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Abstract

:

Basic helix–loop–helix (bHLH) proteins belong to one of the largest families involved in plant growth, development, signal transduction, and secondary metabolism. Although bHLH genes have been previously identified in persimmon (Diospyros kaki), systematic studies have not been reported. A total of 59 bHLH family members have been identified from the “Xiaoguotianshi” persimmon transcriptome. These proteins were clustered into 12 groups from I to XII based on their phylogenetic relationships with Arabidopsis thaliana. Combined with the phylogenetic analysis, in silico expression patterns of five developmental stages, the protein–protein interaction analysis between DkbHLH and DkMYB proteins showed that the bHLH_Cluster-15548.1 protein sequence was identified to be highly similar to the AtGL3 (AT5G41315.1) protein, which is associated with flavonoid and proanthocyanidin (PA) biosynthesis. This study presents the systematic analysis of bHLH genes from D. kaki and provides valuable information for further research on the involvement of bHLH protein in anthocyanin biosynthesis.
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1. Introduction


Persimmon (Diospyros kaki) is an important fruit tree. The high soluble proanthocyanin content leads to the astringency taste of persimmon fruits, the key characteristic of persimmon. Transcription factors (TFs) involved in proanthocyanin biosynthesis have been identified previously; for example, the R2R3MYB, bHLH, and WD40 (MBW) complex regulates the structural genes of the flavonoid/phenylpropanoid pathway. Basic helix–loop–helix (bHLH) proteins belong to one of the largest families involved in plant growth, development, signal transduction, and secondary metabolism [1,2,3]. bHLH proteins contain two conserved domains: (1) the HLH domain consisting of two functional segments (the basic and helix–loop–helix (HLH) regions), which possesses approximately 50–60 amino acids, and (2) the bHLH-MYC_N domain consisting of approximately 15–17 amino acids. The bHLH gene family has been recently identified in different plants including Arabidopsis [4], potato [5], tomato [6], apple [7], and rice [8]. Furthermore, 162 Arabidopsis AtbHLH proteins phylogenetically cluster into 26 subfamilies [4].



The bHLH family members, particularly the bHLH III (d and e) subfamily genes, play important roles in regulating anthocyanin biosynthesis via the jasmonic acid signaling pathway. In addition, the III (f) subfamily is involved in anthocyanin synthesis [9,10]. The first anthocyanin accumulation-regulating bHLH genes R and B were identified and characterised in maize [11]. The GLABRA3 (AtbHLH1) gene in group III (f), encoding an R homolog, is essential for anthocyanin biosynthesis and trichome formation in A. thaliana [12]. Overexpression of the III (f) subfamily member VdbHLH037 in grapes increases the accumulation of anthocyanins [13].



Multiple studies have indicated that bHLH gene family members regulate anthocyanin and proanthocyanin biosynthesis via interaction with MYB members [14]. For example, bHLH members (i.e., R1 and B1) are involved in purple anthocyanin synthesis by interacting with R2R3-MYB members C1 and PL1 [15,16]. MYB10.1 and MYB10.3 interact with bHLH3 to activate anthocyanin production in peaches by regulating NtCHS, NtDFR, and NtUFGT [17]. VvMYC1 interacts with MYB family members to mediate the PA biosynthesis in grapes by inducing gene promoters in the flavonoid pathway [18]. The overexpression of Arabidopsis CPC and GL3 in tomatoes enhances anthocyanin accumulation [19].



This study identified 59 bHLH transcription factors from the D. kaki transcriptome data. Their phylogenetic relationships, motifs, and expression patterns at different developmental stages were analysed to identify the bHLH gene family members that may be associated with PA biosynthesis. This study provides a basic understanding of the bHLH gene association with natural astringency loss in Chinese pollination-constant non-astringent (C-PCNA) persimmon.




2. Materials and Methods


2.1. Plant Materials


Diospyros kaki Thunb. ‘Xiaoguotianshi’ cultivar plants were grown in Yuanyang County, Henan Province, China (34°55′18″~34°56′27″ N, 113°46′14″~113°47′35″ E). Five different stages (T1 = 70, T2 = 100, T3 = 120, T4 = 140, T5 = 160 days after flowering (DAF)) of persimmon fruit flesh were flash frozen in liquid nitrogen and stored at −80 °C for further analysis.




