, fructose and sucrose content of con-
trol (124 pM Na-Fe-EDTA) and Fe-deficiency treatments (20, 10 and

12 (spot 8602), catalase (CAT, spot 9705) and elongation
factor 1-alpha (spot 9602). However, most of these proteins
showed differential responses to Fe, Mn and Zn deficiency.
Only two proteins (enolase-like isoform X1 and DHAR)
were up-regulated and two proteins (RuBisco large subunit
and CAT) were down-regulated under all deficiency con-
dition (Fig. 4b, c). Thirty-nine proteins were up-regulated
only under Fe deficiency, 8 proteins were up-regulated only
under Mn deficiency, and 12 proteins were up-regulated only
under Zn deficiency (Fig. 4b). Meanwhile, 23 proteins were
down-regulated only under Fe deficiency, 6 proteins were
down-regulated only under Mn deficiency, and 3 proteins
were down-regulated only under Zn deficiency (Fig. 4c).

of control (100 pM MnCl,-4H,0) and Mn-deficiency treatments (1
and 0 pM MnCl,-4H,0). g-i The glucose, fructose and sucrose con-
tent of control (30 pM ZnCl,) and Zn-deficiency treatment (0 pM
ZnCl,). Each value is represented as mean+ SE for three independ-
ent experiments. Means followed by different small letters are signifi-
cantly different at P <0.05 according to Duncan’s multiple range test

Otherwise, it was noted that the same protein migrated to
different gel spots, and their function was common to differ-
ent spots. Under Fe deficiency, 32 proteins were identified
in two, three or five spots. For example, ferredoxin-NADP
reductase was identified in two spots (spots 4402 and 4405),
OEE 1 was identified in three spots (spots 1307, 1314 and
7104), and RuBisco large subunit was identified in five spots
(spots 6306, 6713, 6722, 8401 and 8705) (Supplemental
Table S2). Under Mn deficiency, two proteins were identified
in two spots, that is, RuBisco large subunit (spots 7204 and
8705) and 23-kDa oxygen-evolving protein of PSII (spots
0205 and 2111) (Supplemental Table S3). Under Zn defi-
ciency, three proteins were identified in two or three spots,
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Fig.3 2-DE gel analysis of the leaf proteome of potato plants in vitro
under Fe, Mn and Zn deficiency. Equal amounts (950 pg) of proteins
were separated on pH 3-10 IPG strips (17 cm, linear) in the first
dimension and by SDS-PAGE on 12% polyacrylamide gels in the sec-
ond dimension. The gels were visualized by CBB staining. Three rep-
licate CBB-stained gels for control and Fe-, Mn- and Zn-deficiency
treatments were computationally combined using PDQuest v8.0.1
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software, respectively. a 2-DE protein profile for control (124 pM
Na-Fe-EDTA) and Fe-deficiency treatments (20, 10 and 0 pM Na-
Fe-EDTA). b 2-DE protein profile for control (100 pM MnCl,-4H,0)
and Mn-deficiency treatments (1 and 0 pM MnCl,-4H,0). ¢ 2-DE
protein profile for control (30 pM ZnCl,) and Zn-deficiency treatment
(0 pM ZnCl,)
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Fig.4 Venn diagrams of the number of total proteins (a), up-reg-
ulated proteins (b) and down-regulated proteins (c) in potato leaves
in vitro under Fe, Mn and Zn deficiency. Overlapping regions of the
circles indicate the number of proteins shared by the two or three

that is, RuBisco large subunit (spots 6306 and 8705), glycer-
aldehyde 3-phosphate dehydrogenase (spots 5507, 6502 and
6514) and superoxide dismutase [Fe] (FeSOD, spots 3101
and 4102) (Supplemental Table S4).

