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Abstract
Background Microspore embryogenesis (ME) provides an e�cient way to breed crops. In many cases,
short-term heat shock treatment can greatly increase the embryogenesis rate of brassicas. However, its
molecular mechanism is largely unclear. Results To mine for the key genes, pathways and interplay in the
underlying networks, we compared the proteomes of isolated microspores with samples pre-treated at 32
°C for 24 h and 25 °C for 24 h using two cabbage accessions (Zhonggan 628 and 87-534) showing
extremely different embryogenic rates. The embryo yield was 0 and 19.7 embryos/bud for Zhonggan 628
at 25 °C and 32 °C, respectively, and was 0 for 87-534 at both temperatures. Using a label-free proteomics
technology, more differentially expressed proteins (DEPs) were found for Zhonggan 628 (363 DEPs, 115
upregulated and 248 downregulated) than for 87-534 (282 DEPs, 162 upregulated and 120
downregulated). 97 DEPs specially identi�ed only in Zhonggan 628 but not in 87-534 after heat-shock
treatment were the key proteins that maybe related to heat shock-induced embryogenesis in vitro culture.
Those 97 DEPs were mainly enriched in carbon metabolic process and protein synthesis and degradation
process. Malate dehydrogenase (mMDH), sgt1 homolog B (SGT1), heat shock 70 kDa protein 5 (HSP70),
and cell division control protein 48 homolog A (CDC48) may play an important role in cabbage
embryogenesis and were identi�ed based on pathway enrichment and protein−protein interaction
analyses. In addition, changes in the abundance of 9 representative DEPs were correlated with their
corresponding mRNA levels using qRT-PCR. Carbohydrate metabolism supplies the energy needed for the
rapid growth that occurs during embryo development, and the folding of synthesized proteins or the
refolding of damaged and unstable proteins occur, which may due to the stress induced by in vitro
culture. Conclusions A set of putative proteins presumably speci�c for microspore embryogenesis
induced by high temperature treatment were identi�ed. In isolated microspore culture of cabbage, we
present the �rst exposition of non-embryo and the embryo (induced by 32 °C heat shock treatment 24h)
changes in the expression of speci�c proteins.

Background
Cabbage (Brassica oleracea L. var. capitata L.) is one of the most cultivated vegetables in the world, the
production of cabbage and other brassicas throughout the world was 71.26 million tons in 2016 with
China producing 33.88 million tons (http://faostat.fao.org/) [1]. A number of commercial cultivars are F1
hybrids that take advantage of heterosis to ensure uniformity and yield. Thus, we �rst need to obtain
high-generation inbred lines with genetically stable heredity. In the traditional way, inbred line cultivation
is laborious and time-consuming, while homozygous breeding materials can be obtained within two years
by microspore culture [2]. Microspore culture is an effective alternative technique to produce doubled
haploid (DH) parental lines to generate F1 hybrids, the development of DH lines accelerates the plant
breeding process by saving time and labor [3,4,5,6]. In addition, the DH population is an ideal material for
genetic analysis, map construction and gene mapping, and the excellent DH lines obtained after
identi�cation also provided a good material basis for cross-breeding [7].

http://faostat.fao.org/)%5b1
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Microspore embryogenesis has been described for more than 250 plant species, and e�cient protocols
are available for Brassica species [8]. In recent years, many researchers have studied and improved
isolated microspore culture technology from genotypes, the growth environment of donor plants,
microspore development stages, pretreatment conditions, plant regeneration, ploidy identi�cation and
chromosome doubling, which has improved the microspore germination rate of some of the genotypes
compared to their original state [9,10]. Pretreatment is essential to embryo production, microspore and
pollen isolated from cruciferous plants can produce haploid embryos in vitro without the need for
intermediate callus stage under appropriate stress treatment. The pretreatment is usually carried out
under heat treatment of 32-37 °C, lasting from several hours to several days. In B. napus, embryogenesis
can be induced at least 8 hours after incubation at 32 °C, late unicellular microspores and early bicellular
pollen are the best [11]. However, Custers et al. argued that the culture of B. napus microspore at 18 °C is
an ideal system for studying the development of rapeseed gametophyte [12]. In cabbage, microspore
embryogenesis was signi�cantly enhanced on the heat shock (32.5 °C) for 24h [13, 14], which is different
for broccoli (B. oleracea L. var. italica L.) that the optimum temperature of is the base of cold
pretreatment (4 °C) for 1 or 2 days and heat shock (32.5 °C) for 1 day [15]. Although heat shock treatment
plays an important role in cabbage during in vitro microspore embryogenesis [13, 14], its mechanism is
still unclear. As with other regeneration processes, many species, particularly cabbage, still remain
recalcitrant to microspore embryogenesis. Even within a successful specie, there are usually recalcitrant
genotypes. Therefore, there is considerable interest in identifying the molecular genetic factors that de�ne
and control the microspore embryogenesis process.