2.2. RNA Sequencing


‘Xiaoguotianshi’ transcriptome data were collected from a previously published study [20]. A total of 15 cDNA libraries (three independent biological replicates) of fruit samples (T1–T5) were constructed for RNA-Seq. Transcriptome sequencing was performed by the Beijing Novogene Bioinformatics Technology Company (Beijing, China).




2.3. Identification of bHLH Transcription Factors (TFs) in the D. kaki Transcriptome


All putative bHLH sequences were queried from the previously published D. kaki transcriptome using “bHLH”. Pfam rechecked and filtered the predicted sequences (https://pfam.xfam.org/ (accessed on 12 June 2022)) [21] and the NCBI-CDD online software. The molecular weight (MW), isoelectric point (pI), and instability index of the proteins were calculated using the ExPASy server (https://www.expasy.org/ (accessed on 14 June 2022)) [22].




2.4. Multiple Sequence Alignment, Conserved Motif Identification, and Phylogenetic Analysis


To investigate the phylogenetic relationship of the bHLH gene families between D. kaki and A. thaliana, AtbHLH proteins were downloaded from the Plant Transcription Factor Database (http://planttfdb.gao-lab.org/index.php (accessed on 18 June 2022)), with redundant sequences removed [23,24,25]. bHLH proteins were aligned using the ClustalX 2 program [26]. A phylogenetic tree was constructed for these proteins using the neighbour-joining (NJ) method with 1,000 bootstrap reiterations using MEGA5.0 software [27]. DkbHLH proteins were classified according to the distance between the homologous sequences of A. thaliana [28]. MEME v5.0.0 online software (https://meme-suite.org/tools/meme (accessed on 22 June 2022)) was used to identify motifs with default parameters, with the maximum number of motifs set to nine [29].




2.5. Gene Ontology Annotation


Gene Ontology (GO) enrichment analysis of the identified DkbHLH proteins was analysed and visualised using agriGO (http://bioinfo.cau.edu.cn/agriGO/index.php (accessed on 2 July 2022)). The results of the GO analysis were grouped into three categories: biological process, cellular component, and molecular function.




2.6. Protein Interaction Network Analysis


All putative bHLH sequences were queried from the previously published D. kaki transcriptome using “MYB”. The interaction network between DkbHLH and DkMYB proteins using A. thaliana on the String protein interaction database (http://string-db.org/ (accessed on 14 July 2022)) [30].




2.7. Calculating Ka and Ks of the Homologous bHLH Gene Pairs


Non-synonymous substitutions per non-synonymous site (Ka) and synonymous substitutions per synonymous site (Ks) were used to assess the selection pressure and divergence time of the bHLH gene family [31]. The number of Ks and Ka of the orthologous bHLH gene pairs between A. thaliana and D. kaki and the paralogous DkbHLH gene pairs were calculated using the TBtools v1.0971 software [32]. The divergence time (T) of the duplication events was calculated using the formula T = Ks/(2 × 6.1 × 10−9) × 10−6 million years ago (MYA) [33].




2.8. In Silico Analysis of bHLH Genes in Different Tissues


To analyse the expression levels of DkbHLH genes during fruit development, the expression profiles of these genes at five different fruit developmental stages were represented using the Fragments Per Kilobase per Million (FPKM) value of the high-throughput sequencing data. The heatmap was generated using the log10-transformed FPKM values. The expression heatmaps and k-means clustering of DkbHLH genes were performed and generated using HEATMAP tools in Hiplot (https://hiplot.com.cn (accessed on 28 July 2022)) [34].





3. Results


3.1. Identification and Phylogenetic Analysis of bHLH Genes in A. thaliana and D. kaki


Following the removal of the redundant sequences without complete conserved domains, a total of 59 DkbHLH proteins were identified from the D. kaki transcriptome. The molecular weights of these DkbHLH proteins ranged from 8641.81 (Cluster-6987.43499) to 79,061.33 Da (Cluster-6987.28853), and the theoretical isoelectric points (pI) ranged from 4.52 (Cluster-6987.10953) to 10.79 (Cluster-17857.0). The length of these proteins varied from 76 (Cluster-6987.43499) to 720 amino acids (Cluster-6987.28853) with an average length of 334 aa (Table 1). The instability index ranged from 34.57 (Cluster-6987.29876) to 93.67 (Cluster-6987.40617), and only two DkbHLH proteins (Cluster-6987.29876 and Cluster-6987.44311) were stable in vitro. The DkbHLH protein GRAVY values ranged from −0.016 (Cluster-6987.29876) to −0.841 (Cluster-6987.19844). All of the DkbHLH proteins with a lower GRAVY index (GRAVY < 0) were considered to be more water-soluble (Table 1).




