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Abstract  

Wheat hybrid necrosis is caused by the interaction of the two dominant complementary genes 

Ne1and Ne2, located on chromosome arms 5BL and 2BS respectively. The sequencesof 

Ne1or Ne2have not been identified yet. It is also not known whether Ne1and Ne2 are 

structural or regulatory genes. Understanding the proteomic pathways mayprovide 

aknowledge base forprotecting ormaximizing the photosynthesis capacity of wheat.Using 
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DIGE and MALDI-TOF-TOF MS, the flag leaf protein patterns of the two unique F14 NILs 

(near isogenic line siblings), the necroticShunMai 12Ah (Ne1Ne1Ne2Ne2)and thenormal 

ShunMai 12Af (Ne1Ne1ne2ne2),were compared. Due to the presence or absence of Ne2, (1) 

three protein spots were expressed or disappeared, (2) seven RuBisCO-related proteins were 

altered significantly, and (3) twenty-one photosynthesis/glucose related proteins were 

changed significantly. Three hypotheses were deduced, ① Ne1 may also encode protein(s), 

② genetic maladjustment of RuBisCO could lead to early-leaf-death and,③ interactions 

between nuclear- and chloroplast-genes could determine photosynthetic traits.Our 

hypothetical model presents the RuBisCO pathway of hybrid necrosis in wheat and 

explainshow Ne1 and Ne2interact at molecular level. 

Abbreviations  

NILs – Near Isogenic Line siblings; 

SSU – Small Subunit of RuBisCO; 

LSU – Large Subunit of RuBisCO; 

rbcS– nuclear genes encode SSUs; 

rbcL – chloroplast genes encode LSUs; 

GELD – genetic-early-leaf-death;(We prefer to use ‘GELD’instead of ‘hybrid necrosis’ 

because we have not confirmed if the so called ‘hybrid necrosis’ is simply a necrosis or in 

fact an apoptosis according to the modern concept of PCD.) 

1. Introduction 

The world faces the challenge of producing more wheat on less land and using less water 

with fewer chemicals(http://www.rothamsted.ac.uk/).Genetic enhancement of the net 

photosynthetic productivity of wheat represents the most cost-effective and environment-

friendly method for increasing sustainable global food security. The20:20 wheat® focuses on 

http://www.rothamsted.ac.uk/
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photosynthetic productivity trying to increase wheat yield potential to 20 t/ha within the next 

20 years (http://www.rothamsted.ac.uk/).  

Wheat hybrid necrosis is literally a genetic-early-leaf-death (GELD) that dramaticallyreduces 

photosynthetic longevity and productivity. Progressive lethal or semi-lethal necrosis of F1 

plants in some wheat hybrids is brought about by the two dominant complementary genes 

(Kostyuchenko 1936; Caldwell and Compton 1943),Ne1and Ne2 (Hermsen 1963a, 1963b), 

located on chromosome arms 5BL and 2BS respectively (Chu et al.2006). WhileNe1and Ne2 

have been reported and characterized, their sequences have not been cloned (Chu et al.2006) 

and their primary products yet to be identified. It is also not clear whetherNe1and Ne2are 

structural or regulatory genes (Pan et al. 2009).  When either Ne1or Ne2 is presentalone in a 

wheat genotype (e.g. Ne1Ne1ne2ne2 or ne1ne1Ne2Ne2), the plant is normal. But when 

found together, hybrid necrosis occurs. How the two non-harmful genes trigger GELD, has 

remained unknown. The molecular causation of wheat hybrid necrosis has long been a major 

puzzle since 1929 (Naskidashvili2010). 

Understanding the proteomics pathway of the GELD is expected toenrichour knowledge base 

at amolecular level forprotecting or even maximizing the photosyntheticlongevity and 

productivity of wheat.The purpose of this study was to ascertain whether Ne2 encodes 

protein(s) byusing DIGE and MALDI-TOF-TOF MS. 

 

2. Materials and Methods  

2.1 The two NIL siblings of Ne2: ShunMai 12Ah and ShunMai 12Af 

The simplest way to understand the proteomic behavior of a gene is to observe the effects of 

silencing that gene, i.e. to shut off or knock out the gene, and then to see what happens. As 

the sequence of Ne1 and Ne2 are not known yet, the molecular gene-silencing techniques 

could not be used to shut off Ne1 or Ne2. The development of near isogenic line siblings 

http://www.rothamsted.ac.uk/
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(NILs) with different compositions of Ne genes is crucial for further identification of their 

encoded products and molecular functions. Therefore we have spent about twenty years to 

creating the two F14NILs: the necroticShunMai 12Ah of the homozygous dominant genotype 

Ne1Ne1Ne2Ne2, vs. the normalShunMai 12Af of the Ne1Ne1ne2ne2genotype (Pan et al. 

