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Abstract

:

Minisatellites are widespread tandem DNA repeats in the genome with a monomer length of 10 to 100 bp. The high variability of minisatellite loci makes them attractive for the development of molecular markers. Minisatellites are used as markers according to three strategies: marking of digested genomic DNA with minisatellite-based probes; amplification with primers based on the sequences of the minisatellites themselves; amplification with primers designed for borders upstream and downstream of the minisatellite locus. In this study, a microsatellite dataset was obtained from the analysis of the Citrus limon (L.) Osbeck genome using Tandem Repeat Finder (TRF) and GMATA software. The minisatellite loci found were used to develop molecular markers that were tested in GMATA using electronic PCR (e-PCR). The obtained dataset includes sequences of extracted minisatellites and their characteristics (start and end nucleotide positions on the chromosome, length of monomer, number of repetitions and length of array), as well as sequences of developed primers, expected lengths of amplicons, and e-PCR results. The presented dataset can be used for the marking of lemon samples according to any of the three strategies. It provides a useful basis for lemon variety certification, identification of samples, verification of collections, lemon genome mapping, saturation of already created maps, studying of the lemon genome architecture etc.
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1. Summary


The dataset presented in this article was generated as a part of the “Molecular-cytogenetic study of the genus Citrus for use in breeding” project, which was supported by the Russian Science Foundation (RSF, grant number 23-16-00234). One of the objectives of the project is to create molecular and cytogenetic markers for lemon (Citrus limon (L.) Osbeck) based on DNA repeats. As a crop, lemon is widely grown in many tropical and subtropical countries around the world [1]. The high economic significance and scientific interest have result in the sequencing of the lemon genome [2]. The obtained genomic data are a powerful source for solving various theoretical and practical problems. In this case, lemon genomic data were used for the bioinformatic search for minisatellite DNA repeats.



According to the Jeffreys et al. (1994) [3] classification, minisatellites are tandem DNA repeats with 10–100 bp monomers. It has been previously reported that minisatellite loci are highly variable due to both the reduction and increase in monomer copies and unequal recombination [4]. In this regard, they are very attractive for the development of molecular markers based on them. In a range of cases, minisatellites have been used for molecular marking according to three strategies: marking of digested genomic DNA with minisatellite-based probes [5,6]; amplification with primers based on the sequences of the minisatellites themselves [7,8]; amplification with primers designed for borders upstream and downstream of the minisatellite locus [9,10]. Also, minisatellites have sometimes been as cytogenetic markers [11,12].



The first and second strategy were the most commonly applied, when methods of DNA sequencing were poorly developed, difficult, and labor-intensive. At that time, the search for minisatellites was not systematic and was carried out situationally during the sequencing of fragments of the studied genomes. Thus, some minisatellites were found in the human and M13 bacteriophage genomes [13,14]. These sequences have been widely used to study polymorphisms in different species using the first strategy for the most part [5,6,15,16,17,18]. However, the following development of genome sequencing technology and effective tools for genomic data analysis provided great opportunities for searching for micro- and minisatellites using bioinformatic tools. The bioinformatic approach resulted to a qualitative leap in the search for satellite DNA repeats and made it possible to create huge datasets of such repeats (for example, see [19]). Special programs have begun to be created to search for satellite DNA repeats, and Tandem Repeat Finder (TRF) [20] is very popular software for these purposes. In some cases, programs such as TRA 1.5 (tandem repeat analyzer) [21], E-TRA 1.0 (exact tandem repeat analyzer) [22], and GMATA [23] have been used. In this study, we tried to form a dataset of the TRF- and GMATA-identified lemon minisatellites in such a way that the obtained data could be used with any of the above-described marking strategies. This work is novel because it is the first time a large dataset of lemon minisatellites has been obtained and presented, as well as the first time GMATA software has been used to search and map minisatellites. It is expected that this dataset will be interesting and useful not only in connection with the implementation of the RSF #23-16-00234 project, but also for gardeners, geneticists and breeders who are engaged in the breeding and identification of lemon varieties.