Functional classification of the Fe, Mn and Zn
deficiency-responsive proteins

The identified proteins play a variety of functions during
cellular adaptation to Fe, Mn and Zn deficiency, respectively.
Under Fe deficiency, the 146 differentially abundant pro-
teins were grouped into eleven functional classes (Fig. 5a;
Supplemental Table S2). The largest percentages of these

a 19% 1%

25%
22%

1%
3%
0,
13% 10%
C 2% 19%
26% 15%
(]

5%

5%

7% 19%

Fig. 5 Functional classification of the differentially abundant proteins
in potato leaves in vitro under Fe (a), Mn (b) and Zn (c) deficiency.
The protein function classification was conducted according to the

Fe

Zn

metals-deficiency treatments, whereas non-overlapping circles indi-
cated the number of proteins only found under each metal-deficiency
condition

proteins were involved in defence (25%), bioenergy and
metabolism (22%) and photosynthesis (19%), and the sec-
ond classes corresponded functions were involved in pro-
tein biosynthesis/degradation (13%) and redox homeostasis
(10%). Proteins were also found to play roles in transport
(3%), miscellaneous (3%), signaling (2%), transcription
(1%), cellular structure (1%) and unknown (1%). Under Mn
deficiency, the 55 differentially abundant proteins were clas-
sified into nine functional categories (Fig. 5b; Supplemental
Table S3), including photosynthesis, bioenergy and metabo-
lism, defence, redox homeostasis, protein biosynthesis/deg-
radation, transcription, transport, signaling, miscellaneous
and unknown. The largest percentages of these proteins

27%

20%
25%

4%

7%

[ Redox homeostasis

[ Protein biosynthesis/degradation
Il Transport

[1Bioenergy and metabolism

[ Signaling

[__1Photosynthesis

[ Cellular structure

Il Defence

[ Unknown

Il Miscellaneous

putative functions assigned to each of the candidate proteins using the
protein functional database and displayed in the pie chart
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«Fig. 6 Clustering analysis of the expression profiles of differentially
abundant proteins in potato leaves in vitro under Fe deficiency. The
hierarchical cluster tree is shown at the top, and the expression pro-
files are shown below. The four rows of hierarchical cluster tree rep-
resent control (124 uM Na-Fe-EDTA) and Fe-deficiency treatments
(20, 10 and 0 pM Na-Fe-EDTA), respectively. Each individual pro-
tein is represented by a single column of color boxes. The up- and
down-regulated proteins are indicated in red and green, respectively.
The colors intensity is increased with the expression differences
increasing, as shown in the bar. The expression profile of each indi-
vidual protein in the cluster is depicted by gray lines, while the mean
expression profile is marked in pink for each cluster. The number of
proteins in each cluster is given in the left upper corner, and the clus-
ter number is given in the right lower corner. Only the clusters with
n>6 were taken to investigate the co-expression patterns for func-
tionally similar proteins. The detailed information on proteins within
each cluster is presented in Supplemental Fig. S4

belong to photosynthesis (27%), bioenergy and metabolism
(25%) and defence (20%). Redox homeostasis and protein
biosynthesis/degradation-related proteins accounted 9% and
7%, respectively. Similarly, a wide range of cellular func-
tions were also covered under Zn deficiency, which were
grouped into nine functional classes (Fig. 5¢; Supplemental
Table S4). The major functional class corresponded proteins
involved in bioenergy and metabolism (26%), photosynthesis
(19%), redox homeostasis (19%), defence (15%) and protein
biosynthesis/degradation (7%). Taken together, it appeared
that the bioenergy and metabolism, photosynthesis, defence,
redox homeostasis and protein biosynthesis/degradation-
related proteins were significantly affected under each defi-
ciency condition.

Dynamics of the Fe, Mn and Zn
deficiency-responsive protein networks

To summarize the identified proteins with similar expression
profiles and achieve a comprehensive overview of the co-
expression patterns for functionally similar proteins, a hier-
archical clustering was applied to differentially abundant pro-
teins identified under each deficiency condition. The clustering
analysis yielded eight, six and two expression clusters under
Fe, Mn and Zn deficiency (Figs. 6, 7, 8), respectively, and only
the clusters with n> 6 were taken to study the co-expression
patterns for functionally similar proteins. The detailed infor-
mation on proteins within each cluster is presented in Sup-
plemental Figs. S4-S6, respectively. Under Fe deficiency,
the proteins involved in bioenergy and metabolism, defence,
redox homeostasis and protein biosynthesis/degradation in
Cluster 1 maintained almost steady state at 20 and 10 pM
Na-Fe-EDTA treatments, and rapidly up-regulated at 0 pM
Na-Fe-EDTA treatment (Fig. 6). Cluster 2 enriched in these
proteins showed a gradual up-regulation with the decrease of
Fe deficiency, and the co-clustering pattern was also found for
unknown protein. However, the non-homogeneous expression
patterns were also observed in proteins with these functions.

