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Abstract

:

Tomato is the most consumed vegetable in the world. The tomato brown rugose fruit virus (ToBRFV) is an important destructive virus that damages tomatoes and peppers with significant economic impact. The detection and characterization of this important viral pathogen were evaluated at the molecular and morphological level. The viral isolate was purified and inoculated on tomato and pepper plants. Small RNAs were sequenced in both plants and the profiles were compared. The complete genome of the isolate was obtained, and microRNA (miRNA) profiles were unveiled by small RNA sequencing. Symptoms caused by the isolate were also described and the morphology of the isolate was observed by transmission electron microscopy. Our results contribute to further understanding of the role of miRNAs in ToBRFV pathogenesis, which may be crucial for understanding disease symptom development in tomatoes and peppers.
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1. Introduction


Tobamoviruses are mechanically transmitted plant viruses that cause severe economic damage to vegetables worldwide. Except for tomato mosaic virus (ToMV) and tobacco mosaic virus (TMV) that are the most commonly spread, there is a new threat, namely the tomato brown rugose fruit virus (ToBRFV) (Martellivirales; Virgaviridae; Tobamovirus), a recently described tobamovirus first detected in the Middle East [1,2]. Pepper can be also infected by ToBRFV [3,4] and eggplant is considered an unconfirmed host [2]. ToBRFV was initially detected in Jordan and Israel in 2014 and 2015, respectively, and recently it has been detected in tomato-production areas worldwide. The occurrence of ToBRFV in tomato-production areas was confirmed in the USA (California and Florida), China, Iran, Israel, Jordan, Saudi Arabia, Syria, Turkey, the United Kingdom, and in many EU countries, such as Italy, Germany, Greece, the Netherlands, Belgium, Poland, and Austria [5,6,7,8,9,10,11]. The spread of the virus has accelerated, representing a major economic concern, which has consequently led to phytosanitary regulation in the EU [12]. ToBRFV was detected in the Czech Republic for the first time in 2020 (https://gd.eppo.int/reporting/article-6901—accessed 29 November 2022) [3]. There is no known resistance to ToBRFV, even in cultivars previously resistant to other tobamoviruses.



Thus far, because of extensive crop handling and manipulation, ToBRFV has primarily been a threat to tomato production in protected cultures (greenhouses, screenhouses, and high tunnels), although outbreaks in open fields have been reported.



The genome of ToBRFV is ~6.4 nt long and has four open reading frames, 183 kDa and 126 kDa replication proteins, a movement protein (MP), a coat protein (CP), and 5′ and 3′ untranslated regions [2]. Small noncoding RNAs called microRNAs (miRNAs) play an important role in posttranscriptional gene regulation related to diverse biological processes, including development, immune system responses, and cell death [13]. Viral replication and proliferation included in host antiviral responses and the pathogenesis of the virus may be influenced by miRNAs. Perfect binding in the seed region has a major impact on the regulatory functions of a miRNA. The seed sequence or seed region in miRNA is represented by a conserved heptametrical sequence. Perfect binding in the seed region has a major impact on the regulatory function of a miRNA. Even if the base pairing between the miRNA and its target messenger RNA (mRNA) does not match perfectly, the seed sequence must always be perfectly complementary [14]. miRNAs can hold a negative or positive role in virus-related processes in three manners as follows: direct binding to the viral genome; binding to viral transcripts; or binding to host transcripts [14].



For plant virologists, high-throughput sequencing is a powerful type of technology that provides rapid and comprehensive information on the infectious agents (viruses and viroids) present in explored tissues [14,15]. Therefore, this technology is being increasingly used for the quick identification of viruses replicating in plant tissues, starting either from the analysis of small interfering RNA (sRNA) populations [16] or from sequenced libraries of fragmented double-stranded RNAs (dsRNAs) of viral origins [17,18] extracted from infected tissues.



Computational analyses of high-throughput sequencing data, followed by experimental validation, have been used to identify highly conserved miRNAs [19,20,21,22].



The aim was to describe the Czech ToBRFV isolate at the molecular and morphological level to determine its pathogenicity and to characterize the miRNA profiles in infected tomato and pepper plants.




2. Materials and Methods


2.1. Plant Material and Real-Time RT-PCR Detection


2.1.1. Origin of ToBRFV Isolate


The isolate of ToBRFV was obtained from a tomato plant (Solanum lycopersicum L., an unspecified variety with small yellow fruits), sampled during a phytosanitary check [3] carried out in a greenhouse located in the northeastern part of Moravia, Czech Republic. The tomato plant had fully developed asymptomatic fruits and showed no specific symptoms of a virus infection except necrosis of older leaves corresponding to the late sampling date (September).




