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Abstract

Key message Sixty-three proteins were identified to be
differentially accumulated due to iron deficiency in
shoot and root. The importance of these proteins
alterations on shoot physiology is discussed.

Abstract Tron (Fe) is an essential micronutrient for plant
growth and its accumulation affects the quality of edible
plant organs. To investigate the adaptive mechanism of a
Chinese rice variety grown under iron deficiency, proteins
differentially accumulated in leaves and roots of Yangdao
6, an indica cultivar, under Fe deficiency growth condition,
were profiled using a two-dimensional electrophoresis (2-
DE) and matrix-assisted laser desorption/ionization time of
flight mass spectrometry (MALDI-TOF/MS). The accu-
mulations of seventy-three proteins were detected to be
increased or decreased upon iron deficiency, and sixty-
three of them were successfully identified. Among the
sixty-three proteins, a total of forty proteins were identified
in rice leaves, and twenty-three proteins were in roots.
Most of these proteins are involved in photosynthesis, C
metabolism, oxidative stress, Adenosine triphosphate
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synthesis, cell growth or signal transduction. The results
provide a comprehensive way to understand, at the level of
proteins, the adaptive mechanism used by rice shoots and
roots under iron deficiency.
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Introduction

Iron is an essential mineral nutrient in plants, functioning
in a variety of physiological and metabolic processes, such
as chlorophyll synthesis, respiration, redox reactions and
electron transfer. Though iron is abundant in the geosphere,
most of it is in the forms that are not bioavailable for
plants. Thus iron deficiency is a major abiotic stress lim-
iting plant growth rates and crop yield (Chen and Barak
1982; Schmidt 2003). Low accumulation of iron in edible
portions of plants also poses negative nutritional problems
for humans and animals.

Plants evolved two distinct Fe absorption strategies, e.g.
reduction and chelation. Dicotyledons and non-gramina-
ceous monocots utilize the reduction strategy (strategy I). It
is comprised of three steps: release of H" via HT-ATPase
to increase the solubility of Fe, reduction of Fe*™ to Fe*™
by ferric reductase oxidase and transport of Fe*™ into roots
by Fe-regulated transporter 1 (IRT1) (Colangelo and
Guerinot 2004; Dinneny et al. 2008). The strategy II plants,
mainly graminaceous species, use chelation, in which the
phytosiderophores (PSs), such as mugineic acids (MAs) are
released into the rhizosphere to directly chelate Fe’™
(Curie et al. 2001, 2009). Rice uses mixed strategies to take
up iron from the soil (Ishimaru et al. 2006).
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MA is an important chelator in strategy II plants, and its
synthesis in roots and secretion into the rhizosphere are
induced under Fe-deficient conditions. MA is synthesized
from S-adenosylmethionine (SAM). Nicotianamine syn-
thase (NAS) first catalyses SAM to Nicotianamine (NA),
NA is then converted to a 3’-oxo intermediate by Nico-
tianamine amino-transferase (NAAT), and 2’-deoxymugi-
neic acid is synthesized by the subsequent action of a
reductase. Other kinds of MAs may also be formed in this
process. In the above biosynthetic pathway, NAS and
NAAT are key rate-limiting enzymes. In addition, MA has
also been identified in the xylem and phloem where it is
suggested to play a role in long distance Fe transport in
plants.

In long distance transport, iron needs to be bound by
chelating compounds, such as NA or citrate. In the xylem,
Fe(Ill)-citrate is the major form. In the phloem, NA has
been suggested to be the major chelator to bind both Fe*™
and Fe". In a tomato mutant (Curie et al. 2009; Haydon
and Cobbett 2007), loss of NA led to chlorosis, a symptom
of iron deficiency (Ling et al. 1999). In the phloem, Fe-NA
is the main existing form in which yellow stripe-like (YSL)
family members are thought to transport the Fe-NA com-
plex (Curie et al. 2009; Haydon and Cobbett 2007). In rice,
OsYSL2 and OsYSLI15 are both up-regulated in response to
Fe deficiency. They may be involved in the long distance
Fe transport from root to shoot to seed, via the phloem
(Inoue et al. 2009).

As described above, previous research has revealed
some aspects of plants’ adaptation mechanisms to iron
deficiency. To map the metabolic changes induced by iron
deficiency in a holistic way, 2-DE proteomic profiling
techniques have been used to study root proteome changes
in different plant species. But all of the studies were con-
ducted in strategy I plant roots. Proteomic studies in
Strategy II plants have only been conducted in the root
plasma membrane of maize (Hopff et al. 2013). The
interaction between shoot and root in most of these studies
also had been ignored. In this study, we used two-dimen-
sional gel electrophoresis coupled with MS to analyze
differential protein accumulation profiles in rice leaves and
roots under normal and deficiency growth conditions. The
metabolic protein changes induced by Fe deficiency which
we found in rice can be compared to those reported by
others in Strategy I plants.

Materials and methods
Plant materials

Rice (Oryza sativa L. spp. Indica var. Yangdao 6) seeds
were soaked in water for 72 h in dark to induce
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germination. Germinated seeds were transferred to plastic
containers filled with moisturized quartz sand. After
2 weeks, the seedlings were transferred into 7-L plastic
containers filled with half-strength Yoshida’s rice nutrient
solution (10 mg L™" NaH,PO4-2H,0, 40 mg L' CaCl,,
40 mg L' K,S04, 40 mg L™ MgS0,4-7H,0, 0.5 mg L'
MnCl,-4H,0,  0.05mgL™"  (NHy)e-Mo;0,4-2H,0,
02mgL™" HiBO;, 00lmgL™' ZnSO47H,0,
0.01 mg L™" CuS0O4-5H,0, and 2.0 mg L™" Fe(II)-EDTA
and 10 mg L™ NH,NO;) (Yoshida et al. 1976). After
10 days in this condition, the plants were transferred to
either Fe-deficient (0) or Fe-sufficient (2.0 mg LY con-
ditions. The pH was adjusted to 5.0 £ 0.2 with HCI. Leaf
and root samples were collected 2 weeks after this treat-
ment. The samples were snap frozen in liquid nitrogen and
stored at —80 °C.