2015). Theoretically, in the F14 population, the necrotic ShunMai 12Ah and the normal 

ShunMai 12Af have 99.99% genetic similarity. Their most distinct phenotypic difference in 

the growing season is that each leaf (from the very first leaf to the last flag leaf) of the 

necrotic ShunMai12Ah died in 18~22 days, while each leaf of the normal ShunMai 12Af 

remained green for 52~56 days (Pan et al. 2015). These contrasting materials are crucial to 

ascertainingwhetherNe2 encodes protein(s) or not. 

2.2 Leaf Sampling 

The representative plants at the sampling day were shown as in SupplementaryFig. S1. When 

the flag leaves of the necrotic ShunMai 12Ah (Fig. S1A) had fully extended and were all 

totally green while the other stem-leaves were completely dead, the top halves (Fig. S1C) of 

six totally green flag leaf blades were rinsed with distilled water, then cut/wrapped/labeled as 

one replicate and placed in liquid nitrogen immediately. Three replicates from the 

necroticShunMai12Ah and three replicates from the normal ShunMai 12Af(Fig. S1B), were 

sampled and labeled as 12Ah1X, 12Ah2X, 12Ah3X, 12Af1X, 12Af2X and 12Af3X 

respectively. 

2.3 Protein Preparation 

Each sample was ground into fine powder in liquid nitrogen, of which ~1 g was transferred 

into a tube containing 25 ml of trichloroacetic acid/acetone (1:9, v/v) as well as 65 mM DDT, 

and the protein was then precipitated at –20°C for 1 hour. The sample tubes were centrifuged 

at 10,000 rpm for 45 min and the supernatants were discarded. Twenty-five ml of acetone 

was added to each precipitate and the tube was stored at –20°C for 1 hour and centrifuged 
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again at 10,000 rpm at 4°C for 45 min. The precipitate was then vacuum–dried, weighed and 

stored at –80°C. A total of 200 mg of protein sample was added to 0.5 ml of DIGE lysis 

buffer containing 7 M urea, 2 M thiourea, 4% (w/v) CHAPS and 0.2% (v/v) immobilized pH 

gradient (IPG) buffer. The protein concentration in the supernatant was quantified by the 

Bradford method using Bio-Rad protein assay reagent. Aliquots of the protein samples were 

stored at -80 °C until use in proteomic analysis. 

2.4 Protein Labeling with DIGE Dyes 

The protein samples were labeled using fluorescent CyDyes™ (Cy2, Cy3, and Cy5) 

developed for DIGE (GE Healthcare). The experimental design using the three-dye approach 

is illustrated in Table 1.50 μg of an internal standard (IS) containing an equal amount of the 6 

sample proteins was labeled with 400 pmol Cy2. 50 μg of each sample was labeled with 400 

pmol Cy3 or Cy5. A dye swap between12Ah and 12Af protein samples was carried out to 

avoid artifacts due to preferential labeling. Protein samples were maintained on ice and 

fluorescently labeled in the dark for 30 min. The reaction was then quenched by incubating 

with 1 μl of 10 mM L-lysine (GE Amersham Biosciences) on ice in the dark for 15 min. 

2.5 2D-DIGE 

For each gel, Cy2-, Cy3-, and Cy5-labeled proteins (50 μg each) were pooled and an equal 

volume of rehydration buffer (8 M urea, 4% CHAPS, 2% DTT and 2% IPG buffer pH 3~10) 

was added so that the final concentration of DTT and IPG buffer was 1%. The pooled protein 

samples were subjected to isoelectric focusing (IEF) carried out by the EttanIPGphor 

Isoelectric Focusing System (GE Amersham) and the nonlinear IPG strips (pH 3~10, 13 cm, 

GE Healthcare). The IPG strips were rehydrated for 12 h in 250 μl of rehydration buffer 

containing the protein samples. IEF was performed in four steps: 30 V for 12 h, 500 V for 1 h, 

1,000 V for 1 h, and 8,000 V for 8 h. After the IEF run was completed, the gel strips were 

equilibrated under gentle shaking for 15 min in equilibration buffer (50 mMTris-HCl (pH 
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8.8), 6 M urea, 2% SDS, 30% glycerol, and 1% DTT). This step was repeated using the same 

buffer with 4% iodoacetamide in place of 1% DTT. The strips were then subjected to the 

second-dimensional electrophoresis after transfer onto 12.5% SDS-polyacrylamide gels. The 

second-dimension gels were cast between low fluorescent Pyrex glass plates 

(16cm×14cm×1mm, GE Healthcare) to minimize background fluorescence during scanning. 

