

  agronomy-14-00717




agronomy-14-00717







Agronomy 2024, 14(4), 717; doi:10.3390/agronomy14040717




Article



The Role of the ADF Gene Family in Maize Response to Abiotic Stresses



Ruisi Yang 1,2,†, Fei Wang 2,†, Ping Luo 1,2, Zhennan Xu 2, Houwen Wang 2, Runze Zhang 1,2, Wenzhe Li 2, Ke Yang 1,2, Zhuanfang Hao 2,* and Wenwei Gao 1,*





1



College of Agriculture, Xinjiang Agricultural University, Urumqi 830052, China






2



State Key Laboratory of Crop Gene Resources and Breeding, Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, Beijing 100081, China









*



Correspondence: haozhuanfang@163.com (Z.H.); gww0911@163.com (W.G.)






†



These authors contributed equally to this work.









Citation: Yang, R.; Wang, F.; Luo, P.; Xu, Z.; Wang, H.; Zhang, R.; Li, W.; Yang, K.; Hao, Z.; Gao, W. The Role of the ADF Gene Family in Maize Response to Abiotic Stresses. Agronomy 2024, 14, 717. https://doi.org/10.3390/agronomy14040717



Academic Editor: Chenggen Chu



Received: 12 March 2024 / Revised: 26 March 2024 / Accepted: 27 March 2024 / Published: 29 March 2024



Abstract

:

The highly conserved actin depolymerizing factor (ADF) plays an important role in plant growth, development and responses to biotic and abiotic stresses. A total of 72 ADF genes in Arabidopsis, wheat, rice and sorghum can be divided into four groups. The multicollinearity analysis revealed that the maize ADF gene family exhibited more collinearity events with closely related gramineous plants. Fifteen ADF genes in maize were screened from the latest database, and bioinformatics analysis showed that these ADF genes were distributed across seven chromosomes in maize. The gene structure of the ADF gene family in maize exhibits significant conservation and cluster consistency. The promoter region contains rich regulatory elements that are involved in various regulations related to growth, development and adverse stresses. The drought-tolerant ZmADF5 gene in maize was further studied, and it was found that the allelic variations in ZmADF5 were mainly concentrated in its promoter region. A superior haplotype, with drought tolerance, was identified by candidate-gene association analysis of 115 inbred lines. By comparing the phenotypes of anthesis silking interval, grain yield and ear height, it was found that Hap2 performed better than Hap1 under drought stress. This study provides a theoretical reference for understanding the function of the ADF gene family and proposes further investigation into the role of ZmADF5 in abiotic-stress tolerance.
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1. Introduction


Maize (Zea mays L.) is now the highest yielding cereal crop worldwide, and its planting area and production are increasing year by year [1]. As one of the main food crops in China, the majority of maize is processed into feed and biofuels, in addition to food [2,3,4]. Maize is a monoecious and cross-pollination crop, which is susceptible to various abiotic stresses during growth and development. Environmental stress at the flowering stage directly leads to serious yield reduction, with drought being one of the most serious abiotic stresses [5,6]. Therefore, it is of great practical significance to explore the abiotic stress-tolerant genes and study their functional mechanism to further improve the production or keep a stable level under abiotic stresses.



The actin depolymerizing factor (ADF/cofilin) is the main binding protein of microfilaments in the cytoskeleton and exists in all eukaryotic cells [7]. The first ADF in animals was isolated from chicken embryos and named cofilin, and the first ADF in plants was identified in lily [8,9,10]. In maize, plant biochemical characterization confirmed the conservative activity of ADF-binding F-actin and G-actin, observed for the first time in ZmADF3 [11]. More ADF genes were identified in plants than in animals, including 11 ADF genes in Arabidopsis, 11 ADF genes in rice, 26 ADF genes in wheat, 15 ADF genes in maize, 9 ADF genes in sorghum and so on [12,13]. The number of plant ADF genes participate in important life activities, with more functional characteristics, such as cell movement, cell migration, cell division, cytoplasmic circulation, cell expansion, cell structure maintenance, intracellular material transport, polar growth and biotic- and abiotic-stress response [14,15,16]. It has been found that ADF genes have a non-negligible contribution to plant growth and development, especially in response to stress [17].



ADF belongs to the actin-binding protein (ABP) regulatory gene family, which participates in the dynamic regulation of actin cytoskeleton in cells by shearing and depolymerizing actin filaments [18]. Under abiotic stresses, ADF can regulate the rate of actin depolymerization by rapidly dissociating into small fragments and polymerizing into microfilaments to avoid plant damage [19]. Plant ADF genes are generally involved in the process of pollen tube germination, root hair growth and other polar growth processes related with microfilament skeleton rearrangement, where a large number of active G-actins concentrate [20]. Multiple rearrangements will happen when the growth apex and subapex continuously transform in the microfilament skeleton [21]. The microfilament skeleton is depolymerized at high speed, providing a carrier, power and anchor point for cytoplasmic circulation and vesicle transport [22].



In 2020, 13 ADF genes were publicly identified in maize [23]. Soon afterwards, a total of 15 maize ADF genes were updated based on the latest published maize genome database of the Zm-B73-REFERENCE-NAM-5.0 (B73 RefGen_v5) reference, along with the improvement of genome sequencing technology. Tandem and segmental duplication events are the main reasons driving the evolution of plant genomes [24].



In this study the new member of the maize ADF family ZmADF14 undergoes segmental duplication with ZmADF3 and tandem duplication with ZmADF10, respectively. In this study, the 15 ADF genes in maize were analyzed in detail by bioinformatics, including chromosome location, physical and chemical properties, functional clustering, collinearity, gene structure, conserved sequence, promoter elements, responses to abiotic stresses and so on. ZmADF5, which shows potential drought tolerance, was selected for candidate-gene association analysis. Combining with phenotypic data acquired from the field, it was proved that excellent variations from ZmADF5 could help improving the drought tolerance in maize. This study is the first time to update the member information of maize ADF gene family and its related bioinformatics analysis after Huang which further proves that ADF gene family plays an important role in maize response to abiotic stresses. Secondly, a drought-tolerant candidate-gene ZmADF5 and excellent variation was proposed, which laid an important foundation for further study on the function of the maize ADF gene.