Protein is the executor of physiological functions, and following the study of protein structure and
function, the mechanistic changes under certain conditions can be more directly stated. Therefore, it is
necessary to assess the overall changes in intracellular proteins to reveal the mechanism of plant growth
and development changes [16,17]. Proteomics technology has been widely used to explore a variety of
plant growth and development in the molecular mechanisms. Protein identi�cation by two-dimensional
electrophoresis (2-DE) and mass spectrometry (MS) is one of the most commonly used methods in plant
proteomics [18]. Up to now, the combination of 2-DE and MS has enabled us to identify several proteins
related to somatic embryogenesis [19,20,21]. 2-DE offers the low resolution of proteins and the
comigration of proteins in one spot of the gel, in addition, it is di�cult to detect proteins with extreme p-
values and molecular weight [22,23]. In comparative analyses of protein expression, a spectral count,
which assesses the total number of assigned MS/MS spectra for peptides from a given protein, is
considered to be a label-free quanti�cation method, proteins can be quanti�ed after MS/MS analysis by
peptide peak intensity or based on the spectral counting of the peptides identi�ed [24].

Microspore reprogramming not only means the expression of an embryogenic program but also stress-
related cellular responses and inhibition of gametophytic process. A lot of studies concentrated upon
casting about for the gene(s) and protein(s) that can effectively induce microspore embryogenesis by
using model plant species: rapeseed [25,26,27], tobacco [28,29] and wheat [30]. For example, Pechan et
al. identi�ed some heat-shock proteins during the inductive heat treatment of B. napus microspores and
pollen [11]. By combined transcriptome and proteome analysis, Joosen et al. determined 220 genes and
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32 proteins that are expressed between the 2 and 4 cell and globular/heart stages of embryo
development in B. napus, with 32 up-regulated proteins being associated with carbohydrate metabolism,
redox processes, protein synthesis, glycolysis, and ascorbate metabolism in the microspore-derived
embryo (MDE) development [27]. These studies have con�rmed that the expression and function of some
genes and proteins are related to the development fate of stress microspore. Since microspore
embryogenesis is not established in Arabidopsis, there is no large-scale study on microspore
embryogenesis using Arabidopsis genome-wide microarray [31]. Molecular systems biology and
bioinformatics studies of various organisms have revealed that transcript levels do not always correlate
with protein quantity [32,33]. Due to the existence of the transcription levels from the genes to the
proteins, posttranslational modi�cations, such as the role of standards and the regulation of translation,
in fact, examining mRNA only identi�es the changes that solely take place at the transcriptional level,
which cannot be fully representative of the true level of protein expression. Therefore, the data obtained
from protein pro�le analysis is a highly expected supplement that broadens our understanding of the
molecular regulation of microspore embryogenesis in vitro pollen cultures of embryogenesis caused by
high-temperature treatment.

In this study, a label-free proteomics approach was used to identify and relatively quantify variations in
proteins after 32 °C and 25 °C treatments for 24 h in cultured microspores of cabbage accessions
Zhonggan 628 (high embryo yield) and 87-534 (low embryo yield). Our analysis focused on the
developmental events that take place between the nonembryo and the embryo, identifying proteins that
are differentially expressed.

Methods
Plant materials, treatment and sample collection

Cabbage (Brassica oleracea var. capitata) accessions Zhonggan 628 (excellent in the embryo yield of
microspore culture) and 87-534 (a low yield in microspore-derived embryos) were used in this study,
which were cultivated by Institute of Vegetables and Flowers, Chinese Academy of Agricultural Sciences,
Beijing, China. The microspore culture of Zhonggan 628 and 87-534 was undertaken from mid-March to
early May at the experimental greenhouse of Institute of Vegetables and Flowers, Chinese Academy of
Agricultural Sciences, Beijing, China. The microspore isolation and culture procedures were performed as
previously described by Lv et al. [7]. Buds with a length of 3-3.5 mm were selected after sterilization,
isolation, and �nally cultivation. Brie�y, NLN-13 was used as the liquid microspore culture media for
cabbage [7]. The microspores were incubated in the dark at 32 °C for 24 h and maintained at 25 °C in the
dark. Six Petri dishes of each sample were randomly chosen to determine embryogenesis statistics,
repeated three times for this test. Simultaneously, the isolated microspores of Zhonggan 628 and 87-534
were divided into two parts, which were collected after 32 ℃ and 25 ℃ treatments for 24 h, and each
part was repeated three times. These collected samples were immediately frozen in liquid nitrogen and
stored at -80 ℃ for subsequent extraction of protein and total RNA.
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Plant sample collection and protein extraction  

