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Introduction

The three-amino-acid-loop-extension (TALE) of the homeobox superfamily genes plays important roles in plant growth, development, and responses to environmental stress. Although TALE members have been identified in various species, they have not been systematically characterized in maize and their expression profiles under ABA hormone and abiotic stress are unknown.





Methods

Bioinformatics methods were employed to identify the TALE family genes in the maize genome. The expression levels of ZmTALEs under ABA, salt, drought, and high temperature conditions was detected by qRT-PCR. The subcellular localization of ZmKNOX05 and ZmBELL11 proteins was observed in maize protoplasts.





Results

In this study, we identified 52 TALE members in maize, which can be divided into two subfamilies, KNOX and BELL. ZmKNOXs and ZmBELLs can be further divided into two subclasses based on the domains they contain. The protein characterizations and gene structures in the same subclass were similar, whereas they were distinct across different subclasses. There were 18 collinear gene pairs in maize genome. Inter-species evolutionary analyses showed that TALE family genes of maize were more homologous to monocotyledons than to dicotyledons. The promoter regions of ZmTALE contained abundant stress-responsive, hormone-responsive, light-responsive, and plant growth and development cis-elements. Specific spatiotemporal expression patterns analysis showed that ZmBELLs were highly expressed in root and mature leaf, whereas the ZmKNOX1 subfamily genes were more expressed in the primordium, internode, vegetative meristem, and root during developmental stages. It was found that most ZmTALEs could respond to ABA, drought, high temperature, and salt stress, indicating their roles in hormone and abiotic stress responsive. ZmKNOX05 and ZmBELL11 were cloned from B73 maize. Unexpectedly, a novel alternative transcript with a 99-base deletion for ZmKNOX05 were found, named ZmKNOX05.2, which exhibited alternative splicing event at the noncanonical site. Subcellular localization analysis revealed that ZmKNOX05.1-eGFP and ZmKNOX05.2-eGFP were localized in both the nucleus and cytoplasm, while ZmBELL11-eGFP was localized in perinuclear cytoplasm (perinuclear region of the cytoplasm).





Discussion

We identified TALE superfamily members in maize and conducted a comprehensive and systematic analysis. These results can lay the foundation for analysis of the functions of ZmTALE genes under ABA and abiotic stresses.
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Introduction

Homeobox transcription factors contain a highly conserved DNA-binding domain of 60 amino acids, which is encoded by a 180 bp homeobox DNA sequence, called homeobox domain (HD). HD consists of three α-helices, with a ring between the first and the second helix, and a helix-turn-helix structure in the second and third α-helices. The homeobox gene was first discovered in Drosophila melanogaster during the study of homeotic mutants, that produce homeotic phenotypes when mutated (Mcginnis et al., 1984a, 1984b; Scott and Weiner, 1984). Subsequently, the first plant homeobox gene KNOTTED-1 (Kn1) was identified in maize through transposon tagging in 1991 (Vollbrecht et al., 1991). Based on sequence features, the homeobox transcription factor were divided into many different classes. They can be divided into seven classes by Bharathan, including knotted-like homeobox (KNOX/KNAT), BEL1-like homeobox (BELL/BLH), Zea mays homeobox (ZM-HOX), homeobox from A. thaliana 1 (HAT1), homeobox from A. thaliana 2 (HAT2), Arabidopsis thaliana homeobox 8 (ATHB8), and GL2 (Bharathan et al., 1997). And were divided into five classes, including HD-ZIP, GLABRA, KNOTTED, PHD, and BEL by Chan (Chan et al., 1998). Later, Bürglin and Affolter divided them into 11 classes, including HD-ZIP (with four subclasses: I to IV), wuschel-related homeobox (WOX), nodulin homeobox (NDX), plant homeodomain (PHD), plant zinc finger (PLINC), luminidependens (LD), DDT, SAWADEE, PINTOX, KNOX and BEL (Burglin and Affolter, 2016). The three-amino-acid-loop-extension (TALE) family genes, including KNOX and BELL, encode atypical homeodomain proteins, which contain three extra conserved amino acids “PYP” (proline-tyrosine-proline) between the first and second helices of the homeodomain (Burglin, 1997).

The KNOX transcription factors usually contain four characteristic domains: KNOX1, KNOX2, ELK, and HD: with the exception of the KNATM family (Gao et al., 2015). The KNOX1 and KNOX2 domains together are also known as MEINOX (Myeloid ecotropic viral integration site and KNOX) domain (Hamant and Pautot, 2010; Niu and Fu, 2022). According to sequence similarity, evolutionary features and expression patterns, KNOX proteins were divided into three classes in Arabidopsis (Gao et al., 2015). The class I of KNOX consists four genes in Arabidopsis, SHOOTMERISTMELESS (STM), KNAT1, KNAT2, and KNAT6. They were mainly expressed in meristem, stem and leaf primordia, and played important roles in the diversity of leaf form (Hake et al., 2004). In Arabidopsis, the stm loss-of-function mutants do not form a shoot apical meristem (SAM) (Long et al., 1996). The Arabidopsis KNOX II class contains four members: KNAT3, KNAT4, KNAT5, and KNAT7, which were expressed in the inflorescence stems, and played important roles in secondary cell wall (SCW) formation (Qin et al., 2020; Wang et al., 2020). In addition, KNATs play functionally redundant roles in Arabidopsis thaliana root and seed coat development (Dean et al., 2004; Truernit and Haseloff, 2007; Bhargava et al., 2013). The third class of KNOX proteins includes KNATM, members of which were found only in dicotyledons. KNATM can interact with other TALE members to regulate their activities, and influence leaf polarity and development (Magnani and Hake, 2008).

BEL1-like homeobox transcription factors have conserved SKY and BELL domain at the N-terminus (also known as MID or POX domain) upstream of the HD. And some members have a “VSLTLGL” sequence at the C-terminus with unknown functions (Niu and Fu, 2022). BELL transcription factors play important roles in many aspects of plant growth, and development (Niu and Fu, 2022). In Arabidopsis thaliana, loss-of-function of BELL-1 causes transformation of ovule integuments into carpels via negative regulation of AGAMOUS (Reiser et al., 1995). Overexpression of the light-regulated ARABIDOPSIS THALIANA HOMEOBOX1 (ATH1) induces delayed flowering through positive regulation of FLC (Proveniers et al., 2007). BLH12 and BLH14 was involved in the maintenance of maize meristem by interacting with knottted1 (KN1) (Tsuda et al., 2017).

TALE family members have been identified in many species, such as Arabidopsis (Hamant and Pautot, 2010), poplar (Zhao et al., 2019), cotton (Ma et al., 2019), Prunus mume (Yang et al., 2022), Triticum aestivum (Han et al., 2022; Rathour et al., 2022), barley (Liao et al., 2024), and soybean (Wang et al., 2021). They were found not only play important roles in plant growth and development (Hamant and Pautot, 2010; Ma et al., 2019; Rathour et al., 2022), but also are involved in hormone regulatory pathways and responses to various environmental stresses (Zhao et al., 2019; Wang et al., 2021; Han et al., 2022; Rathour et al., 2022; Yang et al., 2022; Liao et al., 2024). In recent years, the roles of TALE family genes in response to environmental stresses (e.g. drought, salinity, heat, ABA hormones, etc.) have sparked the attention of researchers. For example, in wheat, the expression of most of the BELL genes are down-regulated and most of the KNOX genes are up-regulated under heat and drought stress conditions. Overexpression of TaKNOX11 enhances drought and salt stress resistance in Arabidopsis thaliana (Han et al., 2022). In soybean, many GmTALEs can response to salt stress and dehydration in leaf, stem and root tissues (Wang et al., 2021). In poplar, out of the 35 TALE genes, 11 genes are responsive to salt stress (Zhao et al., 2019). Most HvTALEs can response to multiple exogenous hormones in barley (Liao et al., 2024). These studies indicated that the TALE transcription factors play important roles in plant response to adverse environments.

Maize is an important food-cum-cash crop across the globe. It is susceptible to extreme weather, such as drought, high temperature, and salinity during its growth and developmental process. And adversely environment seriously affect maize production. Given that the TALE family has important roles in response to environment stress and little is known about the function of TALE genes under abiotic stress in maize. In this study, we identified the TALE family members in maize through genome-wide screening and analyzed their chromosomal localization, evolutionary relationships, promoter cis-elements and expression characteristics. Meanwhile, qRT-PCR was used to analyze the expression patterns of 13 genes under drought, salt, high temperature, and ABA hormone conditions. Finally, we observed the subcellular localization of KNOX05 and BELL11 in maize protoplasts using laser confocal microscopy. These results will lay the foundation for regulation and function analyses of the maize TALE gene family by hormone and abiotic stress during plant growth and development, and enrich the gene resources for molecular breeding in maize.





Materials and methods




Plant materials and treatments

The seeds of maize inbred line B73, were cultivated in a growth chamber under long day conditions 16h of light, 25°C, and 8h of darkness, 22°C. These conditions were consistently maintained throughout the entire experimental period. For drought and salt stress treatments, the B73 seedlings at the three-leaf stage were watered either with 35% PEG-6000 (w/v), or 200 mM NaCl (Cai et al., 2017). Heat stress was applied by transferring the seedlings to plant growth cabinet at 42°C (Shi et al., 2017). For hormone treatment, seedlings were sprayed with 100 µM ABA (Cai et al., 2017). Leaf samples were harvested at the designated times and snap-frozen for all applicable treatments, then stored at -80°C for RNA extraction.





Identification and characterization of TALE gene family members in maize

The protein sequences of maize TALE family were retrieved from Plant TFDB (http://planttfdb.gao-lab.org/) (Jin et al., 2017). These proteins were viewed as candidates of TALE family members. Then the sequences were submitted to Pfam (http://pfam.xfam.org/) (Mistry et al., 2021) and NCBI Batch CD-Search (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) for verification (Wang et al., 2023), to ensure that all proteins contained the conserved structural domains of TALE family. Proteins containing HD and POX domains were considered as BELL family, and proteins with HD and KNOX conserved domains were considered as KNOX family. Ultimately, we acquired 52 TALE genes in maize. The ProtParam tool (https://web.expasy.org/protparam/) was utilized to obtain basic information related to protein characterization, including molecular weight, theoretical pI, instability index, grand average of hydropathicity (GRAVY), aliphatic index and other parameters (Wilkins et al., 1999). Their molecular weight, protein length, and physical and chemical properties parameters can be used as an illustration of the diversity of TALE proteins. The subcellular localization analysis of TALE protein was performed using the WoLF PSORT website (https://wolfpsort.hgc.jp/), which predicts the subcellular localization sites of proteins based on their amino acid sequences (Horton et al., 2007), and the protein secondary structures were predicted by using the online website SOMPA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa%20_sopma.html) (Geourjon and Deleage, 1995).





Localization, evolutionary relationships and covariance analysis of TALE family members

Download the gff annotated file from the Maize Genetics and Genomics Database (https://maizegdb.org/) (Woodhouse et al., 2021) and query the chromosome location of TALE family members. Based on the chromosomal position information and the types of structural domains contained, they were located on chromosomes by using TBtools (Chen et al., 2023). Genes containing POX and HD conserved domains were considered as BELL family, and genes with KNOX and HD conserved domains were considered as KNOX family. The segmentally and tandemly duplicated homologous of ZmTALE genes were examined to discover the potential biological implications of these patterns. The protein sequences of Arabidopsis thaliana TALE family were downloaded from TAIR (https://www.arabidopsis.org/) for reference. The phylogenetic tree was constructed using the neighbor-joining method (NJ, bootstrap = 1000) in MEGA7.0 software (Kumar et al., 2018). Obviously, TALE family can be divided into two subfamilies, KNOX and BELL. The intra-species and inter-species synteny analysis were performed by using the McscanX software (Wang et al., 2012). And the results were visualized by the Dual Systeny Plot for MCScanX program in the TBtools (Chen et al., 2023). The non-synonymous mutation frequency (Ka) and synonymous mutation frequency (Ks) of maize TALE family genes were analyzed using Advanced Ka/Ks Calculator in the TBtools (Chen et al., 2023).





Analysis of codon usage pattern of ZmTALE genes

CodonW 1.4.4 program (J Peden, http://codonw.sourceforge.net) was used to analyze the usage pattern of ZmTALE genes, including nucleotide composition, GC content, ENC, the four types base in the third position of each codon, ect.