2. Materials and Methods


2.1. Download and Arrangement of ADF Gene Family in Maize


The ZmADF family sequences (Zm-B73-REFERENCE-NAM-5.0, B73 RefGen_v5) were downloaded from the MaizeGDB (https://www.maizegdb.org/, accessed on 10 March 2023) database. ADF domains were used as queries to identify representative ZmADF proteins using TBtools (v1.120) (score ≥ 100 and e-value ≤ 1 × 10−10) [25]. Non-redundant ZmADF protein sequences were then additionally screened with the NCBI Conserved Domain Database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, accessed on 10 March 2023) to confirm the presence of an ADF domain. The chromosomal locations of the 15 ZmADFs were determined according to maize reference genome B73 RefGen_v5 information. MapChart software (v 2.0) was used to plot their positions along the 7 chromosomes. ExPASy (https://web.expasy.org/, accessed on 10 March 2023) was used to analyze the biochemical parameters of ZmADFs family proteins, such as isoelectric point (pI), molecular weight (MW) and protein hydrophilic properties etc. [26].




2.2. Clustering, Collinearity, Gene Structure and Promoter Analysis of ADF Family


The species Arabidopsis, wheat, rice and sorghum sequences were downloaded from NCBI website (https://www.ncbi.nlm.nih.gov/, accessed on 10 March 2023). The aligned sequences were subjected to phylogenetic analysis by the maximum likelihood method using MEGA (v7.0) with 1,000 bootstrap replicates [27]. The online software tool iTOL (Interactive Tree of Life, v5) was applied to modify the phylogenetic tree [28]. Tandem and segmental duplication events for ZmADF genes were identified using MCScanX (https://github.com/wyp1125/MCScanX, accessed on 10 March 2023) and displayed through TBtools. Synteny analyses assessing the relationships among ADF genes encoded by maize and Arabidopsis, wheat, rice and sorghum bicolor were conducted with TBtools [29,30]. MEME (https://meme-suite.org/tools/meme, accessed on 10 March 2023) was applied to predict possible conserved motifs in the ZmADFs family, and the maximum number of motifs was set to 10. The intron and exon structures of the ZmADF gene were mapped by GSDS (http://GSDS.cbi.pku.edu.cn/, accessed on 10 March 2023). PlantCare online software (http://bioinformatics.psb.ugent.be/webtools/plancare/html/, accessed on 10 March 2023) was used to analyze the cis-acting elements in the promoter region of maize ADF genes.




2.3. Drought Stress Treatment in Seedling Stage of Maize


Fifty seeds of the inbred line Zheng 58 were soaked in 0.5% sodium hypochlorite for 10 min for surface disinfection, washed repeatedly with distilled water and soaked in saturated calcium persulfate for 12 h. The seeds were germinated on filter paper and then transferred to Hoagland nutrient solution for culture. The culture conditions were 28 °C, 16 h light and 8 h dark in a greenhouse. The treatment with 20% PEG6000 was applied to seedlings at the three-leaf stage. At each treatment point (0, 1, 3, 6 and 12 h), 3 seedlings were selected as 3 independent biological replicates.




2.4. Real-Time Fluorescence Quantitative PCR Detection


The total RNA of the sample was extracted with the FastPure Universal Plant Total RNA isolation kit (Nanjing Nuoweizan Biotechnology Co., Ltd., Nanjing, China), and the first-strand cDNA synthesis was performed using the FastQuant RT kit (Tiangen Biochemical Technology Co., Ltd., Beijing, China). The Real Master Mix (SYBR Green I) kit (Tiangen Biochemical Technology Co., Ltd.) was used for qRT-PCR experiments. The real-time PCR fluorescence quantitative reaction system was 20 μL: 2 × SuperReal PreMix Plus 10 μL, forward (reverse) primer (10 μL) 0.6 μL, cDNA template 2 μL, RNase-free ddH2O 6.8 μL. Quantitative PCR was implemented using the SYBR Premix Ex Taq II (Takara) on an ABI 7500 real-time detection system (Applied Biosystems), and three independent RNA samples were prepared for each biological replicate. ZmUBI was used as the reference gene (Table 1). The relative expression of the gene and its standard deviation were analyzed according to the 2−ΔΔCT method [31].




2.5. Analysis of Transcription Level of Maize ADF Family under Abiotic Stresses


The maize transcriptome sequencing data published in the SRA database was downloaded and converted into Fastq data using Fastq-dump.2.11.0. Then, FastQC software (v0.11.5) (https://github.com/s-andrews/FastQC, accessed on 10 March 2023) was used to determine the quality of Fastq data [32]. Trimmomatic software (v0.33) was used to remove joints and low-quality sequences from the Fastq data, and ultimately to obtain filtered clean data [33]. The filtered data were compared with the maize B73 RefGen_v5 genome to generate a SAM file. SAM files were converted into sorted BAM files using SAMtools software (v1.17). StringTie software (v2.2.1) was used to estimate the expression data of each gene, and DESeq2 software (vR4.1.2) was used to analyze the differentially expressed genes [34].




2.6. Candidate-Gene Association Analysis in ZmADF5


In this study, we collected the phenotypic data of 188 maize inbred lines under drought stress (WS) and normal irrigation (WW) conditions in Hainan (HN) and Xinjiang (XJ) [35]. Subsequently, 115 maize NL inbred lines preserved in the laboratory were cultured to 1–2 leaf stage and genomic DNA was extracted by CTAB method. The plant genome database website was used to find the sequence of ZmADF5 gene promoter region and gene region. The maize inbred line B73 genome was used as the reference sequence. Primer 5.0 software was used to design primers, including forward primer: 5′-TCTTCGGCAATCTCCAG-3′ and reverse primer: 5′-TCTACTCCACCCATCAACATC-3′. The PCR amplification reaction system was as follows: P520 mix 25 μL, upstream and downstream primers (10 μL) 1.5 μL, cDNA template 2 μL, RNase-free ddH2O 20 μL. The PCR amplification program consisted of the following steps: 98 °C for 30 s, 35 cycles of 98 °C for 10 s, 60 °C for 5 s, 72 °C for 20 s, 72 °C for 1 min. Finally, the PCR product was sent to the biological company for sequencing.