Microspores treated at 32 ℃ and 25 ℃ were collected (repeated three times, respectively) and ground
separately in extraction buffer contained in a -20 °C precooled mortar and pestle in the presence of a urea
extraction buffer containing 150 mM Tris-HCl (pH 7.6), 8 M urea, 0.5% SDS, 1.2% Triton X-100, 20 mM
EDTA, 20 mM EGTA, 50 mM NaF, 1% glycerol 2-phosphate, 1 mM PMSF, 5 mM DTT, 0.5% phosphatase
inhibitor mixture, 5 mM ascorbic acid, and 2% polyvinylpolypyrrolidone. The ratio of frozen plant powder
to urea extraction buffer was 1:3 (w/v). Plant cell debris was removed using centrifugation at a lower
speed of relative centrifugal force of 10,000 x g for 1 h at 4 °C followed by a higher speed at a relative
centrifugal force of 110,000 x g for 2 h at 13 °C. The protein supernatant was mixed with three volumes
of a cold acetone: methanol (12:1, v/v) organic mix for urea-methanol protein precipitation. The protein
pellet was rinsed with 15 volumes (v/w) of a cold acetone: methanol: H2O mix (12:1:1.4, v/v) to remove
residual pigment and urea precipitates. The protein pellet was air-dried and redissolved in one-third the
volume of resuspension buffer containing 50 mM Tris-HCl (pH 6.8), 8 M urea, 5 mM DTT, 1% SDS, and 10
mM EDTA, and this was followed by another round of protein precipitation and resuspension. The cycling
of protein precipitation and resuspension was repeated twice. The proteins were excised from the
preparative tube and mixed with 50 mM NH4HCO3 to the �nal concentration 0.5 mg/mL. 100 mmol/L
DTT (dl-dithiothreotol) diluted 10 x with 250 mmol/L IAM (iodoacetamide)was to the solution with the
�nal concentration of 10 mmol/L and mixed at 56 °C for 60 minutes in darkness. At last, the samples
from the previous step were digested with trypsin (The mass ratio of matrix to enzyme is 50:1) at 37 °C
for 12 h. The supernatant fractions were collected at −80 °C without further treatment until MS Analysis
[62]. The resulting total cellular protein was measured using a protein DC assay (Bio-Rad, Hercules, CA,
USA) and calculated using a standard curve of bovine serum albumin.

LC-MS/MS analysis

The digested peptide mixtures were pressed into a fused silica capillary column packed with 3-μm Dionex
C18 material (Dionex, Sunnyvale, USA). The 15 cm RP column sections with 100 Å was washed with
buffer A (water and 0.1% formic acid) and buffer B (acetonitrile and 0.1% formic acid). After desalting, a
5-mm, 300-μm C18 capture tip was laid up in an Agilent 1100 quaternary (Agilent Technology Co. Ltd.,
Santa Clara, CA, USA) high-performance liquid chromatography (HPLC) in a straight line, subsequently,
12-step separation method was used for analysis. Gradient elution is as follows: started at 2% buffer B
up to 40% buffer B in 45 min, to 80% B in 13 min, from 80% B to 2% B until 2 min. The separated peptides
were examined in a micrOTOF-Q II mass spectrometer (Bruker Corporation, Billerica, Massachusetts, USA)
with a source temperature of 180°C. The mass spectrometer was running in automatic mode: survey MS
scans set to a value of 20,000, each survey scan (50~2, 500), �ve data-dependent tandem mass
(MS/MS) scans at 2 Hz normalized scan speed followed closely behind.

Data processing for proteomics
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The MS data were searched against B. oleracea genome (http://plants.ensembl.org/index.html) and were
processed using Proteome Discover software (Version 1.3, Thermo Scienti�c, Waltham, USA). Parameters
of Proteome Discover searches were set as follows: carbamidomethylation (C), oxidation (M) and
Acetylation (Protein N-term) were set as �xed and variable modi�cations, respectively; peptide mass
tolerance was 15 ppm, and fragment mass tolerance was 20 mmu; max missed cleavages was 2. The
peptide and protein identi�cation were using a cutoff of 1% for peptide false discovery rate (FDR),
peptides with Z score < 4 or Delta-Mass > 5 ppm were rejected, in addition, to identify a protein the
minimum number of peptides was set to 1. The default parameters for the Quantitative software Pro�le
Analysis 2.0 software were used throughout the analysis. Protein species with fold-change ≥ 1.5 and p-
value (p-FDR) ≤ 0.05 were identi�ed as differentially expressed protein species (DEPs) between the
experimental groups.