Conserved motifs and gene structures analysis of ZmTALE genes

Motif analysis was performed using the online tool MEME (https://meme-suite.org/meme/tools/meme) (Bailey et al., 2009). Eight motifs were set to discover. Gene structures were visualized by using Gene Structure View program in TBtools (Chen et al., 2023).





Analysis cis-elements of TALE gene family members in promoter

The 2000bp sequence upstream of ATG (promoter) of the maize TALE genes was obtained by using Gff3 Sequences Extract tool in TBtools (Chen et al., 2023). The PlantCARE online tool (http://bioinformatics.psb.ugent.be/webtools/) was used to predict the cis-elements in promoter regions (Lescot et al., 2002). Then visualized the cis-elements using EXCEL graphing.





Expression patterns analysis of TALE genes in maize

The transcriptome dataset of maize genes was downloaded from the NCBI database GSE50191 (Walley et al., 2016), for tissues expression patterns analysis. And heat maps of the expression levels were plotted by using TBtools (Chen et al., 2023).

Total RNA was extracted using RNAiso Plus (TaKaRa, Japan). The concentration and purity of RNA was detected by NanoDrop2000 (Thermo). cDNA was obtained by reverse transcription reaction using Evo M-MLV RT Kit with gDNA Clean for qPCR (Accurate Biology). The cDNA was diluted for 30-fold for template. The genes specific primers were designed using Beacon Designer software (Supplementary Table 1). The expression levels of ZmBELLs and ZmKNOXs were detected by CFX96 PCR instrument (Bio-Rad, USA). The qRT-PCR reaction system consisted of 7.5 μL of 2× SYBR Green Pro Taq HS Premix (Accurate Biology), 0.3 μL upstream and downstream specific primers, 1.9 μL of ddH2O and 5 μL template. The reaction program was 95°C pre-denaturation for 30 sec; 95°C denaturation for 5 sec, 60°C for 30 sec, and 45 cycles. Melt curve 65°C to 95°C, increment 0.5°C. Three replications were performed for each sample, and the corresponding Ct values were obtained. The Actin 1 was used for reference gene. The relative expression level was calculated by the 2-ΔΔCt method (Schmittgen and Livak, 2008). Finally, the data is visualized using GraphPad prism.





Subcellular localization analysis of ZmKNOX05 and ZmBELL11

Specific primers (Supplementary Table 1) were designed to amplify the CDS sequence of the target genes without stop codon using fidelity DNA polymerase (Biorun, Wuhan). The PCR program is set as follows 94°C for 5 min, 30 cycles of 94°C for 30 sec, 50°C for 45 sec, 72°C for 30 sec, 72°C for 10min, 16°C for 30min. After electrophoresis, and gel DNA extraction, the target genes fragment was homologous recombinantly ligated to the linearized pBWA(V)HS-eGFP vector between CaMV35S promoter and enhanced green fluorescent protein tag using Biorun Seamless Cloning Kit (Biorun, Wuhan). The recombined vectors CaMV35S:TALE-eGFP or the empty vectors CaMV35S:eGFP, were transformed into the maize protoplasts according to the protocol (Yoo et al., 2007). The RFP vector containing a marker for nucleus localization, was co-transformed into protoplasts. After 18-24 hours of dark incubation, protoplasts were observed by laser confocal microscopy (Nikon, Japan).






Results




Identification, characterization and phylogenetic analysis of TALE family members in maize

A total of 52 TALE proteins were identified in maize B73 RefGen_v3 genome. Obviously, they can be divided into two subfamilies, the KNOX and the BELL subfamily according to the domains they contained (Figure 1A). They all contained the homeobox domain (Figure 1C), which has three typical amino acids (PYP) between two helices (Supplementary Figure 1). In addition, most KNOX proteins contained KNOX1, KNOX2, and ELK domain, while 32 BELL proteins all contained POX domain. They were renamed on the chromosome according to their subfamily and location (Supplementary Table 2). Their molecular weight, protein length, and physical and chemical properties varied widely among subfamilies. The detailed characteristics were summarized in Supplementary Table 2. The KNOX subfamily genes length ranged from 3.145 kb to 22.510 kb, encoding proteins with an average length of 303.7 aa. The molecular weights ranged from 22.232 kDa (ZmKNOX14.1) to 40.276 kDa (ZmKNOX04.1), with an average of 33.594 kDa. The theoretical isoelectric point (pI) of these proteins ranged from 5.25 (ZmKNOX08.1) to 9.78 (ZmKNOX07.1), and 90% of the members (18/20) showed acidic properties. The KNOX proteins were all unstable proteins with an instability index greater than 40, with a grand average of hydropathicity (GRAVY) ranged from -0.934 (ZmKNOX03.1) to -0.458 (ZmKNOX07.2). The length of the BELL genes ranged from 1.575kb to 10.246 kb, and encoded proteins with an average length was 568.9 aa. The protein molecular weight of the BELL subfamily members ranged from 28.889 kDa (ZmBELL06.1) to 79.168 kDa (ZmBELL07.2), with an average of 60.5364 kDa. The pI values ranged from 5.22 (ZmBELL06.1) to 9.51 (ZmBELL12.2), with 81% (26/32) of the members exhibiting acidity. The BELL proteins instability index was greater than 40, similar to the KNOX proteins, indicating that they also belonged to unstable proteins. The GRAVY of BELL proteins ranged from -0.710 (ZmKNOX03.1) to -0.251 (ZmKNOX07.2). The above analysis indicated that members of the KNOX subfamily have longer gene lengths but smaller molecular weights and greater hydrophilicity than BELL subfamily members. Most members of both subfamilies are acidic and unstable proteins. Subcellular localization predicted by WoLF PSORT showed that they were mainly located on the nucleus (Supplementary Table 2).




Figure 1 | The classification, phylogenetic tree, conservative motifs and gene structures analysis of maize TALE family members. (A) A total of 52 TALE proteins were identified in maize, which were divided into two subfamilies, the KNOX and the BELL. KNOX were classified into KNOX1 and KNOX2, and BELL were classified into BELL1 and BELL2 subgroup. The unrooted neighbor-joining tree was constructed by using TALE protein sequences. (B) Motifs analysis of TALE proteins by MEME Suite. Different colored boxes represented different conserved motifs. (C) Conservative domains analyzed by NCBI-CDD. (D) Exon-intron structures of ZmTALEs. The exons were marked as yellow boxes, and the introns were represented by black lines; UTRs were shown as green boxes.



The protein secondary structures were predicted using the SOMPA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html). The results showed that the average percentage of α-helices and random coil were the highest, accounting for 43.37% and 45.64%, respectively (Supplementary Table 2). This may correlate with the homeobox domain contains three segments of α-helix. The high percentage of random coil may be related to the functional diversity of TALEs.

To investigate the phylogenetic and taxonomic relationships of the TALE family members, a phylogenetic tree was constructed using 88 TALE protein sequences, including 33 TALE members from Arabidopsis thaliana as references, and 52 TALE members from zea mays (Figure 2). We also constructed a phylogenetic tree only using TALE proteins from maize (Figure 1A). Similar to Arabidopsis thaliana, the TALE family in maize was clearly divided into two well-conserved subfamily, KNOX and BELL. TALE proteins in maize were further divided into four classes KNOX1, KNOX2, BELL1 and BELL2, and did not contain the dicot-specific KNOX3 proteins (KNATM). Among the four classes, BELL2 members were the most numerous, accounting for about 51.9% (27/52). BELL1 class contained only five maize TALE members and no Arabidopsis TALE family members, suggested that the maize TALE family has expanded in the BELL class over a long evolutionary period.




Figure 2 | Evolutionary relationships of TALE transcription factors in maize and Arabidopsis. The phylogenetic tree was constructed by MEGA 6.0 software using the neighbor-joining (NJ) method. Bootstrap analysis was conducted with 1000 replicates. Zm indicates Zea maize (pink squares), At indicates Arabidopsis thaliana (blue dots). These TALE proteins were divided into two subfamilies based on their domains containing. On the periphery of the figure, the blue semi-circle represents the KNOX subfamily, and the orange semi-circle represents the BELL subfamily. The former can be further divided into KNOX1, KNOX2 and KNOX3 subclasses, and the latter into BELL1 and BELL2. Different branches were marked with different colors.







Chromosome distributions of TALE genes

All 52 TALE transcripts were located on chromosomes Chr01 to Chr09, with no distribution on Chr10 (Figure 3A). These members were unevenly distributed throughout the genome. Among them, Chr01 has the largest number of TALE genes, accounting for 42.3% (22/52), including 14 members of the BELL subfamily and 8 members of the KNOX subfamily, while 17.3% (9/52) of the members were distributed on Chr04. Chr01, Chr04 and Chr05 contained most TALE members (36/52), and only 7 ZmBELL and 7 KNOX genes were distributed on the rest of the chromosomes (Figure 3B). ZmTALE genes on chromosomes 1, 2, 4, and 7 were predominantly located at the distal ends. Among all ZmTALE genes, the distance between ZmBELL05 and ZmBELL06 was less than 200kb, which was a tandem duplicate gene (Elemento et al., 2002).




Figure 3 | Location and number of maize TALEs in chromosome. (A) The distribution and location of the maize TALEs on the chromosome, where the blue indicates the BELL subfamily genes and the red indicates the KNOX subfamily genes. Chromosome numbers are on the left and ZmTALEs are on the right of chromosomes. The scale is in mega bases (Mb). (B) The number of ZmKNOX and ZmBELL genes on each chromosome.







Collinearity analysis of TALE genes in maize

In order to investigate the expansion of TALE members in maize, we performed intra-species collinearity analysis. A total of eighteen collinear pairs involving 23 TALE genes were found, including14 BELL members and 9 KNOX members (Figure 4). There are three collinear gene pairs on Chr01 (ZmBELL01.1 and ZmBELL03.1, ZmBELL05.1 and ZmBELL07.2, ZmKNOX02.2 and ZmKNOX03.3), which were further indicated in yellow in Supplementary Table 3. Compared to the tandem duplications, the segmental duplication events mainly drove the expansion of ZmTALE superfamily. The non-synonymous mutation frequency (Ka) and synonymous mutation frequency (Ks) of maize TALE genes were analyzed using Calculator software, and the Ka/Ks of gene pairs were calculated. The result showed the Ka/Ks values of all pairs of genes were less than 1 (Supplementary Table 3), indicating that maize TALE genes were subjected to a robust purify selection pressure to cope with hazards, such as biotic and abiotic stresses in nature during evolution.




Figure 4 | Synteny analysis of ZmTALEs in maize genome. The blue indicates the BELL subfamily genes and the red indicates the KNOX subfamily genes. Red lines represent collinear gene pairs between KNOX genes, blue lines represent collinear gene pairs between BELL family genes, and grey lines represent other collinear gene pairs of non-TALE gene members within the genome. The collinearity relationship of different gene pairs was performed using MCScanX software.



To further investigate the evolutionary clues of TALE family between maize and other species, we performed collinearity analyses between maize and monocotyledons and dicotyledons. The co-linear gene pairs with dicotyledons (Glycine max, Solanum lycopersicum, Arabidopsis thaliana) were mainly present on chromosomes 3, 8, and 9, whereas the co-linear gene pairs with monocotyledons (Sorghum bicolor, Oryza sativa, and Triticum aestivum) were distributed on each chromosome (except chromosome 10) (Figure 5). Obviously, the number of co-linear gene pairs of TALE genes between maize and the three monocotyledonous plants was significantly higher than that of the three dicotyledonous. To confirm this hypothesis, we increased the number of species of monocotyledons and dicotyledons (Supplementary Table 3). The results showed monocotyledon plants and maize have collinear gene pairs ranging from 41 to 105, with an average of 55, involving 29 maize TALE genes. The number of collinear gene pairs between dicotyledonous plants and maize ranges from 4 to 14, with an average of 7, involving 11 maize TALE genes (Supplementary Figures 2A, B). Moreover, these 11 TALE genes also had collinearity within maize genome (Supplementary Figure 2C). These results indicated that the TALE family genes of maize were more homologous to monocotyledons than to dicotyledons. Some TALE genes (such as ZmBELL08.1 and ZmBELL14.1) may already exist before the differentiation of monocotyledonous and dicotyledonous plants, and some TALE genes were generated through the evolution and expansion of monocotyledonous plants. Combined with the results of intra-species collinearity analyses, some TALE genes were extended and evolved within maize species, even on the same chromosome.