The proteins involved in photosynthesis, protein biosynthesis/
degradation, bioenergy and metabolism, redox homeostasis
and signaling in Cluster 6 were observed to be down-regulated
under Fe deficiency. The photosynthesis, protein biosynthesis/
degradation, and transport-related proteins in Cluster 8 were
only up-regulated at 20 pM Na-Fe-EDTA treatment, and then
down-regulated. Under Mn deficiency, Cluster 3 as the most
abundant group was found to maintain almost steady state
at 1 pM MnCl,-4H,0 treatment, and rapidly up-regulated at
0 pM MnCl,-4H,0 treatment, which was enriched in proteins
associated with bioenergy and metabolism, photosynthesis,
redox homeostasis, defence, signaling and protein biosynthe-
sis/degradation (Fig. 7). The proteins involved in defence, bio-
energy and metabolism, redox homeostasis and transcription
were down-regulated at 1 pM MnCl,-4H,0 treatment and then
up-regulated. Under Zn deficiency, the clustering analysis only
yielded two expression clusters (Fig. 8). The most abundant
group, Cluster 1 with 31 proteins, was found to be up-regu-
lated, showing the maximum co-clustering for the proteins
involved in bioenergy and metabolism and redox homeostasis.
The proteins involved in photosynthesis and protein biosyn-
thesis/degradation were found to be down-regulated. Due to
heterogeneous composition, the miscellaneous category of
proteins was represented in these two clusters and showed no
clear clustering patterns.

Discussion

Micronutrient deficiency such as Fe, Mn and Zn is one of the
important limiting factors for potato production that cause
substantial tuber yield losses and decrease the nutritional
quality of tubers (Chatterjee et al. 2006; Legay et al. 2012).
Despite intensive studies on the mechanisms leading to Fe,
Mn and Zn uptake, homeostasis and storage in model plants,
little information is available regarding the strategies that
improve their acquisition and cellular homeostasis in potato
plants under conditions of low Fe, Mn and Zn availability.
The application of proteomic approaches that allows the
simultaneous and untargeted analysis of multiple proteins
can provide insight into multiple cellular processes taking
place under Fe, Mn and Zn deficiency. The present research
describing the potential proteomic dynamics of in vitro-
propagated plantlets of potato will help to gain comprehen-
sive knowledge of the underlying molecular mechanisms of
potato plants in response to Fe, Mn and Zn deficiency.

The leaf proteome of Fe-deficient plants
showed more severe damage on photosynthesis
than that of Mn- and Zn-deficient plants

It is well known that Fe, Mn and Zn are of particular impor-
tance to photosynthesis in plants (Broadley et al. 2007; Mil-
laleo et al. 2010; Balk and Schaedler 2014). Each of these
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Fig.7 Clustering analysis of the expression profiles of differentially
abundant proteins in potato leaves in vitro under Mn deficiency. The
hierarchical cluster tree is shown at the top, and the expression pro-
files are shown below. The three rows of hierarchical cluster tree rep-
resent control (100 pM MnCl,-4H,0) and Mn-deficiency treatments
(1 and 0 pM MnCl,-4H,0), respectively. Each individual protein is
represented by a single column of color boxes. The up- and down-
regulated proteins are indicated in red and green, respectively. The
colors intensity is increased with the expression differences increas-
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ing, as shown in the bar. The expression profile of each individual
protein in the cluster is depicted by gray lines, while the mean expres-
sion profile is marked in pink for each cluster. The number of pro-
teins in each cluster is given in the left upper corner, and the cluster
number is given in the right lower corner. Only the clusters with n>6
were taken to investigate the co-expression patterns for functionally
similar proteins. The detailed information on proteins within each
cluster is presented in Supplemental Fig. S5
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Fig.8 Clustering analysis of the expression profiles of differentially
abundant proteins in potato leaves in vitro under Zn deficiency. The
hierarchical cluster tree is shown at the top, and the expression pro-
files are shown below. The two rows of hierarchical cluster tree rep-
resent control (30 pM ZnCl,) and Zn-deficiency treatment (0 pM
ZnCl,), respectively. Each individual protein is represented by a
single column of color boxes. The up- and down-regulated proteins
are indicated in red and green, respectively. The colors intensity is

