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Spike development in wheat is a complicated development process and determines the wheat
propagation and survival. We report herein a proteomic study on the bread wheat mutant
strain 5660M underlying spike development inhibition. A total of 121 differentially expressed
proteins, which were involved in cold stress response, protein folding and assembly, cell-cycle
regulation, scavenging of ROS, and the autonomous pathway were identified using MS/MS
and database searching. We found that cold responsive proteins were highly expressed in
the mutant in contrast to those expressed in the wild-type line. Particularly, the autonomous
pathway protein FVE, which modulates flowering, was dramatically downregulated and closely
related to the spike development inhibition phenotype of 5660M. A quantitative RT-PCR study
demonstrated that the transcription of the FVE and other six genes in the autonomous pathway
and downstream flowering regulators were all markedly downregulated. The results indicate
that spike development of 5660M cannot complete the floral transition. FVE might play an
important role in the spikes development of the wheat. Our results provide the theory basis
for studying floral development and transition in the reproductive growth period, and further
analysis of wheat yield formation.
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Spike number in wheat (Triticum aestivum L.) is one of the
three grain yield factors and is closely related to the wheat
grain yield, accounting for 87% of the variation in yield [1].
Spikes development in cereal crops, e.g. rice and wheat, is
a two-stage process, i.e. formation of axillary buds and sub-
sequent outgrowth of the buds [2]. Li et al. [3] characterized
the rice mocl mutant, which has only a culm and is without
tillers. MOC1, which controls tillering and the formation of
tiller buds, has been mapped to the long arm of chromosome

*Additional corresponding author: Professor Li-Hui Li,
E-mail: lilihui@caas.net.cn

Colour Online: See the article online to view Fig. 3 in colour.

www.proteomics-journal.com



Proteomics 2013, 13, 2622-2637

6 and encodes a plant-specific GRAS transcription factor. In
bread wheat, the recessive gene tin inhibits tiller formation
and has been mapped to the short arm of chromosome 1
AS [4]. A dominant gene tin2 controlling the oligo-culm phe-
notype was located on 2A by the genetic analysis of Chinese
Spring monosomic series [5]. Vasu and Shilpa (2007) isolated
a wheat mutant that produced one main clum and lost tiller-
ing capability using ethyl methanesulphonate-based mutage-
nesis in diploid wheat. The mutant single recessive gene tin3
was positioned to 3A long arm and then closely linked with
Xpsr1205 [6].

The development of the wheat tillers into spikes depends
critically on its ability to precisely regulate the transition from
vegetative to reproductive growth. The transition is a complex
development process in plant that requires an integrated re-
sponse to multiple environmental cues and endogenous sig-
nals [7]. For this report, we characterized the wheat mutant
line 5660M, which has normal tillering capacity, but a spike
development inhibition phenotype. The spike development
inhibition phenotype of 5660M is controlled by a single re-
cessive gene termed fertile tiller inhibition gene, which was
mapped to 1AS and linked closely to markers Xcfa2153 with
1.0 cM genetic distance [8]. The mutant single recessive gene
caused the tillers to be unable to complete the floral transition
and form spikes. In order to analyze the changes of the key
proteins and genes related to spikes development inhibition
phenotype, we examined the proteomes of the bread wheat
line 5660M and its near isogenic line (NIL) 5660 and tried
to isolate and identify the key proteins and metabolic path-
ways by 2DE technology and nano-scale LC-high-definition
MS/MS. Based on the proteomic data, we measured the tran-
scription levels of the spike development genes in wheat ho-
mologous to those in Arabidopsis thaliana and controlled the
floral transition of the wheat. Our results increase our under-
standing of the spike development inhibition and provide a
genetic basis to study the spike development of the common
wheat.