3.2. Phylogenetic Analysis of the bHLH Proteins


To investigate the evolutionary relationships of the bHLH proteins, the NJ phylogenetic tree was constructed between D. kaki and A. thaliana (Figure 1). The DkbHLH proteins were classified under the previous classification of AtbHLH [28]. The DkbHLH proteins were divided into 12 groups, from I to XII. Group III contained 12, the largest number of DkbHLH proteins, while groups II, VI, and X did not have any DkbHLH proteins. Combining the phylogenetic analysis with conserved domain analysis, DkbHLH proteins in groups III (d, e, and f) contained the bHLH-MYC and R2R3-MYB transcription factor N-terminal domains.




3.3. Conserved Motif Analysis


The predicted DkbHLH amino acid sequence conserved motif characteristics were analysed using the MEME tool (Figure 2). A total of nine motifs were predicted in the 59 bHLH members and labelled as Motifs 1–9. The lengths of the motifs ranged from 9 to 35 amino acids. Motifs 1 and 2 were present in nearly all DkbHLH proteins. Proteins in Groups VII and Ⅸ only contained these two motifs. Furthermore, Motifs 6 and 7 were identified in Groups I, III (d and e), and V; Motifs 8 and 9 were only present in Group XII; Motif 4 was identified in Group VIII; and Motif 5 was only observed in Group III (f). Most of the DkbHLH proteins in the same group possessed the same conserved motifs as in the phylogenetic analysis.




3.4. Gene Ontology Annotation


The functional associations were identified using GO term enrichment analysis among the DkbHLH proteins with agriGO (Figure 3). Sixty annotations were assigned to GO terms and summarised in three primary functional categories, including the cellular component, molecular function, and biological process. Three groups, including binding (GO:0005488), protein binding (GO:0005515), and protein dimerisation activity (GO:0046983) were the significant classifications for all of the DkbHLH genes.




3.5. Selection Pressure and Differentiation Time of the Homologous bHLH Genes


To further analyse the selection pressure and differentiation time of paralogous DkbHLH gene pairs and orthologous bHLH gene pairs between D. kaki and A. thaliana, the Ka:Ks ratio was calculated (Table 2). Surprisingly, the Ka:Ks ratio of all paralogous and orthologous gene pairs was less than one, demonstrating that these bHLH genes are under purifying selection. The differentiation time of paralogous bHLH gene pairs in D. kaki was between 77 and 136 MYA, and the differentiation time of orthologous bHLH genes between D. kaki and A. thaliana was between 137 and 266 MYA.




3.6. bHLH and MYB Protein–Protein Interaction Network Analysis


The protein–protein interactions between DkbHLH and DkMYB proteins were analysed using the STRING database (Figure 4). The D. kaki protein sequence of bHLH_Cluster-15548.1 showed similarity to the AtGL3 (AT5G41315.1) protein with a 538.5-bit score and 48.7 identities. bHLH_Cluster-15548.1 interacted with other bHLH and MYB proteins with combined scores from 0.411 to 0.99. The predicted functional partners of Cluster-15548.1, including MYB_Cluster-6987.24679, MYB_Cluster-6987.15450, MYB_Cluster-6987.38210, bHLH_Cluster-6987.21517, MYB_Cluster-6987.43699, MYB_Cluster-6987.3798, MYB_Cluster-6987.38499, and MYB_Cluster-6987.4705, were associated with a flavonoid biosynthetic process and RNA polymerase II transcription regulator recruiting activity. bHLH_Cluster-6987.21517 is an AtbHLH3 (AT4G16430) homolog with a 339-bit score and 46.1 identities and could interact with other bHLH and MYB proteins with combined scores from 0.525 to 0.567. The predicted functional partners of bHLH_Cluster-6987.21517, including MYB_Cluster-6987.24679, MYB_Cluster-6987.15450, bHLH_Cluster-6987.21517, and MYB_Cluster-6987.38499, were associated with flavonoid and proanthocyanidin biosynthetic processes.