2.1.2. Indicator Plants and Symptoms on Inoculated Plants


A bioassay was carried out on the following indicator plants: tobacco (Nicotiana benthamiana Domin, which can be seen in Supplementary Figure S1, Nicotiana clevelandii Gray × glutinosa L.); tomato (Solanum lycopersicum cv. Vilma, isolate TT2); and pepper plants (Capsicum annuum L. cv. Oraneta, isolate PP1). The tobacco plants were propagated from the laboratory’s seed source and the tomato and pepper plants were grown from seeds that tested negative for ToBRFV. The inoculation of indicator plants was performed in a phytotron under following environmental conditions: 16 h/24 °C during the day; 8 h/22 °C at night.



For the inoculation, a total of 0.5 g of tomato leaf tissue was homogenized with 10 mL of the inoculation buffer (4.48 g NA2HPO4. 12 H2O was filled up to 25 mL with demineralized water and 0.78 g NAH2PO4. 2 H2O was filled up to 10 mL with demineralized water, then both solutions were mixed; before the inoculation, 10 mL was filled up to 250 mL with demineralized water and 0.5 g of polyvinyl pyrrolidone was added) in an extraction bag (BIOREBA). The homogenate was transferred to a Petri dish with an abrasive (Celit) and mixed. All leaves of each indicator plant were gently rubbed by gloved fingers dipped in the inoculum. After the inoculation, plants were rinsed with tap water to remove the abrasive. Non-inoculated indicator plants of each species and variety, which served as the negative controls, were grown in the same conditions.




2.1.3. Real-Time RT-PCR Detection


For ToBRFV detection and confirmation of the infection, two specific real-time RT-PCR tests [23,24] were performed according to the Commission Implementing Regulation (EU) 2020/1191 (which applies until 31 May 2023), as amended by Commission Implementing Regulation (EU) 2021/74 and Commission Implementing Regulation (EU) 2021/1809).



RNA extraction was performed using a RNeasy Plant Mini Kit (Qiagen) as follows: A total of 0.5 g of tomato leaves was homogenized with 5 mL of the extraction buffer in an extraction bag (BIOREBA) using semi-automatic homogenizer Homex 6 (BIOREBA). A total of 50 µL of the homogenate were transferred into a 1.5 mL tube and mixed with 450 µL of the RLT buffer (included in the kit) with β-mercaptoethanol. According to the manufacturer’s instructions, the extraction process was followed by the final RNA elution using 2 × 30 µL of RNase-free water.



A one-step real-time RT-PCR using CaTa28 primers and probes developed by ISHI-Veg [23] was performed to detect the virus. The total volume of 10 µL of the reaction mix contained 1× Luna Universal Probe One-Step Reaction Mix (New England Biolabs), 0.3 µM of each primer (CaTa28 F: GGTGGTGTCAGTGTCTGTTT, CaTa28 R: GCGTCCTTGGTAGTGATGTT), 0.2 µM of the probe (CaTa28 P: FAM—AGAGAATGGAGAGAGCGGACGAGG—BHQ1) [25], and 2 µL of the undiluted RNA extract. The reaction was performed in a StepOnePlus Real-Time PCR System (Applied Biosystems) under the following reaction conditions: reverse transcription for 10 min at 55 °C; initial denaturation for 1 min at 94 °C and 45 cycles of 10 s at 94 °C denaturation; and 1 min of 60 °C extension. During the test validation in the laboratory, the experimental Ct cut-off value was set to 34. Simultaneously, the internal positive control RT-qPCR test was performed in a separate reaction using the primers and probe to detect the plant cytochrome oxidase gene (COX—F: CGTCGCATTCCAGATTATCCA, COX—R: CAACTACGGATATATAAGAGCCAAAACTG, COX-P: HEX—TGCTTACGCTGGATGGAATGCCCT—BHQ1) [26] under the same reaction conditions to check the quality and quantity of the extracted RNA.




2.1.4. Transmission Electron Microscopy


For TEM, a total of 0.5 g of the tomato leaf tissue was homogenized with 5 mL of demineralized water in an extraction bag (BIOREBA). The homogenate was centrifuged on an Airfuge Air-Driven ultracentrifuge at 90,000 rpm for 120 min (Beckman Coulter, Brea, CA, USA). The resulting suspension was covered with an electron microscopic grid (300 Old Mesh, Agar Scientific), coated with a formvar film (Sigma-Aldrich) and carbon. The grid was removed from the suspension after 10–15 s, and the residual water was dried with a strip of filtration paper. For negative staining, a drop of NH4MoO4 (Serva, Germany) was placed onto the grid for a few seconds, then the excess stain was dried with filtration paper. The sections prepared in this way were observed under a Philips 208 S Morgagni transmission electron microscope (FEI, Brno, Czech Republic) at 18,000× magnification and with an accelerating voltage of 80 kV.





