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 1
 
 ABSTRACT
 
 2
 
 Eucommia ulmoides Oliver, the only member of the Eucommiaceae family, is a rare and valuable
 
 3
 
 tree used to produce a highly valued traditional Chinese medicine and contains α-linolenic acid
 
 4
 
 (ALA) up to 60% of the total fatty acids in the kernels (embryos). Glycolysis provides both
 
 5
 
 cellular energy and the intermediates for other biosynthetic processes. However, nothing was
 
 6
 
 known about the molecular basis of the glycolytic pathway in E. ulmoides kernels. The purposes
 
 7
 
 of this study were to identify novel genes of E. ulmoides related to glycolytic metabolism and to
 
 8
 
 analyze the expression patterns of selected genes in the kernels. Transcriptome sequencing based
 
 9
 
 on the Illumina platform generated 96,469 unigenes in four cDNA libraries constructed using
 
 10
 
 RNAs from 70 and 160 days after flowering kernels of both low and high ALA varieties. We
 
 11
 
 identified and characterized the digital expression of 120 unigenes coding for 24 protein families
 
 12
 
 involved in kernel glycolytic pathway. The expression levels of glycolytic genes were generally
 
 13
 
 higher in younger kernels than those in more mature kernels. Importantly, several unigenes from
 
 14
 
 kernels of the high ALA variety were expressed more than those from the low ALA variety. The
 
 15
 
 expression of ten unigenes encoding key enzymes in the glycolytic pathway was validated by
 
 16
 
 qPCR using RNAs from six kernel stages of each variety. The qPCR data were well consistent
 
 17
 
 with their digital expression in transcriptomic analyses. This study identified a comprehensive set
 
 18
 
 of genes for glycolytic metabolism and suggests that several glycolytic genes may play key roles
 
 19
 
 in ALA accumulation in the kernels of E. ulmoides.
 
 20
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 22
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 23 24 25
 
 INTRODUCTION
 
 26
 
 Glycolysis is a common characteristic of cellular metabolism and also the first major
 
 27
 
 biochemical pathway to be well characterized.1 Although most of glycolytic enzymes are
 
 28
 
 ubiquitous to all organisms, the glycolysis in higher plants owns numerous special features.1
 
 29
 
 Plant glycolysis has a very important function in providing substrates for biosynthetic processes.2
 
 30
 
 During glycolysis, glucose is degraded to yield pyruvate, together with ATP and NADH. These
 
 31
 
 series of enzyme-catalyzed steps belong to the Embdem-Meyerhof-Pamas (EMP) pathway.3
 
 32
 
 Plant glycolytic pathway is generally believed to consist of ten continuous reactions regulated by
 
 33
 
 ten
 
 34
 
 6-phosphofructokinase 1, and pyruvate kinase are irreversible, whereas the remaining seven
 
 35
 
 reactions are reversible.2 The cofactor acetyl coenzyme A, generated from pyruvate, is required
 
 36
 
 directly for the tricarboxylic acid cycle, amino acid metabolism, lipid metabolism, and many
 
 37
 
 other biochemical reactions. Hence, the importance of glycolysis in living organisms lies not
 
 38
 
 only in its role in metabolism, but also in its links to complex network pathways regulated by
 
 39
 
 diverse enzymes. Abnormalities in any of these enzymes will lead to alterations in downstream
 
 families
 
 of
 
 enzymes.
 
 Of
 
 these,
 
 three
 
 reactions
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 40
 
 pathways.
 
 41
 
 Eucommia ulmoides Oliver (or called Chinese rubber tree or Gutta-percha tree, Figure 1A)
 
 42
 
 is the only member of the Eucommiaceae family and is a valuable tree endemic to China. It is
 
 43
 
 used to produce a highly valued traditional Chinese medicine from its bark4-8 and also famous as
 
 44
 
 a source of gutta-percha.9-12 Oil accumulated in the embryos (i.e., kernels free of seed coat)
 
 45
 
 contains various fatty acids, especially rich in α-linolenic acid (ALA),13,14 which constitutes as
 
 46
 
 much as 60% of the total fatty acids.15 Fatty acid biosynthesis, and therefore the biosynthesis of
 
 47
 
 oil as well, are affected directly by the glycolytic pathway with respect to the generation of
 
 48
 
 essential metabolites and the rates at which they are produced; however, nothing was done at the
 
 49
 
 molecular level of the glycolytic pathway in E. ulmoides kernels.
 
 50
 
 Construction of cDNA libraries and expressed sequence tags (ESTs) constitute the efficient
 
 51
 
 methods for large-scale gene discovery. Novel genes related to specific biological pathways can
 
 52
 
 be identified by de novo transcriptome analyses,16-18 whereas the accuracy, sensitivity,
 
 53
 
 high-throughput, and low cost of next-generation RNA sequencing (RNA-seq) technologies
 
 54
 
 facilitate studies of specific cellular pathways and gene expression patterns.19
 
 55
 
 The objectives of this study were to identify novel genes of E. ulmoides related to glycolytic
 
 56
 
 metabolism and to analyze the expression patterns of selected genes in the kernels (embryos free
 
 57
 
 of seed coat). We took advantages of the above-mentioned approaches and constructed four
 
 58
 
 cDNA libraries for RNA-seq. We analyzed the four transcriptomes and identified 120 unigenes
 
 59
 
 involved in the glycolytic pathway of E. ulmoides. Finally, we characterized the expression of all
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 60
 
 120 unigenes related to glycolytic pathway digitally and validated 10 genes encoding major
 
 61
 
 enzymes in this pathway by quantitative real-time polymerase chain reaction (qPCR).
 
 62
 
 63
 
 MATERIALS AND METHODS
 
 64
 
 Plant Materials. Two elite authorized varieties of E. ulmoides, Huazhong no. 6 (38.7%
 
 65
 
 ALA, low ALA variety) and Huazhong no. 10 (67.6% ALA, high ALA variety), were used in this
 
 66
 
 study. They originated from Song and Ruyang counties, respectively, of Luoyang City, Henan
 
 67
 
 Province, China. Both were planted at the E. ulmoides Resource Nursery of the Paulownia
 
 68
 
 Research and Development Center of State Forestry Administration (Zhengzhou City, Henan
 
 69
 
 Province, China). The seeds (Figure 1B) were collected from each variety at six developmental
 
 70
 
 stages: 70, 88, 106, 124, 142, and 160 days after flowering (DAF). After the seed coat was
 
 71
 
 removed, the kernel (embryo, Figure 1C) was wrapped in aluminum foil and transferred
 
 72
 
 immediately to liquid nitrogen until used. The embryos were used for extraction of RNAs to be
 
 73
 
 used as templates for cDNA library construction followed by next-generation RNA sequencing
 
 74
 
 (RNA-seq). The extracted RNAs were also used as templates for evaluating relative expression
 
 75
 
 abundance by qPCR method (see below for details).
 
 76
 
 RNA Isolation.
 
 Total RNAs were isolated from developing kernels of each variety
 
 77
 
 collected at 70, 88, 106, 124, 142 and 160 DAF using the EZ-10 DNAaway RNA mini-prep kit
 
 78
 
 according to the manufacturer’s protocols (Sangon Biotech, China). Samples collected at 70 and
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 79
 
 160 DAF in each variety were used in cDNA library construction and RNA sequencing. All six
 
 80
 
 developmental stages of each variety were used in the qPCR analyses. The quality of RNA
 
 81
 
 samples was assessed by RNA integrity number (RIN) and the rRNA ratio using an Agilent 2100
 
 82
 
 bioanalyzer (USA) as described.20 High-quality RNAs with RIN values ≥ 8 were prepared
 
 83
 
 using the above-mentioned RNA isolation kits.
 
 84
 
 cDNA Library Construction and Unigene Assembly and Analysis.
 
 Poly (A)-containing
 
 85
 
 mRNA was purified using a procedure similar to the one described.21 The cDNA libraries were
 
 86
 
 constructed from the purified mRNAs using the NEB Next mRNA library prep master mix set
 
 87
 
 (NEB, USA) and NEB Next multiplex oligos for Illumina, and then were sequenced using an
 
 88
 
 Illumina Solexa HiSeq™ 2000 sequencing platform (Biomarker Technologies Co. , China).22
 
 89
 
 The clean DNA reads were assembled into contigs and unigenes using the Trinity software
 
 90
 
 according to the published procedure.23,24 The unigenes were further annotated using the Kyoto
 
 91
 
 Encyclopedia of Genes and Genomes (KEGG) protein databases and the InterProScan
 
 92
 
 software.25
 
 93
 
 Digital Analysis of Differentially Expressed Genes.
 
 The expression levels of the
 
 94
 
 unigenes from four samples, Huazhong no. 6 kernels collected at 70 (S1) and 160 (S2) DAF and
 
 95
 
 Huazhong no. 10 kernels collected at 70 (S3) and 160 (S4) DAF, were compared and analyzed
 
 96
 
 using the published method.26 The reads per kilobase per million mapped reads (RPKM) method
 
 97
 
 was used to calculate unigene expression, i.e., unigene is differentially expressed if RPKM
 
 ACS Paragon Plus Environment
 
 Page 7 of 54
 
 Journal of Agricultural and Food Chemistry 7
 
 98 99
 
 values between two samples are ≥ two-fold difference.27
 
 qPCR Analysis.
 
 Total RNAs from the six developmental stages of each variety were used
 
 100
 
 to synthesize cDNAs using the PrimeScript RT reagent with gDNA Eraser (Takara, Dalian,
 
 101
 
 China). The qPCRs were performed in a CFX96 real-time system (Bio-Rad, USA) using the
 
 102
 
 SYBR Premix Ex Taq (Takara, Dalian, China) as described.28 The reactions were carried out
 
 103
 
 three times using independent samples. Primers for ten key genes related to the glycolytic
 
 104
 
 pathway were used in the qPCR (Table 1), with the actin gene of E. ulmoides serving as the
 
 105
 
 reference gene.29 The gene expression levels were calculated as –2–∆∆Ct [29].30 Duncan’s
 
 106
 
 multiple-range test from the IBM SPSS Statistics 20.0 package was used to determine significant
 
 107
 
 differences among the six developmental stages of each variety.
 
 108 109
 
 RESULTS
 
 110
 
 Transcriptome Sequencing and De novo Assembly of Unigenes from E. ulmoides
 
 111
 
 Kernels. Two elite varieties of E. ulmoides were selected for this study. Huazhong no. 6 has
 
 112
 
 low ALA content (38.7%) and Huazhong no. 10 has high ALA content (67.6%). Four kernel
 
 113
 
 (embryo) samples free of seed coat, consisting of Huazhong no. 6 kernels collected at 70 (S1)
 
 114
 
 and 160 (S2) DAF and Huazhong no. 10 kernels collected at 70 (S3) and 160 (S4) DAF, were
 
 115
 
 used for RNA sequencing. After processing, approximately 72.79 million high-quality reads were
 
 116
 
 assembled into 7,217,493 contigs. Approximately 94.1% of contigs were short reads with less
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 117
 
 than 100 bp and 4.2% of contigs within 100-200 bp (Figure 2A). Long-length contigs with more
 
 118
 
 than 3000 bp (2026 reads) constituted of 0.03% of the total reads (Figure 2A). These contigs
 
 119
 
 were further assembled into 96,469 unigenes with a mean size of 690 bp. The great majority of
 
 120
 
 unigenes were between 200-300 bp (34.1%), 300-400 bp (18.4%) and 400-500 bp (9.8%) (Figure
 
 121
 
 2B), Unigenes longer than 3000 bp (2352 unigenes) were 2.44% of the total unigenes and none
 
 122
 
 was less than 200 bp in the four E. ulmoides kernel transcriptomes (Figure 2B).
 
 123
 
 Differential Expression of Unigenes from E. ulmoides Kernel Transcriptomes.
 
 Genes
 
 124
 
 differentially expressed among the four samples were identified in two-two comparisons: S1 vs.
 
