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1. Introduction
Mendel’s law of inheritance has been extensively 
exploited by plant breeders for bringing genes controlling 
agriculturally important traits from two different parents, 
whose outcome can be seen in the form of hybrid vigor 
(heterosis). This phenomenon has been exploited for 
improvement of phenotypic and agronomic traits such 
as growth vigor, increased plant height, size, biomass, 
speed of development, fertility, resistance to biotic/abiotic 
stress, flowering time, and high yield (Paschold et al., 
2012; Guo et al., 2013; Fu et al., 2015). The heterotic trait 
of F1 heterozygous hybrids can be quantified not only in 
adult plants; it has also been observed in the early embryo, 
primary root, plumule, and coleoptile development 
(Hoecker et al., 2008; Marcon et al., 2010; Jin et al., 2014). 
Despite its agronomic importance, the molecular principles 
underlying heterosis are still poorly understood due to the 
molecular complexity and environmental influence on the 
expression of genes (Zhang et al., 2012; Fu et al., 2014).

Several genetic and molecular studies have shed light 
on the molecular mechanisms underlying the process of 
heterosis in crops like maize, rice, wheat, Arabidopsis, 
etc. (Baranwal et al., 2012). Heterosis is likely caused by 

genetic interactions between alleles of parental genomes 
that change the regulatory network of related genes instead 
of new genes (Wang et al., 2015). At the gene expression 
level, the variation of transcripts and protein abundance in 
the F1 hybrid is regulated by interactions between parental 
genomes (Xing et al., 2016). There are reports showing that 
changes at transcript levels do not necessarily correlate 
with protein levels as many posttranslational modifications 
are crucial for the regulation of protein function, and these 
might be important molecular determinants for heterosis 
(Song et al., 2007; Dahal et al., 2012). Hence, there is a 
need to thoroughly investigate genome-wide protein 
changes between hybrids and their parents to determine 
their functional relations to heterosis (Guo et al., 2014). 

Seed germination involves a relay of events, which 
commences with water imbibition by quiescent dry seeds 
followed by the protuberance of the radicle towards the 
end. This phenomenon is regulated by a balance of two 
antagonistic phytohormones, gibberellic acid (GA) and 
abscisic acid (ABA), as positive and negative regulators 
(Shuai et al., 2017), respectively. Water imbibition by the 
dry seeds induces gene expression in response to GA 
and ABA hormones to overcome the effect of dormancy, 
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hence assisting seed germination (Schoonheim et al., 
2007; Nonogaki, 2014). The plant seed is the reservoir 
of carbohydrates, oils, and proteins, which maintains its 
viability during dormancy and provides primary substances 
for the growth of the embryo during germination (Han 
et al., 2013). Moreover, higher oxygen uptake during 
imbibition can lead to oxidative stress generating reactive 
oxygen species (ROS) in rehydrated seeds; therefore, 
ROS scavenging enzymes are needed to reduce the cell 
damage and promote seed germination (Schopfer et al., 
2001; Gomes and Garcia, 2013). Seed germination is a 
tightly regulated process and an important step toward 
seedling establishment where we need to find the proteins 
responsible for initiating seed germination by overcoming 
dormancy, thereby helping the embryo to resume its 
growth while keeping ROS levels under check.

Maize is one of the most important cereal crops 
cultivated globally for food, feed, energy, and forage 
throughout the world (Klopfenstein et al., 2013). It 
contributes 9% of the total food grains production in India. 
Maize serves as a superior model system for exploring 
the molecular mechanism of heterosis because it exhibits 
high levels of phenotypic, genomic, transcriptional, 
and translational variation (Fu et al., 2011). In maize, F1 
hybrid seeds exhibit strong heterosis in terms of faster 
seed germination trait and vigorous seedling growth as 
compared to their parental inbred lines. The rapid seedling 
establishment affects the crop yield and seed quality, which 
is governed by the speed of seed germination and root 
length during seedling growth (Jin et al., 2014). Hence, 
faster and synchronous germination followed by seedling 
emergence should be the prime consideration to improve 
the crop production worldwide. 

In the recent past, several proteomic approaches have 
been successfully used to identify the heterosis-related 
differentially expressed proteins (DEPs) in different 
tissues and/or stages, such as the embryos (Marcon et 
al., 2010; Guo et al., 2013), plumules (Jin et al., 2014), 
internodes (Chen et al., 2018), roots (Hoecker et al., 2008; 
Rockenbach et al., 2018), and leaves (Guo et al., 2014) of 
maize F1 hybrids and parents. For example, Fu et al. (2011) 
reported DEPs showing nonadditive expression patterns 
as a reason for the major manifestation of heterosis during 
seed germination in five sets of maize hybrids along with 
their parental lines. Guo et al. (2013) observed significant 
differences for nonadditively expressed proteins between 
dry and 24-h water-imbibed embryos, suggesting that 
the expression pattern of the proteins depends on the 
developmental stage and plant organ analyzed. In view 
of the few proteomic reports available about heterotic 
seed germination, more studies are needed for better 
understanding of molecular processes of heterosis, 
particularly during early stages of plant development. Such 

studies might help in the development of protein markers 
for early prediction of heterosis. 

Several maize hybrids have been developed and 
cultivated commercially in India; however, no attempts 
have been made to investigate heterosis at the translational 
level in them. Thus, this study aimed at identifying 
differentially expressed proteins using a two-dimensional 
(2-D) gel electrophoresis-based approach during heterotic 
seed germination in a high-yielding commercially grown 
F1 maize hybrid by comparing it with its parental inbreds. 
We investigated the divergence of differentially expressed 
proteins, i.e. additive and nonadditive proteins during 
seed germination heterosis, and compared our results 
with the previous literature. Furthermore, the transcript 
levels of genes corresponding to DEPs were analyzed using 
qRT-PCR. Thus, the study has added more information 
on DEPs that are associated with rapid seed germination 
in F1 hybrids and broadened the knowledge of molecular 
processes of heterotic seed germination.  