Bioinformatics analysis  

The biological processes, molecular function and cellular components of DEPs were analyzed by using
the Evolutionary Relationships (PANTHER) database v6.1 (www.pantherdb.org), which follows the gene
ontology (GO) standards [63]. Moreover, signaling pathway analysis was performed on the Kyoto
Encyclopedia of Genes and Genome (KEGG) database (http://www.Genome.jp/kegg) for biological
interpretation of systemic functions [64]. Protein-protein interactions were obtained from the Search Tool
for the Retrieval of Interacting Genes/Proteins (STRING) database (http://string-db.org) containing known
and predicted physical and functional protein-protein interactions [65].

Total RNA extraction and qRT-PCR analysis

The transcript levels of genes involved in DEPs were identi�ed using a real-time quantitative polymerase
chain reaction (qRT-PCR). To extract the total RNA, isolated pollen was extracted using an RNA Rapid
Extraction Kit (TaKaRa, Dalian, Liaoning, China) following the manufacturer’s instructions. A Revert Aid
First Strand cDNA Synthesis Kit (TaKaRa) was used to reverse transcribe RNA to cDNA. A SYBR Green
Super Mix (TaKaRa) in a 10 µL total volume reaction system was used on a CFX ConnectTM Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA). The qRT-PCR reactions were described previously
[29]. Actin was used as the internal reference gene in cabbage. The relative expression levels were
calculated using the 2-△△Ct method and plotted [66], the test repeated three times. The cDNA was
ampli�ed using speci�c primers (Supplementary Table S4).

Results
Microspore collection and culture

We attempted to collect only late uninucleate microspores as the initial materials for in vitro heat
treatment and culture by bud selection. A highly embryogenic cultivar Zhonggan 628 and a low yield
cultivar in microspore-derived embryos 87-534 were chosen for the analysis. Treatments of 32 °C and 25
°C on the isolated microspores for 24 h were adopted in our experiments. The results showed that after

http://plants.ensembl.org/index.html
http://www.pantherdb.org/
http://www.genome.jp/kegg
http://string-db.org/
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two to three weeks, embryoids were produced from the isolated microspore, and the difference in the
embryo rates between the 32 °C and 25 °C treatments in Zhonggan 628 are signi�cant. In Zhonggan 628,
the average number of embryos per bud is as high as 19.7 after 32 °C treatment, while the average
number of embryos per bud is 0 without 32 ℃ treatment, in 87-534, there was no embryo at both 32 °C
and 25 °C. (Fig. 1). We found that in vitro 32 °C heat treatment can signi�cantly improve the embryo rate.
 

Identi�cation of differentially expressed proteins in embryogenesis caused by high temperature 

To decipher the proteome variations after treatments at 25 °C and 32 °C for 24 h in cultured microspores,
a highly embryogenic cultivar Zhonggan 628 (A) and 87-534 (low yield in microspore-derived embryos, B)
after treatments at 25 °C and 32 °C for 24 h were chosen as treatment and control group for the proteome
comparisons. Using the label-free analysis, a total of 33434 peptides and 5961 protein species were
identi�ed (FDR < 0.01) in the 12 samples (Table S1). Principal component analysis showed clear
separation between A and B (Fig. 2). Proteins with more than 1.5-fold changes in abundance (p ≤ 0.05)
between the HS treatment (32 °C) and CK (25 °C) were selected as differentially expressed. A total of 363
showed expression differentials in mass spectrometry were identi�ed from Zhonggan 628 (A), 25 °C vs
32 °C, among the 363 proteins, 115 were upregulated and 248 were downregulated (Table S1). In 87-534,
25 °C vs 32 °C, a total of 282 showed expression differentials in mass spectrometry were identi�ed,
among the 282 proteins, 162 were upregulated and 120 were downregulated (Table S1). We found that
Y1 (A 25 °C vs 32 °C), Y2 (B 25 °C vs 32 °C), and Y3 (A 32 °C vs B 32 °C) have 37 proteins in common,
there were 210, 166 and 357 proteins that could only be detected in Y1, Y2, and Y3, respectively, in
contrast, there were 97 proteins in only Y1 and Y3, 60 proteins in only Y2 and Y3, and 19 proteins in only
Y1 and Y2 (Fig. 3). We can speculate that those 97 proteins specially identi�ed only in Zhonggan 628
after 32 °C heat-shock treatment were the proteins that will require more attention.