 125
 
 S2 (70 DAF vs. 160 DAF in low ALA variety), S3 vs. S4 (70 DAF vs. 160 DAF in high ALA
 
 126
 
 variety), S1 vs. S3 (70 DAF from low ALA vs. high ALA varieties), and S2 vs. S4 (160 DAF
 
 127
 
 from low ALA vs. high ALA varieties) (Figure 2C). In the S1 (70 DAF) vs. S2 (160 DAF)
 
 128
 
 comparison, 3,207 unigenes showed significantly different expression, including 1,275 unigenes
 
 129
 
 that were up-regulated and 1,932 unigenes that were down-regulated developmentally in the low
 
 130
 
 ALA variety. In the S3 (70 DAF) vs. S4 (160 DAF) comparison, there were 42 up-regulated and
 
 131
 
 5,406 down-regulated unigenes developmentally in the high ALA variety. Among the 4,259
 
 132
 
 differentially expressed unigenes in the S1 vs. S3 comparison, 4,209 unigenes were up-regulated
 
 133
 
 and 50 unigenes down-regulated in 70 DAF kernels between the two cultivars. Finally, in the S2
 
 134
 
 vs. S4 comparison, there were 649 up-regulated and 585 down-regulated unigenes in 160 DAF
 
 135
 
 kernels between the two cultivars.
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 136
 
 Identification of Unigenes in Glycolytic Metabolism from the E. ulmoides Kernel
 
 137
 
 Transcriptomes.
 
 Among the 96,469 unigenes, 11,260 unigenes could be assigned to 117
 
 138
 
 pathways using the KEGG annotation.22 From the E. ulmoides kernel transcriptomes, 120
 
 139
 
 annotated unigenes related to glycolytic metabolism had detectable RPKM values. Table 2
 
 140
 
 shows the unigene IDs (arranged from low to high numbers), the numbers of total reads and the
 
 141
 
 RPKM values in the four kernel samples for each unigene in the glycolytic pathway. It also
 
 142
 
 shows the putative functions of the 120 unigenes identified by KEGG annotation (Table 2). The
 
 143
 
 numbers of highly expressed unigenes with RPKM values > 100 were 24, 7, 26 and 12 unigenes
 
 144
 
 in the S1, S2, S3 and S4 cDNA libraries, respectively (Table 2). Five highly expressed unigenes
 
 145
 
 with RPKM values > 100 were present in all four cDNA libraries (highlighted in Table 2:
 
 146
 
 85712_c0 coding for glyceraldehyde 3-phosphate dehydrogenase [GAPDH], 102621_c0 coding
 
 147
 
 for phosphoglycerate kinase [PGK], 105392_c0 coding for aldehyde dehydrogenase [ALDH],
 
 148
 
 106110_c0 coding for fructose-bisphosphate aldolase [FBA], and 107380_c1 coding for
 
 149
 
 dihydrolipoamide dehydrogenase [DLD]). In the younger kernels collected at 70 DAF, the
 
 150
 
 highest expressed gene was 85712_c0 (GAPDH) with 1161 and 1289 RPKM in the low and high
 
 151
 
 ALA varieties, respectively (Table 2). In the more mature kernels collected at 160 DAF, the
 
 152
 
 highest expressed gene was 107380_c1 (DLD) with 1296 and 1398 RPKM in the low and high
 
 153
 
 ALA varieties, respectively (Table 2). As a comparison, S2 and S4 contained only 7 and 1
 
 154
 
 unigenes with RPKM > 100 in fatty acid biosynthesis pathway.22 Furthermore, transcriptomes
 
 155
 
 from the immature seeds (S1 and S3) and mature seeds (S2 and S4) contained 7 and 3 unigenes
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 156
 
 with the most abundant expression levels (RPKM > 10,000), respectively, five of them coding
 
 157
 
 for seed storage proteins and the other two unigenes coding for peroxiredoxin and lipid transfer
 
 158
 
 protein (data not shown).
 
 159
 
 Classification of Unigenes Involved in Glycolytic Metabolism in the E. ulmoides
 
 160
 
 Kernels.
 
 The 120 glycolytic metabolism unigenes identified from the E. ulmoides
 
 161
 
 transcriptomes
 
 162
 
 glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and pyruvate kinase (PK) had the largest
 
 163
 
 numbers of unigenes at ten and nine, respectively. Fructose-bisphosphate aldolase, class I (FBA),
 
 164
 
 glucose-6-phosphate 1-epimerase (GPE), 6-phosphofructokinase 1 (PFK) and pyruvate
 
 165
 
 dehydrogenase (PDH) families all contained eight unigenes. Alcohol dehydrogenase (ADH),
 
 166
 
 aldehyde dehydrogenase (ALDH) and 2,3-bisphosphoglycerate-dependent phosphoglycerate
 
 167
 
 mutase (PGAM) all had seven unigenes. Other unigenes coding for major enzymes involved in
 
 168
 
 glycolytic metabolism included six unigenes for phosphoglycerate kinase (PGK), five unigenes
 
 169
 
 each for enolase (ENO), glucose-6-phosphate isomerase (GPI) and hexokinase (HXK), four
 
 170
 
 unigenes for fructose-1,6-bisphosphatase I (FBP) and three unigenes each for aldose 1-epimerase
 
 171
 
 (AEP), dihydrolipoamide dehydrogenase (DLD), glyceraldehyde-3-phosphate dehydrogenase
 
 172
 
 (GAPN), dihydrolipoamide acetyltransferase (pyruvate dehydrogenase E2 component) (DLAT)
 
 173
 
 and triosephosphate isomerase (TPI). Two unigenes each coded for pyruvate decarboxylase
 
 174
 
 (PDC), phosphoenolpyruvate carboxykinase (ATP) (PEPCK) and phosphoglucomutase (PGM).
 
 encoded
 
 proteins
 
 from
 
 24
 
 families
 
 (Table
 
 ACS Paragon Plus Environment
 
 3).
 
 Those
 
 encoding
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 175
 
 Finally, one unigene each coded for acetyl-CoA synthetase (ACS) and L-lactate dehydrogenase
 
 176
 
 (LDH). These protein families were mapped onto generalized glycolytic metabolism using the
 
 177
 
 KEGG database (Figure 3). The unigenes identified by RNA-seq covered every enzymatic step
 
 178
 
 of the glycolytic pathway in E. ulmoides kernels, although significant differences between this
 
 179
 
 plant glycolysis and generalize pathway were noted from the map (Figure 3).
 
 180
 
 Digital Analysis of Differentially Expressed Genes in Glycolytic Metabolism.
 
 181
 
 identify significant differences in gene expression, expression levels of the 120 unigenes from
 
 182
 
 four samples related to glycolytic pathway were analyzed using the RPKM method (i.e., unigene
 
 183
 
 is differentially expressed if RPKM values between two samples are ≥ two-fold difference)
 
 184
 
 (Table 3). In general, the expression levels of glycolytic genes were higher in younger kernels
 
 185
 
 (70 DAF) than those in more mature kernels (160 DAF). Among the 120 unigenes involved in
 
 186
 
 the glycolytic pathway, 67 unigenes were differentially expressed between S1 (70 DAF) and S2
 
 187
 
 (160 DAF) samples in the low ALA variety, of which 10 unigenes were up-regulated and 57
 
 188
 
 unigenes were down-regulated in 160 DFA kernels (Table 3). The expression levels of 75
 
 189
 
 unigenes were significantly different between S3 (70 DAF) and S4 (160 DAF) samples in the
 
 190
 
 high ALA variety (13 unigenes up-regulated and 62 unigenes down-regulated in the 160 DAF
 
 191
 
 kernels) (Table 3). Importantly, more unigenes were expressed at higher levels in kernels from
 
 192
 
 the high ALA variety (Huazhong no. 10 with 67.6% ALA) than those from the low ALA variety
 
 193
 
 (Huazhong no. 6 with 38.7% ALA). Importantly, more unigenes expressed more from E.
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 194
 
 ulmoides kernels of the high ALA variety (Huazhong no. 10 with 67.6% ALA) than those from
 
 195
 
 the low ALA variety (Huazhong no. 6 with 38.7% ALA). Fourteen unigenes were expressed
 
 196
 
 more (2 ENO, 3 GAPDH, 2 GPI, LDH, PDH, PGAM, PFK, PGK and 2 TPI) and only two
 
 197
 
 unigenes were expressed less (AEP and GAPDH) in 70 DAF samples from the high ALA variety
 
 198
 
 than those from the low ALA variety (Table 3). Similar results were obtained in 160 DAF kernels
 
 199
 
 between the two varieties. The expression of 22 unigenes differed by ≥ two-fold in 160 DAF
 
 200
 
 samples between the high ALA variety and the low ALA variety, including 13 unigenes
 
 201
 
 expressed more (2 ADH, AEP, 2 ENO, GAPN, 2 GPI, 3 PGK, PGAM and TPI) and only 9
 
 202
 
 unigenes expressed less (ADH, FBA, 3 GAPDH, GAPN, GPI, HXK and PGAM) (Table 3).
 
 203
 
 Digital Expression Analysis of the Glycolytic Gene Families in the Transcriptomes of E.
 
 204
 
 ulmoides Kernels. After summarizing the RPKM values of the identified unigenes (Table 2)
 
 205
 
 based on the classified gene families (Figure 3), the S1, S2, S3, and S4 samples contained 18, 14,
 
 206
 
 19, and 18 gene families with RPKM values > 100 and 3 (DLD, FBA, GAPDH), 1 (DLD), 3
 
 207
 
 (DLD, FBA, GAPDH), and 1 (DLD) gene families with RPKM values > 1000, respectively
 
 208
 
 (Figure 4). Unigenes coding for GAPDH were the highest expressed genes with 2459, 646 and
 
 209
 
 2911 and 762 RPKM in the S1, S2, S3 and S43 samples, respectively, which accounted for 21%
 
 210
 
 of the total RPKM from all 24 families of unigenes (Figure 4). The second most highly
 
 211
 
 expressed unigene family was those coding for DLD with 1041, 1331, 1099 and 1435 RPKM in
 
 212
 
 S1, S2, S3 and S4 samples, respectively (15% of the total), The third most highly expressed
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 213
 
 unigene family was followed by those coding for FBA with 1581, 263, 1742 and 294 RPKM in
 
 214
 
 S1, S2, S3 and S4 samples, respectively (12% of the total). The least expressed unigenes with
 
 215
 
 less than 1% of the total RPKM were those coding for LDH (0.04%), ACS (0.27%), GPAN
 
 216
 
 (0.35%) and FBP (0.82%) (Figure 4). The total expression levels of kernel glycolysis as judged
 
 217
 
 by the total RPKM were significantly reduced following kernel maturation because S2 and S4
 
 218
 
 kernels contained only 53% and 57% of total RPKM from S1 and S3 kernels, respectively.
 
 219
 
 Among the 24 families of unigenes, 13 families of unigenes in S2 kernels (160 DAF) were
 
 220
 
 decreased by two-fold compared to those in S1 kernels (70 DAF), including ADH, AEP, ENO,
 
 221
 
 FBA, GAPDH, GAPN, GPE, LDH, DLAT, PDH, PGAM, PK and TPI (Figure 4). Eight out of 24
 
 222
 
 families of unigenes in S4 kernels (160 DAF) were decreased by two-fold compared to those in
 
 223
 
 S3 kernels (70 DAF), including ADH, FBA, GAPDH, GAPN, DLAT, PDH, PK and LDH
 
 224
 
 (Figure 4). The 70 and 160 DAF kernels from the high ALA variety contained 11% and 18%,
 
 225
 
 respectively, of more total RPKM in glycolysis than those from the low ALA variety.
 
 226
 
 Furthermore, the expression levels of 6 unigene families in S3 and 7 unigene families in S4
 
 227
 
 measured by RPKM values were 20% higher than those in S1 and S2 samples from immature
 
 228
 
 kernels (Figure 4).
 
 229
 
 Characterization of the 24 Families of Unigenes Expressed in E. ulmoides Kernels.
 
 230
 
 The complete expression profiles of the 24 families of unigenes in the four kernels of E.
 
 231
 
 ulmoides were analyzed for identifying the major isoform(s) in each family, the developmentally
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 232
 
 regulated isoform(s) and the enhanced expression of isoform(s) in high ALA variety (Figure 5).
 