2 Materials and methods

The wheat mutant line 5660M (T. aestivum L., 2n = 6x = 42,
AABBDD) and NIL 5660 (T. aestivum L., 2n = 6x = 42,
AABBDD) were generous gifts from the Institute of Crop
Science, Beijing, China. The wheat NIL 5660 was the sixth-
generation progenies of a cross between the wheat 4783 and
Youla (T. aestivum L., 2n = 6x = 42, AABBDD), both of
them were the wheat-Agropyron cristatum (L.) Gaertn. de-
rived lines from the cross between Fukuhokomugi (T. aes-
tivum L., 2n = 6x = 42, AABBDD) and Z559 (A. cristatum (L.)
Gaertn., 2n = 4x = 28, PPPP; National Gene Bank accession
number 7559). The wheat mutant line 5660M was sponta-
neously generated from one individual plant of the NIL 5660
at the seventh progenies during the generations of inbreed-
ing. Then, 5660M and 5660 were self-crossed respectively at
three generations by single-seed descent. The seeds of 5660M
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and NIL5660 were planted on the six plots in Beijing on Oc-
tober 1, 2008 in autumn at above 20°C (Fig. 1A) that each plot
contained 24 rows, 2 m in length, and separated by 0.25 m.
The individuals from five plots were used to extract the pro-
tein and RNA. The individuals from one plot were used to
count the number of tillers and spikes. Crop management
was according to the local practice. Both of them would go
through a long winter, as the temperature usually falls be-
low zero here. In addition, their seeds were also planted in
six rows in another plot respectively in Beijing on March 1,
2009 in spring so that the temperature is kept above zero
(Fig. 1A).

2.1 Morphological and anatomical characterization

Wheat growth is divided into ten physiological stages: germi-
nation, emergence, tillering, double ridge, terminal spikelet,
stem elongation, boot, spike emergence, anthesis, and ma-
turity [9, 10]. At least 30 shoot apexes of the 5660M and
5660 were obtained and counted at the tillering stage (T-S)
which is the critical period of tillers formation and most
of the shoot apexes keep at the vegetative growth, double
ridge stage (DR-S) which is the stage of the floral initia-
tion and the two ridges of the floral primordium emerge
at the shoot apex, stem-elongation stage (SE-S), and mature
stage. The tillers from 5660M and 5660 were dissected and
examined by stereomicroscopy (SZX2-ILLT, OLYMPUS) to
assess the physiological stages of their shoot apexes. It is
identified as the T-S that most of the shoot apexes keep at
vegetative growth by the continuous observation of the NIL
5660 shoot apex’s morphological anatomy. It is identified
as the DR-S that the two ridges of the floral primordium
obviously emerge at the most of the NIL 5660’s shoot
apexes.

2.2 Protein extraction and quantification

Proteins were extracted according to [11] with minor mod-
ifications. Five different plots were used as biologists. One
protein sample per plot was obtained from approximately
500 shoot apexes that were collected on 100 individual plants
from five different rows. The shoot apexes of the samples of
M-T, N-T, M-D-D, M-I-D, and N-D were harvested from the
tillers of the 5660M and 5660 at the T-S (on Mar. 8, 2009,
Fig. 1A) and DR-S (on Mar. 15, Fig. 1A). The apexes were
individually ground into fine powders in liquid nitrogen, and
the powders were each suspended overnight in 30 mL of
a 10% w/v TCA/acetone solution that contained 0.07% v/v
mercaptoethanol at 20°C. After centrifugation at 40 000 x g
for 1 h at 4°C, the pellets were each washed with 30 mL of
ice-cold acetone. After vacuum drying, pellets were dissolved
in 7 M urea, 2 M thiourea, 4% w/v CHAPS, 65 mM DTT,
and incubated for an additional 2 h at 4°C. The suspensions
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were each centrifuged at 120 000 x g for 1 h at 4°C to re-
move insoluble material. Protein was quantified using 2D
Quant kit reagents (GE Healthcare; Little Chalfont, UK)
with BSA as the calibration standard. Then, the samples
were immediately frozen in liquid nitrogen and stored at

—80°C.
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Figure 1. Temperature curve
and statistical analysis of the
number of spikes, tillering ca-
pacity, and degree of tillering in-
hibition for 5660M and 5660. (A)
Temperature curve during the
5660M and 5660 development
process. * indicates the plant-
ing dates of 5660 and 5660M
in autumn and spring. | indi-
cates the harvest date of the
shoot apexes. (B) Comparison
of the number of spikes in
5660 and 5660M between au-
tumn and spring (p < 0.05). b-
1, Mature morphology of 5660M
and 5660 that were planted in
autumn; b-2, Mature morphol-
ogy of 5660M and 5660 that
were planted in spring. (C) Tiller-
ing capacity, number of spikes,
and degree of tillering inhibi-
tion for 5660M and 5660. a, per-
centage of deformed apexes of
5660 and 5660M; b, percentage
of earbearing tiller of 5660 and
5660M in autumn; ¢, percentage
of deformed apexes of 5660 and
5660M in spring; d, percentage
of earbearing tiller of 5660 and
5660M in spring.