Electrophoresis was performed using the Hofer SE 600 system (GE Amersham) at 15 mA per 

gel for 30 min, followed by 30 mA per gel until the bromophenol blue reached the end of the 

gel.  

2.6 Image Acquisitions, Analysis, and Processing 

The gels were scanned using a Typhoon FLA 9000 Biomolecular Imager (GE Healthcare). 

Excitation and emission wavelengths for Cy2, Cy3, and Cy5 were 488/520, 532/580, and 

633/670 nm, respectively. Gels were scanned at 100 μm resolution and the photo multiplier 

tube voltage was set to values ranging between 500 V and 700 V to ensure maximum pixel 

intensity of 50,000 and 80,000 pixels for the three dyes. 

Spot identification, background elimination, point matching, and differential analysis of the 

protein spots were allcompleted using 2D DeCyder software (Differential In-Gel Analysis 

and Biological Variance Analysis software module; GE). The biological variation analysis 

module was used for inter-gel matching of the internal standard, and all the gel samples were 

subjected to comparative cross-gel statistical analysis based on spot volumes with a t-test. P 

value < 0.05 was considered statistically significant. 

2.7 2D Gel Excision, Tryptic Digestion 

Protein extracts were separated on preparative gels and proteins of interest were recovered 

from the gels for identification. Proteins (400 μg) from 12Af1X and 12Ah2X were resolved 

on separate preparative polyacrylamide gels and were visualized by staining with a modified 

silver staining methods compatible with subsequent mass spectrometric analysis. All the 
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differentially expressed spots (>1.5 fold) were selected and excised manually from the two 

preparative gels. Each protein spot of interest cut from the preparative gels, was destained for 

20 min in 30 mM potassium ferricyanide/100 mM sodium thiosulfate (1:1 v/v) and washed 

with Milli-Q water until the gel pieces were destained, then was incubated in 0.2 M 

NH4HCO3 for 20 min and then lyophilized. Each spot was digested overnight in 5 ng µl-1 

trypsin in 25 mM NH4HCO3. The peptides were extracted three times with 60% ACN/0.1% 

TFA. The extracts were pooled and dried completely by a vacuum centrifuge. 

2.8 MALDI-TOF-TOF MS Analysis 

MALDI-TOF-TOF instrument (4800 proteomics analyzer) parameters were set using the 

4000 Series Explorer software (Applied Biosystems). The MS spectra were recorded in 

reflector mode in a mass range from 800 to 4,000 with a focus mass of 2,000. MS used a 

CalMix5 standard to calibrate the instrument (ABI 4700 Calibration Mixture). For one main 

MS spectrum 25 subspectra with 125 shots per subspectrum were accumulated using a 

random search pattern. For MS calibration, autolysis peaks of trypsin ([M+H]+842.5100 and 

2,211.1046) were used as internal calibrates, and up to 10 of the most intense ion signals 

were selected as precursors for MS/MS acquisition, excluding the trypsin autolysis peaks and 

the matrix ion signals. In MS/MS positive ion mode, for one main MS spectrum 50 

subspectra with 50 shots per subspectrum were accumulated using a random search pattern. 

The collision energy was 2 kV, thecollision gas was air, and thedefault calibration was set 

using the Glu1-Fibrino-peptide B ([M+H]+ 1,570.6696) spotted onto Cal 7 positions of the 

MALDI target. Combined peptide mass fingerprinting PMF and MS/MS queries were 

performed by using the MASCOT search engine 2.2 (Matrix Science, Ltd.) embedded into 

GPS-Explorer Software 3.6 (Applied Biosystems) on the NCBI database Viridiplantae with 

the following parameter settings: 100 ppm mass accuracy, trypsin cleavage one missed 

cleavage allowed, carbamidomethylation set as fixed modification, oxidation of methionine 
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was allowed as variable modification, MS/MS fragment tolerance was set to 0.4 Da. A GPS 

Explorer protein confidence index ≥ 95% was used for further manual validation. 