GO function classi�cation of differentially expressed proteins 

To further understand the function of the differentially expressed proteins, 97 key DEPs were searched as
described in the materials and methods to obtain their function information. Using GO functional
annotation, differentially expressed proteins could be divided into three categories: cellular component,
biological process and molecular function (Fig. 4, Table S2). Molecular function and biological process,
with 5 and 14 GO terms, respectively; 11 were assigned to cellular component (Fig. 4). Proteins with roles
as the cellular component focused on cell and cell part, proteins related to molecular function were
primarily the binding protein and catalytic protease, and the proteins related to biological process were
primarily involved in cellular process and metabolic process.

KEGG pathway analysis of differentially expressed proteins

According to KEGG analysis with p ≤ 0.05, 24 DEPs were enriched in carbon metabolism, glyoxylate and
dicarboxylate metabolism, starch and sucrose metabolism, protein processing in endoplasmic reticulum,
glycolysis / gluconeogenesis, carbon �xation in photosynthetic organisms, plant-pathogen interaction
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and cutin, suberine and wax biosynthesis. The results in the KEGG pathway analysis of the differentially
expressed proteins after HS responsive embryogenesis (Fig. 5, Table S2) showed that carbon metabolism
included nine DEPs, protein processing in the endoplasmic reticulum included eight DEPs, glyoxylate and
dicarboxylate metabolism included six DEPs.

The pathway of the different proteins was primarily involved in protein process and carbon metabolism,
while some proteins will also be enriched to a different pathway. There were a number of proteins
involved in many pathways, such as ribulose bisphosphate carboxylase small chain that were involved in
three pathways (carbon metabolism, glyoxylate and dicarboxylate metabolism and carbon �xation in
photosynthetic organisms), while participating in more than two pathways of protein as well as sugar
isomerase (SIS) family protein and glucose-6-phosphate isomerase.

Interaction of differentially expressed proteins in embryogenesis caused by high temperature.

Plant proteins play interrelated roles together in the context of networks. Detailed analyses of the
functional and physical protein interactions of 97 differentially expressed proteins (DEPs, 64
downregulated proteins and 33 upregulated proteins) were validated by constructing an Arabidopsis
association model, which was performed to investigate the effects of heat shock treatment on
microspore embryogenesis in vitro culture. Although these predicted interaction networks need to be
veri�ed, they have provided a narrow pool of protein–protein interactions in embryogenesis caused by
high temperature in vitro in cabbage for further investigations.

We applied the STRING database to construct the interaction networks of those 97 DEPs in Arabidopsis.
The results showed that 97 DEPs (64 downregulated and 33 upregulated proteins) interacted with 32 and
14 target proteins, respectively (Table S3 and Fig. 6). As expected, the network showed general and
complex interactions between the 64 downregulated proteins and 33 upregulated proteins, for example,
among those 64 downregulated proteins: hsp21 description  (HSP21, corresponding to Bo1g050780.1),
putative ankyrin repeat protein RF (TPR10, corresponding to Bo1g151900.1), heat stress transcription
factor B-4b-like (HSFA7A, corresponding to Bo2g165560.1), sgt1 homolog B (SGT1, corresponding to
Bo3g045210.1), chaperone protein ClpB1 (HSP101, corresponding to Bo6g118620.1) and cell division
control protein 48 homolog A (CDC48, corresponding to Bo5g138000.1) closely interact with heat shock
70 kDa protein 5 (HSP70, corresponding to Bo5g021500.1, Bo8g066630.1). In addition, 20 kDa
chaperonin (CPN20, corresponding to Bo2g023100.1), malate dehydrogenase (mMDH, corresponding to
Bo6g031300.1), protein SCO1 homolog 1 (HCC, corresponding to Bo5g139630.1) showed very positive
interactions with protein disul�de-isomerase (PDIL1-1, corresponding to Bo8g071060.1). For those 33
upregulated proteins: cytochrome P450, family 86, subfamily C (CYP86C2, corresponding to
Bo9g076040.1), non-speci�c lipid-transfer protein (LTP12, corresponding to Bo1g059070.1),
polygalacturonase QRT3 (QRT3, corresponding to Bo1g022160.1) and AT1G06260 (corresponding to
Bo1g055000.1) closely interacted with AT1G20120 (corresponding to Bo5g029180.1, Bo7g061770.1, and
Bo7g061790.1).
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Niehl et al. found that CDC48 function as a cellular factor to regulate the movement of protein
accumulation patterns in plant cells, suggesting a general role of CDC48 in endoplasmic reticulum
membrane maintenance upon ER stress (ER) [34]. The most commonly described role of mitochondrial
malate dehydrogenase is its catalysis of the interconversion of malate and oxaloacetate in the
tricarboxylic acid cycle [35]. The roles of mMDH in Arabidopsis seed development and germination were
investigated in mMDH1 and mMDH2 double knockout plants; a signi�cant proportion of mMDH1mMDH2
seeds were nonviable and developed only to torpedo-shaped embryos, indicative of arrested seed embryo
growth during embryogenesis [36]. Arabidopsis contains two SGT1 isoforms, SGT1a and SGT1b, and a
double mutant would lead to lethal embryos in Arabidopsis, suggesting that the SGT1 proteins are
essential for plant development; the SGT1 genes are also involved in enhancing the plant responses to
various biotic and abiotic stresses [37,38]. The developmental induction of sHSP has been related to the
potential for stress-induced microspore embryogenesis, and the ability of late bicellular pollen to respond
to embryogenic induction treatment was accompanied by rearrangements of the microtubular
cytoskeleton and the nuclear localization of the 70 kDa heat shock proteins [39,40]. These major
interacting proteins may play an important role in cabbage embryogenesis.