2.3 2DE, image analysis, and in-gel digestion

For IEF, we used an IPGphor IEF system and reagents
(GE Healthcare), the extract concentration was 1800 pg pro-
tein/mLin 8 M urea, 2% w/v CHAPS, 20 mM DTT, 0.5% IPG
buffer. Protein (800 wg) was loaded onto a commercial precast
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IPG strip (24-cm length, pH 4-7 gradient), and actively rehy-
drated at 30 V for 8 h and 50 V for 4 h at 20°C. The focusing
program was: 100 V for 1 h, 300 V for 1 h, 500 V for 1 h, 1000
V for 1 h, and 8000 V for 12 h for a total of 90 000 V-h. The
strips were then equilibrated for 15 min in 20 mL of 50 mM
Tris-HCI, pH 8.8, 6 M urea, 30% v/v glycerol, 2% w/v SDS,
1% w/v DTT, and then in a similar buffer that contained 2.5%
w/v iodoacetamide but no DTT for 15 min. The strips were
each placed on top of a vertical 12.5% SDS-PAGE gel in an
Ettan DALT system (GE Healthcare), and the samples were
electrophoresed for 1 h at 1 W/gel and then at 8 W/gel until
the dye fronts reached the gel bottoms. Protein spots were de-
tected using Blue silver, a modified colloidal CBB R-350 stain
(GE Healthcare). The gels were fixed in 40% v/v ethanol/10%
v/v acetic acid for 30 min and then swollen in 10% v/v acetic
acid for 20 min. Next, the gels were stained for 10 min at
90-100°C in dye liquor (one piece of R-350 dissolved in 1.6
L of 10% acetic acid) and then rinsed with 10% v/v acetic
acid until the gel spots were distinct from the background.
Gels were stored in distilled water. Gel images were acquired
using a Labscan 3.0 densitometer (GE Healthcare; resolu-
tion, 300 dots/inch). Image processing used ImageMaster
2D Platinum v6.0 software (GE Healthcare). Five Coomassie-
stained biological replicated gels were acquired for each sam-
ple. Spots were detected automatically with the parameter set-
tings: smooth, 2; minimum area, 54; and saliency, 12. Spots
in the gels were manually edited for spot detection, and for
split and merged spots. The gel pattern for each sample was
first automatically matched with those of the two correspond-
ing reference gels and then edited to correct for mismatched
and unmatched spots. The volume of each spot was normal-
ized to the sum of the spot volumes per gel and reported as a
percentage (vol%). After averaging over the five gels for each
spot, differences in vol% between gels for different samples
were considered significant when their mean vol%s differed
by more than £1.5-fold (Student’s t-test, p < 0.01;) [12]. To
identify spot similarities between the 5660M and 5660 gels,
2D scatter plots of vol% versus vol% were prepared using
ImageMaster 2D Platinum v.6.0 software. Spot-by-spot com-
parisons of the reference and replicated gels were quantified
as 2D scatter plots [13, 14]. The protein spots that had sig-
nificant vol% differences were subjected to tryptic digestion
according to [15] with minor modifications. The gel particles
were excised and destained with 50 WL of 25 mM NH4HCO3
in 50% ACN for 20 min. After that, the particles were de-
hydrated with 200 pL of 100% ACN and then dried under
vacuum for 10 min. Proteins in the particles were digested
with 8 wL of 25 mM NH4HCO3, 5 ng/mL trypsin (Promega)
and 12 pL 25 mM NH4HCO3 for 12-14 h at 37°C. Then, the
digested solutions were used in the MS/MS analysis.