2. Data Description


The C. limon minisatellite data are presented in an « .xlsx» file that consists of 20 equally organized sheets. The first sheet includes information about the minisatellites obtaind using TRF software (8472 minisatellites, 4067 of which had markers developed). The second sheet includes the minisatellites found using GMATA software (135 minisatellites, 56 of which had markers developed). The other 18 sheets include the TRF- and GMATA-obtained minisatellite data from each of 18 chromosomes of the studied genome assembly. The data are divided by chromosomes to facilitate the study of each individual chromosome of the genome. Columns are organized according to the following order: “Code of repeat” (column 1), “Characteristics of minisatellites” (columns 2–9), “Results of marker design by GMATA” (columns 10–12), “e-PCR results” (columns 13, 14), and “Programme for finding” (columns 15, 16). Also, there are three additional sheets in the presented dataset that include statistical information about the found minisatellites (“Graphs”, “Sites”, and “AT_GC”).



2.1. Organization of Data Sheets


2.1.1. Code of Repeat


	
“Code of repeat” lists a specific identifier for each repeat. Codes for the repeats found with TRF software start with “T”, and ones found with GMATA software start with “G”. The codes in the 3rd–18th sheets correspond to the codes in the first and second sheets.







2.1.2. Characteristics of Minisatellites


This section includes the following columns:




	
“Chromosome” includes the codes of chromosomes as they are indicated in the genome data. Keeping the codes in this form is important when manipulating the data presented here in GMATA software.



	
“Chromosome length” includes the lengths (bp) of the individual chromosomes, in which the minisatellites were found.



	
“Motif” includes the nucleotide sequences of the found minisatellites (in the TRF output file, these sequences are named “consensus”).



	
“Start position” includes the ordinal numbers of the nucleotides in the individual chromosomes, at which the arrays of the found minisatellites begin.



	
“End position” includes the ordinal numbers of the nucleotides in the individual chromosomes, at which the arrays of the found minisatellites finish.



	
“Motif length” includes the lengths (bp) of the motifs in the fourth column.



	
“Repetitions” includes the numbers of the motif copies into the arrays.



	
“Array length” includes the numbers of nucleotides between values of the “Start position” and “End position” columns.









2.1.3. Results of Marker Design with GMATA


This section includes the following columns:




	
“Forward primer” includes sequences of the forward primers, which were designed using GMATA software upstream of the arrays of the found minisatellites. Empty cells in this column indicate that the software did not design primers for the regions containing the corresponding minisatellites.



	
“Reverse primer” includes the sequences of the reverse primers, which were designed using GMATA software downstream from the arrays of the found minisatellites. Empty cells in this column indicate that the software did not design primers for the regions containing the corresponding minisatellites.



	
“Amplicon length” includes the lengths (bp) of the expected amplicons, which should be synthesized during the annealing of primers in the studied region.









2.1.4. e-PCR Results


This section includes the following columns:




	
“Number of alleles” includes the machine-generated numbers of alleles, which were obtained by virtual annealing of the designed primers on the studied genome.



	
“Lengths of alleles” includes the lengths (bp) of the alleles from the 17th column. These data are presented in the “n/m” form, where “n” and “m” correspond to the obtained and expected lengths of the amplicons.









2.1.5. Program for Finding


	
TRF includes cells with “+” and empty cells. The “+” sign indicates that these minisatellites were found using TRF software.



	
GMATA includes cells with “+” and empty cells. The “+” sign indicates that these minisatellites were found using GMATA software.








2.2. Organization of the “Graph” Sheet


The “Graph” sheet includes three graphs that show how many minisatellites of a certain length were found using TRF software (“Number of minisatellites with different lengths (TRF search)”), GMATA software (“Number of minisatellites with different lengths (GMATA search)”) and both programs (“Number of minisatellites with different lengths (TRF+GMATA search)”). The lengths of the found minisatellites are shown on the horizontal axis (in bp; from 10 to 100). The numbers of the found minisatellites are shown on the vertical axis (the indication step is 100). The exact values of the numbers for the minisatellites of each length are indicated above the columns.




2.3. Organization of the “Sites” Sheet


The “Sites” sheet includes a table with three columns:




	
“Motifs” includes the nucleotide sequences of the found minisatellites (in the TRF output file these sequences are named “consensus”). The sequences in the column were cleared of duplicates and are sorted by length; within each length, they are sorted alphabetically.



	
“Length, bp” includes the lengths (bp) of the corresponding motifs from the first column. These data are presented in the “n/m” form, where “n” and “m” correspond to the obtained and expected lengths of the amplicons.