2. Materials and methods
2.1. Plant material and seed treatment
Seeds of a commercially grown maize F1 
hybrid (DHM 117) and its female parent  
(BML 6) and male parent (BML 7) were generated by 
hand pollination and harvested at physiological maturity 
between July and September 2015 on the experimental 
farm of Prof. Jayashankar Telangana State Agricultural 
University, Rajendranagar, Hyderabad (17°19′N, 78°28′E; 
altitude 536 m) under a natural photoperiod and 
temperature regime. The soil of experimental farm was 
clay loam in texture with pH 7.7 and average temperatures 
were 28.4 to 34.8 °C (daytime). The purity of the maize 
F1 hybrid and its parental inbreds was ascertained using 
four gene-specific simple sequence repeats (SSRs) before 
using the samples for proteomic studies (Supplementary 
Table 1). The SSR primers that detected polymorphism 
in the parental inbreds were used in the study, which 
confirmed the purity of the F1 hybrid and its parents 
(Supplementary Figure 1). The weight of 100 seeds and the 
germination rates of both parents and the F1 hybrid were 
determined. The seeds were imbibed in distilled water 
for 24 h in the dark at 26 ± 2 °C and then were placed 
with the embryo side down on moist double-layered 
filter paper in a petri dish with 24 h of dark incubation 
for germination. Seeds were examined at regular intervals 
for determining the onset of germination and were 
considered as germinated based on the emergence of the 
visible radicle. The germination percentage was recorded 
at 30, 36, 48, and 60 h after water imbibition. The data on 
100-seed weight represent an average of five replicates. The 
germination experiments were repeated three times with 
each experiment consisting of five replicates and 50 seeds 
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http://www.matrixscience.com/cgi/protein_view.pl?file=..%2Fdata%2F20160405%2FFTTTSzsaR.dat&hit=MAOM_SOLTU&db_idx=1&px=1&ave_thresh=18&_ignoreionsscorebelow=0&report=10&_sigthreshold=0.05&_msresflags=1025&_msresflags2=2&percolate=-1&percolate_rt=0&_minpeplen=7&sessionID=guest_guestsession
http://www.matrixscience.com/cgi/protein_view.pl?file=..%2Fdata%2F20160317%2FFTTTfaHSe.dat&hit=gi%7C22460&db_idx=1&px=1&ave_thresh=38&_ignoreionsscorebelow=0&report=10&_sigthreshold=0.05&_msresflags=1025&_msresflags2=2&percolate=-1&percolate_rt=0&_minpeplen=7&sessionID=guest_guestsession
http://www.matrixscience.com/cgi/protein_view.pl?file=..%2Fdata%2F20160406%2FFTTTiGEaS.dat&hit=gi%7C224030527&db_idx=1&px=1&ave_thresh=51&_ignoreionsscorebelow=0&report=10&_sigthreshold=0.05&_msresflags=1025&_msresflags2=2&percolate=-1&percolate_rt=0&_minpeplen=7&sessionID=guest_guestsession
http://www.matrixscience.com/cgi/protein_view.pl?file=..%2Fdata%2F20160407%2FFTTTixSnm.dat&hit=ATG4_MEDTR&db_idx=1&px=1&ave_thresh=22&_ignoreionsscorebelow=0&report=10&_sigthreshold=0.05&_msresflags=1025&_msresflags2=2&percolate=-1&percolate_rt=0&_minpeplen=7&sessionID=guest_guestsession
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were used in each replicate. The data on seed weight and 
germination percentage were analyzed statistically by one-
way analysis of variance (ANOVA) followed by Newman–
Keuls multiple comparison tests at the 5% probability 
level using SigmaPlot for Windows (Systat Software, Inc., 
Bangalore, India). For proteomics analysis, dry and 24-h 
water-imbibed seeds were used for analyzing the changes 

in the protein pattern of the F1 hybrid in comparison to the 
parental inbreds.
2.2. Total soluble protein extraction
Protein extraction from whole dry and 24-h water-
imbibed seeds was carried out according to Faurobert 
et al. (2007). A sample of 25 seeds (dry and 24-h water-
imbibed) was briefly ground in a mortar in the presence of 