2.4 Protein identification by nano LC-HDMS MS/MS
and database searching

Nano LC-high-definition MS (HDMS)/MS/MS was per-
formed using a nanoAcquity UPLC system (Waters Corp.,
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Milford, USA) and a Synapt HDMS with a nanospray ion
source (Waters), which was operated in the data-dependent
mode for the MS/MS scans (2 s per scan). Tandem mass
spectra were acquired for the two most intense peaks from
each MS scan (1 s per scan) in the positive ion mode. The volt-
age of the noncoated capillary was 2300 V. Glu-fibrinopeptide
served as the calibration standard for the MS/MS mode. Peak
lists for each LC-MS/MS run were generated using PLGS 2.2
software (Waters) and automatically combined into a single
PKL file. MS/MS-ion database searches were carried out by
Mascot on line in the web (http://www.matrixscience.com).
All tandem mass spectra were deconvoluted and transferred
to a PKL file prior to a Mascot search. The mass tolerance
for the precursor and fragment ion was 0.2 Da. Other search
parameters were: one missed tryptic cleavage was allowed,
carboxyamidomethylation of cysteine and methionine oxi-
dation were allowed but not required, and the parent and
fragment mass types were monoisotopic, The Viridiplantae
database (green plants, 719 459 sequences) from NCBInr was
searched, and an ions score >44 indicated sequence identity
or extensive similarity between a sample sequence and one in
the database (p < 0.05). Generally, if the protein spot showed
multiple members of a protein family or was identified as
multiple functional proteins, the highest score of that protein
was selected to analyze its functions.

2.5 Transcription assay of flowering genes and
C-repeat-binding factors (CBFs) by quantitative
RT-PCR

About 150 shoot apexes in 20 individuals from the five plots
were used as one biological replicate to extracte the total RNA.
Total RNA was isolated from the five apex samples using the
TRIZOL reagent and treated with DNase I (Promega) to re-
move contaminating genomic DNA. Total RNA (2 png) was
used for reverse transcription with 25 pL of the Moloney
murine leukemia virus reverse transcriptase (Promega). RT-
PCR was conducted using the reagents of a SYBR Premix Ex
Taq kit (Takara) according to the manufacturer’s recommen-
dations. Relative transcript abundance was normalized to that
of the 18S rRNA transcript. Specific RT-PCR primers and the
mRNA sequences of the wheat-flowering genes were used to
amplify the (CBFs) and flowering genes. The relative expres-
sion levels were calculated using the relative 2-2ACt method.
The RT-PCR experiments used three replicates.

3 Results

3.1 Morphological and anatomical characterization
of the spike development inhibition phenotype

Whether it is autumn or winter planting, all of 5660M

have shown the spike development inhibition phenotype
(Fig. 1B). Itis noteworthy that the spike number of 5660M was
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significantly increased when 5660M was planted in spring.
The number of spikes when 5660M was grown in the spring
was above 50% of that for 5660; the number of spikes when
5660M was planted in autumn and grown through the winter
was much lower (Fig. 1A and B) while the spike number of
5660 showed no significant differences between the autumn
and spring sowing (Fig. 1D). We further analyzed tempera-
ture trends during the development process of the 5660M and
found 5660M grown through a long winter with a freezing
temperature (Fig. 1A), while the temperatures have basically
kept above freezing when the 5660M were planted in spring.

The 5660M had the normal tillering capacity. The num-
ber of tillers present at the T-S and the maximum number
of tillers present at the SE-S were not significantly different
for the 5660M and 5660 both of which were planted in au-
tumn (Fig. 1B); the average number of tillers was 3.02 and
3.04 at the tillering stage and 9.86 and 11.06 at the SE-S for
5600M and 5600, respectively. However, the spike number
of 5660M was significantly less than that for 5660 (0.76 and
5.08, respectively, p < 0.01, Fig. 1B). Anatomical examination
indicated that 60% of the shoot apexes in 5660M planted in
autumn were deformed, lusterless at the T-S (Figs. 1C and
2C), and did not survive to the DR-S (Fig. 2H); the remain-
ing shoot apexes (40%) showed no significant difference in
comparison to those in 5660 at the T-S (Fig. 2D and E), but de-
veloped significantly slower at the DR-S (Fig. 2I and J). Even
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Figure 2. Morphology and
anatomy of 5660M and 5660 at
the T-S and DR-S. (A) Seedling
morphology of 5660M at T-S.
(B) Seedling morphology of
5660 at T-S. (C) The dead
shoot apex of 5660M. (D) The
inhibited shoot apex of 5660M.
(E) The normal shoot apex of
5660. (F) Seedling morphology
of 5660M at DR-S. (G) Seedling
morphology of 5660 at DR-S.
(H) The dead shoot apex of
5660M at DR-S. (I) The inhibited
shoot apex of 5660M at DR-S.
(J) The normal shoot apex
of 5660 at DR-S. (K) Seedling
morphology of 5660M and 5660
at the SE-S. (L) 5660 and 5660M
tiller anatomy at the SE-S: 1-1,
growth inhibited 5660M tiller.
1-2, growth inhibited 5660M
spike (circled).