3. Results


3.1. Chromosome Location and Physicochemical Properties of ADF Family in Maize


Based on the released genome information of maize (B73 RefGen_v5), 15 genes containing the ADF domain were screened by comparing them to the maize genome, and classified them as ADF genes. They were distributed on seven chromosomes in clusters or scattered conditions, with chromosome 1 containing the largest number of ZmADFs (Figure 1). Among them, ZmADF7 and ZmADF13, ZmADF1 and ZmADF12, ZmADF6 and ZmADF9, ZmADF5 and ZmADF8, ZmADF14 and ZmADF10 appeared as tandem duplications, respectively, and only ZmADF3 and ZmADF14 existed as segmental duplications. The protein sequence length of the maize ADF gene family ranged from 132 to 210 aa. The molecular weight ranged from 15,620.91 to 22,733.91 Da, with the isoelectric point values ranging from 4.81 to 9.51. The highest theoretical isoelectric point value was 9.51 for ZmADF8. Among the 15 ADF members, nine proteins were acidic (ZmADF1, 2, 3, 6, 7, 10, 11, 12, 14) and the other six proteins were alkaline (ZmADF4, 5, 8, 9, 13, 15). The prediction results showed that, except for ZmADF14, which exhibited hydrophobic properties, the remaining 14 proteins were hydrophilic proteins. The unstable parameter was between 37.04 and 64.63, and the aliphatic amino acid index ranged from 62.45 to 84.56. Subcellular localization prediction indicated that 15 genes were mainly located in the cytoplasm (Table 2).




3.2. Phylogenetic Analysis of Maize ADF Family with Arabidopsis, Wheat, Rice and Sorghum


According to the classification results of the Arabidopsis ADF family, 72 ADF genes of these five species could be divided into four groups [36]. Group I contained the most genes, including AtADF1, AtADF2, AtADF3 and AtADF4, which were constitutively expressed in all tissues except pollen. AtADF7, AtADF8, AtADF10 and AtADF11 were apical meristem-specific expression genes, which were expressed mainly in pollen and root. ZmADF1, ZmADF2, ZmADF3, ZmADF4, ZmADF7, ZmADF10, ZmADF12, ZmADF13 and ZmADF14 were found in the same group. Group II was a monocotyledon-specific ADF group, with the majority of its members belonging to ADF3. However, the monocotyledon plant ZmADF3 was not clustered into this group. Protein sequence alignment analysis found that ZmADF3 has low homology with OsADF3, SbADF3 and TaADF3, with only 57.96% similarity, eventually leading to functional differentiation. According to the clustering results of AtADF5 and AtADF9, group III was divided into several genes widely expressed in multiple tissues and organs, including meristem. ZmADF5 and ZmADF8 belong to this group. Represented by ZmADF6, group IV was speculated to be constitutively expressed in all tissues, including ZmADF6, ZmADF9, ZmADF11 and ZmADF15, which exhibit high homology to each other (Figure 2).




3.3. Collinearity Analysis of Maize ADF Gene Family with Arabidopsis, Wheat, Rice and Sorghum


Except for ZmADF1, the remaining 14 maize genes were collinear with Arabidopsis, wheat, rice and sorghum (Figure 3). ZmADF4, ZmADF12 and ZmADF13 had five collinear events with AtADF1, AtADF6, AtADF7 and AtADF11. The collinearity logarithms of maize with wheat, rice and sorghum are 36, 15 and 10, respectively. Collinearity mainly exists between chromosomes 1, 2, 4, 5, 6, and 9. There are more collinearity events among wheat, rice, sorghum and maize, and fewer collinearity events with Arabidopsis. Combined with the results of cluster analysis, it was found that the genes with close genetic relationships within the same group were highly consistent with collinearity genes in other species, and the number of collinearity occurrences was also almost the same, exhibiting group-specific characteristics.




3.4. Gene Structure and Conserved Sequence of ADF Family in Maize


The 15 maize ADF gene families were individually clustered into four subfamilies, which was consistent with the clustering results in 2.2 (Figure 2). The conserved motifs of ADF proteins showed that the structures within the same group were similar each other. All 15 maize ADF gene families shared motif 3 (MAVADECKLKFVELKAKRSFRFIVFKIDE), which should be a highly conserved ADF domain (Figure 4A,C). The ADF gene family in maize exhibits relatively conserved characteristics, with a simple structure (Figure 4B).




3.5. Analysis of Cis-Acting Elements in the Promoter Regions of Maize ADF Family Genes


The promoter regions of the maize ADF gene family contained rich regulatory elements, of which 92 were light-responsive elements (LREs), 84 were jasmonic acid-responsive elements, 79 were ABA-responsive elements (ABRE) and 34 were anoxic inducibility elements (Figure 5A,B). On the whole, regulatory elements were divided into five categories according to their functions: hormone-responsive elements, abiotic stress-responsive elements, light-responsive elements, tissue-specific regulatory elements and other elements. Among them, the hormone-responsive elements constituted the highest proportion at 51.5%, while the proportion of abiotic stress-responsive elements was 25.2%. The light-responsive elements accounted for 16.16% (Figure 5C). Most elements play an important role in plant growth, development and responses to abiotic stresses. It has been reported that the ADF genes can participate in multiple functions at the same time, including growth and development [37].




3.6. Transcriptome Analysis of Maize ADF Gene Family under Abiotic Stresses


Based on the transcriptome sequencing data on maize under abiotic stress sourced from public databases and the transcriptome data on maize under drought stress in our laboratory, the expression heat maps of maize ADF gene families under four abiotic stresses, such as low temperature, drought, salt stress and high temperature, were drawn (Figure 6). Among them, ZmADF1, ZmADF2, ZmADF7, ZmADF12 and ZmADF13 are responsive to both drought and high temperature; ZmADF3, ZmADF4, ZmADF5, ZmADF6, ZmADF10 and ZmADF11 are mainly responsive to drought stress; and ZmADF15 responds to low temperature. ZmADF9 responds to low temperature and salt stress, ZmADF8 responds to drought and high temperature, and ZmADF14 responds to salt and high temperature (Figure 6A). The results showed that the up-regulated expression of 15 ZmADF genes after drought stress included ZmADF3, ZmADF4, ZmADF5, ZmADF8, ZmADF11 and ZmADF13 (Figure 6B). A comparison of both transcriptome results showed that most expression patterns of the ZmADF gene were the same, except for ZmADF6, ZmADF8 and ZmADF10, which exhibited some differences in response to drought stress. From the FPKM value, the expression level of ZmADF5 after drought was significantly different from that of the control (Figure 6C). ZmADF5 had a strong response to drought stress both in the public database and the transcriptome results (Figure 6D).