Measurement of Fe content

Shoots and roots were dried at 105 °C for 30 min and then
at 80 °C until a constant weight was achieved. Shoots
(500-600 mg) and roots (500-600 mg) were soaked in
10 ml HNO5:HCIO, (3:1, v/v) for 2 h, and then boiled until
the liquid became transparent. Fe content was measured by
atomic absorption spectrophotometry (TAS-986; Beijing,
China).

The experimental results are presented as the
mean =+ standard deviation (SD) from three independent
experiments. The results were subjected to ANOVA and
the Tukey test using the statistical package SPSS 16.0.
Differences between treatments were tested by the least
significant difference (LSD) test at 0.05 probability level.

Protein extraction

Protein was extracted following the traditional method
(Ding et al. 2011). Rice samples were thoroughly ground in
a mortar with liquid N, and the protein was extracted in
ice-cold acetone that contained 10 % trichloroacetic acid
(TCA), 10 mM dithiothreitol (DTT), and 1 mM phenyl-
methylsulfonyl fluoride (PMSF) incubated at —20 °C for
1 h, followed by centrifugation at 20,000g for 30 min at
4 °C. After being air dried, the pellet was rinsed three times
with ice-cold acetone that contained 10 mM DTT and
1 mM PMSF and incubated at —20 °C for 1 h before being
centrifuged at 20,000g for 15 min at 4 °C. The pellet was
dried under vacuum and resuspended in 200 pL lysis buffer
(7M urea, 2 M thiourea, 4 % 3-[(3-cholamidopropyl)
dimethylammonio] propanesulfonic acid (CHAPS), 0.5 %
(v/v) immobilized pH gradient (IPG) buffer (pH 4-7 NL,
Amersham Biosciences), and distilled water). The mixed
sample was incubated at 4 °C overnight, then centrifuged
at 40,000g for 15 min at 20 °C, and the supernatant was



Plant Cell Rep (2015) 34:83-96

85

2 -
DO-Fe
@ P S+Fe
o
S5
N—r
=
) 1 4
—
<
o
o x%x
L
x.
0.5
o} T 1
Leaf Root

Fig. 1 Iron content in leaf and root of Yangdao 6 Fe content was
measured in leaves and roots by plants grown in nutrient solution of
Fe sufficient (+Fe) and Fe-deficient conditions (—Fe). Data are
mean £ SD of three replicates

used for 2-DE analysis. Protein concentrations were
determined with the standard Bradford assay, using bovine
serum albumin as the standard.

Two-dimensional gel electrophoresis and protein
quantification

Isoelectric focusing (IEF) and SDS-PAGE were described
previously by Ding, using 100 pg protein per gel (Ding
et al. 2011). Gels were stained with silver nitrate (Yan et al.
2000).

Protein visualization, image analysis and quantification
followed the method by Zhao et al. (2012). The stained gels
were scanned using a VersaDoc4000 image system (Bio-
Rad), followed by analysis of the protein spots with
PDQUEST 8.0 software (Bio-Rad). For each sample, at
least three 2-DE gels were used for analysis. Spots showing
significant variation in terms of intensity between the
control and other treatments were selected according to the
results of paired Student’s ¢ tests (P < 0.05). Protein spots
were manually excised from the gels and in-gel digested by
trypsin. Gel digestion and protein identification followed
Ding et al. (2011). Only significant hits based on MASCOT
probability analysis (P < 0.05) were accepted.

Results

Reduction of Fe and chlorophyll content and variation
of shoot/root ratio under iron deficiency

The Fe content of leaves under iron deficiency was 21.4 %
less than that in rice under Fe-sufficient growth conditions;
that in roots was 50.3 % less (Fig. 1).

Iron is a key component in the biosynthesis of chloro-
phyll. In this study, Chlorophyll a, chlorophyll b, chloro-
phyll a + b and carotenoid content were measured
(Table 1). Compared to those measured from rice grown
under Fe-sufficient condition, they were decreased by 49.1,
50, 47.8 and 36.8 %, respectively. As expected, all the
leaves of plants growing under iron deficiency showed
chlorosis.

Deficiency of micronutrients can affect the shoot/root
ratio in some plant species. Our data showed the shoot-to-
root ratio increased from 3.23 under normal condition to
5.15 under a deficiency condition in rice (Table 1).

Changes in protein profiles under iron deficiency

The protein profiles of rice leaves and roots were investi-
gated from iron deficient and sufficient conditions.
Approximately one thousand protein spots per gel were
consistently detected in a triplicate experiment (Fig. 2).
Among them, seventy-three differentially accumulated
proteins were analyzed, forty-five and twenty-eight were
identified from leaves and roots, respectively (Fig. 3a, b).