Figure 1. Germination pattern (A) and germination rate (B) of seeds of maize F1 hybrid DHM 117 and its parental inbreds (BML 6 and 
BML 7) at different time points of culture. The seeds were imbibed in distilled water for 24 h and then placed on moist filter paper at 26 
± 2 °C in the dark. Significance of differences was analyzed by one-way ANOVA and Newman–Keuls multiple comparison tests. Means 
followed by the same letter are not significantly different (P < 0.05). 
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liquid nitrogen. The homogenate (300 mg) was suspended 
in 800 µL of ice-cold extraction buffer [50 mM Tris-HCl 
(pH 8.5), 5 mM ethylenediaminetetraacetic acid (EDTA), 
100 mM potassium chloride (KCl), 1% (w/v) dithiothreitol 
(DTT), 30% (w/v) sucrose] and vortexed for 20 min. Eight 
hundred microliters of ice-cold Tris-buffered phenol (pH 
8.0) was added and the samples were vortexed for 10 min 
at room temperature. To separate insoluble material from 
aqueous and organic phases, the samples were centrifuged 
(10 min, 5500 × g at 4 °C) and the phenolic phase was 
collected into a fresh Eppendorf tube. This phenol phase 
was back-extracted with 800 µL of extraction buffer and 
vortexed for 3 min followed by centrifugation (10 min, 
5500 × g at 4 °C). The resultant phenolic phase containing 
the soluble proteins was precipitated with five volumes 
of 100 mM ammonium acetate in methanol at –20 °C 
overnight. The precipitate was centrifuged (10 min, 5500 × 
g at 4 °C), and the pellet was washed three times with ice-
cold precipitation solution (100 mM ammonium acetate) 
followed by washing with ice-cold acetone. Finally, 
the pellets were air-dried and resuspended in 200 µL of 
rehydration buffer containing 7 M urea, 2 M thiourea, 
4% (w/v) 3-(3-cholamidopropyl) dimethylammonio-
1-propanesulfonate (CHAPS), 0.8% immobilized pH 
gradient (IPG) buffer (pH 3-10, GE Healthcare, USA), 
and 1.0% (w/v) DTT. The completely dissolved protein 
samples were centrifuged at 5500 × g for 10 min at 4 °C 
for removing the insoluble fractions. The supernatant was 
stored at –20 °C for further use. Proteins were quantified 
by Bradford protein assay (Sigma, USA) using bovine 
serum albumin (BSA) as a standard.
2.3. Isoelectric focusing and 2-D gel electrophoresis of 
proteins and staining
For first-dimensional isoelectric focusing (IEF), 800 µg of 
protein in 320 µL of rehydration buffer was applied on 18-
cm IPG strips with linear gradients of pH 3–10 (Immobiline 
Dry Strips, GE Healthcare) in a rehydration tray (GE 
Healthcare). The strips were passively rehydrated at 20 °C 
overnight. An Ettan IPG Phor 3 IEF unit (GE Healthcare) 
at 20 °C was used for IEF under the following conditions: 
50 V for 1 h, 250 V for 1 h, 500 V for 3 h, 10,000 V gradient 
for 2.5 h, 10,000 V for 6 h to reach a total of 60,000 Vh, and 
500 V for 20 h. After IEF, the strips were incubated twice at 
room temperature in equilibration buffer [6 M urea, 30% 
(v/v) glycerol, 2% (w/v) sodium dodecyl sulfate (SDS), 
50 mM Tris-HCl (pH 8.8)] with 1% (w/v) DTT followed 
by 2.5% (w/v) 2-iodoacetamide (IAA), respectively, 
each for 20 min. Equilibrated strips were placed on 12% 
vertical SDS-polyacrylamide gel electrophoresis (PAGE) 
for second-dimensional electrophoresis and sealed with 
0.5% agarose gel in the running buffer with a trace amount 
of bromophenol blue. SDS-PAGE was performed in an 
Ettan DALTsix chamber (GE Healthcare) with running 

buffer (0.3% Tris, 1.44% glycine, and 0.1% SDS) at 10 
mA per gel for 1 h and then at 38 mA per gel for 6–8 h 
until the bromophenol blue dye reached the bottom. After 
electrophoresis, gels were stained with modified 0.1% 
colloidal Coomassie Brilliant Blue G-250 overnight on an 
orbital shaker and then destained with distilled water. Gels 
were scanned with a calibrated densitometric scanner (GE 
Healthcare).
2.4. Analysis of protein expression pattern
In the scanned gels, spots were detected automatically 
with ImageMaster 2D Platinum Software Version 7.2 
(GE Healthcare) with the parameters smooth, minimum 
area, and saliency set to 5, 1, and 5, respectively, followed 
by manual spot editing, such as artificial spot deletion, 
spot splitting, and merging that was done manually. 
The experiments were carried out in triplicate. For each 
genotype, only those protein spots that could be detected 
consistently in all three replicated gels were considered 
for analysis. All the gels were matched to the reference 
gel in an automated mode combined with manual pair 
correction. DEPs between the hybrid and its parental lines 
were determined by fold change greater than 1.5 and the 
Student t-test (P ≤ 0.05) for relative spot volumes. The 
DEPs that deviated from the midparent value (MPV; the 
average value of the parental inbred lines) were considered 
as nonadditively expressed proteins, whereas others were 
considered as additively expressed proteins.
2.5. In-gel protein digestion and mass spectrometry
Thirty DEP spots (15 from dry and 15 from 24-h water-
imbibed seeds) that showed high intensity and clear 
resolution were excised manually from the 2-D gels 
for analysis and transferred to 1.5-mL microcentrifuge 
tubes. Each excised protein spot was destained with 200 
µL of 50% acetonitrile (ACN) in 50 mM ammonium 
bicarbonate (NH4HCO3) buffer (pH 7.8–8.0) with 
repeated vortexing until completely destained. Thereafter, 
the opaque white gel slices were reduced with 10 mM 
DTT in 50 mM ammonium bicarbonate buffer at 56 °C 
for 60 min and subsequently alkylated with 55 mM IAA in 
50 mM ammonium bicarbonate buffer for 45 min in the 
dark at room temperature (26 ± 2 °C). Then gel slices were 
washed with 25 mM ammonium bicarbonate and ACN 
and dried in a vacuum centrifuge at ambient temperature. 
The gel slices were rehydrated with 15 µL of 25 ng/µL 
sequencing grade trypsin (Promega, USA) in 25 mM 
ammonium bicarbonate buffer for 10 min at 4 °C followed 
by incubation at 37 °C overnight for enzymatic digestion 
(Wu et al., 2011). After incubation, the resulting tryptic 
fragments were eluted by diffusion into 100% ACN and 
0.1% trifluoroacetic acid (TFA) (1:1, v/v). One microliter 
of digested protein sample was mixed with 1 µL of 
α-cyano-4-hydroxycinnamic acid (CHCA) matrix in 50% 
ACN and 1% TFA (1:1, v/v) and then 2 µL of sample was 
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spotted onto a matrix-assisted laser desorption/ionization 
(MALDI) plate and air-dried at room temperature for 
mass spectrometry (MS). Subsequently, the MALDI plate 
was placed in a MALDI-tandem time of flight (TOF/
TOF) mass spectrometer (Bruker Autoflex III Smartbeam; 
Bruker Daltonics, Germany) and MALDI TOF-MS/MS 
analysis was performed according to Shevchenko et al. 
(1996) with minor modifications (Kumar et al., 2015). The 
peptide mass data were acquired in positive ion reflector 
mode with accelerating voltage of 20 kV by Flex Control 
3.0 (Build 100) software using batched processing and 
automatic switching between MS and MS/MS modes. All 
monoisotopic peak masses were collected within the mass 
range of m/z 800–4000 Da with a signal-to-noise ratio 
greater than 10 and a local noise window width of m/z 
250 excluding contaminants such as keratins and trypsin 
autolytic products. For MS/MS sequencing analysis, the 
MS spectra of the eight most abundant precursors were 
selected with collision-induced dissociation (CID) at 1 kV 
positive mode and ±4 precursor mass windows.
2.6. Protein identification through peptide mass 
fingerprinting
For protein identification, peptide mass data were 
analyzed with the public Mascot search engine (http://
www.matrixscience.com) employing BioTools 3.1 
software (Bruker Daltonics) against the National Center 
for Biotechnology Information nonredundant (NCBInr) 
database and Swiss-Prot databases. The search was 
performed on the following parameters: taxonomic, 
Viridiplantae (Green plants); monoisotopic peptide 
mass (MH+); one missed cleavage per peptide; enzyme, 
trypsin; precursor-ion mass tolerance on an average 200 
ppm; MS/MS fragment-ion mass tolerance, 2 Da; variable 
modifications like carbamidomethylation (C) for cysteine 
and oxidation for methionine (M) were allowed. Mascot 
search results of protein equal to or higher than the 
minimum significant score (P ≤ 0.05) were considered as 
a positive identification. The nomenclature of identified 
proteins was done according to the corresponding 
annotations of NCBI and Swiss-Prot. 
2.7. Quantitative real-time polymerase chain reaction 
(qRT-PCR) analysis
Maize seeds of dry and 24-h water-imbibed samples 
from parents and the F1 hybrid were ground into fine 
powder in a mortar and pestle with liquid nitrogen. 
Total RNA was extracted by a modified sodium dodecyl 
sulfate/TRIzol method (Wang et al., 2012). The quality of 
extracted RNA was checked on 1.2% agarose gel prepared 
in TBE (Tris-borate-EDTA) buffer and quantified using a 
NanoDrop ND-2000 spectrophotometer (Thermo Fisher 
Scientific, USA). For each sample, 2 µg of RNA was used 
to synthesize the first-strand cDNA using a Prime-Script 
1st Strand cDNA Synthesis Kit (Takara Bio Inc., Japan) 