3.7. Association Analysis of ZmADF5 as a Candidate Gene for Drought Tolerance


To determine the allelic variations related to drought tolerance in ZmADF5, a total of 4521 bp length in the ZmADF5 gene was sequenced, including the promoter, coding and non-coding regions, across 115 maize inbred lines (Figure 7). After candidate-gene association analysis, two indels and one single nucleotide polymorphism (SNP) variation loci in the promoter region of ZmADF5 were identified that were significantly related to drought tolerance. These loci are located at positions ADF5-Indel-1511, ADF5-Indel-1435 and ADF5-SNP-206 (the first base of the start codon is marked as position 1, with positions being numbered negatively before it and positively after it) (Figure 7A). These three loci were in a complete linkage disequilibrium state and were significantly associated with ear height, grain yield and anthesis silking interval under drought stress. Based on these three loci, 115 inbred lines were divided into two haplotypes (Figure 7B). The anthesis silking interval of Hap2 was significantly shorter than that of Hap1, while the ear height and grain yield of Hap2 were significantly higher than those of Hap1 (Figure 7C).





4. Discussion


4.1. Gene Duplication in ADF Gene Family and Its Possible Function in the Evolutionary Process of Genes


Tandem duplication and segmental duplication in genes are the main driving forces for the expansion and evolution of gene families [38]. The original genes provide raw materials for the formation of new genes, and the new genes promote functional diversification [39]. The ADF gene family has strong evolutionary conservation and relatively few gene duplication events. Only two genes have segmental duplication (ZmADF3 and ZmADF14), and five pairs of genes have tandem duplication (ZmADF7 and ZmADF13, ZmADF1 and ZmADF12, ZmADF6 and ZmADF9, ZmADF5 and ZmADF8, ZmADF14 and ZmADF10) (Figure 1). It was found that gene duplication events were clustered in the same group and had similar protein and gene structures (Figure 2 and Figure 4). Therefore, it is speculated that the biological functions of genes with gene duplication are similar or complementary. For example, it was found that AtADF7 and AtADF10 showed tandem replication in Arabidopsis (Figure S1). Both genes showed distinct intracellular localizations during pollen germination. However, they could cooperate with nonequivalent functions in promoting pollen cells to achieve exquisite control of the turnover of different actin structures, thereby meeting different cellular needs [40]. Recently, ZmADF1 has been confirmed to negatively regulate pollen development [41]. AtADF5 has been confirmed to be involved in drought and low temperature stress in Arabidopsis [42,43]. ZmADF5 can improve the drought resistance of maize [44]. The function of ZmADF8 has not been reported, but with a homology of 97.3% to ZmADF5, it is speculated that ZmADF8 and ZmADF5 may have similar functions or be complementary to each other. The newly identified gene, ZmADF14, is likely produced by the segmental duplication of ZmADF3 and the tandem duplication of ZmADF10. ZmADF15 exhibited high homology with ZmADF6 and ZmADF9, but no gene duplication events occurred. Currently, there are relatively few studies on the maize ADF gene. According to evolutionary conservation and gene duplication within the ADF gene family, both the ADF gene of Arabidopsis and the reported maize ADF gene can be used as a reliable references for studying the biological function of maize ADF genes.




4.2. The Characterization of ADF Gene Family and Its Regulation in Response to Abiotic Stresses


The structure of the maize ADF gene family is relatively simple, but the promoter region contains rich regulatory elements, with the most abundant being hormone response elements. Hormone response can participate in plant growth and development and can also participate in plant stress response. The quantity of abiotic-stress response elements in the promoter region of the maize ADF gene family is also high, including drought, low temperature, stress response and so on. It can be seen that the maize ADF gene family has great potential in coping with abiotic stresses. For example, ADF1 in Group I can improve the heat tolerance of Arabidopsis and Chinese cabbage, as well as enhance the low-temperature tolerance of Arabidopsis [45,46,47]; AtADF4 can respond to osmotic stress and drought [48]; AtADF7 not only participates in pollen tube development but also positively regulates osmotic stress [49]. OsADF3, in Group II, can positively regulate drought tolerance in rice [19]. In Group III, AtADF5 can promote stomatal closure and improve drought tolerance in Arabidopsis by regulating ABA and actin cytoskeleton remodeling under drought stress. It can also respond to low temperature stress by regulating the stomata, while PeADF5 in Populus euphoretic is mainly responsive to drought [42,43,50]. To sum up, it can be seen that the ADF gene has multiple biological functions, which are associated with their numerous regulatory elements in the promoter region, as discussed in Section 2.5 (Figure 5). According to the evolutionary conservation of ADF genes, it is speculated that the maize ADF gene family might participate in a variety of abiotic-stress responses.




4.3. Excellent Allelic Variations Associated with Drought Tolerance in ZmADF5


ZmADF5 is a drought-tolerant gene identified by genome-wide association analysis, which has been verified through overexpression in maize. The main three excellent variation sites are concentrated in its promoter region. The promoter region of ZmADF5 contains a large number of hormone-responsive elements (MeJA, GA, ABA), followed by growth regulatory elements (light response, diurnal regulation) and stress-responsive elements (drought, low temperature and anoxic conditions) (Figure 5). According to the promoter elements, it is speculated that ZmADF5 might participate in plant growth, development and stress response. Through candidate-gene association analysis of ZmADF5, 115 inbred lines were divided into two haplotypes, of which Hap2 was significantly better compared to Hap1, with a grain yield 18.77% higher than that of Hap1. As a screened and confirmed drought-tolerant candidate gene, understanding the mechanism behind these variations in drought tolerance will help us to study the biological function of the maize ADF gene family, indirectly promoting the process of marker-assisted breeding in maize.