	
“Number of the found sites” includes the number of the found sites for each motif sequence. This column can be used to sort unique motifs (occurring in the genome only once) and motifs that occur in the genome the required number of times.








The table is also divided into two parts: the first part is titled TRF search (the title is highlighted in light orange), and the second part is titled GMATA search (the title is also highlighted in light orange). These parts include the data found using the corresponding software.




2.4. Organization of the “AT_GC” Sheet


The “AT_GC” sheet includes two tables with information about the AT/GC content of the found minisatellites. The first table includes the following columns:




	
“Motifs” includes the nucleotide sequences of the found minisatellites (in the TRF output file these sequences are named “consensus”). The sequences in the column were cleared of duplicates and are sorted by length; within each length, they are sorted alphabetically.



	
“Length, bp” includes the lengths (bp) of the corresponding motifs from the first column. These data are presented in the “n/m” form, where “n” and “m” correspond to the obtained and expected lengths of the amplicons.



	
“A” includes the number of adenine nucleotides in the corresponding motif sequence.



	
“T” includes the number of thymine nucleotides in the corresponding motif se-quence.



	
“G” includes the number of guanine nucleotides in the corresponding motif se-quence.



	
“C” includes the number of cytosine nucleotides in the corresponding motif se-quence.



	
“A+T” includes the sum of the values from the “A” and “T” columns, divided by the values from the “Length, bp” column, expressed as a percentage.



	
“G+C” includes the sum of the values from the “G” and “C” columns, divided by the values from the “Length, bp” column, expressed as a percentage.








The second table includes the following columns:




	
“AT/GC content” includes the generalized characteristics of the minisatellites found in terms of their enrichment in adenine+thymine and guanine+cytosine. The values of the cells in this column are as follows: “AT-rich” (“A+T” values are greater than 50%), “GC-rich” (“G+C” values are greater than 50%), “AT=GC” (the “A+T” and “G+C” values are equal to 50%).



	
“Number of minisatellites” includes the number of found minisatellites with the corresponding “AT/GC content”. This column was complited on the basis of the analysis of the first table.



	
“Rate” includes the values of the corresponding rates, expressed as a percentage.








These table are also divided into two parts: the first part is titled TRF search (the title is highlighted in lilac), and the second part is titled GMATA search (the title is also highlighted in lilac). These parts include the data found using the corresponding software.





3. Methods


The presented dataset was constructed from a minisatellite search in the lemon genome data (https://ngdc.cncb.ac.cn/gwh/Assembly/37788/show, accessed on 15 December 2024) [2] using TRF and GMATA software. In both cases, the default search parameters were used. In the TRF case, the procedure for obtaining data was as follows. The results of the machine search (« .dat» file) were copied into an « .xlsx» file and sorted by the length of the monomer from 10 to 100 bp (which corresponds to minisatellites) and a number of copies of 5 or more. From the resultingм « .xlsx» file, the necessary columns were copied to fill in the Supplementary Material tables and create an « .ssr» file in the “Notepad” application for primer design in GMATA software. The “Marker designing” option of GMATA software had the following parameters: Min. amplicon size, 120 bp; Max amplicon, size 400 bp; Optimal annealing Tm, 60 °C; Flanking sequence length, 400 bp; Max. template length, 2000 bp. As a result, « .mk» and « .sts» files were obtained. The « .mk» file was used to fill in 10th–12th columns of the Supplementary Material tables. The « .sts» file was used for the “e-Mapping” option in GMATA software. This option had the following parameters: Word size, 12; Contiguous word, 1; Margin, 3000; sts size range, 100–1000; Max. mismatches, 0; Max. indels, 1. The « .frg» file obtained after using the “e-Mapping” option was used to fill in the 13th and 14th columns of the Supplementary Material tables.



In the case of searching for minisatellites using GMATA software, the procedure was as follows. A « .fasta» file of the lemon genome was chosen as a Sequence file in the “SSR identification” option. This option had the following parameters: Min-length, 10 bp; Max-length, 100 bp; Min repeat-times, 5. As a result, the « .ssr» file was obtained automatically. Further operations for primer design and e-PCR were carried out as described above.