3. Results 

3.1 Fifty-five differentially expressed protein spots 

Each 2D gel detected 1,267 reproducible protein spots (n=9). DIGE acquisition (Fig. 2A) and 

2D DeCyder software analysis revealed 24 significantly down-regulated and 31 up-regulated 

protein spots in the normal ShunMai 12Af compared to the necrotic ShunMai 12Ah (Fig. 

2B).  

3.2 Three protein spots disappeared due to the absence of Ne2 

The three protein spots 986, 682, and 671, which were readily detectable in the necrotic 

ShunMai 12Ah, were absent in the normal ShunMai 12Af that did not containNe2 (Fig. 3). 

This qualitative difference suggests that Ne2 could encode one or two or three of those 

proteins (986, 682 and 671). Because it was reported (Caldwell et al. 1943) that the loss of 

Ne genes could be resulted from chromosomal aberration (Pan et al. 2015), it is rational to 

suppose that protein spots 986, 682 and 671 might belocatedon the same lost fragment of 

chromosome 2B. 

The top 10 proteins matched in the database by spot 986 were all LSUs of 

dicotyledon.Because Ne2is a nuclear gene, it could not encode the LSUs. In addition, the gels 

gaveprotein 986 the molecular weight of ~15 kD which is of the correct order for the SSU 

(12~18 kD) and is much less than that of the LSU (52~55kD) (Mehtaet al. 1992). Therefore 

protein 986 was firstly deduced to be a heterogeneous SSU of RuBisCO, or at least to be 

involved closely withRuBisCO.  

3.3 Identifications of the thirty-two differentially expressed proteins  

The top thirty-two significantly changed proteins were analyzed by MALDI-TOF-TOF MS, 

and the database-matched identifications of the 32 proteins are summarized in Table 2. The 
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other 23 changed proteins that were not analyzed by MALDI-TOF-TOF MS are listed in 

supplementary Table S2. 

3.4The twenty-one photosynthesis/glucose related proteins 

Out of the 32 identified proteins, 21 were photosynthesis/glucose related proteins (in which 7 

proteins were up-regulated and 14 proteins were down-regulated significantly in the normal 

ShunMai 12Af), 6 were Met/Cys/Adenine-metabolism related proteins, 3 were disease-

resistance related proteins, and 2 were anti-oxidant related proteins (Fig. 4). 

3.5 The seven RuBisCO related proteins 

Seven out of the 21 photosynthesis/glucose related proteins are involved with RuBisCO. 

Proteins480 (RuBisCOactivase), 544 (RuBisCOactivase) and 700 (SSU precursor), were up 

regulated, while proteins 612 (RuBisCOactivase), 632 (SSU) and 896 (SSU) were down 

regulated significantly, and in contrast, protein 986 (LSU) wasabsent in the normal ShunMai 

12Af. It is now clear that the subunits of the RuBisCO were altered by proteins 700, 632, 896 

and 986, and the activity of RuBisCOactivase system were changed by proteins 480, 544, and 

612 in the normal ShunMai 12Af that lackedNe2.  

To sum up all of the results, there are three unique findings: (1) The two NILs, the necrotic 

ShunMai 12Ah of the homozygous dominant genotype Ne1Ne1Ne2Ne2, vs. the normal 

ShunMai 12Af of the Ne1Ne1ne2ne2 genotype; (2) Proteins 986, 682 and 671 were absent 

in the normal ShunMai 12Afdue to the absence ofNe2; (3) The composition and activity of 

the RuBisCO were evidently altered due to the absence ofNe2. 

4. Discussions  

4.1 Hypothetic RuBisCO maladjustment model  

The 3 unique points mentioned above encouraged us to postulate the 

followinghypotheticalRuBisCO maladjustment model.The nuclear gene Ne2 could encode 

protein 986 that represents at least one copy of the SSUs. That copy encoded by Ne2might be 
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maladjusted to the LSUs encoded by Ne1’s rbcL. Such maladjustment might increase the 

Oxygenase activity and the production of superoxide species such as H2O2 in a cumulative 

and dynamic way, then affected the othergermane proteins changing, finally leading to the 

early leaf death (Fig. 5).  

Evolutionarily speaking, common wheat is an allohexaploid species (AABBDD) derived 

from natural hybridizations among at least three diploid ancestor grasses. In the nature of 

things, common wheat must have at least three types of chloroplast-genomes (A, D, and B). 