3.7. In Silico Analysis of bHLH Genes in D. kaki Fruit at Five Different Stages


The expression patterns of DkbHLH genes in the fruit at five different developmental stages were analysed using RNA-seq. Distinct bHLH gene clusters exhibited time-specific expression profiles in persimmon fruit development (Figure 5a,b). Genes in Cluster 3 were highly expressed in T1 and showed a downregulated trend; genes in Cluster 2 reached the highest expression in T2; genes in Cluster 1, whose expression peaked at T5, were differentially upregulated between T4 and T5; genes in Clusters 4, 5, and 6 peaked at T4, T3, and T1, respectively.





4. Discussion


Persimmon is an important fruit crop in east Asia. The high PA content leads to fruit astringency, the critical characteristic of persimmon. The natural de-astringency of C-PCNA persimmon is associated with both the “coagulation effect” and “dilution effect”. Previous studies have shown that bHLH and MYB may associate with PA biosynthesis in Lotus species [35], Freesia hybrida [36], and Anthurium andraeanum [37]. However, only a few MYB and bHLH genes, such as DkMYB4 and DkMYB14, are the key transcription factors for the natural astringency of Japanese PCNA (J-PCNA) and C-PCNA persimmon, respectively [38,39]. Su et al. [40] isolated a novel bHLH gene DkMYC1 from persimmon that may be associated with PA biosynthesis via the regulation of structural genes such as DkDHD, DkF3′5′H, and DkANR. In addition, DkbHLH1 was strongly induced by an artificially high CO2 atmosphere in three astringent-type persimmons [41]. The mechanisms of the bHLH TFs’ involvement in PA biosynthesis are currently unknown. In this study, 59 bHLH TFs were identified, and their phylogenetic relationships with A. thaliana were analysed. The expression patterns of five developmental stages of the C-PCNA persimmon were analysed, providing a theoretical basis for further study of the natural de-astringency of PCNA persimmon.



Phylogenetic, motif, and conserved domain analyses of proteins were used to infer biological functions. Phylogenetic analysis demonstrated that five DkbHLH proteins were clustered into groups III (d, e, and f) containing bHLH-MYC and R2R3-MYB TF N-terminal domains. bHLH members of III (f) play essential roles in anthocyanin synthesis [9,10]. Genes clustered in the same group commonly exhibited similar structures and functions. The AtbHLH001 (GL3), AtbHLH002 (EGL3), and AtbHLH042 (TT8) genes are the critical regulators of anthocyanin and PA biosynthesis [41,42,43]. Only one bHLH member (Cluster-15548.1) clustered into Group III (f) contained the bHLH-MYC and R2R3-MYB TF N-terminal domains, possibly involved in PA biosynthesis. Motif 5 was only detected in group III (f) and may be associated with its specific function in PA biosynthesis.



Furthermore, the protein–protein interaction analysis between DkbHLH and DkMYB demonstrated that the D. kaki bHLH_Cluster-15548.1 protein sequence exhibited high similarity to the AtGL3 (AT5G41315.1) protein, which is associated with flavonoid and PA biosynthesis. Previous studies have shown that 120 (T3) to 140 (T4) DAF may be the critical phase for the “dilution effect”, and 140 (T4) to 160 (T5) DAF may be the crucial phase for the “coagulation effect” [20]. Therefore, the expression patterns of the bHLH gene family members were analysed in the D. kaki ‘Xiaoguotianshi’ cultivar at five developmental stages. Surprisingly, Cluster-15548.1 was differentially downregulated at T4 compared to T3, which may be associated with the “dilution effect”. However, the function of Cluster-15548.1 still requires further investigation.