To demonstrate the usefullness of the presented markers, eight markers were tested with the DNA of 16 lemon varieties: 1. Cantonsky (“Pavlovsky Lemon” nursery, “PavLem”), 2. Kursky (Fruit Growing Laboratory of the Timiryazev Russian State Agrarian University—Moscow Agricultural Academy, “FrutLab”), 3. Lunario (“PavLem”), 4. Meyer’s “PavLem”), 5. Milarosa (“PavLem”), 6. Novogruzinsky (“Sadovod Krym” nursery, “SadKr”), 7. Novozealandsky (“PavLem”), 8. Pavlovsky (“FrutLab”), 9. Pavlovsky Okrugly (“PavLem”), 10. Panderosa (“FrutLab”), 11. Pink Eurica variegated (“PavLem”), 12. Rosso (“PavLem”), 13. Salavat (“PavLem”), 14. Tashkentsky (“FrutLab”), 15. Urman (“PavLem”), and 16. Yubileiny (“PavLem”). The collection of the lemon plants is located in the orangery of All-Russia Research Institute of Agricultural Biotechnology. Small young leaves from the plants of all varieties were collected and used for DNA extraction, according to the Doyle and Doyle protocol (1990) with some modifications [24,25].



All primers used in the experiments were synthesized by ZAO “Synthol” (Moscow, Russia). PCR was performed by C1000 Touch™ Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA) under the following conditions: (1) 94 °C for 5 min; (2) 30 cycles (94 °C for 30 s, 60 °C for 30 s, 72 °C for 1 min 30 s); (3) 72 °C for 10 min. The obtained products were separated on a 1.5% agarose gel at a voltage of 5 V/cm and visualized by the GelDoc XR+ gel documentation system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The size of the T218 and T275 amplicons was measured using fragment analysis by “Genetic Analyzer ABI-3130XL” (“Applied Biosystems”, Foster City, CA, USA) with the forward primers labeled at the 5′-end with 5(6)-carboxyfluorescein (FAM).




4. User Notes


The proposed dataset can be used by researchers to study lemon samples according to the three strategies described above for applying minisatellites as markers. To create labeling probes, whole sequences or parts of them from the “Motif” column of the Supplementary Material tables can be used (the first strategy). Also, these sequences can be used as primers according to the second strategy. The third strategy requires the use of data from the “Results of marker design by GMATA” and “e-PCR results” columns. Depending on the purpose of the study, data can be sorted in Excel by the number of alleles (17th column). Markers with one or two alleles can be used as in classical microsatellite studies. Markers with more than two alleles can be used for DNA fingerprinting.



To demonstrate the practical application of the obtained dataset, eight markers (T143, T218, T262, T275, T353, T401, T406, and T443, highlighted in light green in the tables of Supplementary Materials) were randomly selected and tested by PCR with several lemon varieties. The electrophoretic patterns of the obtained amplicons are shown in Figure 1 and Figure 2. Five primer pairs (T143, T218, T275, T353, and T443) were annealed with the DNA of all studied lemon varieties. Three markers (T262, T401, and T406) showed annealing in most varieties: T262 did not anneal with the DNA of the Cantonsky, Pavlovsky, Panderosa, Salavat, Urman, or Yubileiny varieties; T401 did not anneal with the DNA of the Milarosa, Pavlovsky, or Rosso varieties; T406 did not anneal with the Cantonsky variety only. Thus, these markers can be applied as SCAR (Sequence Characterized Amplified Region) markers, and the revealed polymorphism can be used for the differentiation and certification of the studied varieties. T262 and T401 were the most successful for this application because they showed stable single-fragment products (T262—704 bp fragment: T401—658 bp fragment). The T143 marker was also good. It showed patterns consisting of one or two fragments. This fact allows it to be used according to the classical scheme when using microsatellite markers. T143 revealed differences between varieties. Eleven varieties (Kursky, Lunario, Meyer’s, Milarosa, Novogruzinsky, Novozealandsky, Pavlovsky, Pavlovsky Okrugly, Salavat, Tashkentsky, Urman, and Yubileiny) had a single 492 bp fragment. Pink Eurica variegated had one 446 bp fragment. Three varieties showed two fragments (Cantonsky—446/457 bp, Rosso—457/466 bp, and Salavat—466/507 bp). The T218 and T275 markers also demonstrated polymorphic patterns, but they had more than two fragments. The use of these markers requires some additional manipulations, for example, fragment analysis (Table 1). Finally, three markers (T353, T406, and T433) were considered unpromising for further use because their profiles contained strong smears that obscured the polymorphism.