Functional classification of identified proteins

To obtain a comprehensive understanding of the func-
tionalities of these differentially accumulated proteins
under iron deficiency, we used BlastP algorithm in NCBI to
classify them by the analysis of conserved domains
(Altschul et al. 1990). Figure 4a, b showed the differen-
tially abundance changed proteins’ classification in leaves
and roots, respectively. Forty out of the forty-five changed
proteins were successfully identified in leaves (Table 2).
These proteins were mainly involved in carbon metabo-
lism, photosynthesis, stress, energy metabolism, N metab-
olism, cell growth and signal transduction (Fig. 4a). In
roots, twenty-three out of twenty-eight changed proteins
were identified (Table 3). These proteins were involved in
carbon metabolism, oxidative stress, cell growth, second-
ary metabolism and protein metabolism (Fig. 4b). When
compared to normal Fe condition, the spots showed sig-
nificant changes in their abundance with mean ratios above
2.0 or below —0.5 under Fe deficiency, and the detailed
fold changes were listed in Tables 2 and 3.

Proteins showing changes in rice leaves

C metabolism

Among the forty abundance changed proteins, eight of
them were involved in carbon metabolism, including gly-

colysis, Citric acid pathway (TCA) cycle and the Calvin
Benson pathway.
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Table 1 Chlorophyll content and shoot-to-root ratio in different treatments

Chlorophyll a (mg/g FW) Chlorophyll b (mg/g FW) Chlorophyll content (mg/g FW)

Carotenoid (mg/g FW)  Shoot-to-root ratio

-Fe 0.28b 0.07b 0.36b 0.12b 5.15a
+Fe 0.55a 0.14a 0.69a 0.19a 3.23b
Asterisk represents significant differences at P = 0.05 level
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Glycolysis fermentation In the leaf of rice grown under
deficiency, two glycolytic enzymes: phosphoglycerate kinase
(spot 1303) and chloroplastic aldolase (spot 3302), their
abundance was increased. It might indicate increased effi-
ciency in glycolysis. It was reported that glycolysis can provide
the reducing power and ATP needed in the up-regulated Fe
acquisition mechanisms (Lopez-Millan et al. 2013).

Under anaerobic conditions glycolysis leads to fermen-
tation and the production of ethanol, thereby continuing
ATP production. A degree of anaerobiosis, caused by
increased consumption of O, under iron deficiency (Lopez-
Millan et al. 2009) is suggested by our finding of an
increase in TASSELSEED2 (spot 7104), a short chain
alcohol dehydrogenase (DeLong et al. 1993).

Calvin Benson pathway The accumulation of Ribulose
bisphosphate carboxylase (RuBisCO) (spots 5005, 8105,
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8106 and 8202), a key enzyme of the Calvin cycle, was
increased in iron-deficient leaves. Among the compounds
produced by the Calvin cycle is citric acid, which can be
used as a Fe chelator in xylem transport.

Citric acid cycle Nicotinamide adenine dinucleotide
phosphate (NADP) dependent malic enzyme (spot 7704), a
key enzyme in the TCA cycle, catalyzing the formation of
oxaloacetate from malate, was increased under iron defi-
ciency. This result suggested that the citric acid cycle
might be enhanced in response to iron deficiency.
Taxadien-5-alpha-ol O-acetyltransferase (spot 6503),
which catalyzes the first acylation step of taxol biosyn-
thesis, was increased compared to that in iron sufficient
leaves. During the chemical reaction it catalyzes acetyl-
CoA, the substrate of the TCA cycle is produced. Iron
starvation may induce more substrates for the TCA cycle.
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Fig. 4 The classification of the differentially changed proteins in response to iron deficiency in rice. a Protein classification in leaves. b Protein

classification in roots

Nitrogen metabolism

Iron deficiency also has an impact on N metabolism. Four
proteins involved in this pathway changed in iron-deficient
leaf. Ferredoxin-nitrite reductase (spots 3006, 3010, 7506,

7709, 7714), an enzyme containing Fe, was decreased
under iron deficiency. Glutamine synthetase (spot 4307)
and putative isoflavone reductase (spot 6203) participating
in the assimilation of nitrogen showed an increase.
Increased abundance of these two proteins can probably
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Table 2 Differentially regulated proteins identified by MALDI-TOF-TOF in rice leaves