Figure 5 | The collinearity analysis of the ZmTALE family members between zea mays and and six representative plant species. (A–C) represent gene pairs with a collinear relationship between maize and three dicotyledons, including Arabidopsis thaliana, Glycine max, and Solanum lycopersicum, respectively. (D–F) represent the collinearity analysis of gene pairs between maize and three monocotyledons, including Oryza sativa Japonica, Triticum aestivum, and Sorghum bicolor, respectively. Gray lines in the background indicated the collinear blocks within maize and other plant genomes, and the red lines highlighted the colinear ZmTALE gene pairs.







Analysis of codon usage pattern of maize TALE genes

Codons play essential roles in the transmission of biological genetic information. The codon usage patterns are thought to be related to the GC content of the third codon location (GC3) (Mazumdar et al., 2017). We analyzed the codon usage patterns of TALE genes using the CDS sequences from five species (zea mays, oryza sativa subsp. japonica, triticum aestivum, and Arabidopsis thaliana) (Supplementary Table 4). We observed that the average C3s, G3s, GC3s and GC contents of TALE genes were higher in monocots than in dicots (Arabidopsis thaliana), and the p values were highly significant (Figure 6). Effective number of codons (ENC), codon adaptation index (CAI), codon bias index (CBI), and frequency of optimal codons (Fop), were used to assess the codon usage bias indices (Parvathy et al., 2022). The ENC of Arabidopsis thaliana (dicotyledonous plant) was higher than that of monocotyledonous plants (maize, rice, sorghum, wheat) (Supplementary Table 4). Among several species, maize had the lowest average ENC (40.125) and the highest average CAI (0.263), CBI (0.216) (Supplementary Table 4). This indicated that maize had the strongest adaptability, while Arabidopsis thaliana had the weakest adaptability among the five crops (CAI=0.210). This may be related to the evolutionary relationship of the species.




Figure 6 | Violin plot of T3s, C3s, A3s, G3s, GC3s, and GC contents in zea mays, Arabidopsis thaliana, Sorghum bicolor, Oryza sativa, and Triticum aestivum of TALE genes. T3s, C3s, A3s, G3s represented the frequency of the third corresponding base (T, C, A, G) of all codons in the gene. GC3s referred to the frequency at which G and C appear in the third position of the codon. GC contents referred to the 3rd GC content of all codons in the gene (except methionine, tryptophan, and stop codon). Red for maize, blue for Arabidopsis, orange for rice, pink for wheat, and brown for sorghum.







Conserved motifs and structures of maize TALE genes

To gain a deeper understanding of the functional diversity of TALE genes, we used MEME (http://meme-suite.org/tools/meme) to predict conserved motifs of maize TALE proteins. Eight conserved motifs were analyzed. The sequences of conserved motifs were shown in Supplementary Figure 3. The results indicated that the motifs of proteins in the same subfamily were almost identical in composition and order of arrangement (Figures 1A, B). Most of the KNOX subfamily contained four motifs, Motif 1, Motif 4, Motif 7, and Motif 8, which was roughly consist with HD, ELK, KNOX1 and KNOX2 domain, respectively. HD consists of 60 amino acids, which can form three helical structures. ELK acts as nuclear localization signal. KNOX1 and KNOX2 domains have been reported to form the MEINOX structural domain, which may function in heterodimers of KNOX and BEL1-like proteins interactions (Burglin, 1997). The BELL subfamily all contained Motif 1, Motif 3 and Motif 6. BELL1 subclass contained only these three motifs, while BELL2 subclass also contained Motif 2, Motif 5 and Motif 8. These motifs were associated with the HD and POX domains. The POX domain can interact with the MEINOX to form dimer to regulate plant growth and development, and response to stress (Niu and Fu, 2022). Motif 1 partially overlaps with homeobox domain, and all contain “PYP”, a sequence shared by members of the TALE family (Supplementary Figure 3). Differences in protein motifs among subfamilies may elucidate the functional diversity of KNOX and BELL proteins. For example, the domains KNOX2 and HD of the rice KNOX protein OSH15, are essential for inducing abnormal phenotype, while the KNOX1 and ELK domains influence phenotypic severity by inhibiting gene expression (Niu et al., 2022). In general, proteins with similar motifs tend to cluster together in phylogenetic analyses, implying that members of the same sub-branch have similar functions, and that members clustered in different branch may function differently.

To investigate the gene structure of ZmTALEs, we visualized the.gff file of the maize TALE genes using TBtools. We found that the maize TALE genes all had 3’-UTR or 5’-UTR. The number of introns in TALE genes ranged from 2 to 6, and the number of exons ranged from 3 to 7. Most members of the KNOX1 subclass contained long introns, especially ZmKNOX08.1 (Figure 1D). In general, BELL subfamily genes contained shorter introns than those of the KNOX subfamily members. These results indicated that there were some similarities in gene structure within subfamilies and differences in gene structure among different subfamilies.





Cis-elements analysis of maize TALE genes promoter

Cis-elements in the promoter play crucial roles in the regulation of gene expression. To further understand the potential regulatory and expression mechanisms of TALE genes, we predicted cis-elements in the promoter of each gene using the PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/) (Supplementary Table 5). Figures 7A, B illustrate the distribution and number of core promoter cis-elements, respectively. An average of 102 cis-elements were identified in the promoter region of each gene, and the most abundant of which were core promoter elements such as TATA-box and CAAT-box (Figures 7A, B). Among them, we selected elements associated with abiotic and biotic stress-responsive, phyhormone-responsive, light-responsive, and plant growth and development for analysis and statistics. Most of the stress responses cis-elements were related to drought response (MYB, MYB-like sequence, DRE core, CCAAT-box, MBS, MRE), followed by stress response element (STRE). There were also anaerobic (ARE), wounding and defensive responses (such as WRE3, WUN-motif, TC-rich repeats). Surprisingly, the number of MYB elements in response to drought stress and STRE elements in response to stress had exceeded 200, and they were distributed on the promoters of almost each TALE gene (Figures 7A, C). The hormone response elements were mainly related to abscisic acid (ABRE, AAGAA-motif), followed by jasmonic acid (MYC, CGTCA-motif, as-1, TGACG-motif, etc.) (Figure 7D). The number of light-responsive elements, and plant growth and development-responsive elements were also very high (Figures 7E, F). Because MYB, STRE, and ABRE cis-elements have been reported to be related to abiotic stress and hormonal regulation process (Liu et al., 2014; Ebeed, 2022), so we infer that the TALE genes in maize may be involved in the response to abiotic stress and phyhormone.




Figure 7 | Analysis of cis-elements in the promoter of maize TALE genes. (A) Heat map of the number of cis-elements contained in the promoter region of each ZmTALE gene. Numbers represented the number of cis-elements, white indicated the absence of the cis-element. Different colored boxes represented different cis-elements. (B) Summary plots of the number of different types and number of cis-elements in (A). Types and number of cis-elements related to stress-related (C), hormone-responsive (D), light-responsive (E), and related to growth and development (F), in the promoter regions of ZmTALEs.







Expression profiling of ZmTALEs in different tissues

Spatial-temporal patterns of gene expression can often provide valuable clues on gene function. To understand the expression profile of TALE genes in different tissues and growth stages of maize, we downloaded maize B73 transcriptome data from the published RNA-seq data (Walley et al., 2016). The tissue-specific expression heat map was drawn as shown in Figure 8. We found that 52.8% (352/667) of TALE genes showed very low or no expression (FPKM<3) in 23 tissue sites, with 58.6% of the BELL subfamily genes (202/345), and 46.6% of the KNOX subfamily genes (150/322) (Supplementary Table 6). There were 4 genes highly expressed (FPKM>15) in more than 10 tissues, including one BELL subfamily gene (ZmBELL08, 12 tissues) and three KNOX subfamily genes (ZmKNOX07, ZmKNOX11, and ZmKNOX13, 11 tissues) (Supplementary Table 6). The expression levels of TALE genes were relatively low in endosperm and pollen. The KNOX1 subfamily genes (especially ZmKNOX06, ZmKNOX03, ZmKNOX05, ZmKNOX11) were highly expressed in ear primordium (2-4 mm, 6-8 mm), internode (6-7, 7-8), vegetative meristem, and root-cortex. That is, KNOX1 members were highly expressed in the primordium, meristem and root, where growth was vigorous. And KNOX2 members were highly expressed in roots. However, the BELL family members were highly expressed in leaves. The different tissue expression patterns indicated that they have different functions in plant growth and development.




Figure 8 | The expression profiles of ZmTALE genes in different tissues, and growth and development stages based on RNA sequencing data. The numbers represent FPKM values.







Expression patterns of ZmTALEs under ABA hormone, drought, salt, and heat stresses

Previous studies have shown that TALE genes are involved in plant response to high temperature, drought, salinity and hormone stress (Zhao et al., 2019; Peng et al., 2021; Wang et al., 2021; Han et al., 2022; Rathour et al., 2022; Yang et al., 2022; Liao et al., 2024). To investigate the expression patterns of the TALE genes in maize under abiotic stress, we selected 13 genes, including six from the BELL family (one from the BELL1 family and five from the BELL2 family) and seven from the KNOX family (three from the KNOX1 family and four from the KNOX2 family), and examined their expression levels by qRT-PCR after ABA, NaCl, PEG-6000, and high temperature stress treatments, respectively (Supplementary Table 7). The results showed that after ABA hormone treatment 1-h, 3-h, 6-h, 9-h, 12-h, and 24-h, the relative expression of most ZmTALEs showed a tendency to increase and then decrease, and then increase, and then decrease, except ZmBELL11, ZmKNOX03, ZmKNOX05, and ZmKNOX11 (Figure 9). The expression of most ZmTALEs increased after 1-h of treatment, decreased after 3-h, increased after 6-h, rose to the highest after 9-h, and then started to decrease. The expression of ZmBELL11 showed a trend of down-regulation first, then up-regulation, and then down-regulation. ZmKNOX03, ZmKNOX05, and ZmKNOX11, which belong to KNOX1 family, all showed a trend of first up-regulation and then down-regulation, and its expression increased to the highest level after 6-h, and then decreased (Figure 9).




Figure 9 | The expression levels of ZmTALEs under ABA hormone treatment. The three-leaf stage seedlings were treated with 100 µM ABA, and the expression levels of ZmTALEs were detected by RT-qPCR. Seedlings with no treatment as control. The bars indicate the mean ± SD of three replicates. The X-axis indicated different time points after ABA spray.



The expression levels of most ZmTALEs (such as ZmBELL02, ZmBELL03, ZmBELL06, ZmBELL07, ZmBELL09, ZmKNOX03, ZmKNOX05, ZmKNOX09, and ZmKNOX11) showed a trend of decreasing, then increasing and then decreasing after salt stress. The expression of ZmBELL11 showed a trend of decreasing, and then increasing. The expression of ZmKNOX01 showed a decreasing trend, however, ZmKNOX13 showed an increasing trend. ZmKNOX14, on the other hand, showed a trend of increasing and then decreasing (Figure 10). In addition, the expression of all ZmBELLs and ZmKNOXs detected decreased significantly after PEG-6000 simulated drought stress and heat stress (Figures 11, 12). These studies indicated that TALE transcription factors may negatively regulate maize plant growth and development under stress conditions such as drought, heat, high salt, and ABA hormone.




Figure 10 | The expression levels of ZmTALEs under salt stress treatment. The three-leaf stage seedlings were treated with 200mM NaCl, and the expression levels of ZmTALEs were detected by RT-qPCR. Seedlings with no treatment as control. The bars indicate the mean ± SD of three replicates. The X-axis indicated different time points after NaCl watered.






Figure 11 | The expression levels of ZmTALEs under drought treatment. The three-leaf stage seedlings were treated with 35% PEG-6000 (w/v) solution, and the expression levels of ZmTALEs were detected by RT-qPCR. Seedlings with no treatment as control. The bars indicate the mean ± SD of three replicates. The X-axis indicated different time points after PEG-6000 watered.






Figure 12 | The expression levels of ZmTALEs in leaf under heat treatment. The three-leaf stage seedlings were treated with 42°C, and the expression levels of ZmTALEs were detected by RT-qPCR. Seedlings with no treatment as control. The bars indicate the mean ± SD of three replicates. The X-axis indicated different time points after heat treatment.