after the 5660 apexes had transited from the vegetative to the
reproductive stage and their floret primordia had developed
(Fig. 2J), the 5660M apexes remained at the vegetative with
the two ridges barely detectable (Fig. 2I). The difference was
that the shoot apexes in 5660M planted in spring were com-
pletely normal at the T-S and not died at the DR-S. Finally,
among the 40% of the 5660M tillers, only 8% of their apexes
developed into spikes (Fig. 1C, bar b), and these spikes grew
more slowly than those of 5660 (Fig. 2K and L); the remaining
32% did not complete the floral transition and remained at
the vegetative phase for the rest of their lives (Fig. 2K and L).

3.2 2DE mapping and protein spot identification

To delineate the expression changes in protein level under-
lying the phenotypic differences between lines 5660M and
5660, 2DE and MS/MS peptide sequencing was performed.
At the T-S, there was no obvious difference between the dead
and inhibited shoot apexes of the 5660M. So the shoot apexes
of the 5660M were not been classed into two samples. At the
DR-S, the dead and development inhibited shoot apexes of
5660M were obviously classed into two samples. Then, the
shoot apexes were harvested and samples of the M-T were
classed (Fig. 2C and D), N-T (Fig. 2E), M-D-D (Fig. 2H),
M-I-D (Fig. 2I), and N-D (Fig. 2J). A total of 2000 % 50 spots
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with molecular masses between 10 and 110 kDa and pI values
from 4 to 7 were reproducibly detected (Fig. 3A). There was a
significant correlation between each of the replicate gels for
each of the samples with respect to the vol% (p < 0.0001,
Supporting Information Fig. 1). For the 5660M spots, 121
had significantly altered intensities compared with the corre-
sponding 5660 spots, and almost all of the intensities for these
spots increased by more than 1.5-fold in at least one sample,
i.e. M-T, M-D-D, or M-I-D (p < 0.01). Spots having an altered
intensity were excised and digested with trypsin, and the tryp-
tic peptides were subjected to MS/MS. The identities of all

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. 2DE reference maps
of apex proteomes. (A) 2DE
map for the M-T apex proteome
(5660M, T-S). (B) The expres-
sion pattern of the key identified
DEPs.

121 spots were determined using Nano LC-HDMS MS/MS
and database searching (Table 1 and Supporting Information
Table 1).

3.3 Functional classification of the differentially
expressed proteins

Among the 121 differentially expressed proteins (DEPs), the
sequences for 48 were found in the T. agestivum L. database.
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In addition, 78 DEPs sequences had homologous sequences
to those in other plant databases, including those of Oryza
sativa, Zea mays, and Hordeum vulgare (Table 1). To confirm
the identities of the DEPs and to determine their functions,
the amino acid sequence of each protein was used as the
query to search the expressed-sequence-tag (EST) database of
T. aestivum L. Each matched database sequence was then used
to search for a homolog(s) in the Viridiplantae database (Sup-
porting Information Table 1). By doing so, the functions of
all 121 proteins were confirmed. The 121 DEPs were grouped
into 18 categories according to their functional annotations
in UniProtKB databases and found to be involved in many
different processes. The largest group contained proteins in-
volved in redox reactions (18.9%). Other groups of note con-
tained proteins involved in biosynthetic processes (14.8%),
protein folding and transport (7.4%), stress response (7.4%),
transcription (7.4%), protein catabolic processes (6.6%), and
signal transduction (6.6%, Supporting Information Fig. 2).