Spot  Protein name Gi number NMP Ratio SC  Score Mass/pl  Mass/pl Biological
ID (-Fe/4+Fe) (%) (theory) (experiment) function
1303  Phosphoglycerate kinase 125552851 1 4.44 3 50 30.5/6.86  38/5.02 Glycolysis
fermentation
3302 Chloroplastic aldolase 218155 1 3.99 2 42 41.8/6.07 38/5.4
7104  Putative sex determination protein 115473909 1 10.36 7 44 28.4/5.82 31.6/6.21
tasselseed 2
5005 Ribulose bisphosphate carboxylase large 108862318 3 12.42 6 218 56.5/9.04  12.6/5.83 Calvin
chain precursor, putative Benson
8105 Ribulose-1,5-bisphosphate carboxylase/ 11466795 3 73.47 5 130 44.1/6.86  30.89/6.51
oxygenase large subunit
8106 Ribulose bisphosphate carboxylase large 108862318 4 21.81 8 239 26.5/7.00 31.6/6.58
chain precursor, putative
8202 Ribulose bisphosphate carboxylase large 108862318 2 5.02 5 128 26.4/7.00 35.8/6.58
chain precursor
7704 NADP dependent malic enzyme 54606800 5 6.81 9 282 65.8/5.79  67.8/6.16 Citric acid
cycle
6503 Putative taxadien-5-alpha-ol 115434902 3 297 7 113 46.5/5.64 48.1/5.86
O-acetyltransferase
3006 Hypothetical protein OsI_34807 21686526 3 0.02 11 162 28/5.47 21.8/5.48 N metabolism
3010 Os08g0359000 115476062 1 0.01 37  28.9/5.28 22/5.37
7506 0s08g0276100 115475672 4 0.15 9 147 52.2/6.48 48.5/6.16
7709  Putative ferredoxin—nitrite reductase, 53792338 3 0.08 6 149 70.2/6.88  65.8/6.34
chloroplast precursor
7714  Putative ferredoxin—nitrite reductase, 53792338 3 0.50 4 156 70.2/6.88  68.4/6.68
chloroplast precursor
4307 Glutamine synthetase cytosolic isozyme 115448531 2 2.53 7 127 39.4/5.51 40.1/5.62
1-1
6203  Putative isoflavone reductase 115434036 3 5.38 12 139 33.5/5.69 35.8/5.84
6604 Methylthioribulose-1-phosphate 115485529 4.85 3 51 57.5/5.61 56.3/5.92
dehydratase/enolase-phosphatase El
5001 Hypothetical protein OsI_38931 125537221 4 2.76 25 251 20/5.61 23.6/5.69
6507 GDP-mannose 3,5-epimerase 1 115482032 3 23.27 11 162 43.2/5.75 47.8/5.31 Stress and
defense
7502 OsGME-1(GDP-mannose 115482032 5 2.67 16 337  43.2/575 46.3/6.08
3,5-epimerase 1)
2107 L-Ascorbate peroxidase 2, cytosolic 115474285 5 0.16 21 289 27.2/5.21 25.6/5.28
4003 OsAPx01 115452337 2 0.16 10 88  27.2/542 23.2/5.6
3502 Hypothetical protein Osl_30244 125562536 4 9.73 11 159 46.8/53  47.0/5.31
5503 Cytosolic monodehydroascorbate 4666287 6 3.57 18 317 46.7/5.53  45.0/5.68
reductase
5102 Hydroxyacylglutathione hydrolase 115452831 1 4.03 82 29/5.43 28.4/5.31
4007 Putative glutathione S-transferase 115479659 2 28.1 5 56 25.3/5.5 21.6/5.69
OsGSTU17
1008 Drought-induced S-like ribonuclease 19068149 5 4.3 19 328  29/5.25 21.2/5.31
7405 Late embryogenesis abundant protein 1 158513197 1 10.56 5 39 35.9/6.01 41.8/6.33
3002 Chitinase 8 115483206 3 9.73 14 248  279/6.09 21.2/542
6608 ATP synthase FO subunit 1 51536330 4 4.22 9 172 55.6/6.02  57.9/5.99 ATP synthesis
6710 ATP synthase CF1 alpha subunit 11466784 5 7.14 13 420  55.7/595 63.3/5.99
6711 ATP synthase CF1 alpha subunit 11466784 3 4.84 7 2609  55.7/595 59.8/6.01
7703  ATP synthase CF1 alpha subunit 11466784 5 3.85 13 349 55.7/5.95 58/6.18
115 14-3-3-like protein GF14-C 115476520 1 3.87 6 77 29/4.78 28.5/4.56 Signal
transduction
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Table 2 continued
Spot  Protein name Gi number NMP Ratio SC  Score Mass/pl  Mass/pl Biological
ID (-Fe/+Fe) (%) (theory) (experiment) function
5602 DEAD-box ATP-dependent RNA 115437444 2 6.06 4 76  56.5/7.03 52.1/5.43

helicase 56
1704 Phosphatase 2A regulatory A subunit 115478158 3 497 4 149 66.4/4.92 68.5/5.01
6204 SOUL heme-binding protein-like 115441075 2 5.83 11 85  23.6/5.87 33.8/5.95
6704 SOUL heme-binding protein-like 115441075 4 5.06 11 85  65.8/5.53 67.7/5.88
109  Elongation factor 1 beta’ 218161 2 32 13 212 23.8/4.86  22.5/5.04 Protein

metabolism

6102 Preglutelin 20210 2 3.89 3 67  27.5/5.76 24/5.92

Spots are named accordingly with Figs. 2 and 3a. The expression ratio was defined as the vol% of individual spots that point to the corresponding

spots in the control

help the plant complement a decrease in N metabolism
caused by lower ferredoxin-nitrate reductase.

Methionine is the synthetic precursor of nicotianamine
and mugineic acid, chelators that are involved in the sol-
ubility and movability of iron (Ling et al. 1996, 1999; Li
and Kaplan 2004; Takahashi et al. 2003). In our study,
methylthioribulose- 1-phosphate dehydratase (spot 6604)
catalyzing the final step of Methionine recycling was
increased. The increased accumulation of this chelator
synthesis-related protein is probably related to maintenance
of solubility and supply of Fe under deficiency condition in
rice leaves.

Hypothetical protein OsI_38931 (spot 5001), involved
in adenine salvage was increased in abundance in iron-
deficient leaves. In barley iron-deficient roots, the biosyn-
thesis of MAs is related to adenine salvage in the methi-
onine cycle and activity of adenine phosphoribosyl
transferase, which has a possible role in phytosiderophore
production (Itai et al. 2000). Thus we speculated that the
physiological responses mentioned in barley might also
exist in rice grown in deficiency condition.

Stress and defense

Eleven of the abundance changed proteins were involved in
stress and/or defense metabolism. These accounted for
28 % of the total accumulations changed proteins in leaves
under iron deficiency. This might point to a strong impact
of iron deficiency with the stress and defense system.