Therefore the interactions between different chloroplast rbcL genes and different nuclear 

rbcS genes certainly lead to different RuBisCO effects. The bi-functional 

holoenzymeRuBisCO is composed of 8 LSUs encoded by the chloroplast rbcL genes and 8 

SSUs encoded by the nuclear rbcS genes. That is to say, the production of RuBisCO needs 

the cooperation or complementation of nuclear genes and chloroplast genes. RuBisCO 

activity is not always balanced for optimal crop productivity(Mehtaet al. 1992). The rbcS 

gene family of Triticum has more than 10 copies located at different sites on the genome, the 

wheat RuBisCOs are a collection of heterogeneous holoenzyme composed of different SSUs 

(Dean and Dunsmuir1989). The B type cytoplasm demonstrates higher RuBPCase activity 

than those with D type cytoplasm (Evans and Austin 1986). In fact, a large number of 

interspecies hybridsfeatured necrotic leaves in their F1 plants.For example, one of the 

interspecies hybrids, the F1 plants of Triticumturgidum durum(BBAA)/Aegilopstauschii(DD) 

featured necrotic leaves (Kenan-Eichleret al. 2011), that might have implied a maladjustment 

between the AABB’s LSUs and the DD’s SSUs.  

4.2 Chloroplast degeneration is the consequence of wheat hybrid necrosis 

The microscopic observations confirmed that chloroplast degeneration as a consequence of 

“hybrid necrosis” in wheat (Toxlpeus and Hermsen 1964). We also observed that the 

mesophyll cells of the necrotic ShunMai 12Ah died neatly following the chloroplast → 
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chromoplast→ gerontoplaststeps (Fig. 6 and Fig. 7).The cell death process confirmed that 

morphologically chloroplasts died first. These observations also strongly support 

thehypotheticalRuBisCO maladjustment model that leads to the chloroplast-pathway cell 

death. 

4.3 Rethinking the autoimmunity model 

Plant hybrid necrosis could result from autoimmunity, perhaps as a pleiotropic effect of the 

evolution of genes that are involved in pathogen response (Bomblies and Weigel2007). Tsn1-

ToxA interactions are associated with wheat necrosis and photosynthesis pathways (Farisaet 

al. 2010). To compare with those two hypothetic models on plant hybrid necrosis, in our 

study, proteins 276, 693, and 755 were all related to disease-resistance; protein 682 was also 

associated with plant defense responses and closely related to the immune systems. Because 

protein 682 was also lost in the normal ShunMai 12Af, we maywell assume that Ne2 

encoded protein 682, and postulate an autoimmune model. However, we have to consider the 

following 6 points carefully. (1)It is known thatNe2 is tightly linked to Lr13,whichis, in turn, 

tightly linked to Lr23. Both Lr13 and Lr23 confer effective rust fungus resistance 

(Pukhalskiyet al. 2000). Because proteins 682 and 693 are pathogen related (PR) proteins, 

they are more likely tobe the product of Lr13 and Lr23tightly linked to Ne2, rather than 

theproducts of Ne2itself.  (2) Protein 682 was matched toGlucan endo-1,3-beta-D-

glucosidase (a polypeptide of 335 AAin wheat),whichis responsible for the hydrolysis of 

beta-glucans, a process that does not produce any superoxide species that should increase 

dramatically in hybrid necrosis leaves (Khanna-Chopraet al. 1998). (3) An autoimmune 

process should not occur only in leaves. Glucan endo-1,3-beta-D-glucosidase (protein 682) in 

wheat is not only in the chlorenchymabut alsoin root cells. However, the root cells are all 

normal in the necrotic plants of wheat (Caldwell and Compton 1943). Thus, even if the 

autoimmune process occurs only in the chlorenchyma, the question arises as to why the 
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necrosis always starts at the leaf tip of the oldest leaf and gradually proceeds to the leaf base, 

rather than starting at all parts of the leaf blade simultaneously. (4) H2O2 is also used as a 

potent antimicrobial agent when cells are infected by pathogens, which could alsolead to the 

hypersensitive cell death too. (5) Glucan endo-1,3-beta-D-glucosidase in wheat cannot 

change the structure of LSUs or SSUs. The maladjusted RuBisCO can produce and 

accumulate superoxide species that can also activate resistance responses including 

glucosidase. (6) In an autoimmune process, antibodies must occur. However, no newprotein 

spots, i.e. no antibodieswere detected in the necrotic F1sof the parents Pan555 and Zheng891 

(Jiang et al. 2008; Panet al. 2009). These 6 arguments make us favor the 

hypotheticalRuBisCO maladjustment model. 