5. Conclusions


In this study, 15 ADF family genes were identified and characterized in the whole maize genome, updating it with new members of ZmADF14 and ZmADF15. These ADF genes were distributed across seven chromosomes and phylogenetically divided into four groups, with conservation and gene duplication trajectory captured in their gene structure. Nonetheless, the rich regulatory elements in their promoter region endow them with multiple biological functions, especially in response to abiotic stresses. Candidate-gene association analysis revealed that the promoter region in ZmADF5 contained three excellent variations associated with drought resistance. Overall, ADF genes are expected to participate in various abiotic stresses with high potential, and their excellent variations related to drought resistance could be used for marker-assisted breeding in the future.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/agronomy14040717/s1, Figure S1 The chromosome distribution and gene duplication map of the ADF gene family in Arabidopsis, which show five chromosomes, namely chromosomes 1, 2, 3, 4, and 5. The left side of each chromosome is marked with black chromosome number, and the right side is marked with red chromosome location distribution of 11 AtADF genes. The red line represents gene pairs undergoing tandem duplication.





Author Contributions


R.Y. and F.W.: methodology, software, investigation, writing—original draft preparation, writing—review and editing. W.G. and Z.H.: conceptualization, methodology, writing—review and editing, project administration. P.L. and Z.X. revised the manuscript and modified the language. H.W., R.Z., W.L. and K.Y. proofread the data and formatted the article. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (32272049, 32261143757), Sustainable Development International Cooperation Program from Bill & Melinda Gates Foundation (2022YFAG1002), Key Research and Development Program of Xinjiang Uygur Autonomous Region (2022B02001-4), Theearmarked Fund for XJARS-02.




Data Availability Statement


All data supporting the findings of this study are included in this article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Tigchelaar, M.; Battisti, D.S.; Naylor, R.L.; Ray, D.K. Future warming increases probability of globally synchronized maize production shocks. Proc. Natl. Acad. Sci. USA 2018, 115, 6644–6649. [Google Scholar] [CrossRef]

	



Carvalho-Estrada, P.A.; de Andrade, P.A.M.; Paziani, S.F.; Nussio, L.G.; Quecine, M.C. Rehydration of dry maize preserves the desirable bacterial community during ensiling. FEMS Microbiol. Lett. 2020, 367, 139. [Google Scholar] [CrossRef]

	



Liu, S.; Meng, J.; Lan, Y.; Cheng, X.E.Y.; Liu, Z.; Chen, W. Effect of maize straw biochar on maize straw composting by affecting effective bacterial community. Prep. Biochem. Biotechnol. 2021, 51, 792–802. [Google Scholar] [CrossRef]

	



Wang, M.; Qiao, J.; Sheng, Y.; Wei, J.; Cui, H.; Li, X.; Yue, G. Bioconversion of maize fiber to bioethanol: Status and perspectives. Waste Manag. 2023, 15, 256–268. [Google Scholar] [CrossRef]

	



Bray, E.A. Plant responses to water deficit. Trends Plant Sci. 1997, 2, 48–54. [Google Scholar] [CrossRef]

	



Wang, B.; Liu, C.; Zhang, D.; He, C.; Zhang, J.; Li, Z. Effects of maize organ-specific drought stress response on yields from transcriptome analysis. BMC Plant Biol. 2019, 19, 335. [Google Scholar] [CrossRef]

	



Roy-Zokan, E.M.; Dyer, K.A.; Meagher, R.B. Phylogenetic patterns of codon evolution in the actin-depolymerizing factor/cofilin (ADF/CFL) gene family. PLoS ONE 2015, 10, 0145917. [Google Scholar] [CrossRef] [PubMed]

	



Bamburg, J.R.; Harris, H.E.; Weeds, A.G. Partial purification and characterization of an actin depolymerizing factor from brain. FEBS Lett. 1980, 121, 178–182. [Google Scholar] [CrossRef]

	



Nishida, E.; Maekawa, S.; Sakai, H. Cofilin, a protein in porcine brain that binds to actin filaments and inhibits their interactions with myosin and tropomyosin. Biochemistry 1984, 23, 5307–5313. [Google Scholar] [CrossRef]

	



Kim, S.R.; Kim, Y.; An, G. Molecular cloning and characterization of anther-preferential cDNA encoding a putative actin-depolymerizing factor. Plant Mol. Biol. 1993, 21, 39–45. [Google Scholar] [CrossRef]

	



Jiang, C.J.; Weeds, A.G.; Hussey, P.J. The maize actin-depolymerizing factor, ZmADF3, redistributes to the growing tip of elongating root hairs and can be induced to translocate into the nucleus with actin. Plant J. 1997, 12, 1035–1043. [Google Scholar] [CrossRef]

	



Nishida, E.; Iida, K.; Yonezawa, N.; Koyasu, S.; Yahara, I.; Sakai, H. Cofilin is a component of intranuclear and cytoplasmic actin rods induced in cultured cells. Proc. Natl. Acad. Sci. USA 1987, 84, 5262–5266. [Google Scholar] [CrossRef]

	



Xu, K.; Zhao, Y.; Zhao, S.H.; Liu, H.D.; Wang, W.W.; Zhang, S.H.; Yang, X.J. Genome-wide identification and low temperature responsive pattern of actin depolymerizing factor (ADF) gene family in wheat (Triticum aestivum L.). Front. Plant Sci. 2021, 12, 618984. [Google Scholar] [CrossRef]

	



Menand, B.; Calder, G.; Dolan, L. Both chloronemal and caulonemal cells expand by tip growth in the moss physcomitrella patens. J. Exp. Bot. 2007, 58, 1843–1849. [Google Scholar] [CrossRef]

	



Bou Daher, F.; van Oostende, C.; Geitmann, A. Spatial and temporal expression of actin depolymerizing factors ADF7 and ADF10 during male gametophyte development in Arabidopsis thaliana. Plant Cell Physiol. 2011, 52, 1177–1192. [Google Scholar] [CrossRef]

	



Niu, Y.; Qian, D.; Liu, B.; Ma, J.; Wan, D.; Wang, X.; He, W.; Xiang, Y. ALA6, a P4-type ATPase is involved in heat stress responses in Arabidopsis thaliana. Front. Plant Sci. 2017, 8, 01732. [Google Scholar] [CrossRef]

	



Sengupta, S.; Mangu, V.; Sanchez, L.; Bedre, R.; Joshi, R.; Rajasekaran, K.; Baisakh, N. An actin-depolymerizing factor from the halophyte smooth cordgrass, Spartina alterniflora (SaADF2), is superior to its rice homolog (OsADF2) in conferring drought and salt tolerance when constitutively overexpressed in rice. Plant Biotechnol. J. 2019, 17, 188–205. [Google Scholar] [CrossRef]