3.4 DEPs involved in cold-stress response and
defense against oxidation stress

In the present study, most of the DEPs involved in response
to the cold stress and oxidation stress were upregulated in
5660M. The intensities of five 5660M DEPs spots that in-
volved in cold-stress response changed dramatically during
the T-S and DR-S. These proteins are cold-regulated pro-
tein (WCOR18, spot 137, Fig. 3A and B), cold-responsive
LEA/RAB-related COR protein (spot 142), cold-acclimation
protein WCORG615 (spot 143), WCOR719 (spot 147), and cold-
shock domain protein 3 (spot 148). The amounts of these pro-
teins from 5660M were all several fold higher than their coun-
terparts from 5660 (Table 1). In the meanwhile, the amounts
of these proteins consistently decreased in both normal and
mutant lines from the T-S to the DR-S as the temperature in-
creased. The cold-responsive LEA/RAB-related COR protein,
WCORG615, and cold-shock domain protein 3 were identified
in the N-T sample but absent in the N-D sample. Seven DEPs
were identified as redox proteins involved in ROS detoxifi-
cation (Table 1), namely, manganese superoxide dismutase
(spot 158), Cu/Zn superoxide dismutase 2 (spot 162), ascor-
bate peroxidase (spot 159, Fig. 3B), glutathione peroxidase
(spot 161), glutathione reductase (spot 169), class III perox-
idase (spot 175), and GSH-dependent dehydroascorbate re-
ductase 1 (spot 178). Compared with those in 5660, the inten-
sities of spots 159, 161, 162, 175, and 178 were significantly
upregulated in the M-T, M-I-D, and M-D-D samples (Table 1).
These detoxifying enzymes were upregulated or expressed at
constant levels during the T-S and DR-S in 5660M, especially
in M-D-D, whereas in 5660, the expression of these DEPs
was significantly reduced, indicating that the antioxidant de-
fense systems in 5660M responded to oxidative stress. The
two phenotypes, death of shoot apexes for M-D-D and slow
spike development for M-I-D was correlated positively with
the increased levels of ROS-related enzymes in 5660M.
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3.5 DEPs involved in protein folding and assembly

Eleven of the DEPs were identified as molecular chaperones,
i.e. five of the eight subunits of T-complex protein 1 (TCP-1,
spots 1-7), peptidyl-prolyl cis-trans isomerase (spot 15), heat-
shock 70-kDa protein (spot 16), heat-shock protein 90 (spot
17), heat-shock protein STI (spot 136), chopper chaperone
(spot 120), and delta-coat protein 1 (spot 8). The sequences
of the five TCP-1 subunits are >80% identical to those of
A. thaliana and 90% identical to those of O. sativa. These
TCP-1 subunits were all substantially downregulated at the
sample of M-T and M-D-D. In addition to the identified TCP-
1 subunits, heat-shock protein ST1 and heat-shock protein
70 were also downregulated in 5660M. In contrast to these
chaperones, the 14-3-3-like proteins A and B, which can
bind many signal proteins, e.g. kinases, phosphatases, and
transmembrane receptors, were all upregulated in 5660M.

3.6 The expression of FVE and flower development
genes were inhibited in 5660M

Strikingly, FVE (spot 92) was downregulated in 5660M at
the T-S and DR-S compared with that in 5660 (Table 1 and
Fig. 3B). This protein plays an important role in the transition
from vegetative to reproductive phases in Arabidopsis [16]. It
has been reported that at least seven genes (FLOWERING
LOCUS D, FVE, FCA, FPA, FY, FLK, and LUMINIDEPEN-
DENS) are part of the autonomous pathway [17-19]. The
finding that FVE was downregulated caused us to consider
if the expression of the other six genes also changed in the
apexes of 5660M at the T-S and DR-S. We assayed the tran-
scription of the aforementioned seven genes in 5660M and
5660, all of which were more highly expressed in 5660 than
in 5660M (Fig. 4A), which suggested that the developmen-
tal spike inhibition phenotype in 5660M may be relevant
to the downregulation of these genes. These findings were
consistent with the observation that 5660M apexes, for the
most part, cannot complete the transition from the vegeta-
tive to the reproductive phase. We also assayed the transcrip-
tion of the downstream genes regulated by the autonomous
pathway, namely short vegetative phase (SVP), vernalization2
(VRN2, analogous to flowering locus C (FLC)), suppression of
overexpression of constans 1 (SOC1I), flowering locus T (FT),
FD, agamous-like 24 (AGL24), leafy (LFY), and vernalizationl
(VRN1, APETALA1 (AP1) in Arabidopsis), which have been
reported to be regulators of flowering during the floral tran-
sition in Arabidopsis [19-21]. Six of the genes, SOC1, FT, FD,
AGL24, LFY, and VRN1, which are positive regulators of the
floral transition, were all downregulated, whereas SVP, which
negatively regulates SOC1 and FT [20], was upregulated in
5660M. VRN2, another negative regulator [21], was not de-
tected in 5660M or 5660 at both developmental stages after
winter. The expression patterns of these genes involved in
flowering were similar to those in the autonomous pathway.
Most of the flowering genes were upregulated from the T-S
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Figure 4. Quantitative RT-PCR expression analysis of flowering genes and TaCBF genes in 5660M and 5660 at T-S and DR-S. (A) The
transcriptional expression pattern of 24 spike development genes in wheat at T-S and DR-S. These regulators of flowering are involved
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to DR-S. The transcription of the flowering genes was closely
correlated with the spike development inhibition phenotype
in M-D-D, M-I-D, and normal development of shoot apexes
in N-D.