metals deficiency in the present study is linked to photosyn-
thetic function. Some common responses were found, for
example, the down-regulated or disappeared RuBisco large
subunits (spots 6306, 6713, 6722, 8401 and 8705) suggested
the reduced photosynthetic efficiency caused by Fe, Mn and
Zn deficiency in potato plants. Also, some differential effects
among these three metals deficiency were revealed by the
proteomics data. On the one hand, Fe deficiency appeared
to result in the inhibition of photosynthetic carbon flux.
This is observed via the down-regulation of two aldolases
including plastidic aldolase (spot 3511) and fructose-bis-
phosphate aldolase 1 (spot 2406), whereas they were up-
regulated under Mn and Zn deficiency. Plastidic aldolase is
a key enzyme involved in the carbon fixation of Calvin cycle
which is an important metabolism pathway in photosynthe-
sis (Patron et al. 2004). It has been reported that this enzyme
participates in response to multiple abiotic stresses in plants
(Yamada et al. 2000). The results suggested that the photo-
synthetic carbon partitioning might be inhibited by Fe defi-
ciency, whereas Mn- and Zn-deficient plants might enhance

&
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increased with the expression differences increasing, as shown in the
bar. Due to only one treatment (0 pM ZnCl,) for Zn deficiency, there
were only two expression clusters (39 up-regulated proteins and 8
down-regulated proteins), and no expression profile produced. Both
the two clusters were taken to investigate the co-expression patterns
for functionally similar proteins. The detailed information on proteins
within each cluster is presented in Supplemental Fig. S6

NADPH synthesis for energy and maintenance of Calvin
cycle. On the other hand, Fe deficiency strongly affected
photosynthetic electron transport, but much less responses
were showed in Mn- and Zn-deficient plants. Ferredoxin
(Fd) is iron-sulfur protein that serves as electron carrier
in the photosynthetic electron transport chain (Fukuyama
2004). Ferredoxin-NADP* reductase (FNR) uses iron—sulfur
proteins as electron donors to transfer electrons from PSI to
NADPH (Aliverti et al. 2008). The down-regulation of Fd I
(spot 0102) and FNR (spots 4402 and 4405) suggested that
Fd and FNR might be the major targets of Fe deficiency as
suggested by Hantzis et al. (2018). PSI-D subunit is a hydro-
philic subunit of PSI, which has an important function in the
docking of Fd to PSI (Sétif et al. 2002). The finding here that
Fe deficiency caused the down-regulation of two putative
PSI reaction center PSI-D subunit precursor (spots 9031 and
9032) was consistent with the observation in rice under Fe
deficiency by Yadavalli et al. (2012). In contrast to Fe-defi-
cient response, the PSI-D subunit was up-regulated under
both Mn and Zn deficiency. The similar expression patterns
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of chloroplast NADH dehydrogenase complexes, mediating
the Fd-dependent cyclic electron flow (Rumeau et al. 2007),
were also found under these metals deficiency. OEEs as an
auxiliary component of PSII manganese cluster can control
O, evolution and maintain the stability of PSII (Heide et al.
2004). Under both Fe and Mn deficiency, some OEEs were
identified to be down-regulated or disappeared, including
OEE 1 (spots 1307, 1314, 7104 and 9009) and 23 kDa OEE
(spot 2106). It appeared that the oxygen-evolving activity of
PSII might be decreased under Fe and Mn deficiency. Inter-
estingly, there was a PSII repair protein PSB27-H1 (spot
8010) induced by Mn deficiency, which might have a certain
function for repairing the damaged PSII. Additionally, the
chloroplast manganese-stabilizing protein (spot 1312) was
down-regulated in Fe-deficient plants, suggesting the inhibi-
tion of PSII core assembly/stability as suggested by Yi et al.
(2005). All the results indicated that more severe and irrepa-
rable damage of photosynthesis might be occurred in potato
plants under Fe deficiency, whereas Mn and Zn deficiency
might trigger some positive responses to reduce damage.