Subcellular localization of ZmKNOX05 and ZmBELL11

Subcellular localization of proteins is a critical step in understanding the cellular function of proteins. WoLF PSORT webserver predicted that all ZmTALE proteins were localized in the nucleus, in addition, BELL02, BELL07 and KNOX07 were also distributed in chloroplasts (Supplementary Table 1). To confirm these results, we selected the ZmBELL11 in the BELL subfamily and the ZmKNOX05 in the KNOX subfamily, which have relatively large changes in expression patterns after abiotic stress and ABA treatment, for subcellular localization analysis. ZmKNOX05 and ZmBELL11 were cloned from B73 maize, firstly. Unexpectedly, we discovered the existence of a novel transcript for ZmKNOX05, and named ZmKNOX05.2, which alternative splicing events at non canonical sites. The new alternative transcript differs from the published ZmKNOX05.1 by a deletion of 99 nucleotides (33 amino acids), and its CDS and protein sequences were shown in Supplementary Table 8. Then, we constructed fusion proteins containing C-terminal enhanced green fluorescent protein (eGFP) (Figure 13A). The recombinant ZmKNOX05.1-eGFP, ZmKNOX05.2-eGFP, and ZmBELL11-eGFP proteins were transiently expressed in maize mesophyll protoplasts, respectively. The 35S::eGFP used as the control, which was expressed in the nucleus and cytoplasm (Figure 13B). The results showed that the ZmKNOX05.1-eGFP, and ZmKNOX05.2-eGFP fusion were localized to the nucleus and cytoplasm, as confirmed by co-localization with the nucleus marker NLS. While ZmBELL11-eGFP partially co-localized with RFP-NLS, most of them were localized to the region around the RFP-NLS, indicating the perinuclear cytoplasmic region (Figure 13B). These results indicated that ZmKNOX05 functions in the nucleus and cytoplasm, and ZmBELL11 functions in perinuclear cytoplasm.




Figure 13 | Subcellular localization of ZmKNOX05.1, ZmKNOX05.2 and ZmBELL11 in maize protoplasts. (A) Vector diagram of 35S:eGFP, 35S:ZmTALE-eGFP. (B) Fusion proteins were transiently expressed in maize protoplasts. 35S:eGFP vector was used as control, and ZmKNOX05.1, ZmKNOX05.2 and ZmBELL11, fused with eGFP (green fluorescence). NLS-RFP (red fluorescence) is a marker for nucleus localization. Pink fluorescence belongs to chlorophyll in chloroplasts, merged fluorescence is in yellow. Bars = 10 µm. Images are representative of three independent experiments.








Discussion

In recent years, TALE transcription factors have attracted much attention for their regulatory roles in plant growth, development, and abiotic stresses responses. Overexpression of TaKNOX11 enhances plant resistance to salt and drought stress, and TaKNOX11-A can interact with six other BLH family members (Han et al., 2022). BLH1 over-expressing lines were hypersensitive to ABA and salinity, while blh1 were less sensitive to ABA and salinity (Kim et al., 2013). And the BLH1-KNAT3 heterodimer increased the ABA responses by activating ABI3 promoter (Kim et al., 2013). Although the TALE gene family has been recognized in multiple plant species and certain gene functions have been studied (Zhao et al., 2019; Wang et al., 2021; Han et al., 2022; Rathour et al., 2022; Yang et al., 2022; Liao et al., 2024), a comprehensive identification and functional analysis of TALE genes in maize, particularly under abiotic stress conditions such as heat, salt, and drought, as well as in response to ABA hormone treatment, has yet to be conducted. This research conducted a systematic analysis of the phylogeny, evolution, tissue expression profiles, stress responses, and subcellular localization of TALE genes in maize.

In the maize genome, 52 members of the TALE superfamily were identified and categorized into BELL and KNOX subfamilies according to their domain composition (see Figures 1, 2), aligning with classifications observed in wheat, soybean, and barley (Wang et al., 2021; Han et al., 2022; Liao et al., 2024). This indicated that the TALE genes were highly conserved in the plant kingdom. Based on the results of phylogenetic relationship and chromosome localization analysis, we found that the ZmTALE genes on the same chromosome were also clustered together in phylogenetic tree. For example, all seven BELL genes located on chromosome 1 are members of the BELL2 subfamily, and all four KNOX genes belong to the KNOX I subfamily, except KNOX01 (Figures 2, 3). These suggested that they may have evolved from gene duplication events. Consistently, within-species collinearity analysis revealed that ZmBELL01.1 and ZmBELL03.1, ZmBELL05.1 and ZmBELL07.2, and ZmKNOX02.2 and ZmKNOX03.3 were collinear gene pairs (Figure 4). Interestingly, most of the clustered genes also shared very similar expression patterns, as the case for ZmBELL 2/3/6/7 under abiotic stress and ABA hormone, suggesting the clustered genes might be functionally redundant (Figures 9–12). This clustering indicates that gene duplication events might have played a role in the expansion and functional diversification of the ZmTALE genes.

Analysis of gene structure indicates that ZmKNOX family members possess a greater number of exons and introns, with introns being longer in comparison to ZmBELL. These structural variations may play a role in gene evolution and functional diversification (Roy and Gilbert, 2006). Different introns in ZmTALE genes may affect their evolution.

To further investigate the evolutionary process of ZmTALE members, we performed synteny analysis between maize, dicotyledons, and monocotyledons (Figure 5). The results showed that there were more ZmTALE homologs in the monocotyledons than in the dicots. This is similar to the conclusion of covariance analysis between species for the GmTALE genes in soybean (Wang et al., 2021). There were 18 ZmTALE genes with co-linear gene pairs in monocots but not in dicots, which distributed in both KNOX and BELL families, without subfamily specificity. So, there is not a subfamily of TALE genes that has undergone significant expansion or is unique in monocotyledons compared to dicotyledons. These 18 ZmTALE genes’ CDS sequences, protein motifs, and promoter cis-elements were also analyzed. Unfortunately, no similarity between them was found. Noticeably, ZmBELL08/11/13/14 and ZmKNOX03/04/06/09/11/12/13 had syntenic pairs in both dicotyledons and monocotyledons, suggesting that these gene pairs are conserved and may have existed before their ancestral divergence. The conservation of these gene pairs indicates that ZmTALE genes have preserved essential functions since the evolutionary split between monocots and dicots.

The ZmTALEs promoter contains a variety of plant growth and development, stress, and hormone responsive cis-elements (Figure 7), suggesting that they may be involved in plant responses to stress processes during plant growth and development. KNAT 7 was expressed in seed coat, and interacted with MYB75 and other transcription factors in regulation of seed coat development in Arabidopsis (Bhargava et al., 2013). ZmKNOX01 and ZmKNOX14 were closely to KNAT7 in evolutionary tree (Figure 2), which were highly expressed in the pericarp (Figure 8). We inferred that these two genes might be involved in pericarp development. This hypothesis needs to be verified by subsequent experiments. KNOX1 family gene OSH15, which was responsible for internode elongation by targeting a number of BR-related genes in rice (Niu et al., 2022). ZmKNOX1 subfamily genes were more highly expressed in the primordium, internode (Figure 8). We speculate that this family genes may regulate maize stem node growth and development through brassinosteroid signaling pathway. Although these hypotheses show promise, additional experimental work is essential to validate the involvement of ZmKNOX and ZmBELL genes in maize development via brassinosteroid signaling pathways. The qRT-PCR results showed that members of the ZmTALEs respond differentially to multiple abiotic stresses and stress-related hormone ABA. Overall, the expression of ZmTALEs were down-regulated under salt stress, drought stress and heat stress (Figures 10–12), and their expression was first up-regulated and then down-regulated after treatment with the stress hormone ABA (Figure 9). Its expression patterns under stress were similar to the previous researches in other species. In Prunus mume, four TALE genes were all downregulated under salt stress and drought stress (Yang et al., 2022). In wheat, TaBLH4-D showed a down-regulation under drought, salt, MeJA, and ABA stress (Han et al., 2022). And overexpression of TaKNOX11 enhances drought and salt stress resistance in Arabidopsis thaliana by decreasing malondialdehyde content and increasing proline content (Han et al., 2022). There are 11 genes response to salt stress, and most of them down-regulated by salt stress in leaf in poplar (Zhao et al., 2019). MtKNOX3-like genes belonging to the KNOX2 family, enhance drought stress resistance in Arabidopsis by regulating the MtPDH gene to inhibiting proline degradation (Iannelli et al., 2023). BLH1 over-expressing lines were hypersensitive to ABA and salinity, and BLH1 can interacted with KNAT3 and synergistically increased the ABA responses by binding to ABI3 promoter (Kim et al., 2013). ABA can be involved in salt stress response through osmotic, ions, and reactive oxygen species (ROS) (Yu et al., 2020). Although exogenous ABA significantly induced the expression of ZmTALEs after 9h treatment, however, whether the functions of ZmTALEs were mediated through the ABA pathways is still unclear. The expression patterns of ZmTALEs in response to stress correspond with findings in other species, including Prunus mume and wheat, underscoring their likely conserved functions in abiotic stress resistance. Nevertheless, the regulatory mechanisms through ABA pathways require further exploration.

The KNOX family proteins include four typical domains: KNOX1, KNOX2, HD, and ELK domain. All ZmKNOX proteins contained these four domains, except ZmKNOX01 and ZmKNOX14 that lacked the ELK (Figure 1C). ELK domain spans about 21 amino acids, which is rich in glutamate (Glu, E), leucine (Leu, L), and lysine (Lys, K), and act as nuclear localization signal (NLS). KNOX proteins in Arabidopsis have both a putative NLS and an NES (nuclear export signal), suggested nucleo-cytoplasmic shuttling of these KNOXs (Kim et al., 2013). Despite containing the ELK domain, STM belonging to the KNOX1 family do not localize in the nucleus but in the cytoplasm (Cole et al., 2006). The fusion protein VAN-GFP, ATH1-GFP, GFP-BLH3, PNY-GFP fusion were found in both the cytosol and the nucleus (Bhatt et al., 2004; Cole et al., 2006). However, the VAN/STM, ATH1/STM, BLH3/STM and PNY/STM heterodimers were all become completely nuclear localized (Bhatt et al., 2004; Cole et al., 2006; Rutjens et al., 2009). Although, all ZmTALE proteins were localized in nucleus upon prediction of WOLF SPORT, we selected two genes ZmBELL11 and ZmKNOX05 for further investigated their subcellular localization. ZmKNOX05 was not only localized in the nucleus but also distributed in the cytoplasm. In contrast, ZmBELL11 was distributed in the perinuclear cytoplasm (Figure 13). KNOX proteins usually interact with BELL proteins to form KNOX-BELL heterodimers, which are necessary for their nuclear translocation and/or retention. We believe that KNOX-BELL interactions also exist in maize. Experimental evidence will be needed to show which ZmBELL members interact with ZmKNOX05, or which ZmKNOX members interact with ZmBELL11 to localize them in the nucleus. These interactions are essential for nuclear localization and are likely to affect the regulatory roles of ZmTALE proteins in maize. Subsequent investigations should focus on specific ZmKNOX-ZmBELL interactions to clarify their contributions to gene regulation.

Unexpected, a novel alternative transcript of ZmKNOX05, named ZmKNOX05.2 were found, which was deleted 99bp than published ZmKNOX05.1 transcript (Supplementary Figure 4). Secondary structure prediction using the SMART website (http://smart.embl-heidelberg.de/) revealed that ZmKNOX05.2 differs from ZmKNOX05.1 in low complexity at the N-terminal, with base deletions resulting in only one low-complexity domain at the N-terminal of ZmKNOX05.2 (Supplementary Figure 5). The missing 33 amino acids is rich in alanine. SWISS-MODEL website (https://swissmodel.expasy.org/) predicted the 3D structures of the proteins and showed that ZmKNOX05.2 has one less section of irregular coiling than ZmKNOX05.1 at the N-terminus (Supplementary Figure 5). Alternative splicing enriches the diversity of genes and proteins functions. KNOX2 transcription factors HOS58, HOS59, and HOS66, produce two alternative transcripts in rice embryos (Ito et al., 2002), and HOS58 orthologue of KNOX7 in maize also has two alternative transcripts in embryos due to differential transcription initiation (Morere-Le-Paven et al., 2007). KNOX7S and/or the ratio of KNOX7S/KNOX7L regulate seed germination rates through the ABA/GA signaling pathways (Morere-Le-Paven et al., 2007). To date, the presence of noncanonical alternative splicing events in KNOX1 transcription factors has not been reported. Although ZmKNOX05.2 and ZmKNOX05.1 were both localized in the nucleus and cytoplasm, the absence of this irregular coiling may result in different functions of ZmKNOX05. What is the splicing mechanism of ZmKNOX05, and what is the function of ZmKNOX05.1 and ZmKNOX05.2, need to be answered in the future.