2.2. Small RNA Sequencing


The same RNA as for real-time RT-PCR detection was used for small RNA sequencing. The amount and quality of RNA were determined using an Agilent Small RNA kit (Agilent, Santa Clara, USA), and the precise concentration was measured using a Modulus™ Single Tube Multimode Reader (Turner Biosystems, Sunnyvale, CA, USA). The small RNA library was constructed using a NEBNext® Small RNA Library Prep Set (NEB, Ipswich, UK) and purification was conducted with a TailorCut Gel Extraction Tool Set (SeqMatic, Fremont, CA, USA). The quality and quantity of the library were determined using an Agilent High Sensitivity DNA Kit (Agilent, Santa Clara, CA, USA). All the kits were used according to the manufacturers’ instructions. For the sequencing run, the final pooled library of small RNAs consisted of 2 samples. Sample PP1 was labelled with index 12 (CTTGTA) and sample TT2 was labelled with index 6 (GCCAAT). The libraries were pooled at a concentration of 2 nM according to fluorimetry measurements, assuming that the final cloned small RNA products were ~150 bp. The libraries were sequenced with a MiniSeq (Illumina, San Diego, CA, USA), using a MiniSeq High Output Reagent Kit, 75 cycles (Illumina, San Diego, CA, USA) providing 36 nt long reads.




2.3. Bioinformatics and Data Evaluation


The quality of sequences was controlled by using a FastQC-0.10.1 [20]. A FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/ accessed on 10 September 2022), specifying the Q33 parameter, was used to obtain fasta format from fastq and to remove the adaptors (TGGAATTC). Sequences shorter than 15 nucleotides were discarded. The clipped reads of both isolates (PP1, TT2) were mapped onto reference sequence Acc. No. NC_028478 using CLC Genomics Workbench 22.0.2 (CLC Bio, Aarhus, Denmark) with the following parameters: mismatch cost = 2 (the cost of a mismatch between the read and the reference sequence); insertion cost = 3 (the cost of an insertion in the read, causing a gap in the reference sequence); and deletion cost = 3 (the cost of having a gap in the read). Furthermore, the reads were mapped randomly.



The phylogenetic analysis was applied using following parameters: Three method; Fast Minimum Evolution; and Max Seq Difference, 0.75 (ncbi.nlm.nih.gov/blast/treeview accessed on 12 August 2022). The 50 most similar ToBRFV genomic sequences were included.



The total number of known miRNAs was counted and annotated using miRbase Release 22.1 (Solanum lycopersicum) in CLC Genomics Workbench 6.5.1 (CLC Bio, Aarhus, Denmark). The statistical method to quantify differential expression in CLC Genomics Workbench 22.0.2 was used as follows: transcriptomic analyses; small RNA analyses; and extract and count, and annotate and merge counts. The numbers of miRNA sequences were normalized to one million reads (RPM) in order to enable comparative analyses.





3. Results


3.1. Real-Time RT-PCR Detection and Correlation with the Symptoms


Ten days after inoculation, the tomato and pepper plants did not show any symptoms of a viral infection compared to the negative controls. Only scratchings were observed on the inoculated leaves. These scratchings probably corresponded to the inoculation wounds. Necrotizing local chlorotic spots were observed on the leaves of the Nicotiana clevelandii × glutinosa plants. The Nicotiana benthamiana plants stopped growing and became chlorotic.



Twenty days after inoculation, some tomato leaves were strongly deformed. Chlorotic spots and slight deformations were observed on the leaves of the pepper plants, accompanied with the oldest leaves dying. The Nicotiana clevelandii × glutinosa plants stopped growing and necrosis and stunting developed on young leaves. The plants of Nicotiana benthamiana stopped growing, became strongly chlorotic, and the oldest leaves died.



Thirty days after inoculation, mild blistering was observed on the leaves of the tomato plant. Dark green mottling appeared on the pepper plant. Both inoculated and non-inoculated tomato and pepper plants seemed to be stunted and bushy. All inoculated tobacco plants completely died within 30 days of inoculation.



One hundred days after inoculation, the tomato plant was slightly stunting, and its leaves were deformed and blistered. The plant bloomed and produced fruits. Viral symptoms on the fruits were not observed. The symptoms in the pepper plant included stunting and leaf mottling. The pepper plant bloomed and produced fruits. Viral symptoms on the fruits were not observed.