Remodeling of cellular metabolic status
was induced by all these metals deficiency

Micronutrient deficiency can cause cellular metabolic
remodeling for improving metals acquisition and distribu-
tion in plants (L6pez-Millan et al. 2013). Glycolysis and
tricarboxylic acid (TCA) cycle is the most common meta-
bolic pathway affected by micronutrient deficiency (Rellan-
Alvarez et al. 2010; Khandakar et al. 2013). In the present
study, most of the key enzymes involved in glycolysis and
TCA cycle were identified to be up-regulated under Fe, Mn
and Zn deficiency in potato plants, including glyceralde-
hyde 3-phosphate dehydrogenase, triose phosphate isomer-
ase, enolase, phosphoglycerate kinase, and malate dehy-
drogenase. It reflected an increased energy requirement in
response to these metals deficiency, and the enhancement of
glycolysis and TCA cycle might be the conspicuous initial
indicator of high energy production (Rellan-Alvarez et al.
2010; Khandakar et al. 2013). Additionally, several up-
regulated ATP synthase subunits might further support the
higher energy requirement, which could enhance ATP syn-
thesis and provide more energy in response to Fe, Mn and
Zn deficiency. The similar behavior was also described in
Arabidopsis under abiotic stresses (Zhang et al. 2008). There
was also a adenylate kinase 4 (spot 8326) induced by Fe
deficiency, which could contribute to regulate multiple cel-
lular energy dependent and nucleotide signaling processes
through catalyzing phosphotransfer as suggested by Dzeja
and Terzic (2009). Except for these common metabolic path-
ways, some specific changes were also found among these
metals deficiency. The amino acid metabolism was affected
by Fe and Mn deficiency. This is observed via the differential
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expression of key enzymes and proteins involved in amino
acid biosynthesis, including S-adenosylmethionine syn-
thetase, plastid glutamine synthetase, 5S-methyltetrahydrop-
teroyltriglutamate-homocysteine methyltransferase, cysteine
synthase, glutamate dehydrogenase, leucine aminopeptidase
and T-protein. There might have some shifts in the utiliza-
tion of amino acids toward essential cellular function as sug-
gested by Khandakar et al. (2013). Formate dehydrogenase
(FDH) is a mitochondrial and NAD-dependent enzyme that
catalyzes the oxidation of formate to CO, in plants (Alek-
seeva et al. 2011). Three mitochondrial FDH precursors
(spots 6509, 6112 and 7501) in Fe-deficient plants and one
mitochondrial FDH precursor (spot 7501) in Zn-deficient
plants were found to be up-regulated. With regard to the
Fe deficiency-induced FDH, it can be interpreted that Fe
deficiency might cause anoxia by the depletion of Fe from
heme or the inhibition of heme biosynthesis; then the for-
mate pathway would be induced either by the decrease of
heme or by the reduced electron transport in the respiratory
chain of mitochondria (Suzuki et al. 1998; L6pez-Millan
et al. 2000). Even through the similar change of FDH in
Zn-deficient plants was not well known, it appeared to be a
secondary effect caused by anoxia induced by Zn deficiency.
Moreover, the up-regulation of perakine reductase (spot
3506), participating in the biosynthesis of monoterpenoid
indole alkaloids (Sun et al. 2008), was found under Fe and
Zn deficiency. It is suggested that the synthesis of secondary
metabolite might be induced as an adaptation mechanism for
Fe and Zn deficiency in potato plants.

Fe deficiency triggered more defense mechanisms
than Mn and Zn deficiency, and the antioxidant
systems showed different responses to these metals
deficiency