Conclusion

We identified 52 TALE superfamily members in maize, which were unevenly distributed on 9 chromosomes. They can be divided into two subfamilies, the BELL and the KNOX. Besides, the KNOX subfamily was separated into KNOX1 and KNOX2 subclasses. And the BELL subfamily was separated into BELL1 and BELL2 subclasses. Gene structures, conserved domain and motif compositions of the ZmTALE members in the same subfamily was similar, whereas, varied greatly in different subfamily. ZmKNOX family members possess a greater number of exons and introns but smaller molecular weights and greater hydrophilicity than ZmBELL. And the KNOX proteins included KNOX1, KNOX2, HD, and ELK, four typical domains, while BELL proteins contained POX and HD domains. The syntenic and evolutionary analyses of the TALE proteins among maize and multiple species provided more detailed evidence for ZmTALE genes evolution. Cis-elements analyses in gene promoter regions, as well as quantitative RT-PCR detection, showed that the ZmTALEs play important roles during maize growth and development, and abiotic stress responses. MYB, STRE, and ABRE cis-elements are abundant on the promoters of ZmTALEs. Most ZmTALEs were down-regulated under salt, drought, and heat stress, while their expression was first up-regulated and then down-regulated after ABA treatment. Subcellular localization analysis revealed that ZmKNOX05.1 and its alternative spliced form ZmKNOX05.2 were localized in both the nucleus and cytoplasm, while ZmBELL11 was localized in perinuclear cytoplasm. Our work revealed several important aspects of ZmTALE family members, which lay a foundation for the functional study of ZmTALEs in the future. The discovery of ZmKNOX05.2 sheds light on alternative splicing events within the KNOX1 family, indicating possible functional diversification. Future studies should delve into its splicing mechanisms and the distinct functions it may serve in comparison to ZmKNOX05.1.
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Supplementary Figure 1 | Comparison of maize TALE protein sequences by MegAlin. All ZmTALEs contained PYP amino acid sequence, which was highlighted in yellow in the figure.

Supplementary Figure 2 | Correspondence and number statistics of covariant gene pairs between maize and mono-dicotyledonous plants. (A) Heat map of the correspondence and number of covariant gene pairs between maize and mono-dicotyledonous plants. Colors from blue to red indicated the number from 0 to 6. (B) Summary plots of the types and number of covariant gene pairs in (A). (C) Correspondence of covariant gene pairs between maize and monocotyledons (blue round ball), dicotyledons (black squares), and within the maize genome (red triangles).

Supplementary Figure 3 | Eight motifs of the TALE proteins predicted by the MEME website.

Supplementary Figure 4 | The protein sequences of ZmKNOX05.1 and ZmKNOX05.2 compared by DNAMAN.

Supplementary Figure 5 | Secondary and tertiary structure of ZmKNOX05.1 and ZmKNOX05.2 predicted by SMART and SWISS-MODEL. (A) Secondary and tertiary structure of ZmKNOX05.1. (B) Secondary and tertiary structure of ZmKNOX05.2. The pink boxes in the secondary structure represent low complexity. A in the tertiary structure represents amino acid and the number represents the amino acid position.

Supplementary Table 8 | The CDS and protein sequence of ZmKNOX05.1 and novel transcript ZmKNOX05.2, respectively.





References

 Bailey, T. L., Boden, M., Buske, F. A., Frith, M., Grant, C. E., Clementi, L., et al. (2009). MEME SUITE: tools for motif discovery and searching. Nucleic Acids Res. 37, W202–W208. doi: 10.1093/nar/gkp335

 Bharathan, G., Janssen, B. J., Kellogg, E. A., and Sinha, N. (1997). Did homeodomain proteins duplicate before the origin of angiosperms, fungi, and metazoa? Proc. Natl. Acad. Sci. U.S.A. 94, 13749–13753. doi: 10.1073/pnas.94.25.13749

 Bhargava, A., Ahad, A., Wang, S., Mansfield, S. D., Haughn, G. W., Douglas, C. J., et al. (2013). The interacting MYB75 and KNAT7 transcription factors modulate secondary cell wall deposition both in stems and seed coat in Arabidopsis. Planta 237, 1199–1211. doi: 10.1007/s00425-012-1821-9

 Bhatt, A. M., Etchells, J. P., Canales, C., Lagodienko, A., and Dickinson, H. (2004). VAAMANA–a BEL1-like homeodomain protein, interacts with KNOX proteins BP and STM and regulates inflorescence stem growth in Arabidopsis. Gene 328, 103–111. doi: 10.1016/j.gene.2003.12.033

 Burglin, T. R. (1997). Analysis of TALE superclass homeobox genes (MEIS, PBC, KNOX, Iroquois, TGIF) reveals a novel domain conserved between plants and animals. Nucleic Acids Res. 25, 4173–4180. doi: 10.1093/nar/25.21.4173

 Burglin, T. R., and Affolter, M. (2016). Homeodomain proteins: an update. Chromosoma 125, 497–521. doi: 10.1007/s00412-015-0543-8

 Cai, R., Dai, W., Zhang, C., Wang, Y., Wu, M., Zhao, Y., et al. (2017). The maize WRKY transcription factor ZmWRKY17 negatively regulates salt stress tolerance in transgenic Arabidopsis plants. Planta 246, 1215–1231. doi: 10.1007/s00425-017-2766-9

 Chan, R. L., Gago, G. M., Palena, C. M., and Gonzalez, D. H. (1998). Homeoboxes in plant development. Biochim. Biophys. Acta 1442, 1–19. doi: 10.1016/s0167-4781(98)00119-5

 Chen, C., Wu, Y., Li, J., Wang, X., Zeng, Z., Xu, J., et al. (2023). TBtools-II: A “one for all, all for one” bioinformatics platform for biological big-data mining. Mol. Plant 16, 1733–1742. doi: 10.1016/j.molp.2023.09.010

 Cole, M., Nolte, C., and Werr, W. (2006). Nuclear import of the transcription factor SHOOT MERISTEMLESS depends on heterodimerization with BLH proteins expressed in discrete sub-domains of the shoot apical meristem of Arabidopsis thaliana. Nucleic Acids Res. 34, 1281–1292. doi: 10.1093/nar/gkl016

 Dean, G., Casson, S., and Lindsey, K. (2004). KNAT6 gene of Arabidopsis is expressed in roots and is required for correct lateral root formation. Plant Mol. Biol. 54, 71–84. doi: 10.1023/B:PLAN.0000028772.22892.2d

 Ebeed, H. T. (2022). Genome-wide analysis of polyamine biosynthesis genes in wheat reveals gene expression specificity and involvement of STRE and MYB-elements in regulating polyamines under drought. BMC Genomics 23, 734. doi: 10.1186/s12864-022-08946-2

 Elemento, O., Gascuel, O., and Lefranc, M. P. (2002). Reconstructing the duplication history of tandemly repeated genes. Mol. Biol. Evol. 19, 278–288. doi: 10.1023/B:PLAN.0000028772.22892.2d

 Gao, J., Yang, X., Zhao, W., Lang, T., and Samuelsson, T. (2015). Evolution, diversification, and expression of KNOX proteins in plants. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00882

 Geourjon, C., and Deleage, G. (1995). SOPMA: significant improvements in protein secondary structure prediction by consensus prediction from multiple alignments. Comput. Appl. Biosci. 11, 681–684. doi: 10.1093/bioinformatics/11.6.681

 Hake, S., Smith, H. M., Holtan, H., Magnani, E., Mele, G., and Ramirez, J. (2004). The role of knox genes in plant development. Annu. Rev. Cell Dev. Biol. 20, 125–151. doi: 10.1146/annurev.cellbio.20.031803.093824

 Hamant, O., and Pautot, V. (2010). Plant development: a TALE story. C R Biol. 333, 371–381. doi: 10.1016/j.crvi.2010.01.015

 Han, Y., Zhang, L., Yan, L., Xiong, X., Wang, W., Zhang, X. H., et al. (2022). Genome-wide analysis of TALE superfamily in Triticum aestivum reveals TaKNOX11-A is involved in abiotic stress response. BMC Genomics 23, 89. doi: 10.1186/s12864-022-08324-y

 Horton, P., Park, K. J., Obayashi, T., Fujita, N., Harada, H., Adams-Collier, C. J., et al. (2007). WoLF PSORT: protein localization predictor. Nucleic Acids Res. 35, W585–W587. doi: 10.1093/nar/gkm259

 Iannelli, M. A., Nicolodi, C., Coraggio, I., Fabriani, M., Baldoni, E., and Frugis, G. (2023). A novel role of Medicago truncatula KNAT3/4/5-like class 2 KNOX transcription factors in drought stress tolerance. Int. J. Mol. Sci. 24 (16), 12668. doi: 10.3390/ijms241612668

 Ito, Y., Hirochika, H., and Kurata, N. (2002). Organ-specific alternative transcripts of KNOX family class 2 homeobox genes of rice. Gene 288, 41–47. doi: 10.1016/s0378-1119(02)00460-2

 Jin, J., Tian, F., Yang, D. C., Meng, Y. Q., Kong, L., Luo, J., et al. (2017). PlantTFDB 4.0: toward a central hub for transcription factors and regulatory interactions in plants. Nucleic Acids Res. 45, D1040–D1045. doi: 10.1093/nar/gkw982

 Kim, D., Cho, Y. H., Ryu, H., Kim, Y., Kim, T. H., and Hwang, I. (2013). BLH1 and KNAT3 modulate ABA responses during germination and early seedling development in Arabidopsis. Plant J. 75, 755–766. doi: 10.1111/tpj.12236

 Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: molecular evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35, 1547–1549. doi: 10.1093/molbev/msy096

 Lescot, M., Dehais, P., Thijs, G., Marchal, K., Moreau, Y., Van De Peer, Y., et al. (2002). PlantCARE, a database of plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 30, 325–327. doi: 10.1093/nar/30.1.325

 Liao, T. J., Huang, T., Xiong, H. Y., Duo, J. C., Ma, J. Z., Du, M. Y., et al. (2024). Genome-wide identification, characterization, and evolutionary analysis of the barley TALE gene family and its expression profiles in response to exogenous hormones. Front. Plant Sci. 15. doi: 10.3389/fpls.2024.1421702

 Liu, J. H., Peng, T., and Dai, W. (2014). Critical cis-acting elements and interacting transcription factors: key players associated with abiotic stress responses in plants. Plant Mol. Biol. Rep. 32, 303–317. doi: 10.1007/s11105-013-0667-z

 Long, J. A., Moan, E. I., Medford, J. I., and Barton, M. K. (1996). A member of the KNOTTED class of homeodomain proteins encoded by the STM gene of Arabidopsis. Nature 379, 66–69. doi: 10.1038/379066a0

 Ma, Q., Wang, N., Hao, P., Sun, H., Wang, C., Ma, L., et al. (2019). Genome-wide identification and characterization of TALE superfamily genes in cotton reveals their functions in regulating secondary cell wall biosynthesis. BMC Plant Biol. 19, 432. doi: 10.1186/s12870-019-2026-1

 Magnani, E., and Hake, S. (2008). KNOX lost the OX: the Arabidopsis KNATM gene defines a novel class of KNOX transcriptional regulators missing the homeodomain. Plant Cell 20, 875–887. doi: 10.1105/tpc.108.058495

 Mazumdar, P., Binti Othman, R., Mebus, K., Ramakrishnan, N., and Ann Harikrishna, J. (2017). Codon usage and codon pair patterns in non-grass monocot genomes. Ann. Bot. 120, 893–909. doi: 10.1093/aob/mcx112

 Mcginnis, W., Garber, R. L., Wirz, J., Kuroiwa, A., and Gehring, W. J. (1984a). A homologous protein-coding sequence in Drosophila homeotic genes and its conservation in other metazoans. Cell 37, 403–408. doi: 10.1016/0092-8674(84)90370-2

 Mcginnis, W., Levine, M. S., Hafen, E., Kuroiwa, A., and Gehring, W. J. (1984b). A conserved DNA sequence in homoeotic genes of the Drosophila Antennapedia and bithorax complexes. Nature 308, 428–433. doi: 10.1038/308428a0

 Mistry, J., Chuguransky, S., Williams, L., Qureshi, M., Salazar, G. A., Sonnhammer, E. L. L., et al. (2021). Pfam: The protein families database in 2021. Nucleic Acids Res. 49, D412–D419. doi: 10.1093/nar/gkaa913