 233
 
 ACS and LDH contained only one unigene in the transcriptomes. The expression of ACS was
 
 234
 
 slightly increased in the more matured kernels and somewhat decreased in the high ALA kernels
 
 235
 
 than those in the low ALA kernels, whereas LDH was significantly decreased in the more mature
 
 236
 
 kernels and had much more in younger kernels of the high ALA variety compared to those of the
 
 237
 
 low ALA variety. ALDH, DLD, FBP, PGAM and PGK gene families had only one major unigene
 
 238
 
 expressed in the kernels and FBP was expressed more in high ALA kernels. AEP had one
 
 239
 
 expressed in younger kernels which was much reduced in old kernels but another unigene
 
 240
 
 expression was increased greatly only in S4 kernels. PDC, PEPCK and PGM contained two
 
 241
 
 forms expressed in all four samples except that one unigene of PDC was greatly reduced in the
 
 242
 
 more mature kernels than those in the younger kernels. In addition, PDC was expressed more in
 
 243
 
 younger kernels but PEPCK was expressed more in older kernels of the high ALA kernels. GPI
 
 244
 
 and HXK had two unigenes expressed in all four samples and no great difference of expression
 
 245
 
 was observed in both low and high ALA kernels. DLAT, ENO, PDH and TPI had two unigenes
 
 246
 
 predominately expressed only in younger kernels and no great difference of expression was
 
 247
 
 observed in both low and high ALA kernels. FBA, GAPDH and GAPN had three unigenes
 
 248
 
 predominantly expressed in younger kernels and only one was expressed with much reduced
 
 249
 
 level in the old kernels, whereas PFK had three unigenes predominantly expressed in older
 
 250
 
 kernels and only one was expressed with high level in the younger kernels. No significant
 
 251
 
 difference of expression of FBA, GAPDH, GAPN and PFK was observed in both low and high
 
 ACS Paragon Plus Environment
 
 Page 15 of 54
 
 Journal of Agricultural and Food Chemistry 15
 
 252
 
 ALA kernels. ADH had four of the seven unigenes expressed in the younger kernels with one
 
 253
 
 being enhanced expression in the high ALA kernels but only three were expressed with reduced
 
 254
 
 level in the old kernels. All eight unigenes of GPE were expressed in young kernels but one was
 
 255
 
 barely detectable and all the other with reduced levels in old kernels. PK had six of the nine
 
 256
 
 unigenes expressed in all samples although their levels were much reduced in the old kernels.
 
 257
 
 Quantitative Analysis of Ten Selected Genes Involved in Glycolytic Metabolism.
 
 The
 
 258
 
 expression patterns of the ten most important genes encoding the major enzymes involved in
 
 259
 
 glycolytic metabolism were evaluated in six stages of developing kernels from the low
 
 260
 
 (Huazhong no. 6) and high (Huazhong no. 10) ALA varieties using qPCR and primers designed
 
 261
 
 based on the respective unigene sequences (Table 1). Figure 6 shows the expression profiles of
 
 262
 
 ten genes from the Huazhong no. 6 variety. All ten genes were expressed maximally at 106 DAF.
 
 263
 
 The expression levels of 85712_c0 (GAPDH) (Figure 6A) and 107903_c0 (GPI) (Figure 6J)
 
 264
 
 decreased in the early stages, increased as the kernels matured, and then decreased slowly
 
 265
 
 thereafter. The expression levels of five genes, 93453_c0 (PK) (Figure 6B), 102621_c0 (PGK)
 
 266
 
 (Figure 6F), 104852_c0 (PGAM) (Figure 6G), 106110_c0 (FBA) (Figure 6H), and 106690_c2
 
 267
 
 (HXK) (Figure 6I), increased in the early stages and then decreased. The expression of 96875_c0
 
 268
 
 (TPI) (Figure 6C) and 97732_c0 (ENO) (Figure 6E) increased during the early stage and then
 
 269
 
 decreased before increasing again when the kernels became mature. The expression of 97685 _c0
 
 270
 
 (PFK) (Figure 6D) decreased before increasing to reach a maximum at 106 DAF, then decreased
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 271
 
 before increasing again.
 
 272
 
 Figure 7 shows the expression profiles of ten genes from the Huazhong no. 10 variety.
 
 273
 
 According to the qPCR results, the expression patterns of nine genes of this variety were the
 
 274
 
 same as those in Huazhong no. 6: 85712_c0 (GAPDH) (Figure 7A), 96875_c0 (TPI) (Figure 7C),
 
 275
 
 97685_c0 (PFK) (Figure 7D), 97732_c0 (ENO) (Figure 7E), 102621_c0 (PGK) (Figure 7F),
 
 276
 
 104852_c0 (PGAM) (Figure 7G), 106110_c0 (FBA) (Figure 7H), 106690_c2 (HXK) (Figure 7I),
 
 277
 
 and 107903_c0 (GPI) (Figure 7J). However, 97732_c0 (ENO) (Figure 7E) and 104852_c0
 
 278
 
 (PGAM) (Figure 7G) reached the maximum level of expression at 88 DAF kernel from
 
 279
 
 Huazhong no. 10; 106690_c2 (HXK) (Figure 7I) reached a maximum at 142 DAF; and the
 
 280
 
 maximum expression of remaining seven unigenes were all at 106 DAF. The expression of
 
 281
 
 93453_c0 (PK) (Figure 7B) differed in that it increased in the early stages and decreased before
 
 282
 
 increasing again.
 
 283 284
 
 DISCUSSION
 
 285
 
 Glycolysis not only provides energy and intermediates for vital cellular functions, but also serves
 
 286
 
 as the upstream pathway of oil biosynthesis. Thus, the rates of the enzymatic steps of the
 
 287
 
 glycolytic pathway may directly affect the efficiency of oil biosynthesis. The aims of this
 
 288
 
 research were to identify novel genes related to glycolytic metabolism in E. ulmoides and to
 
 289
 
 analyze the expression patterns of selected genes in the developing kernels of this highly valued
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 290
 
 tree since no prior study was reported about these aspects of research in E. ulmoides.
 
 291
 
 The E. ulmoide kernel transcriptomes generated approximately 73 million high-quality reads
 
 292
 
 which were assembled into 7.2 million contigs, resulted in 96,469 non-redundant unigenes with a
 
 293
 
 mean size of 690 bp. The great majority of unigenes were between 200-300 bp, followed by
 
 294
 
 300-400 bp and 400-500 bp, unigenes longer than 3000 bp were 2.44% of the total unigenes and
 
 295
 
 none was less than 200 bp in the four E. ulmoides kernel transcriptomes. As a comparison, tung
 
 296
 
 tree kernel transcriptomes contain 81,805 non-redundant unigenes with a mean length of 945 bp
 
 297
 
 with similar pattern of unigene distribution.21 Similarly, tea oil tree kernel transcriptomes contain
 
 298
 
 65,536 non-redundant unigenes with a slightly different pattern of unigene distribution.31 The
 
 299
 
 comparisons of tree kernel transcriptomes suggest that the current transcriptomic sequencing is
 
 300
 
 completed with high quality data.
 
 301
 
 One major result of this study was that a complete picture of glycolytic metabolism was
 
 302
 
 emerged in the kernels of E. ulmoides. RNA-seq identified 120 unigenes involved in glycolytic
 
 303
 
 pathway from four kernel transcriptomes in E. ulmoides. These unigenes were classified into 24
 
 304
 
 protein families covering all steps of glycolysis. Based on the identification of relevant unigenes
 
 305
 
 and characterization of their expression patterns in the four transcriptomes by RNA-seq analysis,
 
 306
 
 the complete picture of glycolytic pathway in the kernels of E. ulmoides is illustrated in Figure 8.
 
 307
 
 The major steps of glycolytic metabolism in E. ulmoides kernels can be summarized as follows:
 
 308
 
 Step 1: α-D-glucose-6P was converted from α-D-glucose-1P by PGM following starch and
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 309
 
 sucrose metabolism or from α-D-glucose by HXK; which can be used for pentose phosphate
 
 310
 
 pathway; Step 2: α-D-glucose-6P is converted into β-D-fructose-6P by three ways: 1) directly
 
 311
 
 converted by GPI [EC:5.3.1.9], 2) indirectly converted into β-D-glucose-6P by GPE followed by
 
 312
 
 converting into β-D-fructose-6P by GPI, 3) indirectly converted from α-D-glucose into
 
 313
 
 β-D-glucose, β-D-glucose-6P, and β-D-fructose-6P by AEP, HXK, and GPI, respectively; Step 3:
 
 314
 
 β-D-fructose-6P is converted into β-D-fructose-1,6P2 by PFK, which is also converted back by
 
 315
 
 FBP;
 
 316
 
 glycerone-P by TPI; Step 5: glyceraldehyde-3P is converted into glycerate-3P by the action of
 
 317
 
 GAPN or a combinations of GAPDH and PGK; Step 6: glycerate-3P is converted into
 
 318
 
 glycerate-2P by PGAM; Step 7: glycerate-2P is converted into phosphoenolpyruvate by ENO;
 
 319
 
 Step 8: oxaloacetate from citrate cycle is converted into phosphoenolpyruvate by PEPCK or into
 
 320
 
 pyruvate by PEPCK and PK; Step 9: pyruvate is the substrate of three enzymes: 1) converted
 
 321
 
 into L-lactate by LDH for propanoate metabolism, 2) converted into acetaldehyde by PDC and
 
 322
 
 PDH followed by ADH for ethanol production, 3) converted into S-acetyl-dihydrolipoamide-E
 
 323
 
 by PDH; Step 10: S-acetyl-dihydrolipoamide-E is converted into acetyl CoA for citrate cycle or
 
 324
 
 dihydrolipoamide-E by DLAT, which is converted into lipoamide-E by DLD; Step 11:
 
 325
 
 Acetaldehyde is used for ethanol production or being converted into acetate and acetyl-CoA by
 
 326
 
 ALDH and ACS, respectively, which is used for citrate cycle. This volume of information will
 
 327
 
 be the foundation for further studies on the genetic regulation of glycolytic metabolism in the
 
 328
 
 kernels of E. ulmoides.
 
 Step 4: β-D-fructose-1,6P2 is converted into glyceraldehyde-3P by FBA or indirectly via
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 329
 
 Another major result of this study was that a number of genes were identified with
 
 330
 
 enhanced expression levels in the kernels of a high ALA variety. This information may be very
 
 331
 
 important for the improvement of oil production in this important tree. The expression levels of
 
 332
 
 glycolytic pathway genes were studied using RNA-seq together with qPCR analyses. Among the
 
 333
 
 ten genes selected for qPCR confirmation, the expression of nine of them was similar to that
 
 334
 
 determined by RPKM. These results demonstrated that the two methods used to estimate gene
 
 335
 
 expression are generally credible and complementary to each other. Extensive expression
 
 336
 
 analyses of the 24 families of unigenes clearly demonstrated that various isoforms in the same
 
 337
 
 protein family were differentially expressed in the same stage of kernels, different stages of
 
 338
 
 kernels and/or kernels from different varieties of E. ulmoides. In general, the expression levels of
 
 339
 
 glycolytic genes were higher in younger kernels (70 DAF) than those in more mature kernels
 
 340
 
 (160 DAF). Among the 120 unigenes involved in the glycolytic pathway, 67 and 75 unigenes
 
 341
 
 were differentially expressed between 70 and 160 DAF kernels in the low and high ALA
 
 342
 
 varieties, respectively. Of which 10 unigenes were up-regulated and 57 unigenes were
 
 343
 
 down-regulated in 160 DFA kernels of the low ALA variety and 13 unigenes up-regulated and 62
 
 344
 
 unigenes down-regulated in the 160 DAF kernels of the high ALA variety. Importantly, more
 
 345
 
 unigenes from E. ulmoides kernels of the high ALA variety expressed more than those from the
 
 346
 
 low ALA variety in both young and old kernels. Fourteen and 13 unigenes were expressed more
 
 347
 
 in 70 and 160 DAF kernels, respectively and only two and nine unigenes were expressed less in
 
 348
 
 70 and 160 DAF kernels, respectively, in the high ALA variety than those from the low ALA
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 349
 
 variety. The complete expression profiles of 120 unigenes from 24 families were further
 
 350
 
 analyzed in the four types of kernels. These expression analyses clearly suggest that young
 
 351
 
 kernels has more metabolic activity as generally accepted concept, but also uncovered a number
 
 352
 
 of genes with enhanced expression in high ALA variety, which may be very important for
 
 353
 
 increasing oil production in this important tree.
 