Glutathione-ascorbate pathway Ascorbic acid, associated
with chloroplasts, plays a role in ameliorating the oxidative
stress of photosynthesis. This compound is an electron
donor in cell metabolism, playing a pivotal role in devel-
opment and defense systems, especially in the oxidative-
regulated pathway (Zaharieva and Abadia 2003; Kiddle
et al. 2003; Noctor and Foyer 1998). GDP-mannose 3,
5-epimerase (spots 6507, 7502), a key enzyme involved in

biosynthesis of ascorbate, was increased compared to the
control. Ascorbate peroxidase utilizes ascorbic acid as its
specific electron donor to reduce H,O, to water. In our
study, ascorbate peroxidase (spot 2107, 4003) was
decreased in iron-deficient leaves. This is not surprising,
since iron is an indispensable component in the heme
reaction domain in peroxidases. Furthermore, monodehy-
droascorbate reductase (spot 3502, 5503), hydroxyacyl-
glutathione hydrolase (spot 5102) and glutathione S-
transferase (spot 4007), playing key roles in ascorbate
regeneration, were all increased. All these results which
might indicate the alteration of glutathione-ascorbate
pathway could be one of the strategies adopted by plants
for reductive detoxification in iron-deficient leaves.

Other stress-related proteins Other stress-induced pro-
teins, i.e. drought-induced S-like ribonuclease (spot 1008)
and late embryogenesis abundant protein (LEA; spot
7405), were also increased in iron-deficient rice leaves.
LEA-like protein was previously seen to be induced by
drought stress, functioning in abiotic stress tolerance by
minimizing the negative effects of oxidation (Shinozaki
and Yamaguchi-Shinozak 2007; Mowla et al. 2006). In
addition to conferring cellular protection upon stress
(Chatelain et al. 2012), it has been found that LEA-like
protein also participates the long distance transport of iron
in phloem (Kruger et al. 2002).

Chitinase 8 (spot 3002) is often produced in higher
plants as a general defense response after wounding or
pathogenic attack (Witmer et al. 2003). It was increased
under iron deficiency. This demonstrated the defense sys-
tem was induced in rice leaves under iron deficiency.

ATP synthesis
In iron-deficient rice leaves, the abundance of energy-

related proteins was increased. ATP synthase in mito-
chondria resides in two regions: the F,, portion is within the
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Table 3 Differentially regulated protein identified by MALDI-TOF-TOF in rice roots

Spot  Protein name Gi number NMP Ratio SC  Score Mass/pl  Mass/pl Biological
ID (-Fe/4+Fe) (%) (theory) (experiment) function
5704  Glyceraldehyde phosphate 42408279 2 4.34 5 79 64.7/6.5  70.4/5.97 Glycolysis
dehydrogenase
3105 Ribose-5-phosphate isomerase 115457638 1 10.59 4 67 28.7/5.46 31.2/5.45 Pentose
phosphate
pathway
3610 Hypothetical protein Osl_27048 125559333 1 3.22 1 54 62.1/536 60.2/5.45
3807 Ribulose-1,5-bisphosphate 11466795 4 3.24 7 166 63.4/6.22  96/5.5 Calvin Benson
carboxylase/oxygenase large subunit
5904  Putative Aconitate hydratase 75225211 2 4 2 50  98.6/5.67 98.8/5.63 Citric acid cycle
5316 Malate dehydrogenase 115435442 2 2.69 5 48 34.4/5778 35.8/6.14
5701 NADP dependent malic enzyme 54606800 4 4.76 8 242 65.8/5.79 75/5.92
6706  0s01g0723400, partial 115439655 5 5.08 9 258  65.6/8.59 74/6.17
4818 Putative acetyl-CoA synthetase 115446431 2 6.13 3 87  78.5/5.69 81.2/5.87
2321 Putative esterase 115435278 1 0.27 3 90  42.9/5.66 39.8/5.53
4713 Isopropylmalate synthase B, putative, 77548611 1 5.08 2 55  68.9/6.46 67.6/5.85 N metabolism
expressed
2001  Ascorbate peroxidase 158512874 6 0.14 29 505 27.2/5.31 25.6/5.27 Stress and
defense
4520 26S proteasome regulatory particle 17298145 6 2.63 21 304 41.5/591 53.5/5.85
triple-A ATPase subunit 3
4507 Putative UDP-glucose synthase 115480183 4 9.67 8 178 51.1/5.49  52.4/5.79 Secondary
metabolism
6606 UDP-glucose 6-dehydrogenase, 115488436 5 0.5 13 386 53.4/5.8  57/6.24
putative, expressed
4816 Protein ROOT HAIR DEFECTIVE 3 115437816 1 4.56 1 52 90.9/5.84 80/5.85 Cell growth and
development
1103 Caffeoyl-CoA 3-O-methyltransferase 115477092 4 0.34 19 222 27.9/5.11 28.2/5.06
1111  Caffeoyl-CoA 3-O-methyltransferase 115477092 5 0.36 24 343 27.9/5.11 27.5/5.15
5722 Putative beta-glucan binding protein 115478915 7 4.32 15 417  76.6/5.78 77.5/6.1
7321 Ribose-phosphate pyrophosphokinase 218191460 6 3.22 28 708 36.4/6.31 38.4/6.65
4304 Putative elongation factor 2 115446385 4 0.29 7 91 65/5.85 38.6/5.68 Protein
metabolism
4714 OSJNBa0039C07.11 38347165 5 2.35 8 254  75.4/5.83 77.8/6.34
4817 Putative N-ethylmaleimide sensitive 115464927 1 4.64 1 54  81.6/5.72 83.9/5.85

fusion protein

Spots are named accordingly with Figs. 2 and 3b. The expression ratio was defined as the vol% of individual spots that point to the corresponding

spots in the control

membrane; the F; portion of the ATP synthase inside the
matrix of the mitochondria, above the membrane. The F,
portion (spot 6608) and F; portion (spot 6710, 6711, 7703),
were both increased. This indicated that under iron defi-
ciency in rice leaves, some improvement of energy supply
might occur, replacing some of that lost due to lowered
photosynthesis.