according to the manufacturer’s instructions. Quality 
of cDNA was confirmed for all samples by performing 
semiquantitative PCR amplification of the internal 
control, GAPDH (accession no. NM_001111943.1). The 
expression of GAPDH in semi-qPCR did not vary in 
the samples analyzed. First-strand cDNA samples were 
diluted 2.5 times and 1 µL of the diluted reaction mixture 
was taken as a qRT-PCR template in 10 µL of total reaction 
volume containing 0.4 µM gene-specific primers and 5 
µL of SYBR  Premix Ex Taq  II (TliRNase H Plus) with 
ROX (Takara Bio Inc.) and the samples were appraised 
in three technical replicates. PCR analysis was carried out 
in a Realplex amplifier (Eppendorf, Germany) with the 
following cycle parameters: 95 °C for 5 min; 40 cycles of 95 
°C for 20 s, 57 °C for 20 s, and 72 °C for 20 s; followed by 
a melting curve to ensure that each amplicon was a single 
product. The relative fold change in RNA expression was 
estimated using the ΔΔCT method (Livak and Schmittgen, 
2001) and GAPDH (accession no. NM_001111943.1) with 
primer sequences 5’-GCCATCACTGCCACACAGAA-3’ 
and 5’-GGAACACGGAAGGACATACCA- 3’ used as 
internal controls to normalize the real-time amplification 
data.

3. Results
3.1. Heterosis during germination
The pattern of heterosis was examined in a maize F1 hybrid 
(DHM 117) in comparison to its parental inbreds (BML 
6 and BML 7) during early stages of seed germination. 
Germination was initiated in F1 hybrid seeds after 30 
h with 38% germination achieved at 36 h compared 
to 17.3%–19.3% germination observed in parental 
inbreds (Figure 1). The rapid germination was associated 
with vigorous growth in the F1 hybrid throughout the 
germination period until all the seeds were germinated. 
Germination percentage of 100% and 96% was achieved 
in the F1 hybrid and female parent, respectively, at 60 h, 
which was significantly higher than that of the male parent. 
Thus, heterosis was manifested during seed germination 
in the F1 hybrid (DHM 117) as evidenced by early radicle 
emergence along with the vigorous growth of the seedlings 
compared to the parental inbreds. In the present study, we 
have examined the dry weight of all genotypes and found 
that the dry 100-seed weight of the F1 hybrid (18.5 ± 1.0 g) 
was significantly lower than that of the male parent (22.0 
± 0.9 g) but did not differ from that of the female parent 
(18.2 ± 0.9 g). Thus, rapid seed germination and superior 
seedling growth observed in the F1 hybrid did not correlate 
with seed weight in this study. 
3.2. Analysis of DEPs during heterosis
In order to characterize the dynamic proteome changes 
associated with heterosis in maize during early seed 
germination, a comparative proteome analysis between 
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an F1 hybrid (DHM 117) and its parental inbreds (BML 6 
and BML 7) was performed using 2-D gel electrophoresis 
with total soluble protein extracts of dry and 24-h water-
imbibed seeds. A total of 856 and 1082 protein spots were 
reproducibly detected in three biological replicates of dry 
and 24-h water-imbibed seed proteome maps of the three 
genotypes, respectively (Figure 2). To elucidate the DEPs, 
pairwise comparisons between the parents or between 
the parents and F1 hybrid were performed, among which 
174 and 238 protein spots were found to be significantly 
differentially expressed (fold change >1.5, P ≤ 0.05) in dry 
and 24-h water-imbibed seeds, respectively (Figure 3). In 
the above analysis, 49.4% and 47.1% of proteins between 
parental inbreds BML 6 and BML 7 were observed as 
DEPs, fewer than the parents and F1 hybrid in both dry 
and water-imbibed seeds. Comparison between DHM 117 
and BML 6 revealed 116 (66.7%) and 143 (60.1%) DEPs 
in dry and 24-h water-imbibed seeds, respectively. In the 
case of DHM 117 and BML 7, 96 (55.2%) and 123 (51.7%) 
protein spots were differentially expressed in dry and 24-h 
water-imbibed seeds, respectively (Figure 4).