 Morere-Le-Paven, M. C., Anzala, F., Recton, A., and Limami, A. M. (2007). Differential transcription initiation and alternative RNA splicing of Knox7, a class 2 homeobox gene of maize. Gene 401, 71–79. doi: 10.1016/j.gene.2007.07.008

 Niu, X., and Fu, D. (2022). The roles of BLH transcription factors in plant development and environmental response. Int. J. Mol. Sci. 23 (7), 3731. doi: 10.3390/ijms23073731

 Niu, M., Wang, H., Yin, W., Meng, W., Xiao, Y., Liu, D., et al. (2022). Rice DWARF AND LOW-TILLERING and the homeodomain protein OSH15 interact to regulate internode elongation via orchestrating brassinosteroid signaling and metabolism. Plant Cell 34, 3754–3772. doi: 10.1093/plcell/koac196

 Parvathy, S. T., Udayasuriyan, V., and Bhadana, V. (2022). Codon usage bias. Mol. Biol. Rep. 49, 539–565. doi: 10.1007/s11033-021-06749-4

 Peng, W., Yang, Y., Xu, J., Peng, E., Dai, S., Dai, L., et al. (2021). TALE transcription factors in sweet orange (Citrus sinensis): genome-wide identification, characterization, and expression in response to biotic and abiotic stresses. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.814252

 Proveniers, M., Rutjens, B., Brand, M., and Smeekens, S. (2007). The Arabidopsis TALE homeobox gene ATH1 controls floral competency through positive regulation of FLC. Plant J. 52, 899–913. doi: 10.1111/j.1365-313X.2007.03285.x

 Qin, W., Yin, Q., Chen, J., Zhao, X., Yue, F., He, J., et al. (2020). The class II KNOX transcription factors KNAT3 and KNAT7 synergistically regulate monolignol biosynthesis in Arabidopsis. J. Exp. Bot. 71, 5469–5483. doi: 10.1093/jxb/eraa266

 Rathour, M., Shumayla,, Alok, A., and Upadhyay, S. K. (2022). Investigation of roles of TaTALE genes during development and stress response in bread wheat. Plants (Basel) 11 (5), 587. doi: 10.3390/plants11050587

 Reiser, L., Modrusan, Z., Margossian, L., Samach, A., Ohad, N., Haughn, G. W., et al. (1995). The BELL1 gene encodes a homeodomain protein involved in pattern formation in the Arabidopsis ovule primordium. Cell 83, 735–742. doi: 10.1016/0092-8674(95)90186-8

 Roy, S. W., and Gilbert, W. (2006). The evolution of spliceosomal introns: patterns, puzzles and progress. Nat. Rev. Genet. 7, 211–221. doi: 10.1038/nrg1807

 Rutjens, B., Bao, D., Van-Eck-Stouten, E., Brand, M., Smeekens, S., and Proveniers, M. (2009). Shoot apical meristem function in Arabidopsis requires the combined activities of three BEL1-like homeodomain proteins. Plant J. 58, 641–654. doi: 10.1111/j.1365-313X.2009.03809.x

 Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 3, 1101–1108. doi: 10.1038/nprot.2008.73

 Scott, M. P., and Weiner, A. J. (1984). Structural relationships among genes that control development: sequence homology between the Antennapedia, Ultrabithorax, and fushi tarazu loci of Drosophila. Proc. Natl. Acad. Sci. 81, 4115–4119. doi: 10.1073/pnas.81.13.4115

 Shi, J., Yan, B., Lou, X., Ma, H., and Ruan, S. (2017). Comparative transcriptome analysis reveals the transcriptional alterations in heat-resistant and heat-sensitive sweet maize (Zea mays L.) varieties under heat stress. BMC Plant Biol. 17, 1–10. doi: 10.1186/s12870-017-0973-y

 Truernit, E., and Haseloff, J. (2007). A role for KNAT class II genes in root development. Plant Signal Behav. 2, 10–12. doi: 10.4161/psb.2.1.3604

 Tsuda, K., Abraham-Juarez, M. J., Maeno, A., Dong, Z., Aromdee, D., Meeley, R., et al. (2017). KNOTTED1 cofactors, BLH12 and BLH14, regulate internode patterning and vein anastomosis in maize. Plant Cell 29, 1105–1118. doi: 10.1105/tpc.16.00967

 Vollbrecht, E., Veit, B., Sinha, N., and Hake, S. (1991). The developmental gene Knotted-1 is a member of a maize homeobox gene family. Nature 350, 241–243. doi: 10.1038/350241a0

 Walley, J. W., Sartor, R. C., Shen, Z., Schmitz, R. J., Wu, K. J., Urich, M. A., et al. (2016). Integration of omic networks in a developmental atlas of maize. Science 353, 814–818. doi: 10.1126/science.aag1125

 Wang, J., Chitsaz, F., Derbyshire, M. K., Gonzales, N. R., Gwadz, M., Lu, S., et al. (2023). The conserved domain database in 2023. Nucleic Acids Res. 51, D384–D388. doi: 10.1093/nar/gkac1096

 Wang, Y., Tang, H., Debarry, J. D., Tan, X., Li, J., Wang, X., et al. (2012). MCScanX: a toolkit for detection and evolutionary analysis of gene synteny and collinearity. Nucleic Acids Res. 40, e49. doi: 10.1093/nar/gkr1293

 Wang, S., Yamaguchi, M., Grienenberger, E., Martone, P. T., Samuels, A. L., and Mansfield, S. D. (2020). The Class II KNOX genes KNAT3 and KNAT7 work cooperatively to influence deposition of secondary cell walls that provide mechanical support to Arabidopsis stems. Plant J. 101, 293–309. doi: 10.1111/tpj.14541

 Wang, L., Yang, X., Gao, Y., and Yang, S. (2021). Genome-wide identification and characterization of TALE superfamily genes in soybean (Glycine max L.). Int. J. Mol. Sci. 22 (8), 4117. doi: 10.3390/ijms22084117

 Wilkins, M. R., Gasteiger, E., Bairoch, A., Sanchez, J. C., Williams, K. L., Appel, R. D., et al. (1999). Protein identification and analysis tools in the ExPASy server. Methods Mol. Biol. 112, 531–552. doi: 10.1385/1-59259-584-7:531

 Woodhouse, M. R., Cannon, E. K., Portwood, J. L., Harper, L. C., Gardiner, J. M., Schaeffer, M. L., et al. (2021). A pan-genomic approach to genome databases using maize as a model system. BMC Plant Biol. 21, 385. doi: 10.1186/s12870-021-03173-5

 Yang, Q., Yuan, C., Cong, T., Wang, J., and Zhang, Q. (2022). Genome-wide identification of three-amino-acid-loop-extension gene family and their expression profile under hormone and abiotic stress treatments during stem development of Prunus mume. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1006360

 Yoo, S. D., Cho, Y. H., and Sheen, J. (2007). Arabidopsis mesophyll protoplasts: a versatile cell system for transient gene expression analysis. Nat. Protoc. 2, 1565–1572. doi: 10.1038/nprot.2007.199

 Yu, Z., Duan, X., Luo, L., Dai, S., Ding, Z., and Xia, G. (2020). How plant hormones mediate salt stress responses. Trends Plant Sci. 25, 1117–1130. doi: 10.1016/j.tplants.2020.06.008

 Zhao, K., Zhang, X., Cheng, Z., Yao, W., Li, R., Jiang, T., et al. (2019). Comprehensive analysis of the three-amino-acid-loop-extension gene family and its tissue-differential expression in response to salt stress in poplar. Plant Physiol. Biochem. 136, 1–12. doi: 10.1016/j.plaphy.2019.01.003




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Guan, Zhao, Wei, Cui and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1489177-g013.jpg
eGFP -LB-Tnos< HYG <3ss*2 3ss>— eGFP> Tnos | RB
TALE-eGFP -LB -Tnos< HYG <3ss*2 355 [GERe ) eGFP>- Tnos {RB
eGFP NLS-RFP Fluorescence Bright Merge
355:eGFP ~ O@‘-\\
355:KNOX :
05.1-eGFP ﬁ )
355 KNOX éﬂi
05.2-eGFP :
../
35S:BELL / \
11-eGFP






OEBPS/Images/fpls-16-1489177-g007.jpg
A' ZmBELL02.3 21 2811881 |1 Ri2i2| [212(2] |1]2 5 1 1 1 B—_
ZmBELL022 21 2B 1 Wl22 2202 12 s 1 1 1 v —— 20
ZmBELL02.4 21 281108 1 @22 |212(2 [1]2 5 1 1 1 B E— T
ZmBELL02.5 21 2811181 |1 Rl2i2| (202(2] |1f2 5 1 1 1 o N —— 15
—ZmBELL02.1 323 61 1/ 108] 21| [812/1 [SE3E6] 2 3 1 1 1 1 = = ) S
— ZmBELL04.1 Bl 2| @B 12111 SIS 1 AW 13 1 T EEES 10
ZmBELL10.1 1 1| B 2| | 2| [212] |2i2]2]1] B 1 1| |21 1 1 - e
ZmBELLO05.1 1 1 21 200 [1f1f2] [212]2 1 Bl 1 1 1 - s
ZmBELL05.2 (81 o fal Tolu] [efale] falol2] | U 8l 1 1 1 - e —— 5
ZmBELL06.1 4713 151 31 |3 222 @ > 11 1 1 _— s ———
—ZmBELL09.2 321 ol 18112 2 3 1 |1 22| [1f2]1 1 1 1 1 - —— 0
ZmBELL09.1 321 51 118112 2| |8 1 [0 B2(2| [1]2]1 1 1 |1 1 — e E—m——
ZmBELL09.7 321 Bl 18112 2 B3 1 [0 22| [1]2]1 1 1] |1 1 Y E——
ZmBELL09.6 321 b (118112 2 18 1 (1 f2(2| |1]2]1 1 1 |1 1 T EE———
ZmBELL09.5 321 5| 18112 2| B 1 [0 E122| |1)2)1 1 1 [1 1 - ———
ZmBELL09.4 321 51 118112 2| |8 1l 11 B2(2] |1)2]1 1 1| [1 1 - ——
ZmBELL09.3 321 51 18]12 2 B 1l |1 2|2 |1]2)1 1 1 1 - e
ZmBELL07.2 622 fo2111012 21 2 B 1] [afe] ol 3 1 11 2[1 -—— o ———
ZmBELL07.1 3 16 o 1 BE | W:E 2220 i B 1 4 1 o ——
ZmBELLI12.1 55 2 2. B 1 Bl2012]212]2)1 1 11 1 - D E————
ZmBELLI12.2 .62 81112 118 24 3 45 1 1 | 1 E— B S S T
ZmBELL03.1 52312 31 43 Bkl 2 4 1 1 1 - e
ZmBELLOI.1 2 1 2| [1f2] [ 111 B2 |1 1 2[1[1 3 = . —
ZmBELL01.2 2 1 2| (121 11 it Bj2| |1 1 2011 3 T . E—
ZmBELL08.1 7221 tlat220 00 g2l [a]afef2 16 5 1 2 4 —-—— e —m———
ZmBELL14.1 1211 B Bit12(2 |1 gl [y 2] |21t e 1 1 R m e—
ZmBELL13.1 66 1 @112 2| (1@ |202]2 2|1 B [ fag2] 1 1 — e e —
ZmBELLI5.1 Il ! s 202 1) [1[aRE |101]1 1O f 1 2| [2 f -
ZmBELL15.2 8l 1 4 12| 1] 2488 e o b fde| f o fu 1 3| o 1 — . E—
ZmBELLI11.3 2311 Bl 12 1@l 1 BEEEl 1 1 fEl21 1 2 = o s Em—
ZmBELLI1.2 2311 gl |12 1@l 1 BBl 1 1 8201 1 2 =
ZmBELLII.1 2311 Bl 12 1@ ) [SESESl! 1 1 @2t |1 2 Ll e
ZmKNOX09.1 65 31 2 Bl 112/ 168111 111 1 {288 1 1 1 1 G o
ZmKNOX09.2 65 31 2 S 112/ 1§11 1t 1 788 1 1 1 1 T N NS E— T
ZmKNOX07.1 65 11 1 @ 1 2 2§ BRI 21j201 11 1 1 — s E—
ZmKNOX07,2.32 1 B SEsl1 (1221 BRIl |1 4 i B 1 1 1 R D EE—
ZmKNOX13.1 53 15 1 2[5 [eieks] 1 1 1@z 21 1 Bl —-—
ZmKNOX14.1 3 ARNEOETE B EOOOECEEDEN 0N BORGE 3 (B X L ————
ZmKNOXO01.1 2 5 21 5121 BEEl | 2 2 1 |1 1 1 1 = ——
ZmKNOX01.2 2 B 2210 Bl21 222 4 3 1 1 1 B 1 e Emn EE——
ZmKNOX12.1 [§ ] 18] (1 (1@ (1] 1sh 181 Bl | 2 1 1 WD EE—
ZmKNOX10.1 4 a 2212 | WEHE 1] 1 | W 11 1 1 b - ————
ZmKNOX06.1 7 5 12{1 g2i2 [1]1]1 1 13 1 1 11 — s
ZmKNOX02.2 5 B12 E11/1)2 B [2122(1] |1 1 1 11 - D E—
ZmKNOX02.1 7 212 @ [ 0 (2] (282121 2 1 2|2 L= =S
ZmKNOXO08.1 7 @ 2 2214 5 (BRSNS 112 4 R R —— T
ZmKNOX03.2 | 3 12| | [ ey 54 1 TR ——
ZmKNOX03.3 ! 3 il l1f2] W [ [afaja)n) |t 5 1 == e E—
ZmKNOXO03.1 4 | B 2] (2120201 |1 3 1 L —E D
ZmKNOX04.1 0 W | 2221 1116 1 1 — e ——
ZmKNOXI11.1 2 2 III BRewsl2 12 1)1 M@ 2 O —
ZmKNOXO05.1 6 6 3 4440 15 1 T S S
- e S .. '; n 8 ] 0 20 40 60 8 100 120 140 160 180
z ;:: E &gé :E: g g gf The number of cis-elements in the promoter of TALE
7 5 2 2¢ :
:
= <
C. .
MYBike e b AAGAATmORF ABA
CCAATbox drought Mxe
MRS CGTCA-motif JA or MeJA
STRE . as-1
LTR high or low temperature TGACG-motif
TCA TGA-element auxin
GC- m"&% anaerobic AUXR%_CbO‘;f(
WUNm%?i%‘ mechanical wounding GAI’E\!:F-CIITIE‘OI)E GA
TC-rich repeats defense and stress TCA-element
0 50 100 150 200 250 0 50 100 150 200 250
E The number of stress responsive cis-elements The number of phytohomone responsive cis-elements
. F. ;
7 Hrtes
GTl-motif
Spl RY-element
GATA-moﬁf plant_AP-2-like tissue specific expression
TCCGrmot GCN4_motif
Yok HD-Zip 1
A%—Egi motif T
Aﬁ;—clMAACZE 0}\24-;; ? metabolism regulation
b G_/-?\Fnr?:lri‘lg circadian _je—— circadian control
AT l-motif MSA-like |mm— cell cycle regulation
0 50 100 150 200 0 10 20 30 40 50