Correlation of protein fold changes with transcripts. 

The protein data and mRNA expression were correlated to further investigate protein relative abundance
pro�les of embryogenesis caused by high temperature treatment. The mRNA expression levels were
obtained using the qRT-PCR analysis of the corresponding nine genes (Those are more nodes in the
interaction network). Of the selected proteins, four of the genes showed similar change trends as the
result of being label-free. As shown in Fig.7, we chose heat shock 70 kDa protein 5 (Bo5g021500,
Bo8g066630), one of the most abundant proteins isolated from the microspore at 32 ºC, and, as
expected, a signi�cant increase was observed in the expression of HSP70 gene in response to high
temperature, similar to HSP70, two genes encoding protein SCO1 homolog 1 (HCC) and heat stress
transcription factor B-4b-like (HSF) showed a relative increased in abundance in Zhonggan 628 under
high temperature (Fig. 7). Differently, the gene encoding protein HSP21, CPN20, mMDH, sSGT1and
CDC48 showed different changes as a result of being label-free. Those genes showed a low correlation
between the mRNA and protein abundance profiles, which displayed a discrepancy between label-free
proteomics and qRT-PCR that could be due to sensitivity between the two analytical methods. The other
possible reason for this discrepancy maybe introduced by protein posttranscriptional, translational, and
posttranslational mechanisms or feedback loops between the processes of mRNA translation and protein
degradation.

Discussion
Proteomics is a powerful tool to study the complex biological systems and developmental processes,
such as microspore embryogenesis. To obtain further insights into the mechanism of embryogenesis
caused by high temperature, we analyzed the quantitative protein data in detail. In this study, a
comparative label-free proteomic analysis was performed to investigate the differences in embryogenetic
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ability between 25 ℃ and 32 ℃ micropores. The biological signi�cance associated with the biochemical
functions of proteins that were differentially abundant between the two types of microspores are mainly
discussed in the terms of the two primary categories: carbohydrate metabolism and protein synthesis
and degradation.

Carbohydrate metabolic process

A signi�cant breakthrough in our understanding of embryogenesis caused by high temperature resulted
from the carbohydrate metabolic process in cabbage. A total of nine proteins involved in carbohydrate
metabolic process, and seven proteins in particular were related to the glycolysis/gluconeogenesis,
pentose phosphate pathway and tricarboxylic acid cycle, two proteins participated in glyoxylate and
dicarboxylate metabolism (Fig.8).

  In various plant species, the comparative analysis of non-embryogenic and embryogenic tissues has
shown that most proteins are involved in carbohydrate metabolism, such as in Zea mays [41] and
Medicago truncatula [42]. Previous studies have indicated that carbohydrate metabolism participates in
the interruption of pollen development, and the genes involved in sucrose–starch metabolism have
already been described in barley [43,44]. The expression of androgenesis development is divided into two
stages: transcripts of the ‘early’ phase is detected from meiosis until the �rst pollen mitosis, while the
‘late’ phase accumulates from the �rst pollen mitosis onwards [45]. In vivo, the repression of the genes
involved in starch biosynthesis has been reported to block pollen development [46]. In this study, a similar
mechanism, which was involved in carbohydrate metabolism, may contributed to blocking microspore
embryogenesis.