In order to further confirm this model, we urgently needto try to:  (1)test the other 8 NILs 

hoping to obtain the Ne1 NILsto confirm if Ne1 also encodes protein(s) related to RuBisCO, 

(2)separate and compare the RuBisCOs from the parents, ShunMai 12Ah, and ShunMai 

12Af, to see if they are truly different in their SSUs and LSUs, (3) sequence 986, 682 and 671 

to reveal their AA sequences, (4) sequenceNe2 and Ne1. 

5. Conclusion 

5.1 Ne2 is a structural gene that encodes protein(s) 

Based on the confirmed conclusion that Ne2 is a dominant gene, we can also deduce that Ne2 

is a regulatory gene that encodes miRNA,which targets certain protein(s). If that is the case, 

the presence of Ne2 should have caused the absence of its target protein spots 986, 682 and 

671, and the absence of Ne2 should have caused the presence of its target protein spots 986, 

682 and 671. The two F14 NIL siblings withadifferent composition of the Ne2gene, and the 

2D and 2D-DIGE techs did reveal the conclusiverelationship that the presence or absence of 

Ne2 caused the presence or absence of protein spots 986, 682 and 671. So it is rational to 

conclude that Ne2 is a structural gene that encodes protein(s). 
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5.2 The RuBisCO maladjustment model needs to be confirmed further 

If the further investigations on Ne1 and/or sequencingsconfirm the hypotheticalRuBisCO 

maladjustment model, it would help scientists to radically improve the photosynthetic 

efficiency of wheat by modifying theRuBisCO genes and/or the assembly patterns(Liu et al. 

2010)to make more efficient use of light, CO2 and water, in order to increase sustainable 

global food security.  
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Tables: 

Table 1, Experimental design for protein labeling. 

 Gel1 Gel2 Gel3 

Cy2 ISA IS IS 

Cy3 12Ah1X 12Af2X 12Ah3X 

Cy5 12Af3X 12Ah2X 12Af1X 

AInternal Standard. 
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Table 2, Identification of the proteins 

SN Af/Ah p-value 

(t-test) 

Mr/pI 

(Exp.) 

Protein       Name Accession no. Mr/pI 

(Cal.) 

PC PSc PSc 

C. 
I. % 

Possible function 

248 -1.39 0.005 65/5.3 Bp2A protein, partial [Triticumturgidum subsp. dicoccon] gi|133872360 25.8/5.86 14 696 100 Glucose catabolic process 

236 -1.32 0.014 65/5.5 Bp2A protein, partial [Triticumturgidum subsp. dicoccon] gi|133872360 25.8/5.86 17 779 100 Glucose catabolic process 

413 -1.56 0.018 45/6.2 peroxidase 8 [Triticummonococcum] gi|57635161 38.1/6.59 8 303 100 Antioxidant 

418 -1.48 0.008 45/5.8 S-adenosylmethionine synthase 3;=AdoMet synthase 3;  gi|122220777 43.1/5.51 15 894 100 Methyl donor, S-metabolism,Met/Cys 

424 -1.63 0.002 45/6.0 PREDICTED: S-adenosylmethionine synthase 1-like 
isoform 1 [Brachypodiumdistachyon] 

gi|357132007 43.2/5.51 15 806 100 Methyl donor, S-metabolism, Met/Cys 

523 -1.3 0.013 38/6.8 putative PDI-like protein [Triticumaestivum] gi|299469376 40.6/6.17 11 348 100 Peptide folding process, Met/Cys 

533 -1.31 0.006 38/7.7 glyceraldehyde-3-phosphate dehydrogenase [Triticumaestivum] gi|253783729 36.6/6.67 14 636 100 Break down glucose; initiation of 
apoptosis, 

612 -2.24 0.005 33/7.0 ribulose-1,5-bisphosphate carboxylase activase[Triticumaestivum] gi|37783283 22.5/4.98 11 345 100 RubisCOactivase 

619 -1.46 0.021 33/5.9 Cysteine synthase; AltName: O-acetylserinesulfhydrylase gi|585032 34.2/5.48 18 840 100 S-metabolism, Met/Cys 

632 -1.4 0.041 32/6.5 ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit 

[Triticumaestivum] 

gi|4038719 

 
18.8/8.83 

 

7 107 99.99 

 

 

RubisCO SSU 

671 -5.28 0.001 31/8.3 pentatricopeptide repeat-containing protein [Arabidopsis thaliana] gi|15228257 74.2/6.8 13 62 22.62 Seedling-specific albino phenotype 

 

674 -1.32 0.004 31/7.7 vacuolar ATP synthase subunit E [Triticumaestivum] gi|85375922 26.2/6.38 17 591 100 Calvin cycle,Chloroplast 