Signal transduction

Plant 14-3-3 protein (spot 115) is well known for playing
an indispensable role in activation of the plasma membrane
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H"-ATPase. This protein might also be involved in iron
mobilization (Xu and Shi 2006). The abundance of this
protein was increased under iron deficiency.

DEAD-box ATP-dependent RNA helicase 56 (spot
5602) showed increased abundance under iron deficiency.
It is involved in pre-mRNA splicing and required for the
export of mRNA out of the nucleus. We note that RNA
helicases of the DEAD-box protein family possess an
ATPase activity that is dependent on, ATPase is usually
induced by iron deficiency (Cordin et al. 2006).

Protein phosphatase 2A (spot 1704), its abundance was
increased in iron-deficient leaves. It is a major intracellular
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protein phosphatase that associated with multiple aspects
of cell growth and metabolism, such as DNA replication,
transcription, signal transduction and intermediary metab-
olism. Its activity is also associated with growth inhibition
and cell cycle arrest (Schonthal 1998; Mumby and Walter
1993; Hubbard and Cohen 1993; Virshup et al. 1993).

Heme-binding protein (spot 6204, 6704) can bind
divalent iron to store iron atoms for physiological utiliza-
tion in plants. Its abundance was increased in iron-deficient
rice leaves. Hemes play a critical role in diverse biological
processes in eukaryotic cells, including respiration, protein
targeting, transcription and translation regulation, ion
channel regulation and signaling, microRNA processing,
and protein degradation (Severance and Hamza 2009;
Mochizuki et al. 2010).

Protein metabolism

Two proteins induced by iron deficiency were related with
protein metabolism. Elongation factor 1 beta’ (spot 109) is
the workhorse of protein synthesis on the ribosome. It
assists in elongating the newly synthesized polypeptide
chain (Andersen et al. 2003). Preglutelin (spot 6102), a
primary protein storage protein was also increased under
iron deficiency.

Differentially expressed proteins in rice roots
C metabolism

Glycolysis Glyceraldehyde phosphate dehydrogenase
(spot 5704) catalyzes the transition of phosphoglyceralde-
hyde into 1, 3-bisphosphoglycerate, one of the energy-
yielding steps in glycolysis pathway. The abundance of the
protein was increased in iron-deficient rice roots. Similar to
that in leaves, the glycolysis metabolic pathway might be
enhanced in roots in adaptation to iron deficiency.

Pentose phosphate pathway Pentose phosphate pathway,
an alternative pathway to glycolysis, is a process that
generates NADPH and pentoses. Ribose-5-phosphate
isomerase (spot 3105) and xylulokinase (spot 3610)
involved in the pentose phosphate pathway were both
increased their accumulations in iron-deficient roots. The
products  glyceraldenyde-3-phosphate  and  fructose
6-phosphate in the pentose phosphate pathway can be
reused by glycolysis. Thus the up-regulation of the pentose
phosphate pathway can facilitate glycolysis.

Calvin Benson pathway The Calvin cycle is known to be
the major pathway for CO, fixation. Ribulose-1, 5-bis-
phosphate carboxylase/oxygenase large subunit (spot 3807)
is a key CO, assimilation enzyme of the Calvin cycle

(Watson and Tabita 1997). Its increase in iron-deficient
roots, which do not perform photosynthese, was a surprise
and no function for it can be suggested at present.

Citric acid cycle Three enzymes, aconitate hydratase
(spot 5904), malate dehydrogenase (spot 5316), and NADP
dependent malic enzyme (spot 5701, 6706) involved in the
TCA cycle, were found to be increased in iron-deficient
roots. Furthermore, acetyl-CoA synthetase (spot 4818),
whose main function is to convey carbon atoms within the
acetyl group to the citric acid cycle to be oxidized for
energy production, was also increased in response to iron
deficiency. Acetyl-CoA can participate in many other
biochemical reactions in addition to the TCA cycle. One of
the pathways is to catalyze the formation of fatty acid
starting with an esterase. The esterase enzyme (spot 2321)
was decreased under iron deficiency. It may indicate that
under iron deficiency, acetyl-CoA has priority to enter the
TCA cycle, rather than the fatty acid pathway. These
results suggest that the TCA cycle efficiency might be
enhanced under iron deficiency in rice roots.

Amino acid metabolism

Isopropylmalate synthase (spot 4713) is the key enzyme
involved in the synthesis of leucine (Nelson and Cox
2000). In plants and microorganisms, leucine acts as met-
abolic signal and is involved in amino acid biosynthesis,
the assimilation of ammonia, amino acid degradation,
nutrient transport, and the formation of pili (Kohlhaw
2003). Its responsive regulatory protein can control gluta-
mate synthase expression. When levels of leucine-respon-
sive regulatory protein are high, glutamate synthase
expression is also high (Calvo and Matthews 1994). In our
study, o- isopropylmalate synthase showed increased
abundance under iron deficiency. We speculate that glu-
tamate might also have been increased, offering more
substrates to the MAs synthesis cycle.