 354
 
 It is generally believed that the first and last steps of glycolysis in plants are the
 
 355
 
 phosphorylation of hexose by HXK and the irreversible conversion of phosphoenolpyruvic acid
 
 356
 
 into pyruvate by PK, respectively.32,33 During glycolysis, PFK catalyzes irreversibly the
 
 357
 
 synthesis of fructose-1,6-diphosphate from fructose-6-phosphate and ATP, whereas FBA
 
 358
 
 catalyzes the reversible breakdown of fructose-1,6-bisphosphate into dihydroxyacetone
 
 359
 
 phosphate and glyceraldehyde 3-phosphate34 and is an important regulatory enzyme in the
 
 360
 
 glycolytic pathway.35 Some of the differences between this study and previous studies are noted.
 
 361
 
 For example, we identified five EuHXKs in the E. ulmoides kernel transcriptomes and showed by
 
 362
 
 qPCR analysis that expression of 106690_c2 EuHXK followed a pattern of an early increase,
 
 363
 
 maximal at 106-142 DAF, and a decrease at the last stages of kernel development. In a previous
 
 364
 
 study, four HXK genes were cloned from tomato (Lycopersicon esculentum L. Mill.), and
 
 365
 
 expression analysis showed that LeHXK1 and LeHXK4 were the dominant in all tissues
 
 366
 
 examined with an expression level being decreased with the development of fruits.36,37 The
 
 367
 
 differences in the expression profiles are presumably due to the different sampling densities or
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 368
 
 the different organs analyzed: fruits in tomato study32,33,38 and kernels in E. ulmoides study. FBA
 
 369
 
 serves another example between our study and previous studies. The number and expression
 
 370
 
 patterns of FBA genes are also different among E. ulmoides kernels, spinach leaf and Camellia
 
 371
 
 oleifera (oil-tea tree) kernels. We identified eight EuFBAs in the E. ulmoides kernel
 
 372
 
 transcriptomes. qPCR analysis showed that expression of 106110_c0 isoform in both varieties of
 
 373
 
 E. ulmoides was increased followed by a decrease, with a maximum level reached at 106 DAF.
 
 374
 
 Lebherz et al. identified two isoforms of FBAs in spinach leaf.39 Types I and II of FBAs are
 
 375
 
 located in either cytosol or chloroplast and have different structures with diverse enzyme activity
 
 376
 
 and configuration.40-42 Zeng et al. found six CoFBAs in the transcriptomes of Camellia oleifera
 
 377
 
 (oil-tea tree) and used qPCR to analyze the expression of CoFBA1, CoFBA2, CoFBA3 and
 
 378
 
 CoFBA4 during kernel development in C. oleifera.31 Two different expression patterns were
 
 379
 
 observed: an initial increase followed by a slight decrease (CoFBA1, CoFBA3) and a gradual
 
 380
 
 increase (CoFBA2, CoFBA4). Thus, the expression patterns of CoFBA1 and CoFBA3 from C.
 
 381
 
 oleifera and EuFBA from E. ulmoides were similar.
 
 382
 
 In summary, RNA-seq generated 96,469 unigenes in four cDNA libraries constructed using
 
 383
 
 RNAs from 70 and 160 DAF kernels of two E. ulmoides varieties. Among them, 120 unigenes
 
 384
 
 were identified to be involved in kernel glycolytic pathway; which codes for 24 protein families
 
 385
 
 including
 
 386
 
 glucose-6-phosphate
 
 387
 
 6-phosphofructokinase I, phosphoglycerate kinase, pyruvate kinase and triosephosphate
 
 enolase,
 
 fructose-bisphosphate isomerase,
 
 aldolase,
 
 glucose-6-phosphate
 
 glyceraldehyde-3-phosphate
 
 ACS Paragon Plus Environment
 
 dehydrogenase,
 
 1-epimerase, hexokinase,
 
 Journal of Agricultural and Food Chemistry
 
 Page 22 of 54 22
 
 388
 
 isomerase. We characterized the unigenes expressed in the kernels digitally. The expression
 
 389
 
 levels of glycolytic genes were generally higher in younger kernels than those in more mature
 
 390
 
 kernels. Several unigenes from kernels of a high ALA variety were expressed more than those
 
 391
 
 from a low ALA variety. The expression of ten unigenes encoding key enzymes in the glycolytic
 
 392
 
 pathway was validated by qPCR using RNAs from six kernel stages of each variety. The qPCR
 
 393
 
 data were well consistent with their digital expression in transcriptomic analyses. Since mRNA
 
 394
 
 levels are not always correlated with protein levels and enzymatic activities and subcellular
 
 395
 
 localization, it is important to study these aspects using proteomics and metabolomics
 
 396
 
 approaches to provide more insights into the molecular mechanisms of glycolysis pathway
 
 397
 
 regulation in this economic tree. Nevertheless, the current study provides an important
 
 398
 
 component (at the transcripts level) towards the goal of understanding which enzymes mediate
 
 399
 
 glycolysis in this tissue and suggests that several genes in high ALA variety may be key plays in
 
 400
 
 ALA accumulation in the kernels of E. ulmoides.
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 Figure legends Figure 1. Plant materials used in the study. (A) E. ulmoides tree (or called Chinese rubber tree or Gutta-percha tree), (B) E. ulmoides seeds (The background square is 1 cm2), (C) E. ulmoides kernel (embryo) free of seed coat used for RNA extraction.
 
 Figure 2. RNA-seq analysis of E. ulmoides kernel transcriptomes. (A) The length distribution of the contigs in the E. ulmoides kernel transcriptomes. (B) The distribution of unigene length. (C) The number of differentially expressed unigenes.
 
 Figure 3. Mapping unigenes involved in glycolytic metabolism in the E. ulmoides kernels onto KEGG glycolytic pathway. The name and number beside the highlighted rectangle represents the abbreviation of the enzyme and the number of unigenes discovered in each enzyme family. ACS, acetyl-CoA synthetase; ADH, alcohol dehydrogenase; AEP, aldose 1-epimerase; ALDH, aldehyde dehydrogenase; DLAT, dihydrolipoamide acetyltransferase (pyruvate dehydrogenase E2
 
 component);
 
 DLD,
 
 dihydrolipoamide
 
 dehydrogenase;
 
 ENO,
 
 enolase;
 
 FBA,
 
 fructose-bisphosphate aldolase, class I; FBP, fructose-1,6-bisphosphatase I; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPE, glucose-6-phosphate 1-epimerase; GPI, glucose-6-phosphate isomerase; GAPN, glyceraldehyde-3-phosphate dehydrogenase (NADP+); HXK, hexokinase; LDH, L-lactate dehydrogenase; PDC, pyruvate decarboxylase; PDH, pyruvate
 
 dehydrogenase;
 
 PEPCK,
 
 phosphoenolpyruvate
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 phosphoglucomutase;
 
 PFK,
 
 6-phosphofructokinase
 
 1;
 
 PGAM,
 
 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase; PGK, phosphoglycerate kinase; PK, pyruvate kinase; TPI, triosephosphate isomerase.
 
 Figure 4.
 
 Digital expression analysis of the glycolytic gene families in the transcriptomes of E.
 
 ulmoides kernels. The 24 families of proteins coded for by the unigenes were presented in the x-axis followed by the number of unigenes discovered in the transcriptomic analysis. RNA levels in the y-axis were the sum of RPKM values from all of the unigenes identified in the same gene family. The abbreviations of enzymes are shown in Table 3.
 
 Figure 5. Expression profiles of the 24 families of unigenes in the four kernels of E. ulmoides. The abbreviations of enzymes are shown in Table 3.
 
 Figure 6.
 
 Expression profiles of glycolytic pathway genes in Huazhong no. 6 kernels.
 
 QPCR
 
 was used to quantify the mRNA levels using the total RNAs from six kernel developmental stages in ‘Huazhong no. 6’. Different letters show a significant difference in the mRNA level (P < 0.05). (A) 85712_c0 (GAPDH); (B) 93453_c0 (PK); (C) 96875_c0 (TPI); (D) 97685_c0 (PFK); (E) 97732_c0 (ENO); (F) 102621_c0 (PGK); (G) 104852_c0 (PGAM); (H) 106110_c0 (FBA); (I) 106690_c2(HXK); (J) 107903_c0 (GPI). The abbreviations of enzymes are shown in Table 3.
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 Figure 7.
 
 Expression profiles of glycolytic pathway genes in Huazhong no. 10 kernels.
 
 QPCR was used to quantify the mRNA levels using the total RNAs from six kernel developmental stages in ‘Huazhong no. 10’. Different letters show a significant difference in the mRNA level (P < 0.05). (A) 85712_c0 (GAPDH); (B) 93453_c0 (PK); (C) 96875_c0 (TPI); (D) 97685_c0 (PFK); (E) 97732_c0 (ENO); (F) 102621_c0 (PGK); (G) 104852_c0 (PGAM); (H) 106110_c0 (FBA); (I) 106690_c2(HXK); (J) 107903_c0 (GPI). The abbreviations of enzymes are shown in Table 3.
 
 Figure 8.
 
 Glycolytic pathway in the E. ulmoides kernel.
 
 The figure represents an overview of
 
 glycolytic pathway in E. ulmoides kernels. The name and number in red color between any two metabolites represents enzyme name followed by the total expression level (in terms of RPKM) of the enzyme in the four transcriptomes from two tissues of each variety. The number in green color between two metabolites represents the highest expressed unigene in the four transcriptomes from two tissues of each variety. The abbreviations of enzymes are shown in Table 3.
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 Table 1. Primers Used for qPCR Analysis unigene
 
 KEGG annotation (abbreviation)
 
 sequence (5'-3')
 
 85712_c0
 
 glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
 
 F:GAAGGAATACAAGCCCGAACTC R:CTCAACAATGCCGAACCTATCA
 
 93453 _c0
 
 pyruvate kinase (PK)
 
 96875_c0 97685_c0 97732 _c0 102621_c0 104852_c0 106110_c0 106690_c2 107903_c0 reference gene
 
 triosephosphate isomerase (TPI) 6-phosphofructokinase 1 (PFK) enolase (ENO) phosphoglycerate kinase (PGK) 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase (PGAM) fructose-bisphosphate aldolase, class I (FBA) hexokinase (HXK) glucose-6-phosphate isomerase (GPI) actin
 
 annealing temperature (°C)
 
 GC content (%)
 
 amplicon (bp)
 
 59.9 60.3
 
 50.0 45.5
 
 106
 
 F:GCCAAGGCTGTGAAAAAGGGT
 
 63.1
 
 52.4
 
 R:ACCTCGTCTACCTCCAACCAAAC
 
 61.4
 
 52.2
 
 F:CATTCACTGGGGAGATTAGCG
 
 59.8
 
 52.4
 
 R:TCAAGGGTCTCTCCAACACAAG
 
 59.2
 
 50.0
 
 F:AGCGACTAAAGCAGAACGGACA
 
 61.8
 
 50.0
 
 R:TCATTTCGGTGGTCCCTATCC
 
 61.1
 
 52.4
 
 F:CGGAAAAGGTGTTCTCAAGGC
 
 61.4
 
 52.4
 
 R:CCATTCATTCACGGTCCCAT
 
 60.1
 
 50.0
 
 F:TACCGTTGGACGACAGTTTGAA
 
 60.6
 
 45.5
 
 R:GAGAAGAGAGGATGACTTTCGCAC
 
 61.5
 
 50.0
 
 F:GGTAGTCAAACGAGGATGGGATG
 
 62.4
 
 52.2
 
 R:CAACAATAACAAACGGTGGCA
 
 59.5
 
 42.9
 
 F:CAAATGGCGTGCTGTGCTCA
 
 63.7
 
 55.0
 
 R:AGAATCTCGGGCTCAACAATGG
 
 63.0
 
 50.0
 
 F:CCGTCCTATCCAACACCGTCT
 
 61.3
 
 57.1
 
 R:AATCCTTTCTCATTCCCAGTCG
 
 60.0
 
 45.5
 
 F:TCTCTCAGCCTTCTACTGCCGT
 
 60.9
 
 54.5
 
 R:AGCGACTTTCCTAACTCAACTCC
 
 59.1
 
 47.8
 
 F:TTGTTAGCAACTGGGATGATATGG
 
 61.1
 
 41.7
 
 R:CAGGGTGTTCTTCAGGAGCAA
 
 60.1
 
 52.4
 
 ACS Paragon Plus Environment
 
 95 178 181 136 108 137 138 202 143 84
 
 Page 35 of 54
 
 Journal of Agricultural and Food Chemistry 35
 
 Table 2. Identification of 120 Glycolytic Pathway Unigenes in the E. ulmoides Kernel Transcriptomes S1 (no.)a
 