682 -5.51 0.001 31/8.2 glucan endo-1,3-beta-D-glucosidase [Triticumaestivum] gi|3757682 35.4/8.8 6 470 100 Disease resistance, glucoseprocess 

690 -3.61 0.001 30/4.1 beta-1,3-glucanase precursor [Triticumaestivum] gi|4741850 34.8/4.35 4 175 100 Disease resistance, glucoseprocess 

693 -1.77 0.008 30/7.6 class I chitinase [Triticumaestivum] gi|38112709 34.4/6.89 4 431 100 Disease resistance 

704 -1.31 0.002 29/4.6 PREDICTED: oxygen-evolving enhancer protein 1, chloroplastic-

like isoform 1 [Brachypodiumdistachyon] 

gi|357111487 34.8/5.74 8 103  

100 

Photosynthesis, Chloroplast 

722 -2.18 0.003 29/5.9 beta-1,3-glucanase precursor [Triticumaestivum] gi|4741846 34.9/5.69 6 448 100 Disease resistance, glucoseprocess 

737 -1.3 0.011 27/7.9 predicted protein [Hordeumvulgare subsp. vulgare] gi|326496737 26.5/7.66 13  660 100 Adenine, Purine metabolism 

755 -1.26 0.044 26/7.8 smallRas-related GTP-binding protein [Triticumaestivum] gi|16903082 25.5/6.66 17 844 100 Regulates gene expression, disease 
resistance 

877 -1.21 0.023 23/5.8 predicted protein [Hordeumvulgare subsp. vulgare] gi|326509981 29.4/7.71 6 306 100 Chloroplast 

896 -1.28 0.022 22/6.7 putativerubisco small subunit [Triticum durum] gi|62176930 19.3/8.59 9 275 100 RubisCO SSU 

924 -1.78 0.002 18/7.6 glutathione peroxidase-like protein [Triticumaestivum] gi|32400826 13.3/9.08 4 60 0 AntiOxidant, S-metabolism, Met/Cys 

986 -4.01 0.014 15/6.0 ribulose-1,5-bisphosphate carboxylase/oxygenase large 

subunit [Lobelia leschenaultiana] 

gi|89887755 52.0/6.22 9 143  

100 

 

RubisCO LSU 

186 1.45 0.040 68/5.5 PREDICTED: transketolase, chloroplastic-like 

[Brachypodiumdistachyon] 

gi|357110873 80.1/5.93 14 405 100 Calvin cycle 

276 1.22 0.015 60/4.2 ATP synthase CF1 alpha subunit [Hordeumvulgare subsp. 
vulgare] 

gi|118430385 55.3/6.32 9  122 100 Disease relevance 

480 1.44 0.026 42/5.8 ribulose 1,5-bisphosphate carboxylase activase isoform 1 

[Hordeumvulgare subsp. vulgare] 

gi|167096 47.3/8.62 15 406  

100 

RubisCOactivase 

544 1.38 0.012 38/5.8 chloroplast ribulose-1,5-bisphosphate carboxylase activase 

[Triticumaestivum] 

gi|115392208 40.3/6.52 17 614  

100 

Rubiscoactivase 

http://en.wikipedia.org/wiki/Glucose
http://en.wikipedia.org/wiki/Apoptosis
http://en.wikipedia.org/wiki/Calvin_cycle
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591 1.35 0.0003 35/5.5 chloroplast fructose-bisphosphatealdolase [Triticumaestivum] gi|223018643 42.2/5.94 12 597 100 Calvin cycle 

 

605 1.4 0.04 33/8.1 predicted protein [Hordeumvulgare subsp. vulgare] gi|326531332 41.0/8.87 23 1240 100 Chloroplast 

617 1.4 0.011 33/5.8 PREDICTED: fructose-bisphosphatealdolase, 

chloroplastic-like [Brachypodiumdistachyon] 

gi|357157399 42.2/6.26 8 153  

100 

Carbon fixation, Oxygenic 

photosynthesis, chloroplast 

700 1.26 0.012 29/6.7 ribulose-bisphosphate carboxylase (EC 4.1.1.39) small 
chain precursor (clone 234) - wheat (fragment) 

gi|82619 15.6/8.95 4 129  
100 

RubisCO SSUprecursor 

897 1.41 0.047 22/4.7 RecName: Full=2-Cys peroxiredoxin BAS1, chloroplastic; gi|2499477 23.4/5.48 9  482 100 Antioxidant 

 