	



Inada, N. Plant actin depolymerizing factor: Actin microfilament disassembly and more. J. Plant Res. 2017, 130, 227–238. [Google Scholar] [CrossRef]

	



Huang, Y.C.; Huang, W.L.; Hong, C.Y.; Lur, H.S.; Chang, M.C. Comprehensive analysis of differentially expressed rice actin depolymerizing factor gene family and heterologous overexpression of OsADF3 confers Arabidopsis thaliana drought tolerance. Rice 2012, 5, 33. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Y.; Xie, Y.; Jiang, Y.; Qu, X.; Huang, S. Arabidopsis actin-depolymerizing factor7 severs actin filaments and regulates actin cable turnover to promote normal pollen tube growth. Plant Cell 2013, 25, 3405–3423. [Google Scholar] [CrossRef] [PubMed]

	



Allard, A.; Bouzid, M.; Betz, T.; Simon, C.; Abou-Ghali, M.; Lemière, J.; Valentino, F.; Manzi, J.; Brochard-Wyart, F.; Guevorkian, K.; et al. Actin modulates shape and mechanics of tubular membranes. Sci. Adv. 2020, 22, 3050. [Google Scholar] [CrossRef]

	



Zhu, J.; Nan, Q.; Qin, T.; Qian, D.; Mao, T.L.; Yuan, S.J.; Wu, X.R.; Niu, Y.; Bai, Q.F.; An, L.Z.; et al. Higher-ordered actin structures remodeled by Arabidopsis actin-depolymerizing factor 5 are important for pollen germination and pollen tube growth. Mol. Plant 2017, 10, 1065–1081. [Google Scholar] [CrossRef]

	



Huang, J.; Sun, W.; Ren, J.; Yang, R.; Fan, J.; Li, Y.; Wang, X.; Joseph, S.; Deng, W.; Zhai, L. Genome-Wide Identification and Characterization of Actin-Depolymerizing Factor (ADF) Family Genes and Expression Analysis of Responses to Various Stresses in Zea mays L. Int. J. Mol. Sci. 2020, 21, 1751. [Google Scholar] [CrossRef]

	



Zhu, Y.; Wu, N.N.; Song, W.L.; Yin, G.J.; Qin, Y.J.; Yan, Y.M.; Hu, Y.K. Soybean (Glycine max) expansin gene superfamily origins: Segmental and tandem duplication events followed by divergent selection among subfamilies. BMC Plant Biol. 2014, 14, 93. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.J.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.H.; Xia, R. TBtools: An integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 2020, 13, 1194–1202. [Google Scholar] [CrossRef]

	



Duvaud, S.; Gabella, C.; Lisacek, F.; Stockinger, H.; Ioannidis, V.; Durinx, C. Expasy, the Swiss bioinformatics resource portal, as designed by its users. Nucleic Acids Res. 2021, 49, W216–W227. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [Google Scholar] [CrossRef] [PubMed]

	



Letunic, I.; Bork, P. Interactive tree of life (iTOL) v4: Recent updates and new developments. Nucleic Acids Res. 2019, 47, W256–W259. [Google Scholar] [CrossRef]

	



Wang, Y.; Tang, H.; Debarry, J.D.; Tan, X.; Li, J.; Wang, X.; Lee, T.-h.; Jin, H.; Marler, B.; Guo, H. MCScanX: A toolkit for detection and evolutionary analysis of gene synteny and collinearity. Nucleic Acids Res. 2012, 40, e49. [Google Scholar] [CrossRef]

	



Krzywinski, M.; Schein, J.; Birol, I.; Connors, J.; Gascoyne, R.; Horsman, D.; Jones, S.J.; Marra, M.A. Circos: An information aesthetic for comparative genomics. Genome Res. 2009, 19, 1639–1645. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−∆∆ Ct Method. Methods. 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Brown, J.; Pirrung, M.; McCue, L.A. FQC dashboard: Integrates FastQC results into a web-based, interactive, and extensible FASTQ quality control tool. Bioinformatics 2017, 33, 3137–3139. [Google Scholar] [CrossRef] [PubMed]

	



Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for illumina sequence data. Bioinformatics 2014, 30, 2114–2120. [Google Scholar] [CrossRef] [PubMed]

	



Varet, H.; Brillet-Guéguen, L.; Coppée, J.Y.; Dillies, M.A. SARTools: A DESeq2-and edgeR-based R pipeline for comprehensive differential analysis of RNA-Seq data. PLoS ONE 2016, 11, e0157022. [Google Scholar] [CrossRef]

	



Wang, N.; Wang, Z.P.; Liang, X.I.; Weng, J.F.; Lv, X.L.; Zhang, D.G.; Yang, J.; Yong, H.J.; Li, M.S.; Li, F.h.; et al. Identification of loci contributing to maize drought tolerance in a genome-wide association study. Euphytica 2016, 210, 165–179. [Google Scholar] [CrossRef]

	



Ruzicka, D.R.; Kandasamy, M.K.; McKinney, E.C.; Burgos-Rivera, B.; Meagher, R.B. The ancient subclasses of Arabidopsis actin depolymerizing factor genes exhibit novel and differential expression. Plant J. 2007, 52, 460–472. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Shi, M.; Wang, D.; Gong, Y.; Sha, Q.; Lv, P.; Yang, J.; Chu, P.; Guo, S. Research progress on the roles of actin-depolymerizing factor in plant stress responses. Front. Plant Sci. 2023, 16, 1278311. [Google Scholar] [CrossRef] [PubMed]

	



Moore, R.C.; Purugganan, M.D. The early stages of duplicate gene evolution. Proc. Natl. Acad. Sci. USA 2003, 100, 15682–15687. [Google Scholar] [CrossRef] [PubMed]

	



Kong, H.; Landherr, L.L.; Frohlich, M.W.; Leebens-Mack, J.; Ma, H.; DePamphilis, C.W. Patterns of gene duplication in the plant SKP1 gene family in angiosperms: Evidence for multiple mechanisms of rapid gene birth. Plant J. 2007, 50, 873–885. [Google Scholar] [CrossRef]

	



Jiang, Y.; Lu, Q.; Huang, S. Functional non-equivalence of pollen ADF isovariants in Arabidopsis. Plant J. 2022, 110, 1068–1081. [Google Scholar] [CrossRef]