The number of light responsive cis-elements The number of plant growth and development cis-elements





OEBPS/Images/fpls-16-1489177-g011.jpg
o = =
n o> n

Relative expression

g
=3

Oh

= - =
n > n

Relative expression

g
=]

Oh

=] n

o
n

Relative expression

=
=

© 0Oh

ZmBELL02

lh 3h 6h 12h 24h
ZmBELLI11

th 3h 6h 12h 24h
ZmKNOX11

1h 3h 6h 12h 24h

o — —_
[ =3 wn

Relative expression

=
=

Oh

o — —
n o n

Relative expression

=
=

Oh

= n

e
wn

Relative expression

o
=

"~ 0Oh

ZmBELLO3

1h 3h 6h 12h 24h
ZmKNOX01

th 3h 6h 12h 24h
ZmKNOX13

1h  3h 6h 12h 24h

1.59

2

=
1)

Relative expression

=4
b

Oh

O =
22 2

Relative expression

S
2

Oh

CO =
2 =2

Relative expression

o
o

~ 0Oh

ZmBELL06

1h 3h 6h 12h 24h
ZmKNOX03

th 3h 6h 12h 24h
ZmKNOX14

1h 3h 6h 12h 24h

1.59

=3 —_
[ o

Relative expression

— —_ =
o W =

o
n

Relative expression

o
=)

Oh

Oh

ZmBELL07 15 ZmBELL09

Relative expression

1h 3h 6h 12h 24h Oh
ZmKNOX05

1h 3h 6h 12h 24h
ZmKNOX09

n

°

=
n

Relative expression

1h 3h 6h 12h 24h 007Gk Th 3h 6h 12h 24h
Drought stress treatment time
I 0h(CK)
1h
H 3h
M 6h
12h

[ 24h





OEBPS/Images/fpls-16-1489177-g010.jpg
1.57

°

54
53

Relative expression

=)
o

n

o

(=2
n

Relative expression

&
o

25 ZmBELL02 15 ZmBELL03 Ls ZmBELLO06 LS ZmBELLO7 15 ZmBELL09
2 g g g
101 £10 £10 210
8 8 g : =
z £0.51 2o0s £ 05 £ 05
0.5 g i j - 5 g
S ] [ -4
0.0 j—i ~0.0 = 0.0 0.0 [BR ~ g, -
Oh 1h 3h 6h 12h 24h Oh 1h 3h 6h 12h 24h 0h 1h 3h 6h 12h 24h Oh 1h 3h 6h 12h 24h 0h 1h 3h 6h 12h 24h
ZmBELLI1 s, ZmKNOX01 - ZmKNOX03 )5 ZmKNOX05 i ZmKNOX09
i o2 il
8 8 _ 220 2
2104 Z15 8 %10
gl T £ Eis gl =
] 51.0 5 by
o 1.0 o
2051 2 2 2051
A i ]
£0.0 200 = 0.0 = 0.0
Th 3h 6h 12h 24h Oh 1h 3h G6h I12h 24h oh 1h 3h 6h I12h 24h oh 1h 3h 6h 12h 24h 0h 1h 3h 6h 12h 24h
ZmKNOX11 s 5.01 ZmKNOX13 - 2.0 ZmKNOX14 Salt stress treatment time
2401 T 215 11 0h(CK)
S30] T & Ih
5 51.0 " 3h
220 2 " 6h
£1.0] i 503 12h
&ooql 200 M 24n

0.0 T v i
Oh 1h 3h 6h 12h 24h Oh 1h 3h 6h 12h 24h Oh 1h 3h 6h 12h 24h





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Genome-wide identification and expression profile analysis of TALE superfamily genes under hormone and abiotic stress in maize (Zea may L.)

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plant materials and treatments

          



          		

            Identification and characterization of TALE gene family members in maize

          



          		

            Localization, evolutionary relationships and covariance analysis of TALE family members

          



          		

            Analysis of codon usage pattern of ZmTALE genes

          



          		

            Conserved motifs and gene structures analysis of ZmTALE genes

          



          		

            Analysis cis-elements of TALE gene family members in promoter

          



          		

            Expression patterns analysis of TALE genes in maize

          



          		

            Subcellular localization analysis of ZmKNOX05 and ZmBELL11

          



        



        



        		

          Results

        

          		

            Identification, characterization and phylogenetic analysis of TALE family members in maize

          



          		

            Chromosome distributions of TALE genes

          



          		

            Collinearity analysis of TALE genes in maize

          



          		

            Analysis of codon usage pattern of maize TALE genes

          



          		

            Conserved motifs and structures of maize TALE genes

          



          		

            Cis-elements analysis of maize TALE genes promoter

          



          		

            Expression profiling of ZmTALEs in different tissues

          



          		

            Expression patterns of ZmTALEs under ABA hormone, drought, salt, and heat stresses

          



          		

            Subcellular localization of ZmKNOX05 and ZmBELL11

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1489177-g008.jpg
——

8.6
24
2.9
10.9
44

193 117 34.6 736

3.7
1.6
2.6
34
3.0

1
0.8

2.8
44
1.9
5i5]

1
0.1

0.8
0.8
0.1
18

[634] 163 27.1 17.8

6.9
11.5
6.5
2.1
0.9
29
17
0.0
04
24
14.5
6.9
43.7
15:5]
16.1
183

ZmBELLO0S

39
4.9
22
33
02
3.7/
1.5
0.1
04
1.7
4.6
4.9
73
23.0
10.7
10.3

ZmBELL10

2.3
0.8
2.1
0.3
02
2.0
02
0.0
0.1
29
52
2.0
3.6
12.7
15.1
18.0

ZmBELL04

0.3
0.8
1.3
1.0
0.0
29,
0.1
0.0
0.1

ZmBELL02

[
36

0.7
7.6
20
0.9
0.0

00 577 419 750
40 0.1 00 00

42
0.7
0.7
0.0
0.1
0.0
0.0
0.1
0.1
0.0
0.5
0.0
0.6
0.0

ZmBELLO06 |2
ZmBELL09

1
0.1

1.7
0.6
02
3.1

32.6

03
6.6
0.0
0.9
03
04
0.0
0.1
20
143
0.8
10.1
11.5
18.1
14.7

0.0
0.0
0.0
0.0
0.1
0.1

0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
5.0
0.0
0.8
0.0
0.0
0.0

ZmBELLI12
ZmBELLOI

[
0.1

0.0
0.0
0.8
0.0
16.5

0.0
24
0.1

1.1
0.0
0.7
0.0
0.0
0.0
5.0
0.0
0.2
0.0
2.6

o
o

1
0.0

0.0
0.0
02
0.0
18.1

ZmBELLO03 [&

0.1
I/
0.5
02
4.0
12.7

ZmBELLO7 8 &

17.8
14
19.1
18.5
15
02

ZmBELLI1 [¢

4.1

11.8
S

[T

12.3 284 229
40.5 204

14.0 601 22.3

313
314

18.9
12.7

32 (92 114

0.9
15.7
142
0]
0.6
0.0
12
0.0
0.0
0.8
79
02
24.6
0.7
33
5.6
33

ZmBELLI1S

6.3
182
153
39.9
1.5
0.8
4.1
02
0.0
35
11.4
22
13.6
21.8
10.9
31.8

2
S

ZmBELLOS :

0.1
5.6
0.9
14.6
3.8
0.0
6.1
0.0
0.0
15
1.0
0.9
04
04
8.6
4.7
89

ZmBELLI13

55

[
17.9

114 240

7.5
45
94

28.1
17.9
182

172 28.6

2]
20
245
44
04
0.0
1.6
0.1
0.0
2.1
53
02
33
02
4.6
8.0

ZmBELL14

14.7
15.5
12,5
30.1
7.6
03
9.3
13.5

ZmKNOX07

1
139

11.4
15.2

13.0
9.8

10.1
&l
15.0
62
25
62
4.0
04
57
82
7.0
10.9
10.1
6.7
8.1
8.7

ZmKNOX09

12.8
14.8
212
12,5
139

16.4
22.0
6.9
189
28.0
16.7
6.6
0.0
2.3
24
252
124
20.0
23.2
8.8

52
=3

ZmKNOX13

0.1
02
1.2
1.4
04
24
03
0.0
0.1

ZmKNOXO01

ZmKNOX14

104 27.2 [49.0]

17.8

19..