 S1 (RPKM)b
 
 S2 (no.)a
 
 S2 (RPKM)b
 
 S3 (no.)a
 
 S3 (RPKM)b
 
 S4 (no.)a
 
 S4 (RPKM)b
 
 44562_c0
 
 8.00
 
 1.30
 
 2.00
 
 0.42
 
 15.00
 
 3.01
 
 6.00
 
 6.92
 
 47593_c0
 
 7613.13
 
 300.55
 
 959.63
 
 43.91
 
 7108.44
 
 345.93
 
 1431.00
 
 53.74
 
 47751_c0
 
 2881.98
 
 108.44
 
 112.00
 
 4.88
 
 2414.00
 
 111.95
 
 109.00
 
 3.90
 
 47772_c0
 
 294.00
 
 13.78
 
 105.00
 
 5.70
 
 83.00
 
 4.80
 
 2317.00
 
 103.24
 
 47866_c0
 
 428.00
 
 13.15
 
 82.00
 
 2.92
 
 415.00
 
 15.71
 
 158.00
 
 4.62
 
 6-phosphofructokinase 1 [EC:2.7.1.11]
 
 48495_c0
 
 241.98
 
 32.82
 
 46.00
 
 7.25
 
 203.00
 
 34.11
 
 121.00
 
 15.51
 
 phosphoglycerate kinase [EC:2.7.2.3]
 
 61131_c0
 
 561.00
 
 22.77
 
 93.00
 
 4.38
 
 451.00
 
 22.56
 
 139.00
 
 5.37
 
 pyruvate dehydrogenase E1 component beta subunit [EC:1.2.4.1]
 
 61853_c0
 
 72.00
 
 11.03
 
 15.00
 
 2.67
 
 68.00
 
 12.92
 
 5.00
 
 0.72
 
 glyceraldehyde-3-phosphate dehydrogenase (NADP+) [EC:1.2.1.9]
 
 61853_c1
 
 304.00
 
 16.44
 
 21.00
 
 1.32
 
 232.00
 
 15.47
 
 61.00
 
 3.13
 
 glyceraldehyde-3-phosphate dehydrogenase (NADP+) [EC:1.2.1.9]
 
 62736_c0
 
 1990.71
 
 114.41
 
 832.00
 
 55.45
 
 1432.00
 
 101.55
 
 1897.00
 
 103.60
 
 alcohol dehydrogenase [EC:1.1.1.1]
 
 62736_c1
 
 12.00
 
 0.73
 
 1.00
 
 0.42
 
 3.00
 
 1.36
 
 4.00
 
 1.35
 
 alcohol dehydrogenase [EC:1.1.1.1]
 
 62844_c0
 
 7871.71
 
 310.96
 
 1199.00
 
 54.90
 
 6554.89
 
 319.20
 
 2071.00
 
 77.83
 
 enolase [EC:4.2.1.11]
 
 62916_c0
 
 3010.00
 
 79.21
 
 918.13
 
 28.00
 
 1812.01
 
 58.74
 
 1302.00
 
 32.62
 
 dihydrolipoamide acetyltransferase [EC:2.3.1.12]
 
 63005_c0
 
 3.00
 
 0.59
 
 3.15
 
 0.73
 
 6.00
 
 0.79
 
 3.00
 
 0.56
 
 63045_c0
 
 2389.86
 
 77.76
 
 796.00
 
 30.02
 
 1825.00
 
 73.17
 
 1074.00
 
 33.26
 
 dihydrolipoamide dehydrogenase [EC:1.8.1.4]
 
 63122_c0
 
 1511.00
 
 82.66
 
 740.00
 
 46.94
 
 1162.00
 
 78.42
 
 1114.97
 
 57.97
 
 pyruvate kinase [EC:2.7.1.40]
 
 63122_c1
 
 981.00
 
 86.58
 
 429.00
 
 43.94
 
 719.10
 
 78.44
 
 718.00
 
 60.09
 
 pyruvate kinase [EC:2.7.1.40]
 
 63135_c0
 
 1072.04
 
 29.12
 
 2450.99
 
 77.14
 
 1702.00
 
 56.94
 
 2911.95
 
 75.30
 
 pyruvate decarboxylase [EC:4.1.1.1]
 
 63173_c0
 
 2178.00
 
 96.43
 
 873.00
 
 44.81
 
 1675.06
 
 91.44
 
 893.99
 
 37.64
 
 fructose-bisphosphate aldolase, class I [EC:4.1.2.13]
 
 63640_c0
 
 3.00
 
 1.01
 
 0.00
 
 0.00
 
 35.00
 
 14.68
 
 17.00
 
 5.31
 
 63833_c0
 
 583.00
 
 19.40
 
 315.00
 
 12.15
 
 384.00
 
 15.75
 
 492.00
 
 15.58
 
 76008_c1
 
 4.00
 
 0.94
 
 3.00
 
 0.86
 
 2.00
 
 0.61
 
 1.00
 
 0.23
 
 81133_c2
 
 9.00
 
 1.98
 
 12.00
 
 2.15
 
 253.00
 
 14.89
 
 263.00
 
 31.01
 
 82053_c0
 
 15.00
 
 2.51
 
 11.00
 
 2.33
 
 11.00
 
 2.49
 
 6.00
 
 1.03
 
 84186_c0
 
 3615.01
 
 107.66
 
 1420.47
 
 49.03
 
 2369.00
 
 86.93
 
 1860.93
 
 52.76
 
 unigene ID
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 KEGG annotation [international enzyme name] glucose-6-phosphate isomerase [EC:5.3.1.9] fructose-bisphosphate aldolase, class I [EC:4.1.2.13] pyruvate dehydrogenase E1 component beta subunit [EC:1.2.4.1] aldose 1-epimerase [EC:5.1.3.3]
 
 aldehyde dehydrogenase family 7 member A1 [EC:1.2.1.3]
 
 glyceraldehyde 3-phosphate dehydrogenase [EC:1.2.1.12] aldehyde dehydrogenase (NAD+) [EC:1.2.1.3] glucose-6-phosphate isomerase [EC:5.3.1.9] phosphoglycerate kinase [EC:2.7.2.3] fructose-bisphosphate aldolase, class I [EC:4.1.2.13] phosphoglucomutase [EC:5.4.2.2]
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 84273_c0
 
 71.00
 
 3.82
 
 14.00
 
 0.87
 
 53.00
 
 3.52
 
 19.00
 
 0.97
 
 84500_c0
 
 4456.51
 
 170.45
 
 1442.00
 
 63.93
 
 3854.87
 
 181.74
 
 1756.90
 
 63.93
 
 85712_c0
 
 26944.09
 
 1161.27
 
 7481.68
 
 373.81
 
 24248.88
 
 1288.55
 
 11058.42
 
 453.32
 
 85883_c0
 
 583.00
 
 19.08
 
 614.00
 
 23.29
 
 470.00
 
 18.96
 
 931.61
 
 29.02
 
 87683_c0
 
 44.00
 
 5.75
 
 2.00
 
 0.30
 
 54.00
 
 8.74
 
 4.00
 
 0.49
 
 87849_c0
 
 197.00
 
 33.91
 
 44.00
 
 8.80
 
 191.00
 
 40.80
 
 92.00
 
 14.93
 
 88514_c0
 
 3.00
 
 0.70
 
 4.00
 
 1.09
 
 8.00
 
 1.42
 
 2.00
 
 0.44
 
 89083_c0
 
 101.00
 
 3.73
 
 267.00
 
 11.42
 
 104.00
 
 4.73
 
 416.78
 
 14.64
 
 89331_c0
 
 622.00
 
 25.32
 
 51.00
 
 2.41
 
 310.00
 
 15.56
 
 26.00
 
 1.01
 
 89843_c0
 
 2196.01
 
 72.03
 
 217.00
 
 8.25
 
 1761.00
 
 71.18
 
 323.00
 
 10.08
 
 89858_c0
 
 1.00
 
 0.25
 
 0.00
 
 0.00
 
 1.00
 
 0.31
 
 1.00
 
 0.23
 
 glyceraldehyde 3-phosphate dehydrogenase [EC:1.2.1.12]
 
 89858_c2
 
 4.00
 
 1.03
 
 5.00
 
 1.63
 
 2.00
 
 0.64
 
 1.00
 
 0.24
 
 glyceraldehyde 3-phosphate dehydrogenase [EC:1.2.1.12]
 
 90799_c0
 
 7.00
 
 2.18
 
 6.00
 
 2.17
 
 5.00
 
 1.94
 
 7.00
 
 2.03
 
 6-phosphofructokinase 1 [EC:2.7.1.11]
 
 90818_c0
 
 6381.00
 
 218.61
 
 1175.00
 
 46.66
 
 4901.34
 
 206.94
 
 1717.00
 
 55.98
 
 pyruvate dehydrogenase E1 component alpha subunit [EC:1.2.4.1]
 
 91357_c0
 
 1808.74
 
 54.05
 
 1347.31
 
 46.66
 
 1025.00
 
 37.74
 
 1540.53
 
 43.83
 
 hexokinase [EC:2.7.1.1]
 
 92206_c0
 
 1126.00
 
 35.45
 
 149.00
 
 5.50
 
 652.00
 
 24.17
 
 133.00
 
 3.75
 
 dihydrolipoamide dehydrogenase [EC:1.8.1.4]
 
 92351_c0
 
 10.00
 
 0.78
 
 1.00
 
 0.19
 
 47.00
 
 8.26
 
 6.00
 
 0.46
 
 glucose-6-phosphate isomerase [EC:5.3.1.9]
 
 92429_c0
 
 227.00
 
 9.49
 
 37.00
 
 1.73
 
 126.00
 
 6.54
 
 38.00
 
 1.53
 
 aldehyde dehydrogenase (NAD+) [EC:1.2.1.3]
 
 92555_c0
 
 536.00
 
 11.81
 
 332.15
 
 8.48
 
 335.00
 
 9.09
 
 456.01
 
 9.57
 
 glucose-6-phosphate 1-epimerase [EC:5.1.3.15]
 
 93087_c0
 
 26.00
 
 3.02
 
 44.00
 
 5.94
 
 27.00
 
 3.88
 
 41.00
 
 4.51
 
 aldehyde dehydrogenase (NAD+) [EC:1.2.1.3]
 
 93087_c1
 
 83.26
 
 3.52
 
 212.00
 
 10.40
 
 95.00
 
 4.96
 
 293.00
 
 11.79
 
 aldehyde dehydrogenase (NAD+) [EC:1.2.1.3]
 
 93371_c0
 
 3501.07
 
 113.24
 
 1150.67
 
 43.14
 
 3073.76
 
 122.51
 
 1933.00
 
 59.51
 
 glyceraldehyde 3-phosphate dehydrogenase [EC:1.2.1.12]
 
 93379_c0
 
 7236.16
 
 274.60
 
 991.99
 
 43.63
 
 7530.14
 
 350.43
 
 1757.00
 
 63.09
 
 fructose-bisphosphate aldolase, class I [EC:4.1.2.13]
 
 93453_c0
 
 6772.77
 
 140.50
 
 2024.11
 
 75.00
 
 3844.34
 
 200.91
 
 2656.05
 
 69.59
 
 pyruvate kinase [EC:2.7.1.40]
 
 93635_c2
 
 1.00
 
 0.14
 
 11.00
 
 1.74
 
 797.00
 
 134.84
 
 2.00
 
 0.26
 
 glyceraldehyde 3-phosphate dehydrogenase [EC:1.2.1.12]
 
 93908_c0
 
 2365.00
 
 73.76
 
 882.00
 
 31.88
 
 1524.00
 
 58.56
 
 1380.00
 
 40.97
 
 aldehyde dehydrogenase family 7 member A1 [EC:1.2.1.3]
 