The DEP spots between the F1 hybrid and its parents 
were divided into additive and nonadditive categories on 
the basis of pairwise comparison between the F1 hybrid 
and the MPV. Of the total, 46.6% (75/161) of proteins in 
dry seeds and 42% (92/219) in 24-h water-imbibed seeds 
were expressed additively, while 53.4% (86/161) and 58% 
(127/219) of DEPs were expressed nonadditively in dry 
and 24-h water-imbibed seeds, respectively (Figure 5). The 
nonadditively expressed proteins were categorized into five 
classes according to the system suggested by Stupar and 
Springer (2006). Among the nonadditive protein spots, 
above high parent (AHP) or high parent (HP) dominance 
expression was higher in dry seeds compared to 24-h 
water-imbibed seeds (32/161 and 24/219, respectively). 
Interestingly, 85 protein spots out of 219 were found to be 
below or equal to the low parent (LP) dominance in 24-h 
water-imbibed seeds, which was double that of dry seeds 
(37/161) (Figure 5).      
3.3. Functional analysis of DEPs during heterosis
In total, 30 DEP spots (15 from each treatment) that 
showed clear difference with respect to intensity and high 
resolution between parental inbreds and F1 hybrid were 
eluted from the representative 2-D gels and identified 
with MALDI TOF-MS/MS spectrometer (Tables 1 and 2). 
Among these DEPs, two spots corresponding to storage 
proteins were identified twice, including globulin-1 S 
allele (spot nos. 205 and 247) and globulin-1 S allele-like 
(spot nos. 90 and 43) that were represented by the same 
GenBank accession, which might be due to the isoform 
of spots or different posttranslational modifications of the 
same gene product. Some proteins such as zein-beta (spot 
nos. 9 and 115) and oil body-associated protein (spot nos. 
62 and 279) were identified twice with different GenBank 

accessions that might also represent closely related 
members of gene families. For further analysis, all 30 DEPs 
were classified into seven classes according to functional 
annotation including storage protein, metabolism and 
energy, defense and stress, transcription and translation, 
cell cycle, hormone biosynthesis, and unknown with the 
help of UniProtKB (http://www.uniprot.org/uniprot/). As 
shown in Figure 6, metabolism and energy process (34%) 
were the largest categories of DEPs, followed by storage 
protein (27%), defense and stress (23%), transcription and 
translation (7%), cell cycle (3%), hormone biosynthesis 
(3%), and unknown (3%). Thus, metabolism and 
detoxifying proteins might be influencing heterotic seed 
germination in the hybrid. Further analysis revealed that 
11 DEPs overlapped with those of previous reports on 
heterosis (Supplementary Table 2). The trend in expression 
pattern of three proteins spots correlated with previous 
reports, whereas it varied for other protein spots in similar 
types of work.  
3.4. mRNA analysis of DEPs by qRT-PCR
To further investigate whether the expression pattern of 
DEPs between the F1 hybrid and parents was correlated 
to the transcriptional level, qRT-PCR was performed 
with the categorized protein members, which have been 
reported to play important roles during stress, energy 
production, and storage in seeds. Of these, we randomly 
selected eight genes, brittle2 (spot 69/bt2), rab28 (spot 
137/rab28), NAD(P)H-quinoneoxidoreductase subunit 
K (spot 13/ndhK), triose-phosphate isomerase (spot 18/
tpi), zein-beta (spot 9/zein), indole-3-acetaldehyde oxidase 
(spot 60/AO2), chaperonin CPN60-1 (spot 136/cpn60), and 
sorbitol dehydrogenase homolog1 (spot 154/sdh1), from dry 
and 24-h water-imbibed seeds, respectively (Figures 7 and 
8; Table 3). We observed that nadK, rab28, zein, cpn60, 
and sdh1 displayed consistent expression patterns in the 
F1 hybrid and parental inbreds at transcriptional as well as 
translational levels. The expression pattern of tpi displayed 
additive expression in the F1 hybrid at the transcriptional 
level, which was different from the AHP expression at the 
translational level. Furthermore, the expression of bt2 
and AO2 genes was significantly higher than that of both 
parents at the transcriptional level; however, these genes 
were expressed at levels similar to BML 7 and remained 
higher or lower than BML 6 at the translational level.   

4. Discussion
4.1. DEPs may contribute to heterotic seed germination
Heterosis is a highly complex phenomenon that is 
influenced by trait, environment, and developmental stage 
(Romagnoli et al., 1990; Fu et al., 2011). In this study, we 
did not observe any correlation between seed weight and 
germination; mature seeds of the male parent exhibited 
significantly higher seed weight than the F1 hybrid and 

http://www.uniprot.org/uniprot/
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female parent but showed a slow seed germination rate 
as compared to the F1 hybrid. Guo et al. (2013) reported 
similar findings, where vigorous growth in the hybrid did 
not correlate with seed weight in maize. Thus, heterosis 

was manifested in the early seed germinating stage in the 
F1 hybrid used in the study.  