Plaxton et al. found that both the MDE transcriptome and proteome datasets were enriched for
mRNAs/proteins involved in glycolysis, a process that generated ATP or metabolites for the biosynthesis
of storage products [47]. The accumulation of zygotic embryos and MDES storage products in rapeseed
occurred during cotyledon development, which was much later than the embryo stages [48]. This
suggested that the glycolysis genes/proteins expressed during very early MDEs were activated to supply
the energy needed for the rapid growth that occurred during this phase of embryo development, rather
than for storage product biosynthesis [8]. The chloroplast glycolysis occurring under the dark mainly
generated carbon skeletons, reductants, and ATP for effective metabolism during SE in vitro [49]. Here,
glucose-6-phosphate isomerase (GPI) and sugar isomerase (SIS) family protein were involved in
glycolysis that expressed highly during 32 ℃ dark-cultured microspore in embryogenic materials
zhonggan 628, this is consistent with above-mentioned studies.

The pentose phosphate pathway (PPP) is a metabolic pathway that is parallel to the glycolysis pathway.
Glucose-6-phosphate isomerase (GPI), sugar isomerase (SIS) family protein and transaldolase-like (E2)
(Fig.8) participate in the PPP and provide both nicotinamide adenine dinucleotide phosphate (NADPH)
and pentose, also increase progressively during embryo development. Malate dehydrogenase (MD) and
isocitrate dehydrogenase subunit 2 (IDH) are linked to tricarboxylic acid cycle (TCA), the enzymes are
involved in malate metabolism seem to be important for the induction stage of SE in cabbage induced by
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32 ℃. Malate dehydrogenase (MD), commonly found in animals, plants, and bacteria, which can
catalyze the reversible conversion between malate and oxaloacetate, chloroplast MD can primarily �x
carbon dioxide in photosynthesis [50]. IDH catalyzes the oxidative decarboxylation of isocitrate to
produce alpha-ketoglutarate (α-ketoglutarate) and CO2, in which this two-step process comprises the
oxidation of isocitrate (a secondary alcohol) to oxalosuccinate (a ketone), which is followed by
decarboxylation of the carboxyl group beta to the ketone to form alpha-ketoglutarate [51]. Thus,
con�rming the importance of malate metabolism during microspore embryogenesis.

These results clearly suggested that all these changes may have increased the amounts of NADH and
FADH2 produced in the TCA cycle. Thus, more coenzymes entered the respiratory chain, and the
formation of ATP was increased. The high energy requirements associated with the rearrangement of
metabolism, cellular organization and regulation, and cell divisions explained why proteins related to
carbohydrate metabolic was most strongly expressed during early embryogenesis in vitro. The
transformation of carbohydrates and the production of metabolic available energy constitute the
physiological axis of somatic embryo induction. This suggested that those upregulated proteins during
32℃ microspores are activated to supply the energy needed for the rapid growth that occurs during
embryo development.

Embryogenesis-related differentially expressed proteins in protein synthesis and degradation   

Protein biosynthesis is the basis of life and is the link between genetic information storage in DNA and
protein. In this study, the protein metabolism was the second most numerous categories of proteins
involved in embryogenesis, we represented nine proteins in Ribosome process (Fig. 9). The endoplasmic
reticulum was responsible for protein folding in plant cells, and this process was vulnerable to
environmental stresses. ER-associated proteins, included glycosyl hydrolases family 31 protein (RSW3),
protein disul�de-isomerase (PDI), ERO2 description, probable mediator of RNA polymerase II transcription
subunit 37c (MED), HSP21 description, HSP70, and Cell division control protein 48 homolog A (CDC) were
identi�ed in our study (Fig. 9).

Chaperones and proteases ensure correct protein folding and prevent the formation of toxic aggregates.
Protein disul�de isomerase (PDI) and �avin adenine dinucleotide (FAD)-dependent oxidase ER
oxidoreductin 1 (ERO1) formed disul�de bonds, which both have protein oxidation with redox reactions
[52]. PDIs are molecular chaperones that contain thioredoxin (TRX) domains and aid in the formation of
the proper disul�de bonds during protein folding [53]. In maize, the primary PDI accumulated to high
levels in seeds that produced mutant storage proteins that trigger the induction of the ER stress response
[54]. The oxidation and isomerization of disul�de bonds is necessary for the growth of all organisms. In
yeast, the oxidative folding of the secretory pathway proteins was catalyzed by the protein disul�de
isomerase (PDI), which required ERO1p (endoplasmic reticulum oxidoreductin) for its own oxidation [55].