[
0.0

3.7

113 158 475 32

102 27.6 |35.5 [OH

174 16.5 [455 12.4

467,
00

1.3
0.0
6.8
8.4
0.1
6.3
0.1
0.1
11.8
15.9
02
0.0
0.1
18.6
16.7

2
A

ZmKNOX10

0.1

02

32.1 46,5 [0.0

2

200NN 22.2

0.0
6.4
9.2
0.3
6.3
0.6
0.0
10.2
14.4

ZmKNOX12 =

0.1
28.8
8.0
8.6
13.7
0.1
02
52
11.8

ZmKNOX06

23.3
1.6
1.6
0.1
02
0.1
0.1
0.0
0.0

ZmKNOX02

1
0.0

24
0.1
0.1
8.7
0.0
0.0
0.7
0.7
1.0
02
0.1
0.0
0.0
0.6
0.0
0.0
0.1
1.6
0.0
0.0
0.0

ZmKNOXO08 |2
ZmKNOX04

[ T T
214 [1841 408 [148:1 Ear Primordium 2-4 mm
20.7 2497 430 1484 7-8 internode
143 1382 277 (649| Vegetative Meristem 16-19 Day

206 1162 426 1233

Ear Primordium 6-8 mm

246 1581 29.7 1093 6-7 internode

04
02
0.7
0.1
52
0.3
0.0
238
0.0
0.0
0.0
0.0
1.9
0.0
4.9
0.9
0.0
0.1

03
02
82

12.3
0.0
3.8
0.1
0.0
1.3
02
0.0
0.0
1.8
5.4
0.9

ZmKNOXO03 |
ZmKNOXO05
ZmKNOX1

24.1
0.1
29

17.1 21.1

0.0
10.3
0.0
0.3
0.5
3.1
0.0
0.0
04

0.1
83
(028 R0I04 01

[48.1] 7.1 189

0.0
3.6
0.0
0.1
0.1
02
0.0
0.0
0.8

Root - Cortex 5 Days

Mature Leaf 8

Leaf Zone 1 (Symmetrical)
Leaf Zone 2 (Stomatal)

Female Spikelet Collected on day as silk
Embryo 20 DAP

Endosperm Crown 27 DAP
Embryo 38 DAP

Endosperm 12 DAP

B73 Mature Pollen

Root - Meristem Zone 5 Days
Root - Elongation Zone 5 Days
Pericarp/Aleurone 27 DAP

Leaf Zone 3 (Growth)
Silk

237 235 Germinatin Kernels 2 DAI

38219 Primary Root 5 Days
381170 Secondary Root 7-8 Days

l45

r35
25

r1s






OEBPS/Images/fpls-16-1489177-g002.jpg
KN OX Tree scale: | —— —

1 '90XONMWZ
ZmKNOX12.1

AT4G34610.1 BLHB- ZmBELL11.2

AT4G34610.2 BLH6 AT4G32980.1 ATH1

AT5G02030.1 BLH9

ZmBELL12.2
1738 L'0LYLYOSLY

© Arabidopsis thaliana

1139 B Zea mays





OEBPS/Images/fpls-16-1489177-g004.jpg
o
Q
00V

ZmKNOX01.2
ZmBELL01.1 o

ngELLOJ_/

100 i

N
=

z
S
S
D

200





OEBPS/Images/fpls-16-1489177-g001.jpg
BELL

KNOX

A. B. C. D.
ZmBELL02.3 T [ — [ mia | [ Motif 1
ZmBELL02.2 — " — | B ] T Motif 2
™ ™ e—
%mBELLOZA - w IR Mot 3
mBELL02.5 — p— —Raa | !
ZmBELL02.] —™@— i ‘ we T Motif 4
ZmBELL04.] —— ‘ p—l . P Motif 5
ZmBELL0S.1 e - i lotit'G
m 1| —r—— rm— =
ZmBELL052 — o— — Modif 7
ZmBELL06.1 — —m- ] 4 [ Motif 8
ZmBELL09.2 —+—"—"Vl——— p— R |
S ZmBELL09.] ——"—-m——— o B
- ZmBELL09.7 —+—"—-ml——— r— o1
m ZmBELL09.6 —+—"—"-Ml——— P— -l
m ZmBELL09.5 ——"—"-"l— T— W—HR [ POX
ZmBELL09.4 ——"—"-"l—— p—N e [/ Homeobox_KN
ZmBELL09.3 ——"—-Ml——-— o— —k T KNOX1
ZmBELL07.2 —————————-l—— — En————@ W KNOX2
ZmBELL07.1 —T—- M i—n —ELK
ZmBELL12.] ——"-Tl— — 1+l
ZmBELL122 —Ml—— i | 11
ZmBELL03.] ——"-Ml——— p—l 1
ZmBELLO1.1 T — W
ZmBELLO1.2 P p—l B I UTR
——— ZmBELL08.] ——" — i1 [ cps
ZmBELL14.] — " ——ro — I——B Intron
ZmBELL13.1 T o— =~k
- ZmBELL15.] ———— — - —" 1
- |[*—— zZmBELL152 ——FF—m — |
— {|——— ZmBELL113 ———W— ! P— | W
g ZmBELL112 ————— W T —— o
L ZmBELL1l.] ——— W p—l .
ZmKNOX09.1 — - — - il | {——
- ZmKNOX09.2 —-—"m- i )| {4
< ZmKNOX07.1 — TR —
o ZmKNOX07.2 —-'—"m— PN |
Z |[{—— ZmKNOX13.1 ——-—mm- TN H—
|||~ zmkNOX14.1 ~—mm- Ml —
ZmKNOX01.1 — i | —
L — 7ZmKNOX01.2 "W o | i
: ZmKNOX12.1 — il | —
L ZmKNOX10.1 — #—"m- ™ N D |
L—— ZmKNOX06.1 —* N —
ZmKNOX022 — TN {H———3
— |4 zmkNOX02.1 —"m— (ol | B
@ ||Y— zZmKNOX08.1 — TN L —— e S —!
Q ZmKNOX03.2 — il | {————
Z ZmKNOX03.3 — =—"m- TN {—————1
N L— ZmKNOX03.1 —™m- N —
—— ZmKNOX04.] —-"—"m— () | —
ZmKNOX11.1 — ¥—"m— T IH—l
ZmKNOXOS.lS'—“J'—"-— ¥ 5" il Bl | v H—i ¥
—r 1 T 1 1T T T 1 rrr—— 1T _ Tr T _ T T T 1 rrt 1T T 1 T T T T T T ¥

0 200 400 600 800 0 200 400 600 800 O 4000 8000 12000 16000 20000 24000





OEBPS/Images/fpls-16-1489177-g006.jpg
TAEL gene

o
o

<
»~

o
o

0.0

p<0.0001

T3s

p<0.0001

C3s

p<0.0001

A3s

p<0.0001

G3s

p<0.0001

GC3s

p<0.0001

GC

@ Zea mays
@ Arabidopsis thaliana

@ Oryza sativa japonica

@ Triticum aestivum
. @ Sorghum bicolor






OEBPS/Images/fpls.2025.1489177_cover.jpg
& frontiers | Frontiers in Plant Science

Genome-wide identification and expression

profile analysis of TALE superfamily genes

under hormone and abiotic stress in maize
(Zeamay L.)





OEBPS/Images/fpls-16-1489177-g012.jpg
ZmBELL0Y

8h

f
i

4h

ZmKNOX09

v
—_

<

—_

4]
(=3
uo1ssa1dxd dANR[Y

ZmBELLO7

<
=)

221
—_

0.0

o
u01ssaIdXd dANR[Y

8h

4h

ZmKNOX05

Oh

T
L
—

<

k4]
=3
=O_mw0._QXQ QAB[Y

0

ZmBELL06

0.0-

<
o

bg?
—_

<

n o
=3 =}
u01ssaIdXd AANR[Y

8h
ZmKNOX14

i.T.rﬁ

4h

ZmKNOX03

Oh

[ Oh(CK)
8h

[ 4h

Heat stress treatment time

8h

4h

=
=3

ZmBELL0O3

=) "
— =
uoIssaIdxa dANE[Y

[t

"

ZmKNOX01

a

1.0
.5

0.0

— S
uorssaxdxa oAneY

8h

=
<

ZmKNOX13

Oh

;H.
i

uoissaidxa oAne[oy

ZmBELLO2

4h 8h

ZmBELLI11

Oh

uolssaidxe aaney

8h

4h

ZmKNOX11

|
_

5

<

.5

0.0

=
uorssaidxa aane[y

8h

4h

=
S

_.m
|
—il

i
=1
uorssaidxo aAne[y

1.59

1.5

0 0
:o_mmp_&a QATIR[OY

2.0
1.54
9 1.09
0.59
0.0

uorssaxdx

7

QALY

g

Je[y





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-16-1489177-g009.jpg
ression

15
1.0
5 0.5

lative ex|

R

ZmBELL02

[]

0.0

Relative expression

0

Oh 1h 3h 6h 9h 12h 24h
ZmKNOX11

1.5

Relative expression

Oh 1h 3h 6h 9h 12h24h

ZmBELLI1

=

e T —
Oh 1h 3h 6h 9h 12h 24h

Relative expression
8]

0
Oh 1h 3h 6h %h 12h 24h

Relative expression

ZmBELL0O3

ZmKNOX01

Oh 1h 3h 6h 9h 12h24h
ZmKNOX13

0
Oh 1h 3h 6h

9h 12h 24h

Relative expression
s

Relative expression
&

ZmBELL0O6

[

Oh 1h 3h 6h h 12h 24h
ZmKNOX03

T

-

Oh 1h 3h 6h 9h 12h 24h
ZmKNOX14

Oh 1h 3h 6h 9h 12h24h

1.5
1.0
0.5

Relative expression

0.0

1500

1000

500

Relative expression

0

ZmBELLO7 ZmBELL09
5°
2
& 4
5
g
. o 2
=
)
[
AL 0
Oh Th 3h 6h 9h 12h24h Oh 1h 3h 6h 9h 12h 24h
ZmKNOX05 ZmKNOX09
7]
2 4
g
g3
2 21
5
—'Ll 2
Oh Th 3h 6h 9h 12h24h Oh Th 3h 6h Oh 12h 24h
ABA treatment time
I Oh(CK)
1h
3h
6h
1 9h
™ 12h
M 24h





OEBPS/Images/fpls-16-1489177-g005.jpg
A. Chr01 Chr02 Chr03 Chr04 Chr05 Chr06 Chr07 Chr08 Chr09 Chrl0
200 MY o——— C—— —_—— e ———

(AGPv322)

Arabidopsis thalionwg i, - e-—

(TAIR10) chrl chr2 chr3 chr4 chrs
B. Chr01 Chr02 Chr03 Chr04 Chr05 Chr06 Chr07 Chr08 Chr09 Chr10
Zea mays —— —_— —_— e

(AGPv3.22)

Glycine max — -_— — e c— —_— s cans caas caes e —
(Glycine max v2.1)  chrl chr2 chr3 chr4 chr5  chr6 chr7  chr8 chr9  chrl0 chrll chrl2 chr13 chrl4 chrl5 chrl6 chrl7 chri8 chrl9 chr20
C. Zea mays Chr01 Chr02 Chr03 Chr04 Chr05 Chr06 Chr07 Chr08 Chr09 Chrl0
(AGPv3.22)
Solanum lycopersicum —_—— — e — —_— e—————
(SL3.0) chrl chr2 chr3 chrd chrs chr6 chr7 chr8 chr9 chrl0 chrll chri2
D. Zea mays Chr01 Chr02 Chr03 Chr04 Chr05 Chr06 Chr07 Chr08 Chr09 Chrl0
(AGPv322) N \

Oryza sativa Japonica —
(IRGSP-1.0) chrl chr2 chr3 chr4 chrs chr6 chr7 chr8 chr9 chrl0 chrll chrl2

E. Chr06 Chr07 Chr08 Chr09 Chr10
Zea mays

(AGPY322)

Triticum aestivum
(IWGSC)

Zea mays
(AGPv322)

Sorghum bicolor
(NCBIv3)





OEBPS/Images/fpls-16-1489177-g003.jpg
0 Mb
Chro01

230 200 130 100 50

300

Chro02

mKNOX01. ]|
mKNOX01.
'mBELLO1.1
‘mBELLO1.2
‘mBELLO2.1
‘mBELL(2.2
‘mBELL02.3
'mBELL02.4
‘mBELL02.5
ZmBELL03.1

‘mBELLO4.1

‘mBELLO0S.1
‘mBELL0S.2
‘mBELL0G6.1
'mKNOX02.1
‘mKNOX02.2
'mKNOX03.1
'mKNOX03.2
'mKNOX03.3
‘mBELLO7.1
‘mBELLO07.2
‘mKNOX04.1

Chro03

~ZmKNOX05.1

Chr04
Chr05

'mKNOX06. 1}

‘mBELL0S.1

ZmBELL09.1

ZmBELL09.2
'mBELL09Y.3
‘mBELL09.4
‘mBELL09.5
‘mBELL09.6

ZmBELL09.7
‘mKNOX07.1
'mKNOX07.2

o o
=] =
= =
= =
Q @]
'mBELLI10.1 'mKNOX10.
‘mKNOX08.1]
‘mBELL12.1
‘mBELLI2.2
‘mKNOX09.1
'mKNOX09.
‘mBELLI1.1
'mBELL11.2 [[~~mBELLI3.1
'mBELLI11.3

®
S

=
=
O

‘mKNOX11.1

Chr09

ZmBELLI4.1

'mKNOX12.

Chr10

‘mBELLI5.1
‘mBELL15.2

'mKNOXI3.1

'mKNOX14.1

The number of BELL and KNOX genes on each chromosome

-
=

e
=
S}

Chr02
Chr03
Chro04
Chr05
Chro06
Chr07
Chr08
Chr09
Chr10