5. Conclusions


A total of 59 bHLH family members have been identified from the “Xiaoguotianshi” persimmon transcriptome data. These proteins were clustered into 12 groups from I to XII based on their phylogenetic relationships with Arabidopsis thaliana. Combined with the phylogenetic analysis, in silico expression patterns of five developmental stages, and the protein–protein interaction analysis between DkbHLH and DkMYB proteins, the bHLH_Cluster-15548.1 protein sequence was identified to be highly similar to the AtGL3 (AT5G41315.1) protein, which is associated with flavonoid and PA biosynthesis. This study presented the systematic analysis of bHLH genes from D. kaki and provided valuable information for further research on the involvement of bHLH protein in PA and anthocyanin biosynthesis.
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Figure 1. Phylogenetic analysis of the D. kaki bHLH proteins compared to A. thaliana. Different colours represent different family groups, and the detail groups are shown in Table 1. 
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Figure 2. Phylogenetic tree (left) and the conserved motifs (right) of the D. kaki bHLH proteins. Different colours represent different motifs. 
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Figure 3. GO annotation of 59 bHLH transcription factors. The dot size represents gene number, and different colours represent the values of the qValue. 
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Figure 4. The protein–protein interaction network between bHLH and MYB proteins. Different coluors have no additional meaning. 
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Figure 5. Gene expression analysis of bHLH genes in D. kaki fruit at five stages. (a) Heat map clustering of DkbHLH gene expression levels at five developmental stages; heatmaps depict the normalised gene expression values, which represent the mean value of three biological replicates. (b) Clustering analysis of DkbHLH genes. 






Figure 5. Gene expression analysis of bHLH genes in D. kaki fruit at five stages. (a) Heat map clustering of DkbHLH gene expression levels at five developmental stages; heatmaps depict the normalised gene expression values, which represent the mean value of three biological replicates. (b) Clustering analysis of DkbHLH genes.
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Table 1. A list of all bHLH genes identified in the D. kaki from the transcriptome unigenes.
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	GeneID
	pI
	MW
	aa
	Instability Index
	GRAVY
	Description
	Family Group





	Cluster-15548.1
	5.92
	70,353.3
	622
	57.15
	−0.493
	bHLH-MYC and R2R3-MYB transcription factors N-terminal
	IIIf



	Cluster-16159.0
	8.59
	33,034.44
	297
	70.62
	−0.511
	Helix–loop–helix DNA-binding domain
	Vb



	Cluster-17193.0
	7.14
	29,350.72
	271
	44.77
	−0.648
	Helix–loop–helix DNA-binding domain
	XII



	Cluster-17857.0
	10.79
	21,843.76
	194
	60.57
	−0.242
	Helix–loop–helix DNA-binding domain
	VIIb



	Cluster-19711.0
	9.26
	27,915.6
	247
	42.38
	−0.266
	Helix–loop–helix DNA-binding domain
	Ib



	Cluster-19936.1
	5.94
	52,936.87
	472
	53.04
	−0.464
	Helix–loop–helix DNA-binding domain
	X



	Cluster-20268.0
	9.42
	22,594.14
	199
	58.5
	−0.573
	Helix–loop–helix DNA-binding domain
	Ib



	Cluster-3934.0
	10.3
	19,350.09
	175
	64.74
	−0.582
	Helix–loop–helix DNA-binding domain
	VIIIb



	Cluster-6987.10497
	5.7
	63,669.96
	574
	54.13
	−0.656
	bHLH-MYC and R2R3-MYB transcription factors N-terminal
	IIIe



	Cluster-6987.10953
	4.52
	13,939.64
	123
	64.48
	−0.468
	Helix–loop–helix DNA-binding domain
	IIIc



	Cluster-6987.12368
	8.32
	39,649.34
	357
	55.24
	−0.618
	Helix–loop–helix DNA-binding domain
	Ib



	Cluster-6987.12953
	5.85
	57,668.09
	535
	75.43
	−0.549
	Helix–loop–helix DNA-binding domain
	VIIa



	Cluster-6987.13574
	6.54
	30,618.32
	276
	47.1
	−0.551
	Helix–loop–helix DNA-binding domain
	Vb



	Cluster-6987.15443
	5.9
	27,730.39
	250
	56.36
	−0.534
	Helix–loop–helix DNA-binding domain
	IVc



	Cluster-6987.16197
	5.42
	54,988.88
	499
	52.74
	−0.378
	bHLH-MYC and R2R3-MYB transcription factors N-terminal
	IIIe



	Cluster-6987.1658
	9.56
	30,647.86
	277
	62.46
	−0.626
	Helix–loop–helix DNA-binding domain
	IVa