SN – Spot Number; Af/Ah – up-regulated in 12Af’s;  - Af/Ah – down-regulated in 12Af’s; Mr– Mass (kDa); pl – iso-electric point; Exp – observed; Cal=theoretical; PC – 

Protein Count; PSc – Protein Score 
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Fig. S1, Comparisons of the sampled plants and flag leaves. A. One representative 

plant of the necrotic ShunMai 12Ahon the sampling day;the flag leaves of some 

stems were still totally green, the other stem-leaves of each stem were all totally 

necrotic due to the Ne1Ne1Ne2Ne2 genotype. B. One representative plant of the 

normalShunMai12Af on the sampling day; each stem has 3~5 green leaves including 

the flag leaf due to Ne1Ne1ne2ne2genotype that is lackingNe2. Each leaf (from the 

very first leaf to the last flag leaf) of the necroticShunMai12Ahdied in 18~22 days.In 

contrast, each leaf of the normal ShunMai 12Afremained green for 52~56 days. C. 

What the sampled flag leaves looked like on the sampling day. The top half of each 

fully green flag leaf was sampled for protein analysis.  
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Fig. 2A. The representative 2D-DIGE image(Gel1). 
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Fig. 2B. The 31 significantly up-regulated protein spots (arrow towards the number) 

and the 24 significantly down-regulated protein spots (arrow towards the spot) in the 

normal ShunMai 12Af compared to the necrotic ShunMai 12Ah on a representative 

2D gel. 
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Fig. 3 The 3D visualization of the three missing proteins 986, 682, and 671 in the 

normal ShunMai 12Af and in the necroticShunMai 12Ah. 

 

 

 

 

 

 

 
 

 

 
Fig. 4, Functional categorizations of the identified proteins. Twenty-one are photosynthesis/glucose 

related proteins. Six are Met/Cys/Adenine metabolism related proteins. Three are disease-resistance 

related proteins. Two are antioxidant related proteins. 

 

 

 

Photosynthesis-glucose related proteins

Met/Cys/DNA metabolism related proteins

Disease related proteins

Anti-oxidant related proteins
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Fig. 5 HypotheticalRuBisCO maladjustment model. If any SSU were maladjusted to 

the LSUs, the balance of Carboxylase/Oxygenase activity of RuBisCO would be 

changed. If the photorespiration increased to a certain level, accumulated superoxide 

species such as H2O2 would destroy the chloroplasts directly, which would cause the 

disastrous conglomeration of mesophyll cell content [14] and lead to the so-called 

necrosis. H2O2 is also used as a potent antimicrobial agent when cells are infected 

with a pathogen, and that would activate the antioxidant and/or immune systems 

causing hypersensitive response (HR). 

 

 

 

 

 

 
 

 

 
Fig. 6Light microscopic images of the dying mesophyll cells in pinnate-shape. 

Initially, plasmolysis started;Subsequently, cytoplasm shrinkage/condensation;Finally, cytoplasm 

exhausted empty cells, the cell wall was maintained and unchanged. Vacuoles and condensation of 

nucleus could not be seen. (Methoddetails see Pan et al. 2015a) 

 

Initially Subsequently Finally 

 

 

 

 
 
Fig. 7SEM images of the dying mesophyll cells. 

Note: Faveolate-mesophyll (Fme) of wheat leaf blade; Stoma room (Sr); Plasmolysis and 

cytoplasm shrinkage started (PTs); Condensed cytoplasmic mass (cCm); Empty cells (eC) with 

the cell wall (W) remained and unchanged; Ergastic crystals (Ec). (Methoddetails see Pan et al. 
2015a) 
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Short legends for Supporting Informatio 
 

Table 2S,The other 23 up-regulated proteins in 12Af’s 

that were not analyzed by MALDI-TOF/TOF MS. 

 
 

SN Af/Ah p-value 

(t-test) 

437 1.28 0.015 

447 1.27 0.013 

455 1.26 0.015 

477 1.33 0.018 

483 1.27 0.001 

484 1.28 0.008 

485 1.21 0.033 

487 1.27 0.031 

517 1.24 0.028 
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535 1.32 0.020 

540 1.30 0.025 

547 1.34 0.002 

548 1.27 0.044 

579 1.34 0.006 

588 1.32 0.005 

589 1.20 0.007 

593 1.32 0.008 

607 1.37 0.028 

625 1.27 0.003 

718 1.35 0.035 

738 -1.23 0.014 

778 1.20 0.021 

857 1.21 0.021 

 

 
 