In maize, there are only a few proteomic reports (Fu 
et al., 2011; Guo et al., 2013) related to heterotic seed 

Figure 2. Two-dimensional gels of total soluble proteins extracted from dry and 24-h water-imbibed seeds of F1 hybrid (DHM 117) and 
its parents (BML 6 and BML 7). Isoelectric focusing of the protein extracts in the first dimension was performed on linear IPG strips of 
pH 3–10. In the second dimension, proteins were separated according to their molecular masses on 12% SDS-PAGE gels. Proteins were 
stained with colloidal Coomassie Brilliant Blue G-250. Proteins spots that accumulated differentially in the hybrid compared to parental 
inbreds are numbered on the 2-D gels.

Figure 3. Venn diagram of significantly differentially expressed proteins (FC > 1.5 and P < 
0.05) between F1 hybrid DHM 117 and its parental inbreds (BML 6 and BML 7) in dry (A) 
and 24-h water-imbibed seeds (B).
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germination. Thus, proteomic investigations were carried 
out in a highly heterotic F1 hybrid in comparison to its 
parental inbreds with dry seeds and water-imbibed seeds 
to obtain precise molecular information associated with 
heterotic seed germination. We have detected a higher 
number of protein spots in 24-h water-imbibed seeds in 
comparison to dry seeds of the F1 hybrid and its parental 
lines, which reflects an increase in translation of proteins 
during seed imbibition. Furthermore, a greater number of 
proteins were found to be differentially abundant between 
the F1 hybrid and its parental lines than between BML 6 
and BML 7 in both dry and water-imbibed seeds and these 
differences in accumulation patterns might be contributing 
to the heterotic performance of F1 hybrid DHM 117. It has 

been reported previously that a higher rate of RNA and 
protein synthesis influences the heterosis in the growth of 
the embryonic axis during seed germination (Guo et al., 
2013; Hu et al., 2013). 

Several proteomic studies on heterosis revealed that 
the fraction of nonadditive proteins in the hybrid varied 
depending on the genotype, tissue, and developmental 
stage. In this study, 53.4% and 58% of total proteins 
exhibited nonadditive patterns in dry and 24-h water-
imbibed seeds of the hybrid DHM 117. In contrast, 47% 
and 34.5% of DEPs showed nonadditive expression in dry 
and 24-h imbibed embryos of maize hybrid Zong3/87-1 
(Guo et al., 2013), whereas in the third-leaf basal region, 
only 30.8% of DEPs displayed nonadditive patterns of 

Figure 4. Differentially expressed proteins in each comparison between parental inbreds and F1 hybrid of dry (A) and 24-h water-
imbibed seeds (B). Numbers on arrows (bold) indicate the total number and contribution of DEPs between pairwise comparison among 
the total 174 and 238 proteins of dry and 24-h water-imbibed seeds, respectively. For each pairwise comparison, the numbers at the end 
of the arrow indicate the upregulated proteins in each pair of genotypes.   

Figure 5. Classification of differentially expressed proteins in dry and 24-h water-
imbibed seeds of the F1 hybrid and its parental inbreds. AHP, Above high parent 
expression; HP, high parent expression; D, different from additive, not belonging to any 
other class; LP, low parent expression; BLP, below low parent expression. 
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Figure 6. Functional classification of differentially expressed protein spots identified in the dry and 24-h water-imbibed seeds. 

Figure 7. Close-up view of some differentially expressed proteins in 2-D electrophoresis gel maps of F1 hybrid and parents. The numbers 
of protein spots correspond to those detected in Figure 2 (D and 24 h represent dry and water-imbibed seeds, respectively).
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Figure 8. Relative expression level of differentially accumulated proteins (A to H) and corresponding RNA levels (a to h) of selected 
genes in dry and 24-h water-imbibed seeds of the F1 hybrid and its parents. Error bars indicate standard deviation of the mean.
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accumulation in maize hybrid Mo17/B73 (Guo et al., 
2014). Marcon et al. (2010) reported that 49% of proteins 
accumulated differentially from the additivity in 3.5-day-
old primary roots of maize hybrid. Thus, multiple molecular 
mechanisms might be leading to differential expression of 
proteins, which in turn might be contributing to heterosis. 
Previous studies at the translational level showed 
additive, HP, and LP dominance and underdominance 
and overdominance in protein expression patterns in a 
global proteome comparison between hybrids and parents 
(Hoecker et al., 2008; Fu et al., 2011; Guo et al., 2013); the 
same was observed in our study. It has been suggested 
that additive patterns may dilute the detrimental effects 
of over- or underexpression of proteins by causing the 
total expression level of a protein to fall within an optimal 
range (Xing et al., 2016). Among the nonadditively 
accumulated protein spots identified in this study, the LP 
pattern accounted for the largest class followed by below 
low parents (BLP) in water-imbibed seeds of the F1 hybrid. 
However, no marked differences were noticed in the LP 
and BLP categories of nonadditive expression patterns in 
the dry seeds of the F1 hybrid. Hoecker et al. (2008) and 
Guo et al. (2013) reported similar expression patterns 
of nonadditive proteins in dry maize embryos and in 
primary roots, respectively. In total, eleven differentially 
accumulated proteins were overlapping with previously 
reported DEPs during heterosis (Supplementary Table 2). 
Among them, the accumulation patterns of three DEPs, 
NAD(P)H-quinone oxidoreductase (spot no. 13; AHP), 
glyoxalase family protein (spot no. 108; AHP), and glucose 
and ribitol dehydrogenase homolog (spot no. 319; LP), 
were consistent with previous studies (Macron et al., 2010; 
Fu et al., 2011). Other protein expression patterns varied 
at crop and organ levels. For example, triose-phosphate 
isomerase (spot no. 18), an important component of 
glycolysis, accumulated variably in maize and sorghum-