To adapt these metals deficiency, various defense mecha-
nisms were triggered in potato plants. With Fe deficiency,
there were clear indications of a global defense against
pathogens and pests. This is observed via the up-regulation
or induction of pathogenesis-related protein (spots 1015,
2005 and 3002), chitinase (spots 8310, 8315, 6317, 7302,
4404, 6407, 7414 and 2203), beta-1,3-glucanase (spots
8414, 9303, 9409, 9417 and 9416), osmotin-like protein
(spots 7211, 8206, 8103 and 8212), cyclophilin (spot 8112),
patatin (spots 1207, 1305, 1515 and 2510) and proteinase
inhibitor (spots 8013, 8014, 8123 and 8208). However, much
less pathogenesis-related defense responses were found in
Mn- and Zn-deficient plants, and there was no other defense
response found in Zn-deficient plants. Alcohol dehydroge-
nase was up-regulated under Fe and Mn deficiency, which
might avoid cells from being poisoned by acetic acid and
promote the adaptability of potato plants (Strommer 2011).
The up-regulation of lactoylglutathione lyase (spot 2403)
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also exhibited the detoxification of methylglyoxal in cells
under Fe deficiency (Dixon et al. 1998). CBS domain-con-
taining protein has been reported that its over-expression
can improve salinity, oxidative and heavy metal tolerance
in transgenic tobacco (Singh et al. 2012). The induction of
this protein suggested its important role in response to Fe
and Mn deficiency. Inhibitor II-chloramphenicol acetyl-
transferase (spot 7208), a wound-inducible protein (Keil
et al. 1990), was also induced in potato plants under Fe
deficiency. All these results indicated that more defense
mechanisms were induced in Fe-deficient plants than in
Mn- and Zn-deficient plants. On the other hand, these three
metals deficiency appeared to activate different oxidative
stress responses in potato plants, and various protective
enzymes and antioxidants were induced to protect against
oxidative damage. With Fe deficiency, the down-regulation
of FeSOD (spots 3101 and 4102) and CAT (spots 7702 and
9705) might reflect the strong impact of Fe deficiency on
redox homeostasis, not only because free Fe ions induce
ROS formation via Fenton reactions, but also because many
proteins involved in oxidative stress such as FeSOD and
CAT are Fe-containing proteins (Lopez-Millan et al. 2013).
The down-regulation or induction of peroxidase 12 (spots
8602 and 8622) and 2-Cys peroxiredoxin BAS1 (spots 0208
and 0102) indicated the complex interplay between Fe and
redox homeostasis mechanisms. The up-regulation of glu-
tathione S-transferase L3-like (spots 1205 and 2202), prob-
able L-ascorbate peroxidase 6 (spot 4304) and DHAR (spot
5106) suggested an induction of ascorbate—glutathione cycle
in response to Fe deficiency (Zaharieva and Abadia 2003).
For Mn- and Zn-deficient plants, the down-regulation of
CAT also reflected the impact of Mn and Zn deficiency on
redox homeostasis. However, compared with Mn deficiency,
Zn deficiency induced more antioxidative systems to protect
cells from oxidative damage, including the up-regulation of
FeSOD (spots 3101 and 4102), peroxidase 12 (spot 8602),
2-Cys peroxiredoxin BAS1 (spot 0208) and DHAR (spots
4214 and 5106). All the results suggested that activation
of different antioxidases was required for a detoxification
mechanism in potato plants under Fe, Mn and Zn deficiency.

Reprogramming of protein biosynthesis,
degradation and assembly was more strongly
required for Fe-deficient plants than Mn-

and Zn-deficient plants

A subset of elongation factors (spots 0307, 9602, 9710, 0305
and 5608), ribosomal proteins (spots 9208 and 0012), ribo-
some-recycling factor (spot 8216) and nascent polypeptide-
associated complex subunit alpha-like protein (spot 0302)
were up-regulated or induced under Fe deficiency, sug-
gesting the enhancement of protein biosynthesis in potato
plants. Elongation factor is a core translational protein that