	Cluster-6987.17178
	5.4
	37,385.92
	335
	62.07
	−0.523
	Helix–loop–helix DNA-binding domain
	Ia



	Cluster-6987.18061
	4.62
	37,271.96
	334
	53.27
	−0.478
	Helix–loop–helix DNA-binding domain
	IIIb



	Cluster-6987.19137
	4.97
	42,060.74
	373
	52.02
	−0.515
	Helix–loop–helix DNA-binding domain
	IIIb



	Cluster-6987.19492
	8.2
	47,950.04
	433
	50.54
	−0.527
	bHLH-MYC and R2R3-MYB transcription factors N-terminal
	IIId



	Cluster-6987.19614
	6.29
	28,597.66
	253
	62.5
	−0.385
	Helix–loop–helix DNA-binding domain
	IIIc



	Cluster-6987.19844
	5.22
	39,283.15
	352
	65.05
	−0.841
	Helix–loop–helix DNA-binding domain
	Va



	Cluster-6987.20382
	9.79
	12,432.12
	108
	82.07
	−0.719
	Helix–loop–helix DNA-binding domain
	XII



	Cluster-6987.21517
	6.4
	44,681.21
	406
	54.06
	−0.488
	bHLH-MYC and R2R3-MYB transcription factors N-terminal
	IIId



	Cluster-6987.2220
	8.23
	37,059.51
	329
	63.87
	−0.243
	Helix–loop–helix DNA-binding domain
	VIIIb



	Cluster-6987.22341
	9.17
	47,990.27
	433
	44.05
	−0.563
	bHLH-MYC and R2R3-MYB transcription factors N-terminal
	IIId



	Cluster-6987.22813
	6.73
	26,070.62
	238
	52.85
	−0.642
	Helix–loop–helix DNA-binding domain
	IVc



	Cluster-6987.23320
	9.32
	28,111.55
	252
	59.86
	−0.379
	Helix–loop–helix DNA-binding domain
	VIIIb



	Cluster-6987.24255
	5.97
	23,415.91
	211
	55.17
	−0.237
	Helix–loop–helix DNA-binding domain
	XI



	Cluster-6987.25515
	5.39
	62,110.75
	574
	50.52
	−0.48
	Helix–loop–helix DNA-binding domain
	XII



	Cluster-6987.28059
	6.69
	32,511.04
	297
	49.9
	−0.725
	Helix–loop–helix DNA-binding domain
	Va



	Cluster-6987.28409
	6.37
	50,973.69
	474
	52.91
	−0.489
	Helix–loop–helix DNA-binding domain
	VIIb



	Cluster-6987.28853
	6.35
	79,061.33
	720
	50.46
	−0.568
	bHLH-MYC and R2R3-MYB transcription factors N-terminal
	IIIe



	Cluster-6987.29876
	9.95
	30,252.81
	282
	34.57
	−0.016
	Helix–loop–helix DNA-binding domain
	XI



	Cluster-6987.3156
	6.15
	39,930.5
	362
	54.46
	−0.3
	Helix–loop–helix DNA-binding domain
	IVa



	Cluster-6987.31584
	9.57
	19,032.99
	166
	48.38
	−0.74
	Helix–loop–helix DNA-binding domain
	IVc



	Cluster-6987.334
	5.87
	44,580.72
	397
	51.11
	−0.452
	Helix–loop–helix DNA-binding domain
	IVa



	Cluster-6987.3486
	5.49
	35,928.41
	323
	64.54
	−0.522
	Helix–loop–helix DNA-binding domain
	Ia



	Cluster-6987.36402
	6.3
	40,786.68
	372
	49.98
	−0.615
	Helix–loop–helix DNA-binding domain
	XII



	Cluster-6987.38862
	6.3
	40,736.53
	368
	56.85
	−0.835
	Helix–loop–helix DNA-binding domain
	IVb



	Cluster-6987.40617
	5.62
	21,615.02
	192
	93.67
	−0.755
	Helix–loop–helix DNA-binding domain
	VIIb



	Cluster-6987.40946
	9.61
	45,283.41
	422
	52.67
	−0.574
	Helix–loop–helix DNA-binding domain
	Ⅸ