3.7 C-repeat binding factors (CBFs) regulated COR
genes are all upregulated in 5660M

Aforementioned several detected COR proteins that might
be transcriptionally activated through the CBF-mediated
pathway were all intensely upregulated in 5660M. There-
fore, we used QRT-PCR to characterize the expression
patterns of genes encoding CBFs, which are involved
in transcriptional regulation of LT acclimation and con-
sidered as key regulators of cold- responsive (COR)
genes [22]. Of the 15 known wheat CBFs (TaCBFIla-All,
TaCBFII-5.1, TaCBFIIla-6.1, TaCBFIIIc-3.1, TaCBFIIlc-
B10, TaCBFIIId-12.1, TaCBFIIId-A15 TaCBFIIId-A19,
TaCBFIVa-A2, TaCBFIVb-A20, TaCBFIVc-14.1, TaCBFIVd-
4.1, TaCBFIVd-9.1, TaCBFIVd-A22) [23], 11 were specifically
expressed in the 5660 and 5660M shoot apexes at the T-S and
DR-S. All of them were upregulated in 5660M, especially at
the T-S (Fig. 4B). They had the same expression pattern to
COR proteins and were downregulated, as the temperature
increased from the T-S to DR-S.

4 Discussion

4.1 Cold stress affected the number of spikes in
5660M

In the present study, we systemically characterized gene tran-
scription and protein expression in the mutant wheat 5660M
line that has a spike inhibition phenotype. Strikingly, many
proteins strongly responded to cold stress, particularly the
cold-regulated WCOR18, WCORG615, and WCOR719, which
were more highly expressed in 5660M than in 5660 at the
T-S and DR-S. WCOR719 can be rapidly and strongly up-
regulated by LT and also help preserve the structural in-
tegrity of plant cells during freezing stress [24]. WCOR18
is a member of the phosphatidyl ethanolamine binding pro-
tein superfamily, whose members regulate protein phospho-
rylation and inhibit the serine proteases chymotrypsin and
elastase [25-28]. COR genes contain a C-repeat/dehydration
response element (CRT/DRE) in their promoters, and CBFs,
which are CRT/DRE-binding transcription factors, are key
regulators of the cold-response pathway [22,29]. We further
analyzed the transcription expression of CBFs and found all
of them were upregulated in 5660M. These results indicated
that 5660M might be more sensitive to cold stress. By the
morphological and anatomical analysis, we found the num-
ber of spikes in 5660M that planted in spring was significantly
increased in comparison to that planted in autumn and 60.5%
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of the 5660M shoot apexes did not survive through the win-
ter. The number of spikes and spike development inhibition
phenotype in 5660M was distinctly impacted and correlated
to the low temperature, especially the freezing temperature.
Finally, the shoot apexes of the 5660M were vulnerable to the
freezing temperature commonly experienced by wheat, and
they did not develop into the spikes due to sensitivity to low
temperature.