catalyzes the initiation and elongation of newly growing
peptide chains (Singh et al. 2004). Ribosomal protein is
one kind of highly conserved proteins that make up ribo-
somal subunits involved in the cellular process of transla-
tion (Rodnina and Wintermeyer 2011). Previous studies
have reported that these proteins are highly dynamic and
affected by environmental signals (Ma et al. 2010; Schippers
and Mueller-Roeber 2010). It is, thus, speculated that dif-
ferential expression of these proteins might control mRNA
preference toward the translation of some genes that are
crucial for the acclimation to Fe deficiency as suggested by
Lan et al. (2011). Proteolysis is necessary for the removal of
abnormal, modified and mistargeted proteins, and for alter-
ing the balance of proteins (Choudhary et al. 2009). Cysteine
proteinase 3 (spot 1202) was induced, suggesting its role in
maintaining strict protein quality control in response to Fe
deficiency. The down-regulation of ATP-dependent Clp pro-
tease (spot 2809) indicated that ATP-dependent proteolysis
in chloroplast might be inhibited when potato plants were
subjected to Fe deficiency. Additionally, the induced 10-kDa
chaperonin might protect potato plants against Fe deficiency
by re-establishing normal protein conformation and cellu-
lar homeostasis (Wang et al. 2004). The up-regulation of
peptidyl-prolyl cis—trans isomerase FKBP16-3 (spot 1115)
and protein disulfide-isomerase-like (spot 0705) might also
accelerate protein re-folding under Fe deficiency. For Mn-
and Zn-deficient plants, only a few protein biosynthesis and
degradation-related proteins were identified, such as three
elongation factors (spots 5608, 9602 and 5926) and one 40S
ribosomal protein (spot 9208) in Mn-deficient plants, and
two elongation factors (spots 0307 and 9602) and one ATP-
dependent Clp protease (spot 2809) in Zn-deficient plants.
All the results suggested that reprogramming of protein bio-
synthesis/degradation and assembly might represent critical
processes that contribute to the acclimation to Fe deficiency.

Several signal pathways and transport processes
play roles in response to these metals deficiency

Nucleoside diphosphate kinases (NDPKs) are ubiquitous
enzymes involved in equilibration of cellular nucleosides
triphosphate pools (Hasunuma et al. 2003). Recent studies
suggested that NDPKs also play roles in signal transduction
pathways involved in oxidative stress (Haque et al. 2010;
Kim et al. 2011). Under both Fe and Mn deficiency, the
NDPKs (spots 8019 and 7106) were found to be induced or
up-regulated. It is tempting to speculate that NDPKs might
mediate Fe and Mn deficiency tolerance by signaling the
transient expression of genes involved in antioxidant and
protective processes, possibly through activation of the
MAPK cascade (Yang et al. 2003). It is well known that the
plant hormone auxin regulates many aspects of plant growth
and development. Auxin signal is sensed and interpreted
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Fig.9 The representative models for summarizing the functional and
regulatory networks activated by Fe, Mn and Zn deficiency in potato
plants in vitro. The identified proteins are displayed on the corre-
sponding metabolic pathways. The small spheres are representative of
Fe-, Mn- and Zn-deficiency treatment, respectively. The up or down
arrow given on the right side of each small sphere represented that
the protein was up- or down-regulated under corresponding metal
deficiency. ABP auxin-binding protein, ADH alcohol dehydrogenase,
AK adenylate kinase, APX ascorbate peroxidase, CAT catalase, DHAR
dehydroascorbate reductase, EF elongation factor, FBA fructose-
bisphosphate aldolase, Fd ferredoxin, FDH formate dehydrogenase,
FeSOD superoxide dismutase [Fe], FNR ferredoxin NADP* reduc-
tase, GADH glyceraldehyde 3-phosphate dehydrogenase, GH3 indole-