Stress and defense

The abundance of ascorbate peroxidase (spot 2001) was
decreased due to iron deficiency, similar to the response in
leaves.

Under a stress environment, plants will activate their
defense systems to remove abnormal and unwanted intra-
cellular proteins. 26S proteasome regulatory particle triple-
A ATPase subunit 3 (spot 4520), which was increased in
iron deficiency, participates in the stress response by
removing abnormal proteins. It also participates in a
number of diverse developmental processes, presumably
by regulating the levels of one or more short-lived regu-
lators/enzymes. For plants in particular, this pathway has
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been implicated in cell-cycle progression, photomorpho-
genesis, hormone responses, leaf, floral and xylem differ-
entiation, and pathogen resistance (Fu et al. 1999).

Secondary metabolism

UDP-glucose is produced by catalysis of UDP-glucose
pyrophosphorylase (spot 4507) and sucrose synthase. It
was increased under iron deficiency which was consistent
with the situation in P-deficient rice roots (Wasaki et al.
2003). Sucrose synthase activity increased more than twice
in—P roots of bean (Ciereszko et al. 1998). This may
imply more sucrose synthase is generated in rice iron-
deficient root to supply the energy needs.

UDP-glucose  6-dehydrogenase (spot 6606) was
decreased in our study. This protein exhibited an increase
due to heat stress (Xu and Huang 2008) and P deficiency
(Wasaki et al. 2003), but the mechanisms are unclear.

Cell growth and development

Typical root morphology changes in response to iron
deficiency in plants included an increased density of root
hairs, lateral roots, and transfer cells (Ling et al. 2002).
Plant root hairs are important organs for the uptake of
nutrients and water from the soil. In our study, the protein
coded by ROOT HAIR DEFECTIVE 3 (spot 4816)
involved in cell and tissue development, showed increased
accumulation under iron deficiency. The phylogenic ana-
lysis of the gene encoding this enzyme with other homo-
logs and the functional analysis of this gene may shed more
light on the mechanism of physiological adaptation in roots
during Fe deficiency.

Caffeoyl-CoA 3-O-methyltransferase (spot 1103, 1111)
is an enzyme related to the biosynthesis of lignin. Lignin is
a major structural component of secondarily thickened
plant cell walls. Strong down regulation of caffeoyl-CoA
3-O-methyltransferase can decrease the lignin level in
alfalfa (Guo et al. 2001). Therefore, our observed decrease
of this protein might indicate iron deficiency disturbing cell
generation in roots.

Beta-glucan synthase (spot 5722) catalyzes synthesis of
the major structural component of yeast cell walls (Mol
et al. 1994). It showed increased abundance in Fe-deficient
roots.

Ribose-5-phosphate pyrophosphokinase (spot 7321)
catalyzes the transfer of phosphate (phosphoryl or pyro-
phosphoryl transfer) from ATP to a second substrate. It was
also known to be implicated in the synthesis of glycocalyx,
suggesting that the formation of glycocalyx might be
involved in the root response to iron deficiency (Ouyang
et al. 2013).

@ Springer

Protein metabolism

Elongation factors are a set of proteins that are used in
protein synthesis in the cell, promoting the GTP-dependent
translocation of the nascent protein chain from the A-site to
the P-site of the ribosome. In roots, an elongation factor
(spot 4304) showed decreased abundance compared to the
control.

OSJINBa0039C07.11 (spot 4714) exhibited increased
abundance in response to iron deficiency in rice roots. It
participates in protein modification related to N metabo-
lism (Suyal et al. 2014).

N-ethylmaleimide—sensitive fusion protein (spot 4817)
is a cytosolic ATPase required for many intracellular ves-
icle fusion reactions. It is a general component of the
intracellular fusion machinery (Whiteheart et al. 1994), and
its abundance was increased due to Fe deficiency in the
roots.

Discussion

In this study, we analyzed the differential accumulation of
protein in leaves and roots of rice grown under iron defi-
ciency condition. Sixty-three proteins’ accumulations were
observed to be differentially changed, and forty and
twenty-three were identified in leaves and roots, respec-
tively. To our knowledge, this is the first proteomic
research that incorporated leaves from a plant grown under
Fe deficiency conditions in strategy II plants (Lopez-Millan
et al. 2013). We classified the identified proteins according
to the metabolic pathway they participated. Even though
some of the enzymes involved in the pathway are not rate-
limiting steps, we assumed their abundance change might
be the marker indicating the changed efficiency of the
pathway. Missing identification of key enzymes may be
due to the low resolution of the 2-DE method.

Both in roots and leaves, some enzymes relevant to
energy metabolism (i.e. ATP synthesis, glycolysis and the
TCA cycle) were increased (Fig. 5a, b). These up-regulated
pathways were in harmony with the proteomic results in
Arabidopsis and sugar beet (Lopez-Milldan et al. 2000;
Thimm et al. 2001). In iron-deficient sugar beet roots, the
ATP concentration increased five-fold over the control. A
similar situation was found in tomato roots, in which the
protein profiling showed increased abundance of mito-
chondrial ATP synthase under iron deficiency (Li et al.
2008). In cucumber, iron starvation induced activation of
metabolism leading to the consumption of stored carbo-
hydrates to produce NAD(P)H, ATP and phosphoenol-
pyruvate. Activation of catabolic pathways was supported
by the enhancement of glycolytic enzymes and
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Fig. 5 a Metabolic pathway networks in rice leaves. The proteins in
dashed box means it was decreased compared to control, the other
means it was increased under iron deficiency. b Metabolic pathway

concentrations. Another reason for the possible enhance-
ment of ATP levels may be due to accelerated HT-ATPase
under iron deficiency; specifically the root plasma