	



Lv, G.H.; Li, Y.F.; Wu, Z.X.; Zhang, Y.H.; Li, X.N.; Wang, T.Z.; Ren, W.C.; Liu, L.; Chen, J.J. Maize actin depolymerizing factor 1 (ZmADF1) negatively regulates pollen development. Biochem. Biophys. Res. Commun. 2024, 703, 149637. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, P.; Qian, D.; Luo, C.X.; Niu, Y.Z.; Li, T.; Li, C.Y.; Xiang, Y.; Wang, X.Y.; Niu, Y. Arabidopsis ADF5 acts as a downstream target gene of CBFs in response to low-temperature stress. Front. Cell Dev. Biol. 2021, 9, 635533. [Google Scholar] [CrossRef] [PubMed]

	



Qian, D.; Zhang, Z.; He, J.X.; Zhang, P.; Ou, X.B.; Li, T.; Niu, L.P.; Nan, Q.; Niu, Y.; He, W.L.; et al. Arabidopsis ADF5 promotes stomatal closure by regulating actin cytoskeleton remodeling in response to ABA and drought stress. J. Exp. Bot. 2019, 70, 435–446. [Google Scholar] [CrossRef] [PubMed]

	



Liu, B.J.; Wang, N.; Yang, R.S.; Wang, X.N.; Luo, P.; Chen, Y.; Wang, F.; Li, M.S.; Weng, J.F.; Zhang, D.G.; et al. ZmADF5, a maize actin-depolymerizing factor conferring enhanced drought tolerance in maize. Plants 2024, 13, 619. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Cheng, J.; Bi, S.; Wang, J.; Cheng, X.; Liu, S.; Gao, Y.; Lan, Q.K.; Shi, X.W.; Wang, Y.; et al. Actin depolymerization factor ADF1 regulated by MYB30 plays an important role in plant thermal adaptation. Int. J. Mol. Sci. 2023, 24, 5675. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Zou, M.; Pan, Q.; Li, J. Analysis of actin array rearrangement during the plant response to bacterial stimuli. Methods Mol. Biol. 2023, 2604, 263–270. [Google Scholar] [PubMed]

	



Wang, L.; Qiu, T.Q.; Yue, J.R.; Guo, N.N.; He, Y.J.; Han, X.P.; Wang, Q.Y.; Jia, P.F.; Wang, H.D.; Li, M.Z.; et al. Arabidopsis ADF1 is regulated by MYB73 and is involved in response to salt stress affecting actin filament organization. Plant Cell Physiol. 2021, 62, 1387–1395. [Google Scholar] [CrossRef] [PubMed]

	



Yao, H.; Li, X.; Peng, L.; Hua, X.Y.; Zhang, Q.; Li, K.X.; Huang, Y.L.; Ji, H.; Wu, X.B.; Chen, Y.H.; et al. Binding of 14-3-3κ to ADF4 is involved in the regulation of hypocotyl growth and response to osmotic stress in Arabidopsis. Plant Sci. 2022, 320, 111261. [Google Scholar] [CrossRef] [PubMed]

	



Bi, S.T.; Li, M.Y.; Liu, C.Y.; Liu, X.Y.; Cheng, J.N.; Wang, L.; Wang, J.S.; Lv, Y.L.; He, M.; Cheng, X.; et al. Actin depolymerizing factor ADF7 inhibits actin bundling protein VILLIN1 to regulate root hair formation in response to osmotic stress in Arabidopsis. PloS Genet. 2022, 18, e1010338. [Google Scholar] [CrossRef]

	



Yang, Y.L.; Li, H.G.; Wang, J.; Wang, H.L.; He, F.; Su, Y.Y.; Zhang, Y.; Feng, C.H.; Niu, M.X.; Li, Z.H.; et al. ABF3 enhances drought tolerance via promoting ABA-induced stomatal closure by directly regulating ADF5 in Populus euphratica. J. Exp. Bot. 2020, 71, 7270–7285. [Google Scholar] [CrossRef]








[image: Agronomy 14 00717 g001] 





Figure 1. The distribution of ADF gene family on maize chromosomes. The figure shows 7 chromosomes of maize, namely chromosomes 1, 2, 4, 5, 6, 7 and 9, respectively. The left side of each chromosome is marked with yellow for chromosome number, and the right side is marked with red for chromosomal location distribution of 15 ZmADF genes. The blue line represents the gene pairs that undergo tandem duplication. 
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Figure 2. Phylogenetic analysis of ADF proteins from maize, Arabidopsis, wheat, rice and sorghum. The ADF genes were divided into four groups: yellow represents Group I, green represents Group II, purple represents Group III and gray represents Group IV. The four species are abbreviated as follows: maize (Zm), Arabidopsis (At), wheat (Ta), rice (Os) and sorghum (Sb). The black triangle marks the ADF genes of Arabidopsis, and the red pentagram marks the ADF genes in maize. 
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Figure 3. Collinearity analysis of maize ADF gene family in maize, Arabidopsis, wheat, rice and sorghum. The background of whole genome represents by gray, while the collinear gene pairs of ZmADF with different species are connected with different colors. Red represents Arabidopsis, yellow-green represents rice, purple represents sorghum, and blue-green represents wheat. 
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Figure 4. Exon-intron structures of ADF genes and a schematic diagram of the amino acid motifs of ADF proteins in maize. (A) The protein motif structure in ZmADFs. There are 10 main protein motifs displayed on the right side. (B) The gene structure in ZmADFs, including exons and introns. (C) Ten protein motif sequences are predicted in the ZmADFs protein. 
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Figure 5. Cis-acting elements in the promoter regions of maize ADF family. (A) The distribution of cis-acting elements in the promoters of maize ADF gene family, where each color represents a cis acting element, and the same color in different genes represents the same cis acting element. (B) Quantitative statistics of different cis-acting elements in the promoters of maize ADF genes. (C) All elements can be divided into 5 categories, and the proportion of each type of component is showed. (D) Detailed information of 4 elements involved in abiotic-stress regulation. 






Figure 5. Cis-acting elements in the promoter regions of maize ADF family. (A) The distribution of cis-acting elements in the promoters of maize ADF gene family, where each color represents a cis acting element, and the same color in different genes represents the same cis acting element. (B) Quantitative statistics of different cis-acting elements in the promoters of maize ADF genes. (C) All elements can be divided into 5 categories, and the proportion of each type of component is showed. (D) Detailed information of 4 elements involved in abiotic-stress regulation.