by distinct receptor systems that activate a broad range of
cellular responses (Hagen 2015). Auxin-binding protein
(ABP) functions as an auxin receptor in auxin signaling,
which has an essential role in many developmental pro-
cesses in plants (Paque et al. 2014). In the present study,
the ABP19a-like (spot 6105) was down-regulated under Fe
deficiency, whereas it was up-regulated under Zn deficiency.
It suggested that ABP might be involved in the regulation of
polar auxin transport in Fe- and Zn-deficient plants with a
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ribonucleoprotein, [Inhibitor 1I-CAT inhibitor II-chloramphenicol
acetyltransferase, MDH malate dehydrogenase, MSP manganese-sta-
bilizing protein, NAC nascent polypeptide-associated complex, NDH
photosynthetic NDH subunit of luminal, NDPK nucleoside diphos-
phate kinase, nsLTP non-specific lipid-transfer protein, OEE oxygen-
evolving enhancer protein, PGK phosphoglycerate kinase, PPlase
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RPF ribosome-recycling factor, RuBisco ribulose-1,5-bisphosphate
carboxylase/oxygenase, TPI triose phosphate isomerase, 34 kDa
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different manner, and thus affect local auxin concentration
and early auxin gene regulation as suggested by Effendi et al.
(2011). Indole-3-acetic acid-amido synthetase (GH3) is a
kind of early auxin-responsive enzymes that widely exist
in plants, which maintains auxin homeostasis by conjugat-
ing excess auxin to amino acids (Staswick et al. 2005). Pre-
vious studies have reported that GH3 modulated multiple
developmental processes such as photomorphogenesis, light
and auxin signaling, and auxin homeostasis in Arabidopsis
(Tanaka et al. 2002; Staswick et al. 2005). The up-regulation
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of GH3.1 (spot 4513) was found in both Fe- and Mn-defi-
cient plants, also suggesting an activation of auxin signal-
ing pathway in response to Fe and Mn deficiency. In addi-
tion, some transport-related proteins were identified to be
up-regulated or induced, indicating that there exists active
transport of ions and metabolites for adaptation response
to Fe, Mn and Zn deficiency. Mitochondrial outer mem-
brane porin regulates metabolic and energetic flux across
the outer mitochondrial membrane (De Pinto et al. 2010).
The up-regulation or induction of 34-kDa outer mitochon-
drial membrane protein porin-like protein (spots 8306, 8308
and 7411) and 34-kDa porin (spot 9301) could enhance the
exchange of ions and molecules between mitochondria and
cytosol for maintaining intracellular homeostasis under Fe,
Mn and Zn deficiency. Plant non-specific lipid-transfer pro-
teins (nsLTPs) are responsible for the shuttling of phospho-
lipids and other fatty acid groups between cell membranes
(Carvalho and Gomes 2007). Recent evidences reported that
nsLTPs modulate plant tolerance to multiple abiotic stresses
and infection with bacterial and fungal pathogen (Sarowar
et al. 2009; Gangadhar et al. 2016). The nsLTP 1-like (spots
9022 and 9002) were induced under both Fe and Mn defi-
ciency, which suggested that nsLTPs might facilitate lipid
transport between cell membranes in response to Fe and Mn
deficiency.

Conclusions

This study first integrated physiological and proteomic
data to provide useful information about the underlying
molecular mechanisms of potato plants in response to Fe,
Mn and Zn deficiency. Based on these proteomic data, the
representative models for summarizing the functional and
regulatory networks activated by these metals deficiency
are illustrated in Fig. 9. Metal deficiency might be sensed
inside the potato leaf cells via anterograde signals and/or
organelle (chloroplast and mitochondrion) retrograde sig-
nals, and transduced for subsequent regulation of nuclear
genes that are involved in various cellular processes in
response to metal deficiency, via the activation of tran-
scription factor cascades. The reduced photosynthetic
efficiency occurred under each metal-deficiency condi-
tion, whereas Fe-deficient plants showed more severe and
irreparable damage of photosynthesis including the inhibi-
tion of photosynthetic carbon flux and electron transport.
The chloroplast metabolism might directly act as cellular
metal sensors, which could produce retrograde signals
for regulation of nuclear genes and thereby affect cellu-
lar metabolism. All these metals deficiency cause cellular
metabolic remodeling for improving metals acquisition
and distribution in potato plants, such as the enhance-
ment of glycolysis, TCA cycle and ATP synthesis in Fe-,

Mn- and Zn-deficient plants, the differential expression of
several amino acid biosynthesis-related enzymes in Fe-
and Mn-deficient plants, and the induction of secondary
metabolism in Fe- and Zn-deficient plants. Fe deficiency
triggered more defense mechanisms than Mn and Zn defi-
ciency, especially defense against pathogens and pests.
The antioxidant systems showed different responses to
protect against oxidative damage under each metal-defi-
ciency condition. Reprogramming of protein biosynthesis/
degradation and assembly was more strongly required for
Fe-deficient plants, which might control the translation of
some genes for the acclimation to Fe deficiency, and main-
tain strict protein quality control for cellular homeostasis.
An activation of auxin signaling pathway might regulate
polar auxin transport in Fe-, Mn- and Zn-deficient plants.
There also exists active transport of ions and metabolites
for adaptation response to Fe, Mn and Zn deficiency.
Future work should integrate transcriptomics, proteom-
ics, and metabolomics approaches to gain a comprehen-
sive knowledge of the sophisticated molecular networks
of response and acclimation to Fe, Mn and Zn deficiency
in potato plants.
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