 93938_c0
 
 1926.71
 
 50.64
 
 2071.03
 
 60.14
 
 1723.99
 
 55.90
 
 4953.09
 
 116.76
 
 phosphoenolpyruvate carboxykinase (ATP) [EC:4.1.1.49]
 
 94154_c0
 
 8.00
 
 0.53
 
 13.00
 
 0.99
 
 11.00
 
 0.89
 
 15.00
 
 0.94
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 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase [EC:5.4.2.11] alcohol dehydrogenase [EC:1.1.1.1] glyceraldehyde 3-phosphate dehydrogenase [EC:1.2.1.12] enolase [EC:4.2.1.11] glucose-6-phosphate 1-epimerase [EC:5.1.3.15] phosphoglycerate kinase [EC:2.7.2.3] 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase [EC:5.4.2.11] hexokinase [EC:2.7.1.1] alcohol dehydrogenase [EC:1.1.1.1] enolase [EC:4.2.1.11]
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 95307_c0
 
 63.00
 
 2.44
 
 45.00
 
 2.11
 
 67.58
 
 4.25
 
 113.00
 
 4.20
 
 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase [EC:5.4.2.11]
 
 95430_c2
 
 19.00
 
 3.97
 
 12.00
 
 2.09
 
 7.00
 
 3.74
 
 3.00
 
 1.25
 
 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase [EC:5.4.2.11]
 
 96875_c0
 
 6657.96
 
 84.88
 
 3366.99
 
 71.16
 
 4663.38
 
 218.94
 
 4957.35
 
 101.38
 
 97685_c0
 
 1177.00
 
 58.52
 
 1443.00
 
 55.93
 
 819.00
 
 96.16
 
 1555.00
 
 46.56
 
 97732_c0
 
 11551.53
 
 69.08
 
 1584.00
 
 93.58
 
 11113.06
 
 434.63
 
 2613.99
 
 515.38
 
 97740_c0
 
 5867.04
 
 195.98
 
 161.00
 
 6.23
 
 7503.09
 
 308.86
 
 426.00
 
 13.54
 
 97904_c0
 
 67.00
 
 4.76
 
 37.00
 
 2.16
 
 50.00
 
 3.11
 
 46.00
 
 1.46
 
 98365_c0
 
 2748.01
 
 97.02
 
 2096.78
 
 85.81
 
 2450.84
 
 106.64
 
 2371.88
 
 79.69
 
 99460_c0
 
 80.00
 
 4.72
 
 78.00
 
 5.41
 
 60.00
 
 4.39
 
 150.00
 
 8.31
 
 pyruvate dehydrogenase E1 component beta subunit [EC:1.2.4.1]
 
 99460_c1
 
 61.00
 
 6.66
 
 43.00
 
 5.40
 
 40.00
 
 5.30
 
 75.00
 
 7.43
 
 pyruvate dehydrogenase E1 component beta subunit [EC:1.2.4.1]
 
 99532_c0
 
 6.00
 
 1.45
 
 17.00
 
 4.77
 
 5.00
 
 1.50
 
 13.00
 
 2.94
 
 aldose 1-epimerase [EC:5.1.3.3]
 
 99807_c0
 
 1132.00
 
 24.03
 
 1122.12
 
 27.87
 
 613.01
 
 16.14
 
 955.01
 
 19.00
 
 100371_c0
 
 2.50
 
 0.10
 
 0.00
 
 0.00
 
 195.53
 
 10.02
 
 2.08
 
 0.08
 
 pyruvate dehydrogenase E1 component alpha subunit [EC:1.2.4.1]
 
 101815_c0
 
 102.96
 
 9.99
 
 21.00
 
 1.67
 
 113.00
 
 12.57
 
 58.00
 
 4.56
 
 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase [EC:5.4.2.11]
 
 101980_c0
 
 6052.08
 
 609.27
 
 522.00
 
 60.99
 
 5832.01
 
 726.04
 
 1192.00
 
 113.70
 
 glyceraldehyde 3-phosphate dehydrogenase [EC:1.2.1.12]
 
 101980_c1
 
 2381.00
 
 543.57
 
 265.00
 
 70.40
 
 2130.00
 
 605.35
 
 470.00
 
 100.81
 
 glyceraldehyde 3-phosphate dehydrogenase [EC:1.2.1.12]
 
 102107_c0
 
 690.07
 
 18.39
 
 606.00
 
 18.72
 
 458.00
 
 15.04
 
 980.00
 
 24.87
 
 dihydrolipoamide acetyltransferase [EC:2.3.1.12]
 
 102586_c1
 
 385.00
 
 26.27
 
 238.00
 
 20.08
 
 268.00
 
 22.12
 
 243.00
 
 17.47
 
 glucose-6-phosphate 1-epimerase [EC:5.1.3.15]
 
 102593_c0
 
 43.22
 
 4.16
 
 21.00
 
 2.34
 
 45.01
 
 5.35
 
 13.00
 
 1.18
 
 fructose-1,6-bisphosphatase I [EC:3.1.3.11]
 
 102593_c1
 
 45.00
 
 5.05
 
 25.00
 
 3.25
 
 40.00
 
 5.55
 
 26.00
 
 2.76
 
 fructose-1,6-bisphosphatase I [EC:3.1.3.11]
 
 102621_c0
 
 8553.95
 
 202.62
 
 5560.00
 
 243.56
 
 5992.97
 
 279.16
 
 5635.00
 
 123.26
 
 103099_c0
 
 850.00
 
 22.28
 
 99.00
 
 2.55
 
 437.01
 
 14.91
 
 103.00
 
 2.36
 
 103219_c0
 
 574.00
 
 29.59
 
 220.80
 
 13.89
 
 484.91
 
 31.67
 
 376.00
 
 19.28
 
 glucose-6-phosphate 1-epimerase [EC:5.1.3.15]
 
 103349_c0
 
 3263.00
 
 89.79
 
 3664.12
 
 116.92
 
 1518.00
 
 51.52
 
 3764.90
 
 98.47
 
 phosphoglucomutase [EC:5.4.2.2]
 
 103434_c0
 
 1982.71
 
 52.68
 
 294.00
 
 9.05
 
 1839.54
 
 60.21
 
 260.05
 
 6.58
 
 pyruvate decarboxylase [EC:4.1.1.1]
 
 103465_c0
 
 1823.99
 
 53.68
 
 991.00
 
 33.80
 
 1343.00
 
 48.70
 
 1158.00
 
 32.45
 
 phosphoglycerate kinase [EC:2.7.2.3]
 
 103485_c0
 
 161.00
 
 4.99
 
 44.00
 
 1.61
 
 76.00
 
 2.92
 
 24.00
 
 0.73
 
 103573_c0
 
 1484.00
 
 71.55
 
 254.70
 
 14.24
 
 856.00
 
 50.90
 
 438.00
 
 20.08
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 triosephosphate isomerase (TIM) [EC:5.3.1.1] 6-phosphofructokinase 1 [EC:2.7.1.11] enolase [EC:4.2.1.11] alcohol dehydrogenase [EC:1.1.1.1] fructose-1,6-bisphosphatase I [EC:3.1.3.11] pyruvate kinase [EC:2.7.1.40]
 
 acetyl-CoA synthetase [EC:6.2.1.1]
 
 phosphoglycerate kinase [EC:2.7.2.3] pyruvate kinase [EC:2.7.1.40]
 
 hexokinase [EC:2.7.1.1] triosephosphate isomerase (TIM) [EC:5.3.1.1]
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 103580_c0
 
 5232.56
 
 142.37
 
 1285.00
 
 40.52
 
 4222.00
 
 141.51
 
 1613.00
 
 41.79
 
 pyruvate kinase [EC:2.7.1.40]
 
 103701_c1
 
 752.00
 
 33.13
 
 1012.00
 
 52.07
 
 677.00
 
 36.71
 
 1198.00
 
 50.46
 
 pyruvate dehydrogenase E1 component alpha subunit [EC:1.2.4.1]
 
 103734_c1
 
 486.02
 
 15.39
 
 264.00
 
 11.08
 
 485.00
 
 18.86
 
 377.00
 
 11.75
 
 pyruvate kinase [EC:2.7.1.40]
 
 104153_c3
 
 24.00
 
 2.54
 
 0.00
 
 0.00
 
 47.19
 
 5.22
 
 9.00
 
 0.77
 
 104852_c0
 
 6775.39
 
 202.19
 
 2119.00
 
 104.34
 
 4594.87
 
 169.13
 
 3310.11
 
 93.48
 
 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase [EC:5.4.2.11]
 
 104950_c0
 
 736.26
 
 24.23
 
 186.00
 
 7.04
 
 546.00
 
 22.09
 
 287.00
 
 8.82
 
 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase [EC:5.4.2.11]
 
 104956_c0
 
 859.00
 
 38.24
 
 152.00
 
 8.04
 
 541.00
 
 29.64
 
 213.00
 
 9.93
 
 glucose-6-phosphate 1-epimerase [EC:5.1.3.15]
 
 105392_c0
 
 8479.10
 
 257.01
 
 15370.42
 
 534.43
 
 6443.00
 
 241.72
 
 17776.03
 
 511.25
 
 105862_c4
 
 100.00
 
 13.29
 
 26.33
 
 4.07
 
 65.00
 
 10.70
 
 31.00
 
 3.90
 
 glucose-6-phosphate 1-epimerase [EC:5.1.3.15]
 
 105862_c5
 
 444.00
 
 36.35
 
 139.00
 
 13.93
 
 194.00
 
 19.51
 
 111.00
 
 8.94
 
 glucose-6-phosphate 1-epimerase [EC:5.1.3.15]
 
 105877_c0
 
 543.20
 
 17.34
 
 229.21
 
 8.39
 
 377.00
 
 13.92
 
 332.00
 
 10.77
 
 glyceraldehyde-3-phosphate dehydrogenase (NADP+) [EC:1.2.1.9]
 
 105910_c4
 
 255.00
 
 26.29
 
 826.81
 
 94.72
 
 104.00
 
 12.91
 
 327.00
 
 27.68
 
 glyceraldehyde 3-phosphate dehydrogenase [EC:1.2.1.12]
 
 106017_c0
 
 126.00
 
 7.06
 
 87.00
 
 6.79
 
 60.00
 
 5.35
 
 104.00
 
 7.60
 
 6-phosphofructokinase 1 [EC:2.7.1.11]
 
 106017_c1
 
 24.00
 
 4.48
 
 10.00
 
 2.17
 
 15.00
 
 3.48
 
 18.95
 
 3.33
 
 6-phosphofructokinase 1 [EC:2.7.1.11]
 
 106109_c0
 
 3.00
 
 0.54
 
 1.00
 
 0.06
 
 164.00
 
 15.08
 
 86.00
 
 5.98
 
 triosephosphate isomerase (TIM) [EC:5.3.1.1]
 
 106110_c0
 
 23994.42
 
 905.63
 
 2841.00
 
 124.29
 
 20421.26
 
 950.04
 
 3793.11
 
 136.22
 
 106690_c2
 
 2196.00
 
 103.59
 
 3478.83
 
 99.75
 
 1556.82
 
 107.95
 
 4234.12
 
 99.62
 
 hexokinase [EC:2.7.1.1]
 
 107187_c4
 
 2050.04
 
 60.57
 
 880.12
 
 30.14
 
 1240.77
 
 45.17
 
 1290.91
 
 36.31
 
 glucose-6-phosphate isomerase [EC:5.3.1.9]
 
 107244_c0
 
 2297.00
 
 56.31
 
 2452.91
 
 68.95
 
 1463.09
 
 44.63
 
 3214.00
 
 75.02
 
 phosphoenolpyruvate carboxykinase (ATP) [EC:4.1.1.49]
 
 107248_c0
 
 43.00
 
 3.08
 
 15.00
 
 1.25
 
 52.00
 
 5.13
 
 28.00
 
 1.90
 
 6-phosphofructokinase 1 [EC:2.7.1.11]
 
 107248_c1
 
 119.00
 
 7.89
 
 524.03
 
 38.75
 
 83.00
 
 6.42
 
 582.00
 
 30.20
 
 6-phosphofructokinase 1 [EC:2.7.1.11]
 