[image: Agronomy 14 00717 g005]







[image: Agronomy 14 00717 g006] 





Figure 6. Transcriptional analysis of maize ADF gene under abiotic stresses. (A) Transcriptome data analysis on low temperature, drought, high temperature and salt stress from public databases. (B) Heat map analysis of ADF gene family expression in transcriptional data after drought treatment, sourced from RNA-seq, the red frame indicates genes that significantly respond to drought stress (C) FPKM value analysis of 6 drought resistance genes from transcriptome results. (D) Analysis of ZmADF5 expression in leaves, stems and roots at 0, 1, 3, 6 and 12 h after drought treatment verified the response of ZmADF5 to drought stress. Significant difference analysis in the figure: * represents p < 0.05, ** represents p < 0.01. 
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Figure 7. Candidate-gene association analysis in ZmADF5. (A) Linkage disequilibrium map for ZmADF5 drawn based on phenotypic date of drought-tolerant-related traits by candidate-gene association analysis. The red dash line represents the screening threshold for achieving significant differences. The green arrow in the figure represents the 5′-UTR and 3′-UTR of the ZmADF5 gene, and the yellow arrow represents the 3 exon regions. (B) Based on 2 Indel (−1511, −1435) and 1 SNP (−206), 115 inbred lines were divided into Hap1 and Hap2 haplotypes; “+” represents containing the corresponding mutation site, “−” represents not containing the corresponding mutation site. (C) Statistical analysis of anthesis silking interval, ear height and grain yield under Hap1 and Hap2 drought stress. Hap1 is represented in gray, Hap2 is represented in light blue. Significant difference analysis in the figure: * represents p < 0.05. 
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Table 1. Real-time quantitative PCR primer sequence.
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	Name
	Registration Number





	ZmUBI-Forward primer
	TGGTTGTGGCTTCGTTGGTT



	ZmUBI-Reverse primer
	GCTGCAGAAGAGTTTTGGGTACA



	ZmADF5-Forward primer
	CAGGGCCAAGATCCTGTACG



	ZmADF5-Reverse primer
	ATGACGTCGAAGCCCATCTC










 





Table 2. Physicochemical properties of maize ADF family members.
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Name

	
Registration Number

	
Molecular Weight (Da)

	
Chromosome

	
Gene Location

	
Number of Amino Acids (aa)

	
Isoelectric Point

	
GRAVY

	
Unstable Parameter

	
Aliphatic Amino Acid Index

	
Subcellular Localization






	
ZmADF1

	
Zm00001eb321460_T001

	
16,554.63

	
7

	
155289254

	
155290450

	
144

	
6.32

	
−0.586

	
55.68

	
64.38

	
Cytoplasmic




	
ZmADF2

	
Zm00001eb105010_T001

	
16,083.09

	
2

	
206083396

	
206084459

	
139

	
5.57

	
−0.642

	
45.49

	
63.17

	
Cytoplasmic




	
ZmADF3

	
Zm00001eb062600_T001

	
15,899.93

	
1

	
300195447

	
300197511

	
139

	
5.46

	
−0.480

	
49.66

	
74.39

	
Cytoplasmic




	
ZmADF4

	
Zm00001eb266570_T001

	
15,855.13

	
6

	
43778235

	
43779873

	
139

	
7.66

	
−0.369

	
51.09

	
77.88

	
Cytoplasmic




	
ZmADF5

	
Zm00001eb010370_T001

	
16,413.96

	
1

	
32840219

	
32842834

	
143

	
8.41

	
−0.287

	
47.01

	
73.64

	
Cytoplasmic




	
ZmADF6

	
Zm00001eb213630_T001

	
16,833.10

	
5

	
5554015

	
5557587

	
145

	
6.15

	
−0.471

	
53.27

	
70.62

	
Cytoplasmic




	
ZmADF7

	
Zm00001eb186790_T001

	
15,855.09

	
4

	
158650414

	
158652626

	
139

	
6.31

	
−0.316

	
49.98

	
67.34

	
Cytoplasmic




	
ZmADF8

	
Zm00001eb398870_T001

	
20,038.07

	
9

	
149321956

	
149324583

	
172

	
9.51

	
−0.505

	
64.63

	
70.45

	
Cytoplasmic




	
ZmADF9

	
Zm00001eb059710_T001

	
15,620.91

	
1

	
291011670

	
291012909

	
132

	
7.78

	
−0.448

	
37.04

	
81.97

	
Cytoplasmic




	
ZmADF10

	
Zm00001eb211740_T001

	
15,913.96

	
5

	
2677695

	
2679728

	
139

	
5.47

	
−0.485

	
48.80

	
74.39

	
Cytoplasmic




	
ZmADF11

	
Zm00001eb021290_T002

	
22,733.91

	
1

	
80880988

	
80884908

	
210

	
5.64

	
−0.627

	
38.45

	
61.05

	
Cytoplasmic




	
ZmADF12

	
Zm00001eb074420_T001

	
15,981.05

	
2

	
20224012

	
20227127

	
139

	
5.27

	
−0.570

	
51.55

	
62.45

	
Cytoplasmic




	
ZmADF13

	
Zm00001eb249860_T001

	
15,893.23

	
5

	
197451938

	
197454933

	
139

	
7.56

	
−0.271

	
52.66

	
71.58

	
Cytoplasmic




	
ZmADF14

	
Zm00001eb062580_T001

	
15,698.58

	
1

	
300194049

	
300194984

	
149

	
4.81

	
0.019

	
38.49

	
84.56

	
Cytoplasmic




	
ZmADF15

	
Zm00001eb057310_T001

	
16,725.47

	
1

	
283186285

	
283187993

	
144

	
9.44

	
−0.274

	
59.98

	
75.90

	
Cytoplasmic








Note: Table 1 mainly shows gene location and the physicochemical characterization of the ZmADF genes family, in which the registration number is derived from (https://www.maizegdb.org/, accessed on 10 March 2023) based on the latest database of maize genome B73 RefGen_v5. Unstable parameter refers to chemical instability and physical instability. The isoelectric point, GRAVY value, aliphatic amino acid index and subcellular localization were all predicted by ExPASy software analysis.
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