	Cluster-6987.43498
	6.29
	23,122.8
	216
	48.76
	−0.123
	Helix–loop–helix DNA-binding domain
	VIIIb



	Cluster-6987.43499
	9.44
	8641.81
	76
	77.43
	−0.779
	Helix–loop–helix DNA-binding domain
	VIIa



	Cluster-6987.43501
	6.01
	62,262.63
	584
	46.58
	−0.517
	Helix–loop–helix DNA-binding domain
	VIIa



	Cluster-6987.44311
	6.1
	36,970.1
	335
	37.89
	−0.31
	Helix–loop–helix DNA-binding domain
	IVa



	Cluster-6987.52370
	8.67
	61,252.56
	564
	58.26
	−0.61
	Helix–loop–helix DNA-binding domain
	XII



	Cluster-6987.52499
	5.91
	39,534.24
	363
	49.32
	−0.596
	Helix–loop–helix DNA-binding domain
	XII



	Cluster-6987.53117
	9.11
	35,833.89
	319
	55.41
	−0.522
	Helix–loop–helix DNA-binding domain
	VIIa



	Cluster-6987.53178
	8.65
	51,919.33
	468
	51.1
	−0.707
	Helix–loop–helix DNA-binding domain
	Ⅸ



	Cluster-6987.54023
	7.2
	40,160.13
	356
	52.22
	−0.714
	Helix–loop–helix DNA-binding domain
	XII



	Cluster-6987.5405
	6.5
	43,291.31
	395
	56.64
	−0.564
	Helix–loop–helix DNA-binding domain
	VIIb



	Cluster-6987.5906
	5.84
	38,000.7
	345
	59.52
	−0.532
	Helix–loop–helix DNA-binding domain
	VIIIb



	Cluster-6987.6381
	5.76
	28,349.49
	262
	65.3
	−0.589
	Helix–loop–helix DNA-binding domain
	Ⅸ



	Cluster-6987.6880
	8.4
	26,783.4
	246
	44.78
	−0.373
	Helix–loop–helix DNA-binding domain
	Vb



	Cluster-6987.7477
	6.06
	27,388.11
	241
	57.5
	−0.591
	Helix–loop–helix DNA-binding domain
	VIIIb



	Cluster-6987.8842
	6.52
	27,533.95
	251
	55.93
	−0.668
	Helix–loop–helix DNA-binding domain
	XII



	Cluster-6987.899
	9.19
	25,377.21
	231
	66.65
	−0.442
	Helix–loop–helix DNA-binding domain
	VIIIb



	Cluster-76.0
	9.5
	12,131.7
	105
	70.54
	−0.77
	Helix–loop–helix DNA-binding domain
	XII







Note: if instability index is greater than 40, it is an unstable protein; if instability index is less than 40, it belongs to a stable protein; grand aversion of hydrophilicity (GRAVY); larger negative values indicate better hydrophilicity and larger positive values indicate greater hydrophobia.
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Table 2. Ka, Ks, and Ka:Ks values between homologous bHLH gene pairs.
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	Seq_1
	Seq_2
	Ka
	Ks
	Ka:Ks
	Differentiation Time





	Cluster-6987.17178
	Cluster-6987.3486
	0.34702
	1.659578
	0.209101
	136.031



	Cluster-6987.38862
	AtbHLH011
	0.532813
	3.251332
	0.163875
	266.5026



	Cluster-6987.5405
	AtbHLH024
	0.605611
	2.374446
	0.255054
	194.6267



	Cluster-6987.28409
	AtbHLH016
	0.223524
	2.046914
	0.1092
	167.7798



	Cluster-6987.25515
	AtbHLH049
	0.372177
	1.674926
	0.222205
	137.289



	Cluster-6987.36402
	AtbHLH074
	0.444855
	2.575702
	0.172712
	211.1231



	Cluster-6987.22813
	AtbHLH105
	0.165583
	2.098734
	0.078897
	172.0274



	Cluster-6987.22341
	Cluster-6987.19492
	0.17841
	0.939712
	0.189856
	77.02557



	Cluster-6987.21517
	AtbHLH003
	0.344623
	1.905672
	0.18084
	156.2026



	Cluster-6987.5906
	AtbHLH087
	0.449166
	2.025877
	0.221714
	166.0555
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