 107248_c2
 
 9.00
 
 0.81
 
 360.50
 
 37.56
 
 20.00
 
 2.33
 
 326.96
 
 29.91
 
 6-phosphofructokinase 1 [EC:2.7.1.11]
 
 107330_c0
 
 81.00
 
 3.28
 
 431.58
 
 21.00
 
 69.00
 
 3.44
 
 687.00
 
 27.88
 
 alcohol dehydrogenase [EC:1.1.1.1]
 
 107341_c0
 
 998.00
 
 43.32
 
 1050.34
 
 53.77
 
 986.29
 
 62.93
 
 1438.97
 
 64.23
 
 fructose-1,6-bisphosphatase I [EC:3.1.3.11]
 
 107380_c1
 
 21581.87
 
 927.62
 
 25039.38
 
 1295.54
 
 19076.67
 
 1002.09
 
 32244.29
 
 1397.81
 
 107437_c0
 
 304.00
 
 7.22
 
 305.01
 
 8.40
 
 208.00
 
 6.09
 
 337.00
 
 7.62
 
 107562_c0
 
 2421.35
 
 93.92
 
 1745.97
 
 80.67
 
 2093.60
 
 97.37
 
 2084.06
 
 86.78
 
 alcohol dehydrogenase [EC:1.1.1.1]
 
 107903_c0
 
 2340.80
 
 70.06
 
 2007.82
 
 49.28
 
 1399.89
 
 136.93
 
 3154.45
 
 66.44
 
 glucose-6-phosphate isomerase [EC:5.3.1.9]
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 glyceraldehyde 3-phosphate dehydrogenase [EC:1.2.1.12]
 
 aldehyde dehydrogenase (NAD+) [EC:1.2.1.3]
 
 fructose-bisphosphate aldolase, class I [EC:4.1.2.13]
 
 dihydrolipoamide dehydrogenase [EC:1.8.1.4] pyruvate kinase [EC:2.7.1.40]
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 108752_c0
 
 5458.26
 
 162.47
 
 1209.00
 
 41.71
 
 3898.27
 
 142.97
 
 1833.05
 
 51.94
 
 pyruvate kinase [EC:2.7.1.40]
 
 109198_c0
 
 2690.99
 
 125.51
 
 373.00
 
 20.17
 
 1603.00
 
 92.20
 
 594.00
 
 26.35
 
 aldose 1-epimerase [EC:5.1.3.3]
 
 109237_c0
 
 3016.09
 
 101.82
 
 172.98
 
 6.77
 
 2323.47
 
 96.67
 
 231.00
 
 7.42
 
 109289_c0
 
 1509.00
 
 73.28
 
 479.00
 
 26.97
 
 838.00
 
 50.19
 
 660.00
 
 30.47
 
 glucose-6-phosphate 1-epimerase [EC:5.1.3.15]
 
 109355_c0
 
 99.00
 
 28.16
 
 12.00
 
 3.98
 
 89.03
 
 31.62
 
 42.00
 
 11.18
 
 phosphoglycerate kinase [EC:2.7.2.3]
 
 109501_c0
 
 203.00
 
 22.14
 
 60.00
 
 7.60
 
 111.00
 
 14.98
 
 97.00
 
 10.02
 
 pyruvate dehydrogenase E1 component alpha subunit [EC:1.2.4.1]
 
 109816_c0
 
 59.00
 
 3.08
 
 21.00
 
 0.89
 
 122.00
 
 7.87
 
 9.00
 
 0.45
 
 L-lactate dehydrogenase [EC:1.1.1.27]
 
 112592_c0
 
 0.00
 
 0.00
 
 10.00
 
 1.98
 
 2.00
 
 0.42
 
 7.00
 
 1.13
 
 fructose-bisphosphate aldolase, class I [EC:4.1.2.13]
 
 122199_c0
 
 3.00
 
 0.89
 
 5.00
 
 1.12
 
 11.00
 
 2.38
 
 32.00
 
 8.98
 
 enolase [EC:4.2.1.11]
 
 127394_c0
 
 2.00
 
 0.61
 
 1.00
 
 0.56
 
 1.00
 
 0.60
 
 1.00
 
 0.44
 
 fructose-bisphosphate aldolase, class I [EC:4.1.2.13]
 
 128023_c0
 
 4.00
 
 0.95
 
 1.00
 
 0.49
 
 6.00
 
 1.89
 
 2.00
 
 0.78
 
 hexokinase [EC:2.7.1.1]
 
 dihydrolipoamide acetyltransferase [EC:2.3.1.12]
 
 a The numbers under the “S1 (no.), S2 (no.), S3 (no.), and S4 (no.)” columns show the number of total reads in each unigene identified in the E. ulmoides kernel transcriptomes. b The numbers under the “S1 (RPKM), S2 (RPKM), S3 (RPKM) and S4 (RPKM)” columns represent the RPKM values of each unigene identified in the E. ulmoides kernel transcriptomes.
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 Table 3. Classification and Differentially Expression of Unigenes Involved in Glycolytic Pathway family
 
 enzyme
 
 KEGG annotation [international enzyme name]
 
 unigene ID
 
 1
 
 ACS
 
 acetyl-CoA synthetase [EC:6.2.1.1]
 
 2
 
 3
 
 ADH
 
 AEP
 
 log2(S2/S1)
 
 log2(S4/S3)
 
 log2(S3/S1)
 
 log2(S4/S2)
 
 99807_c0
 
 0.21
 
 0.24
 
 -0.57
 
 -0.55
 
 62736_c0
 
 -1.04
 
 0.03
 
 -0.17
 
 0.90
 
 62736_c1
 
 -0.80
 
 -0.01
 
 0.90
 
 1.68
 
 84500_c0
 
 -1.41
 
 -1.51
 
 0.09
 
 89331_c0
 
 -3.39
 
 -3.95
 
 -0.70
 
 -1.25
 
 97740_c0
 
 -4.98
 
 -4.51
 
 0.66
 
 1.12
 
 107330_c0
 
 2.68
 
 3.02
 
 0.07
 
 0.41
 
 107562_c0
 
 -0.22
 
 -0.17
 
 0.05
 
 0.11
 
 47772_c0
 
 -1.27
 
 4.43
 
 -1.52
 
 4.18
 
 99532_c0
 
 1.72
 
 0.97
 
 0.05
 
 -0.70
 
 109198_c0
 
 -2.64
 
 -1.81
 
 -0.44
 
 0.39
 
 63833_c0
 
 -0.68
 
 -0.02
 
 -0.30
 
 0.36
 
 92429_c0
 
 -2.46
 
 -2.10
 
 -0.54
 
 -0.18
 
 93087_c0
 
 0.98
 
 0.22
 
 0.36
 
 -0.40
 
 93087_c1
 
 1.56
 
 1.25
 
 0.49
 
 0.18
 
 105392_c0
 
 1.06
 
 1.08
 
 -0.09
 
 -0.06
 
 aldehyde dehydrogenase family 7 member A1
 
 63005_c0
 
 0.31
 
 -0.50
 
 0.42
 
 -0.38
 
 [EC:1.2.1.3]
 
 93908_c0
 
 -1.21
 
 -0.52
 
 -0.33
 
 0.36
 
 62916_c0
 
 -1.50
 
 -0.85
 
 -0.43
 
 0.22
 
 102107_c0
 
 0.03
 
 0.73
 
 -0.29
 
 0.41
 
 109237_c0
 
 -3.91
 
 -3.70
 
 -0.07
 
 0.13
 
 63045_c0
 
 -1.37
 
 -1.14
 
 -0.09
 
 0.15
 
 92206_c0
 
 -2.69
 
 -2.69
 
 -0.55
 
 -0.55
 
 107380_c1
 
 0.48
 
 0.48
 
 0.11
 
 0.11
 
 62844_c0
 
 -2.50
 
 -2.04
 
 0.04
 
 0.50
 
 85883_c0
 
 0.29
 
 0.61
 
 -0.01
 
 0.32
 
 89843_c0
 
 -3.13
 
 -2.82
 
 -0.02
 
 0.29
 
 97732_c0
 
 0.44
 
 0.25
 
 2.65
 
 2.46
 
 122199_c0
 
 0.33
 
 1.92
 
 1.42
 
 3.00
 
 47593_c0
 
 -2.77
 
 -2.69
 
 0.20
 
 0.29
 
 63173_c0
 
 -1.11
 
 -1.28
 
 -0.08
 
 -0.25
 
 82053_c0
 
 -0.11
 
 -1.27
 
 -0.01
 
 -1.18
 
 93379_c0
 
 -2.65
 
 -2.47
 
 0.35
 
 0.53
 
 94154_c0
 
 0.90
 
 0.08
 
 0.75
 
 -0.07
 
 106110_c0
 
 -2.87
 
 -2.80
 
 0.07
 
 0.13
 
 alcohol dehydrogenase [EC:1.1.1.1]
 
 aldose 1-epimerase [EC:5.1.3.3]
 
 aldehyde dehydrogenase (NAD+) [EC:1.2.1.3]
 
 4
 
 ALDH
 
 pyruvate dehydrogenase E2 component
 
 5
 
 6
 
 7
 
 8
 
 DLAT
 
 DLD
 
 ENO
 
 FBA
 
 (dihydrolipoamide acetyltransferase) [EC:2.3.1.12]
 
 dihydrolipoamide dehydrogenase [EC:1.8.1.4]
 
 enolase [EC:4.2.1.11]
 
 fructose-bisphosphate aldolase, class I [EC:4.1.2.13]
 
 ACS Paragon Plus Environment
 
 Page 41 of 54
 
 Journal of Agricultural and Food Chemistry 41
 
 112592_c0
 
 9
 
 FBP
 
 1.43
 
 127394_c0
 
 -0.12
 
 -0.45
 
 -0.02
 
 -0.35
 
 97904_c0
 
 -1.14
 
 -1.09
 
 -0.61
 
 -0.57
 
 102593_c0
 
 -0.83
 
 -2.18
 
 0.36
 
 -0.99
 
 102593_c1
 
 -0.64
 
 -1.01
 
 0.14
 
 -0.24
 
 107341_c0
 
 0.31
 
 0.03
 
 0.54
 
 0.26
 
 -1.47
 
 3.86
 
 -1.51
 
 0.15
 
 -0.43
 
 0.31
 
 fructose-1,6-bisphosphatase I [EC:3.1.3.11]
 
 63640_c0 85712_c0
 
 -1.64
 
 89858_c0
 
 10
 
 GAPDH
 
 -0.81
 
 0.28
 
 89858_c2
 
 0.66
 
 -1.42
 
 -0.69
 
 -2.76
 
 glyceraldehyde 3-phosphate dehydrogenase
 
 93371_c0
 
 -1.39
 
 -1.04
 
 0.11
 
 0.46
 
 [EC:1.2.1.12]
 
 93635_c2
 
 3.64
 
 -9.02
 
 9.91
 
 -2.74
 
 101980_c0
 
 -3.32
 
 -2.67
 
 0.25
 
 0.90
 
 101980_c1
 
 -2.95
 
 -2.59
 
 0.16
 
 0.52
 
 -2.76
 
 1.04
 
 104153_c3 105910_c4
 
 1.85
 
 1.10
 
 -1.03
 
 -1.77
 
 61853_c0
 
 -2.05
 
 -4.17
 
 0.23
 
 -1.89
 
 61853_c1
 
 -3.64
 
 -2.31
 
 -0.09
 
 1.25
 
 105877_c0
 
 -1.05
 
 -0.37
 
 -0.32
 
 0.36
 
 87683_c0
 
 -4.26
 
 -4.16
 
 0.60
 
 0.71
 
 92555_c0
 
 -0.48
 
 0.07
 
 -0.38
 
 0.17
 
 102586_c1
 
 -0.39
 
 -0.34
 
 -0.25
 
 -0.20
 
 103219_c0
 
 -1.09
 
 -0.72
 
 0.10
 
 0.47
 
 104956_c0
 
 -2.25
 
 -1.58
 
 -0.37
 
 0.30
 
 105862_c4
 
 -1.71
 
 -1.46
 
 -0.31
 
 -0.06
 
 105862_c5
 
 -1.38
 
 -1.13
 
 -0.90
 
 -0.64
 
 109289_c0
 
 -1.44
 
 -0.72
 
 -0.55
 
 0.18
 
 44562_c0
 
 -1.63
 
 1.20
 
 1.21
 
 4.04
 
 76008_c1
 
 -0.13
 
 -1.41
 
 -0.62
 
 -1.90
 
 92351_c0
 
 -2.04
 
 -4.17
 
 3.40
 
 1.28
 
 107187_c4
 
 -1.01
 
 -0.31
 
 -0.42
 
 0.27
 
 107903_c0
 
 -0.51
 
 -1.04
 
 0.97
 
 0.43
 
 89083_c0
 
 1.61
 
 1.63
 
 0.34
 
 0.36
 
 91357_c0
 
 -0.21
 
 0.22
 
 -0.52
 
 -0.09
 
 103485_c0
 
 -1.63
 
 -2.00
 
 -0.77
 
 -1.14
 
 106690_c2
 
 -0.05
 
 -0.12
 
 0.06
 
 128023_c0
 
 -0.96
 
 -1.28
 
 0.99
 
 0.67
 
 109816_c0
 
 -1.79
 
 -4.13
 
 1.35
 
 -0.98
 
 glyceraldehyde-3-phosphate dehydrogenase (NADP+)
 