Secondary signals such as ROS can induce Ca2+ signaling
to influence cold signaling [30-33]. However, high-level ROS
can lead to oxidative stress. Our results showed that most of
the above-mentioned antioxidases involved in the antioxidant
defense against oxidation stress were upregulated in 5660M,
especially the sample of M-D-D. By analyzing the spike devel-
opment inhibition phenotype and expression of key enzymes
involved in the antioxidant defense system, we found that the
ROS level correlated directly with the slow-growth phenotype
(M-I-D) and death phenotype (M-D-D) at the DR-S. Thus, the
spike development inhibition phenotype might be a result of
both cold stress and oxidative stress. Although the COR pro-
teins and the key enzymes that involved in ROS detoxification
were all upregulated in 5660M, COR proteins were gradually
downregulated from the T-S to DR-S while the key enzymes
were expressed at constant high levels, especially the sample
of M-D-D in 5660M. The results suggested that the 5660M
might be triggered by the oxidative stress that was the result
of intensive response to cold stress.

4.2 Spike development of 5660M cannot complete
the floral transition from the vegetative to
reproductive state

In Arabidopsis, the gene network controlling the floral transi-
tion has been well characterized, and regulation of the flow-
ering pathway has also elucidated in B. distachyon, which
serves as a model for temperate grasses [19,34]. In the present
study, we identified FVE (spot 92) as having altered expres-
sion; this protein is involved in regulating the floral transition
via the autonomous pathway [19, 35]. FVE expression in the
M-D-D samples was the lowest measured (Fig. 3B). In M-I-
D samples, its mean expression level was the same as that
for N-T. For the 5660 at DR-S, FVE expression was maximal
when the shoot apex began the floral transition. FVE expres-
sion patterns in 5660M significantly correlated with the floral
transition and the spike development inhibition phenotype.
Seven genes involved in the autonomous pathway have been
found in Arabidopsis, and homologous genes have been char-
acterized in rice and B. distachyon [34]. Owing to the limita-
tions of 2DE, we did not identify other regulators of the au-
tonomous pathway that might have been expressed in small
amounts. Consequently, we investigated the transcription of
the autonomous pathway genes and those downstream flow-
ering genes that encode regulators and integrators of flower-
ing. Most of these genes were downregulated (Fig. 8), which
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suggested that flowering-time pathways were blocked or de-
layed in 5660M. By the phenotype analysis, it was shown
that the 5660M shoot apexes did not complete the floral tran-
sition from the vegetative to reproductive state and finally
did not develop into spikes. Our molecular and morpho-
logical data have all shown that the spike development of
5660M was inhibited and finally did not complete the floral
transition.

Although the fertile tiller inhibition gene has not been
cloned and the molecular mechanism of the 5660M muta-
tion still remains unknown, the 5660M mutation material
can be taken for further studying the spike development
mechanism. In the present study, the proteomics and flower-
ing genes transcription data were original and significant to
study the spike development of the common wheat, although
the altered expression of these proteins and genes in 5660M
maybe a consequence, rather than a cause. These flower-
ing genes and proteins, especially the protein of FVE were
closely related to spike development inhibition phenotype.
FVE, which is a component of the histone deacetylate com-
plex involved in transcription repression, regulates flowering
time, and the cold response [35-37]. FVE is also involved in
the thermosensory pathway that mediates ambient tempera-
ture signaling to repress SVP and, as discussed above, is in-
volved in the autonomous pathway to repress FLC to regulate
flowering and acts as a negative regulator of the CBF/DREB
pathway during cold acclimation by binding to and thereby
silencing COR chromatin. Overexpression of cold-inducible
CBFs caused late flowering and there is a feedback loop be-
tween cold response and flowering-time regulation in Ara-
bidopsis [20, 38]. Our results suggest that the CBFs genes
and COR proteins were all intensely upregulated and FVE
and spike development genes was repressed in 5660M. By
the phenotype analysis, low temperature affected the num-
ber of spikes and spike development of 5660M. FVE might
play an important role in regulating cold response and flow-
ering time as that in Arabidopsis. Are there the feedback loop
and the link between the cold response and spike develop-
ment of the wheat? Further work is needed to study this
problem.

In the present study, these DEPs and flowering genes re-
lated to spike development of the wheat might be impor-
tant for understanding the mechanism of spike develop-
ment inhibition and further study on spikes development
of wheat. Our results provided the theoretical basis for study-
ing spike development, and further analysis of wheat yield
formation.
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