Citric Acid Cycle

rate

Fu a —ketoglutarate

uccionat

networks in rice roots. The proteins in dashed box means it was
decreased compared to control, the other means it was increased
under iron deficiency

membrane one that secretes protons increasing the solu-
bility of soil iron (Santi and Schmidt 2008). In a previous
study (Santi and Schmidt 2008), a correlation was found
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between the rate of ATP formation and the level of H*-
ATPase. In iron-deficient rice leaves, the F, and F; portion
of ATP synthase increased. Plant 14-3-3 protein and ATP-
dependent helicase that can activate HY-ATPase were also
increased in leaves. The N-ethylmaleimide sensitive fusion
protein related to ATPase in roots increased under iron
deficiency. It seems probable that, under iron deficiency,
roots and shoots may need more energy for uptake and
transport of low levels of iron, as well as accomplishing the
whole plant’s physiological process.

The wusual reduction of chlorophyll content and
decrease in photosynthesis rate in rice plants grown under
Fe deficiency were observed in this study. However, to
our surprise, the accumulation of Rubisco, the marker
enzyme for photosynthesis, was increased. This discrep-
ancy between our result and others, in which the enzy-
matic activity of Rubisco was decreased during Fe
deficiency condition in sugar beet (Winder and Nishio
1995) which might be due to the different tissue collec-
tion timing points and species specificity. We collected
the leaf tissue just 14 days after the induction of defi-
ciency, while in most other studies, the collections of
tissues were at period of time in which a severe chlorosis
symptom could be observed. Another explanation could
be that we measured absolute protein quantity rather than
enzymatic activity. It is possible that only part of the
Rubisco accumulated during Fe deficiency condition was
enzymatically active. Previous studies have shown that
Rubisco can also serve as a storage protein in addition to
being a key enzyme in photosynthesis (Warren et al.
2004). Future studies on the measurement of real enzyme
activity will be especially needed. If much of the accu-
mulated Rubisco protein is only a pool of N storage, it
will indicate that the metabolism or export of resources
from source leaf to sink tissues is inhibited.

Thirteen stress-related proteins showed changes in
response to iron deficiency (Tables 2, 3). Three out of five
proteins in the ascorbate cycle were identified to be up-
regulated. Ascorbate cycle is a metabolic pathway that can
detoxify hydrogen peroxide (H,O,) generated under stress
conditions. Previous studies have found differing results on
the expressions of ascorbate synthesis enzymes. In our
study the accumulation of this enzyme was reduced, con-
sistent with the study on roots of tomato under Fe defi-
ciency (Li et al. 2008). Fe is an indispensable component
for the synthesis of the ascorbate enzyme, thus, the lower
content of the enzyme may simply be due to the lack of
substrate. In leaves, drought-induced proteins were up-
regulated. The interaction of Fe deficiency and drought
stress physiology is unknown at this stage.

It has been long recognized that some chelators are
indispensable for the movement of Fe in both xylem and
phloem. In this study, we found that the accumulations of
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proteins related to MAs synthesis, and TCA cycle, in which
malate and citrate can be generated, were increased during
deficiency conditions. We also found that the accumulation
of an LEA protein was increased in rice grown under Fe
deficiency. In addition to being a drought stress-related
protein, LEA protein has also be found to be involved in
the transport of Fe in phloem. The increased content of this
protein may be able to accelerate the mobility of Fe in
phloem in rice plants.

Root architecture can have adaptive changes, e.g. for-
mation of new root hairs, under Fe deficiency condition,
and this information was mainly obtained from the studies
on dicots. The importance of this process in monocots
during Fe deficiency condition is largely unknown. In this
study, four proteins involved in tissue development were
increased under iron deficiency (Table 3), indicating a
possibly similar mechanism in monocots as in dicots. We
found that the abundance of an elongation factor in leaves
was increased, however, in roots the abundance of the
protein was decreased, indicating the importance of cell
reprogramming on the de novo protein synthesis or turn
over in plants grown under stress conditions.

Another interesting characteristic discovered from this
study is the increased shoot-to-root ratio caused by the
deficiency of Fe. It is well known that the shoot-to-root
ratios can be changed under the deficiency of nutrients.
However, this has been very rarely studied in plant species
under Fe deficiency. The increased ratio suggested that the
phloem export of resources, especially carbon, may have
been inhibited. But the actual cause is unknown.

Fe and Mg are both important chemicals for cellular
metabolism and indispensable components for the structure
of chlorophyll. Previous studies have shown that under Mg
deficiency condition, the rate of photosynthesis was
decreased, phloem loading and transport of carbon were
inhibited, and the shoot-to-root ratio was increased (Cak-
mak and Kirkby 2008). The increased shoot-to-root ratio
was caused by decreased export of carbon from shoot tis-
sues. Further work is needed to see if this situation occurs
during Fe deficiency in rice. The need for this work illus-
trates the importance of the incorporation of shoot tissue in
studying responses to Fe deficiency in plants.

In conclusion, the analysis of the responses at protein
levels in both shoot and root provided a comprehensive and
unique way to understand the adaptive mechanisms used
by rice grown under Fe deficiency condition. Apparently,
rice responded to the lack of Fe at the whole plant level and
an integrative strategy was used by the plant to cope up
with the stress. Further functional characterization of the
identified proteins, especially those involved in the inter-
action between shoot and root will certainly shed more
light on the understanding of the mechanism used by rice
grown under Fe deficiency.
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