5. Conclusions


In our opinion, the bioinformatic approach is better than the use of minisatellites obtained by sequencing certain regions of human, bacteriophage M13, and other organisms DNA. In this study, TRF and GMATA searches were used for mining minisatellites from the lemon genome. The yield of minisatellites was higher when using TRF than when using GMATA. This is probably due to the fact that GMATA has an algorithm more suitable for finding microsatellites than minisatellites. This work shows for the first time that GMATA can be used for searching for minisatellites, although it is not as effective as TRF. Also, the novelty of this work is that for the first time an extensive dataset of lemon minisatellites and molecular markers based on them was obtained. The testing of eight markers randomly selected from the dataset showed that five of them were effective in detecting polymorphisms between 16 lemon varieties.



I summary, this dataset can be used for many theoretical and applied scientific works related to the study of the lemon genome: (1) mapping chromosomes, similar to what is performed with microsatellites (for example, see [19]); (2) increasing the resolution of already-created microsatellite maps by saturating them with the found minisatellites; (3) the certification and further identification of varieties as well as the verification of collection samples; (4) evaluation of the genetic diversity of plant material at the initial stages of breeding work, selection of the most genetically distant samples for crossing, an proof of the hybrid nature of the offspring plants; (5) studying the genetic structure of wild populations etc.
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Figure 1. The PCR test results of the T143, T218, T262, T275, and T353 markers. The codes of the markers are indicated to the right of the electrophoregrams. The lemon samples on each electrophoregram are arranged in the following order: 1—Cantonsky, 2—Kursky, 3—Lunario, 4 –Meyer’s, 5—Milarosa, 6—Novogruzinsky, 7—Novozealandsky, 8—Pavlovsky, 9—Pavlovsky Okrugly, 10—Panderosa, 11—Pink Eurica variegated, 12—Rosso, 13—Salavat, 14—Tashkentsky, 15—Urman, 16—Yubileiny. The 100 bp marker of molecular weight is indicated with an “M”. 
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Figure 2. The PCR test results of the T401, T218, T406, T433, and T353 markers. The codes of the markers are indicated on the sides of the electrophoregrams. The lemon samples on each electrophoregram are arranged in the following order: 1—Cantonsky, 2—Kursky, 3—Lunario, 4 –Meyer’s, 5—Milarosa, 6—Novogruzinsky, 7—Novozelandsky, 8—Pavlovsky, 9—Pavlovsky Okrugly, 10—Panderosa, 11—Pink Eurica variegated, 12—Rosso, 13—Salavat, 14—Tashkentsky, 15—Urman, 16—Yubileiny. The 100 bp marker of molecular weight is indicated with an “M”. The T401 electrophoregram also includes two lanes (17—Cantonsky, 18—Kursky) of the T218 marker. 
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Table 1. The results of the fragment analysis with the T218 and T275 markers.
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Marker

	
Variety

	
Fragments, bp






	
T218

	
Cantonsky

	
377, 396, 499, 501, 628, 637




	
Kursky

	
492, 534, 628, 636




	
Lunario

	
492, 534, 568, 628, 636




	
Mayer’s

	
361, 396, 492, 568, 619, 628, 636




	
Milarosa

	
395, 492, 514, 534, 628, 636




	
Novogruzinsky

	
361, 396, 492, 628, 636




	
Novozelandsky

	
454, 465, 628, 636




	
Pavlovsky

	
361, 377, 387, 396, 466, 492, 501, 534




	
Pavlovsky Okrugly

	
492, 534, 628, 636




	
Panderosa

	
410, 454, 465, 628, 670




	
Pink Eurica variegated

	
454, 465, 628, 636




	
Rossa

	
377, 395, 628, 636




	
Salavat

	
334, 454, 465, 619, 628, 636, 670




	
Tashkentsky

	
360, 396, 492, 628, 636




	
Urman

	
454, 465, 628, 636, 670




	
Yubileiny

	
454, 465, 628, 636, 670




	
T275

	
Cantonsky

	
322, 329, 348, 402




	
Kursky

	
322, 348, 402




	
Luna