 11
 
 12
 
 13
 
 14
 
 15
 
 GAPAN
 
 GPE
 
 GPI
 
 HXK
 
 LDH
 
 [EC:1.2.1.9]
 
 glucose-6-phosphate 1-epimerase [EC:5.1.3.15]
 
 glucose-6-phosphate isomerase [EC:5.3.1.9]
 
 hexokinase [EC:2.7.1.1]
 
 L-lactate dehydrogenase [EC:1.1.1.27]
 
 ACS Paragon Plus Environment
 
 Journal of Agricultural and Food Chemistry
 
 Page 42 of 54 42
 
 16
 
 PDC
 
 63135_c0
 
 1.41
 
 0.40
 
 0.97
 
 -0.03
 
 103434_c0
 
 -2.54
 
 -3.19
 
 0.19
 
 -0.46
 
 47751_c0
 
 -4.47
 
 -4.84
 
 0.05
 
 -0.32
 
 61131_c0
 
 -2.38
 
 -2.07
 
 -0.01
 
 0.29
 
 90818_c0
 
 -2.23
 
 -1.89
 
 -0.08
 
 0.26
 
 99460_c0
 
 0.20
 
 0.92
 
 -0.10
 
 0.62
 
 99460_c1
 
 -0.30
 
 0.49
 
 -0.33
 
 0.46
 
 -6.97
 
 6.65
 
 pyruvate decarboxylase [EC:4.1.1.1]
 
 pyruvate dehydrogenase E1 component beta subunit [EC:1.2.4.1]
 
 17
 
 PDH
 
 100371_c0 pyruvate dehydrogenase E1 component alpha subunit 103701_c1
 
 0.65
 
 0.46
 
 0.15
 
 -0.05
 
 109501_c0
 
 -1.54
 
 -0.58
 
 -0.56
 
 0.40
 
 phosphoenolpyruvate carboxykinase (ATP)
 
 93938_c0
 
 0.25
 
 1.06
 
 0.14
 
 0.96
 
 [EC:4.1.1.49]
 
 107244_c0
 
 0.29
 
 0.75
 
 -0.34
 
 0.12
 
 47866_c0
 
 -2.17
 
 -1.77
 
 0.26
 
 0.66
 
 90799_c0
 
 -0.01
 
 0.07
 
 -0.17
 
 -0.10
 
 97685_c0
 
 -0.07
 
 -1.05
 
 0.72
 
 -0.26
 
 106017_c0
 
 -0.06
 
 0.51
 
 -0.40
 
 0.16
 
 106017_c1
 
 -1.05
 
 -0.06
 
 -0.36
 
 0.62
 
 107248_c0
 
 -1.30
 
 -1.43
 
 0.74
 
 0.60
 
 107248_c1
 
 2.30
 
 2.23
 
 -0.30
 
 -0.36
 
 107248_c2
 
 5.54
 
 3.68
 
 1.52
 
 -0.33
 
 84273_c0
 
 -2.13
 
 -1.86
 
 -0.12
 
 0.16
 
 88514_c0
 
 0.64
 
 -1.69
 
 1.02
 
 -1.31
 
 95307_c0
 
 -0.21
 
 -0.02
 
 0.80
 
 0.99
 
 95430_c2
 
 -0.93
 
 -1.58
 
 -0.09
 
 -0.74
 
 101815_c0
 
 -2.58
 
 -1.46
 
 0.33
 
 1.45
 
 104852_c0
 
 -0.95
 
 -0.86
 
 -0.26
 
 -0.16
 
 104950_c0
 
 -1.78
 
 -1.32
 
 -0.13
 
 0.33
 
 48495_c0
 
 -2.18
 
 -1.14
 
 0.06
 
 1.10
 
 81133_c2
 
 0.12
 
 1.06
 
 2.91
 
 3.85
 
 87849_c0
 
 -1.95
 
 -1.45
 
 0.27
 
 0.76
 
 102621_c0
 
 0.27
 
 -1.18
 
 0.46
 
 -0.98
 
 103465_c0
 
 -0.67
 
 -0.59
 
 -0.14
 
 -0.06
 
 109355_c0
 
 -2.82
 
 -1.50
 
 0.17
 
 1.49
 
 84186_c0
 
 -1.13
 
 -0.72
 
 -0.31
 
 0.11
 
 103349_c0
 
 0.38
 
 0.93
 
 -0.80
 
 -0.25
 
 63122_c0
 
 -0.82
 
 -0.44
 
 -0.08
 
 0.30
 
 63122_c1
 
 -0.98
 
 -0.38
 
 -0.14
 
 0.45
 
 93453_c0
 
 -0.91
 
 -1.53
 
 0.52
 
 -0.11
 
 [EC:1.2.4.1]
 
 18
 
 19
 
 PEPCK
 
 PFK
 
 6-phosphofructokinase 1 [EC:2.7.1.11]
 
 2,3-bisphosphoglycerate-dependent phosphoglycerate
 
 20
 
 21
 
 22
 
 23
 
 PGAM
 
 PGK
 
 PGM
 
 PK
 
 mutase [EC:5.4.2.11]
 
 phosphoglycerate kinase [EC:2.7.2.3]
 
 phosphoglucomutase [EC:5.4.2.2]
 
 pyruvate kinase [EC:2.7.1.40]
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 24
 
 TPI
 
 98365_c0
 
 -0.18
 
 -0.42
 
 0.14
 
 -0.11
 
 103099_c0
 
 -3.13
 
 -2.66
 
 -0.58
 
 -0.11
 
 103580_c0
 
 -1.81
 
 -1.76
 
 -0.01
 
 0.04
 
 103734_c1
 
 -0.47
 
 -0.68
 
 0.29
 
 0.08
 
 107437_c0
 
 0.22
 
 0.32
 
 -0.25
 
 -0.14
 
 108752_c0
 
 -1.96
 
 -1.46
 
 -0.18
 
 0.32
 
 96875_c0
 
 -0.25
 
 -1.11
 
 1.37
 
 0.51
 
 103573_c0
 
 -2.33
 
 -1.34
 
 -0.49
 
 0.50
 
 106109_c0
 
 -3.17
 
 -1.33
 
 4.80
 
 6.64
 
 Up-regulated
 
 10
 
 13
 
 14
 
 13
 
 Down-regulated
 
 57
 
 62
 
 2
 
 9
 
 Only in one tissue
 
 5
 
 0
 
 1
 
 6
 
 Unchanged
 
 48
 
 45
 
 103
 
 92
 
 triosephosphate isomerase (TIM) [EC:5.3.1.1]
 
 Note: Green and yellow colors represent the differential expression of corresponding unigenes being up-regulated/more transcripts and down-regulated/less transcripts in the kernels, respectively. Unigene was differentially expressed if RPKM values between two samples were ≥ two-fold difference.
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 Figure 1. Plant materials used in the study. (A) E. ulmoides tree (or called Chinese rubber tree or Gutta-percha tree), (B) E. ulmoides seeds (The background square is 1 cm2), (C) E. ulmoides kernel (embryo) free of seed coat wused for RNA extraction.
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 Figure 2. RNA-seq analysis of E. ulmoides kernel transcriptomes. (A) The length distribution of the contigs in the E. ulmoides kernel transcriptomes. (B) The distribution of unigene length. (C) The number of differentially expressed unigenes.
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 Figure 3. Mapping unigenes involved in glycolytic metabolism in the E. ulmoides kernels onto KEGG glycolytic pathway. The name and number beside the highlighted rectangle represents the abbreviation of the enzyme and the number of unigenes discovered in each enzyme family. ACS, acetyl-CoA synthetase; ADH, alcohol dehydrogenase; AEP, aldose 1-epimerase; ALDH, aldehyde dehydrogenase; DLAT, dihydrolipoamide acetyltransferase (pyruvate dehydrogenase E2 component); DLD, dihydrolipoamide dehydrogenase; ENO, enolase; FBA, fructose-bisphosphate aldolase, class I; FBP, fructose-1,6-bisphosphatase I; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPE, glucose-6-phosphate 1-epimerase; GPI, glucose-6-phosphate isomerase; GAPN, glyceraldehyde-3-phosphate dehydrogenase (NADP+); HXK, hexokinase; LDH, L-lactate dehydrogenase; PDC, pyruvate decarboxylase; PDH, pyruvate dehydrogenase; PEPCK, phosphoenolpyruvate carboxykinase (ATP); PGM, phosphoglucomutase; PFK, 6-phosphofructokinase 1; PGAM, 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase; PGK, phosphoglycerate kinase; PK, pyruvate kinase; TPI, triosephosphate isomerase.
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 Figure 4. Digital expression analysis of the glycolytic gene families in the transcriptomes of E. ulmoides kernels. The 24 families of proteins coded for by the unigenes were presented in the x-axis followed by the number of unigenes discovered in the transcriptomic analysis. RNA levels in the y-axis were the sum of RPKM values from all of the unigenes identified in the same gene family. The abbreviations of enzymes are shown in Table 3.
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 Figure 5. Expression profiles of the 24 families of unigenes in the four kernels of E. ulmoides. The abbreviations of enzymes are shown in Table 3.
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 Figure 6. Expression profiles of glycolytic pathway genes in Huazhong no. 6 kernels. QPCR was used to quantify the mRNA levels using the total RNAs from six kernel developmental stages in ‘Huazhong no. 6’. Different letters show a significant difference in the mRNA level (P < 0.05). (A) 85712_c0 (GAPDH); (B) 93453_c0 (PK); (C) 96875_c0 (TPI); (D) 97685_c0 (PFK); (E) 97732_c0 (ENO); (F) 102621_c0 (PGK); (G) 104852_c0 (PGAM); (H) 106110_c0 (FBA); (I) 106690_c2(HXK); (J) 107903_c0 (GPI). The abbreviations of enzymes are shown in Table 3.
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 Figure 7. Expression profiles of glycolytic pathway genes in Huazhong no. 10 kernels. QPCR was used to quantify the mRNA levels using the total RNAs from six kernel developmental stages in ‘Huazhong no. 10’. Different letters show a significant difference in the mRNA level (P < 0.05). (A) 85712_c0 (GAPDH); (B) 93453_c0 (PK); (C) 96875_c0 (TPI); (D) 97685_c0 (PFK); (E) 97732_c0 (ENO); (F) 102621_c0 (PGK); (G) 104852_c0 (PGAM); (H) 106110_c0 (FBA); (I) 106690_c2(HXK); (J) 107903_c0 (GPI). The abbreviations of enzymes are shown in Table 3.
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 Figure 8. Glycolytic pathway in the E. ulmoides kernel. The figure represents an overview of glycolytic pathway in E. ulmoides kernels. The name and number in red color between any two metabolites represents enzyme name followed by the total expression level (in terms of RPKM) of the enzyme in the four transcriptomes from two tissues of each variety. The number in green color between two metabolites represents the highest expressed unigene in the four transcriptomes from two tissues of each variety. The abbreviations of enzymes are shown in Table 3.
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