Misfolded ER proteins were degraded by some HSPs (Fig. 9), because HSPs are not only the molecular
chaperones but also the essential components contributing to protein folding, assembly, translocation
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and optimal degradation [56]. HSP70 in the cytosolic heat shock protein family accumulated rapidly to
regulate normal growth and development under various stresses [57]. In addition, members of the heat
shock protein (HSP) family have been reported to be highly expressed during plant embryogenesis in vitro
culture by heat and starvation. Cordewener et al. studied the embryonic development of B. napus and
revealed that heat shock at 32 ℃ for 8 h was associated with a few de novo synthetic 70 kDa HSPs:
HSP68 and HSP70 [58]. The relationship between heat shock treatment and embryogenesis was also
studied in B. napus. HSP70 and HSP90 located in the nucleus and cytoplasm were found to be rapidly
induced, and the HSP70 protein was upregulated by heat shock stimulation during the process of
microspore embryogenesis in B. napus [59]. During transient stress, the aggregation of unfolding proteins
is prevented by the protein–protein interactions with the small heat shock protein (sHSP) chaperones; the
expression of sHSP is increased by stress, and after upregulation they may become among the most
abundant cellular proteins [60]. The sHSP, such as HSP18, HSP21, HSP22, HSP23 (Fig. 9), were also
increasingly accumulated in 32 ℃ microspores. The increased abundance of HSP70 and sHSP in 32 ℃
embryogenic cells suggested that the folding of the synthesized proteins or the refolding of the damaged
and unstable proteins occur, which may be due to the stress induced by in vitro culture. The expression of
these heat shock proteins is consistent with previous studies.

In the isolated microspore cultures of B. napus, the activity of protein synthesis increased from 0 to 5
days at 18 ℃, soon afterwards, the activity dropped dramatically, in addition, in MDE cultured at 32 ℃,
the activity of protein synthesis decreased after 2 days [61]. Here, we found an increase in protein
synthesis activity was observed at 24h in MDE cultures incubated at 32 ℃, this change in protein
synthesis capacity may re�ect the accelerated isolated microspore development that takes place at 32
℃.

Conclusions
In summary, this study provides a descriptive and comprehensive overview of protein expression changes
in the early embryogenesis of 32 ℃ induced in cabbage. 97 DEPs specially identi�ed only in Zhonggan
628 after heat-shock treatment were the key proteins that maybe related to heat shock-induced
embryogenesis in vitro culture. The key DEPs were enriched in carbohydrate metabolism, protein
synthesis and degradation. This work might help to reveal the key proteins of early embryogenesis
induced by 32 ℃ heat shock treatment in vitro culture of cabbage.
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Figures

Figure 1
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Microscope observation and statistical analysis of the heat shock treatment of Zhonggan 628 and 87-
534 microspores in vitro. A: The embryoids after 32 °C treatment in Zhonggan 628. B: The embryoids
under room temperature of 25 °C in Zhonggan 628. C: The embryoids after 32 °C treatment in 87-534. D:
The embryoids under room temperature of 25 °C in 87-534. E: The rate of embryoids per bud in Zhonggan
628 and 87-534 between 25 °C and 32 °C 24 h treatment. Statistical signi�cance of differences between
the control (25 °C) and treatment groups (32 °C) were determined by SPSS 17.0 (P 0.01)

Figure 2
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Principal component analysis at the proteome level. A1: 25 °C for 24 h in Zhonggan 628. A2: 32 °C for 24
h in Zhonggan 628. B1: 25 °C for 24 h in 87-534. B2: 32 °C for 24 h in 87-534

Figure 3

Venn diagrams showing numbers of distinct and common proteins in each of the three groups. A1: 25 °C
for 24 h in Zhonggan 628. A2: 32 °C for 24 h in Zhonggan 628. B1: 25 °C for 24 h in 87-534. B2: 32 °C for
24 h in 87-534. Y1: A1 vs A2. Y2: B1 vs B2. Y3: A2 vs B2
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Figure 4

GO function classi�cation of DEPs during embryogenesis caused by high temperature
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Figure 5

KEGG pathway of DEPs during embryogenesis caused by high temperature
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Figure 6

Protein-protein interaction analysis between DEPs. A: The downregulated proteins. B: The upregulated
proteins
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Figure 7

mRNA expression level analysis using a qRT-PCR approach on candidate proteins of embryogenesis
caused by high temperature. Statistical signi�cance of differences were determined by SPSS 17.0 (P
0.05)
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Figure 8

Abundance patterns of protein species involved in the carbohydrate metabolic. The expression value was
log10 transformed.
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Figure 9

Abundance patterns of protein species involved in protein assembly and degradation. The expression
value was log10 transformed.
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