Sudan grass hybrid as BLP or LP and HP, respectively, but 
in our study it was accumulated as AHP (Supplementary 
Table 2). Thus, a multitude of factors might be involved in 
the differential accumulation of proteins, which together 
lead to efficient processes in the F1 hybrid, resulting in 
heterosis. These observations are in accordance with 
the hypothesis that heterosis is contributed by multiple, 
complex molecular mechanisms (Zhang et al., 2012).
4.2. DEPs are associated with different cellular processes
To further elucidate the possible roles of differentially 
accumulated proteins in heterosis during germination, 
30 DEPs were effectively identified in dry and 24-h 
water-imbibed seeds of F1 hybrid and parental inbreds. 
These DEP spots belong to several important cellular 
processes such as storage, metabolism and energy, defense 
and stress, transcription and translation, cell cycle, and 
hormone biosynthesis. During seed development, several 
proteins including globulin and vicilin have been stored 
in endosperm and mobilized after imbibition to initiate 
the seed germination (Han and Yang, 2015). In the present 
study, we also identified several storage proteins such 
as globulin-1 S allele-like protein (spot nos. 90, 43, 205, 
247), zein-beta (spot nos. 9, 115), and vicilin-like embryo 
storage protein (spot no. 26), and their accumulation in 
the F1 hybrid was greater than or equal to that of at least 
one parental inbred. In cereal seeds, proteolysis is an 
essential process for metabolism of seed proteins and 
germination (Szewinska et al., 2016). In our study, we have 
identified cysteine protease ATG4 (spot no. 209) in the dry 
seed of the maize hybrid, which plays an important role 
in the hydrolysis of storage proteins. Seeds also contain 
several lipid bodies, which protect the lipid reserves in 
seeds during oxidation and hydrolysis until germination 
by interacting with specific structural proteins (Purkrtova 
et al., 2008). The presence of HP expression of oil body-
associated proteins (spot nos. 62 and 279) in the hybrid 

Table 3. List of qRT-PCR primer pairs used for validating the expression of genes at mRNA level.

Spot number/
sample Gene Forward primer (5’-3’) Reverse primer (5’-3’)

13/Dry ndhK GGTCGTTTGTCGTCTTGGC GCTACATCATAGGCACATTGGG
18/Dry tpi TGGGTTTCTTGTCGGTGGAG AGCTAAAAGTTGGGGGCAGG
69/Dry bt2 CATTGGAAAGAGGGTTCAGGC TTGGAGCAAAACGGTCATAGAAG
137/Dry rab28 GCCATCGTTTTCGTTTCGTG TCGTTCCTGTTGCGGTTCT
09/24 h zein GTGTGGCTGGCTCTGTCA CCCATCATCGTCGTCAGGC
60/24 h AO2 TAGACAAGGTGCGGGTCATC TGTGCCAGTTTTAGCCTCCA
136/24 h cpn60 GAACTGCTTTGGTGGATGCTG GATGTGTATGTGGGTGTGATGC
154/24 h sdh1 CAACCTCTAGGCGGGCAAG TTCCAAAACCACGGCAAACTG
Control GAPDH GCCATCACTGCCACACAGAA GGAACACGGAAGGACATACCA
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might be contributing to faster seed germination. This 
suggested that differentially abundant proteolytic proteins 
in the F1 hybrid could play an important role in mobilizing 
the storage proteins and might contribute to heterosis at 
the seed germination stage.      

It is well known that ABA is the negative regulator 
of seed germination and promotes seed dormancy, 
whereas GA3 overcomes the effect of ABA by inducing 
germination (Yu et al., 2014). A study on transgenic 
maize embryogenesis discovered that the amount of 
ABA-responsive protein Rab28 decreased after 1 day and 
became undetectable after the second day of imbibition 
(Niogret et al., 1996). Rab28 was shown to have homology 
with late embryogenesis-abundant (LEA) D-34 proteins 
of cotton that are induced during stress and maintain the 
homeostatic environment of cells in dry seeds (Borrell 
et al., 2002). In the present study, Rab28 (spot no. 137) 
protein showed higher expression in dry seeds of the F1 
hybrid compared to BML 6 and was not detectable in BML 
7. Thus, higher accumulation of Rab28 in the F1 hybrid 
could be playing an important role in germination during 
heterosis even though the mechanism of its regulation and 
its precise role remain to be elucidated. Previous studies 
have demonstrated that overexpression of maize Rab28 
(Amara et al., 2013) and Arabidopsis Atrab28 (Borrell et al., 
2002) in transgenic plants resulted in rapid germination 
compared to wild-type. Moreover, indole-3-acetaldehyde, 
IAA, and synthetic auxins inhibited the germination of 
the dormant embryo in wheat and Arabidopsis whereas 
indole-3-acetaldehyde oxidase inhibitors decreased the 
inhibitory effects of IAA on embryos from dormant 
caryopses, further suggesting that IAA was involved in 
germination (Liu et al., 2013; Shuai et al., 2017). In this 
study, the accumulation of indole-3-acetaldehyde oxidase 
(spot no. 60) remained lower in the F1 hybrid compared 
to BML 6 and BML 7. Thus, the decrease in abundance 
of indole-3-acetaldehyde oxidase protein could have 
influenced IAA biosynthesis, which is important for rapid 
seed germination in F1 hybrids. Recently, Chen et al. 
(2018) using proteomic analysis revealed the importance 
of auxin homeostasis on eighth internode length heterosis 
in maize.

Several proteomic studies revealed that metabolism-
related proteins, particularly those involved in the 
carbohydrate metabolic pathways, accumulated in 
mature dry seeds and remained stable or increased 
during germination (Fu et al., 2011; He and Yang, 2013; 
Han and Yang, 2015; Lee et al., 2016). Due to limited 
oxygen availability during early seed germination, 
energy is primarily supplemented by glycolysis and 
fermentation followed by tricarboxylic acid (TCA) cycle, 
the gluconeogenesis and glyoxylate cycle, and the pentose 
phosphate pathway (He and Yang, 2013; Jin et al., 2014). In 

the present study, we found that a protein triose-phosphate 
isomerase (TPI, spot no. 18), which catalyzes the reversible 
interconversion of dihydroxyacetone phosphate and 
glyceraldehyde-3-phosphate (Kołodziejczyk et al., 2016) 
in glycolysis, is abundantly expressed in F1 hybrid seeds 
compared to parents. The products of glycolysis assimilate 
into the TCA cycle and generate energy as ATP and are 
reducing power as nicotinamide adenine dinucleotide 
(NADH) for the mitochondrial electron transport chain 
(van Dongen et al., 2011). Remarkably, we have observed 
lower expression of the NAD-dependent malic enzyme 
62-kDa isoform (spot no. 122) in dry seeds of the F1 hybrid 
than in BML 6 and this enzyme is known to catalyze the 
conversion of malate to oxaloacetate and reduce NAD+ 
into NADH, an important component of oxidative 
phosphorylation for ATP synthesis (Jin et al., 2014). A 
high parental expression of the ATP synthase beta subunit 
(spot no. 105) was seen in F1 hybrid seeds in this study, 
which could be beneficial for catalyzing ATP production 
during germination (Mills and Richter, 1991; Ducos et 
al., 2001). Thus, rapid seed germination of the F1 hybrid 
could be due to higher accumulation of proteins involved 
in metabolism and energy production. 

Water imbibition can also induce the oxidative stress 
and therefore several antioxidant enzymes like glutathione 
S-transferase (GST), catalase, and peroxidases could shield 
the cells from oxidative injury (Fu et al., 2011; He and 
Yang, 2013). The glyoxalase family proteins catalyze the 
conversion of the methylglyoxal-glutathione conjugate to 
glutathione (Wu et al., 2011) and aldose reductase is used 
to detoxify the reactive aldehyde species (de Sousa et al., 
2009). Proteins related to oxidative stress tolerance, such 
as glyoxalase family protein (spot no. 108), were expressed 
more highly in the dry seeds of the F1 hybrid than the 
parental inbreds in this study. On the contrary, aldose 
reductase (spot no. 58) and chaperonin CPN60 (spot 
no. 136), a type of heat shock protein (HSP), displayed 
additive and LP expression, respectively, compared 
to parental inbreds in water-imbibed seeds of the F1 
hybrid. Wu et al. (2011) reported that HSPs are highly 
correlated to the seed viability and start degradation 
during seed germination. Thus, differential accumulation 
of antioxidant and homeostasis-related proteins in dry and 
24-h water-imbibed seeds might play an important role 
in maintaining the seed viability and protecting the cells 
from stress during seed imbibition.
4.3. Correlation between mRNA and protein levels 
during heterosis 
It is well known from the literature that the relationship 
between mRNA and protein abundance is complex, being 
subject to a myriad of transcriptional, posttranscriptional, 
translational, and posttranslational determinants and 
regulations (Hu et al., 2013). In the present study, 5 out of 
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8 selected genes exhibited similar expression patterns at 
mRNA and protein levels, whereas the expression pattern 
for the remaining genes did not correspond at mRNA 
and protein levels. Most notably, the expression of triose-
phosphate isomerase (tpi) was significantly higher than 
in both parents at the protein level but its expression was 
not significantly different from BML 6 at the transcript 
level. On the contrary, indole-3-acetaldehyde oxidase 
was expressed at lower levels in the F1 hybrid than in the 
female parent (BML 6) at the protein level but was more 
highly expressed than in both parents at the transcript 
level. The lack of correspondence between mRNA and 
protein abundances may be the result of varied protein 
synthesis and degradation, as suggested previously 
(Glickman and Ciechanover, 2002).

DHM 117 displayed heterotic seed germination, 
which could be due to efficient regulation of molecular 
events associated with seed germination. The first 
step towards seed germination is always breaking the 
long dormant phase. Regulation for seed dormancy 
by hormones was induced in seeds so that they do not 
germinate during otherwise unfavorable conditions; 
however, for agricultural needs, a short dormancy 
period is desirable. Seed dormancy is regulated by 
hormones like ABA and auxins and it was interesting 
to note an upregulation of Rab28 (spot no. 137) at both 
protein and transcript levels. However, downregulation 
of indole-3-acetaldehyde oxidase (spot no. 60) was 
observed only at the protein level, which is needed for 
breaking seed dormancy and germination. DHM 117 
also showed high levels of TPI (spot no. 18), which 
is much needed to provide energy for the growth 
and development of the embryo; we also noticed an 
upregulation of glyoxylate family protein (spot no. 
108), which can protect the embryo from imbibition-
associated elevated ROS levels. This study revealed 
that a collection of proteins are upregulated to aid in 
seed germination as well as proteins like AO2 (spot no. 
60) that are downregulated in order to save and divert 
energy required for seed germination.

In conclusion, our study led to the identification DEPs 
in dry and water-imbibed seeds of a maize F1 hybrid and its 
parental inbreds that exhibited additive and nonadditive 
expression patterns. The identified DEPs were involved 
in various cellular and metabolic processes; the higher 
accumulation of carbohydrate and energy metabolism-
related proteins in the F1 hybrid indicates that a higher 
energy supply is very important for heterosis during 
seed germination. Notably, the abundance of the ABA-
responsive Rab28 protein was higher in dry seeds of the F1 
hybrid in comparison to both parents, whereas indole-3-
acetaldehyde oxidase involved in IAA synthesis decreased 
in water-imbibed seeds of the F1 hybrid compared to the 
female parent. Thus, differential accumulation of these 
proteins in the F1 hybrid appears to be a part of the tight 
regulation of molecular events associated with heterotic 
seed germination.
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