The young leaves of the inoculated tomato and pepper plants were tested 30 days after inoculation and showed very low Ct values (˂5 for tomato/TT2 and ˂8 for pepper/PP1), indicating a high concentration of the virus in the inoculated plants. One hundred days after inoculation, the bioassay was completed, and different parts of the tomato and pepper plants were tested. In pepper/PP1 (Figure 1), roots, young leaves, fruits, and flowers were tested. The pepper seeds could not be tested because the harvested fruits were not yet ripe. The Ct values of all tested parts were low (˂9), indicating a high concentration of viral titer. In tomato/TT2 (Figure 2), a high concentration of the virus was detected (Ct ˂ 6) in all tested parts (roots, young leaves, fruits, and seeds obtained from harvested fruits). Despite that, the fruits did not show any viral symptoms.




3.2. Description of the Molecular Level of the Czech ToBRFV Isolate


The small RNA sequencing run on a MiniSeq (Illumina) provided a total of 55,100,547 single-end reads and 35,747,500 reads passed filter (PF), namely the chastity filter.



3.2.1. ToBRFV Isolate PP1 and TT2


The small RNA sequencing of the PP1 isolate extracted from the inoculated pepper provided 26,110,206 PF reads. After a basic analysis including the Q33 parameter and clipping, the final number of the reads was 23,306,421. These reads were used for mapping. In total, 2,421,807 reads were mapped on the reference ToBRFV sequence Acc. No. NC_028478. The complete viral genomic sequence was obtained, and the sequence is available under Acc. No. OP413740. The size of the genomic sequence was 6370 nts. The small RNA sequencing of the TT2 isolate extracted from the inoculated tomato provided 8,359,292 PF reads. After a basic analysis including Q33 and clipping, the final number of reads was 7,426,077. These were used for mapping. In total, 1,154,559 reads were mapped on reference sequence Acc. No. NC_028478. The size of the genomic sequence was 6368 nts. The phylogenetic analyses showed a similarity within the cluster contained in isolates 2020015323_A (Acc. No. OM515231) and 2020015323_B (Acc. No. OM515232) from the UK, obtained from tomato, and isolate Tom-BA21 (OK624678) from Italy, also obtained from tomato. The phylogenetic tree of the 50 most similar genomic sequences is shown in Figure 3.




3.2.2. Comparison of Isolates PP1 and TT2


Based on the results (Section 3.1), the newly described Czech ToBRFV isolate inoculated twice, once on pepper (PP1) and once on tomato (TT2), was evaluated as identical at the level of genomic sequence. This was also confirmed by the phylogenetic analyses. This newly described ToBRFV isolate is genetically stable. The obtained sequences of isolates PP1 and TT2 were analyzed using online tools available through NCBI (blastN). Supplementary Figure S2 shows a dot plot graph. The two isolates are clearly identical. Within the whole genome sequence, four open reading frames (ORFs) were identified, found at positive strands (nucleotide positions: 2–3427; 3428–4924; 5675–6193; and 4911–5711). As the sequences of the two isolates were identical, only one genomic sequence of the newly described ToBRFV isolate was submitted to GenBank, Acc. No. OP413740.



	
coverage = (read count * read length)/total genome size



	
coverage for PP1 = (2,421,807 * 36)/6368 = 13,691



	
coverage for TT2 = (1,154,559 * 36)/6370 = 6524







3.2.3. Conserved miRNAs


The total number of known miRNAs was counted and annotated using miRBase Release 22.1 (Solanum lycopersicum) in CLC Genomics Workbench 6.5.1 (CLC Bio, Aarhus, Denmark). The statistical method used to quantify differential expression in CLC Genomics Workbench 6.5.1 was used as follows: transcriptomic analyses; small RNA analyses; and extract and count, and annotate and merge counts. The number of miRNA sequences was normalized to one million reads (RPM) in order to enable comparative analyses. Particular miRNAs were identified using CLC Genomics Workbench 22.0.2 (CLC Bio, Aarhus, Denmark) according to miRBase 22.1 miRNAs of the PP1 and TT2 isolates (Table 1 and Table 2). The RNA of the PP1 isolate contained 27 miRNAs, and the RNA of the TT2 isolate contained 42 miRNAs, including their precursor variants, precursors, mature 3’ supers, and mature 5’ subs.




3.2.4. Transmission Electron Microscopy


Transmission electron microscopy is the only imaging technique that yields the direct visualization of viruses, due to its nanometer-scale resolution. ToBRFV particles have a rod-like shape and are ~274.8 nm in length and 13.9 nm in width, measured across 36 particles. The TEM observation confirmed the typical appearance of ToBRFV particles (Figure 4).






4. Discussion


According to the phylogenetic analyses based on the whole genome of the virus reisolated from the tomato and pepper indicator plants, the Czech ToBRFV isolate belongs to the cluster with isolates 2020015323_A (Acc. No. OM515231) and 2020015323_B (Acc. No. OM515232) from the UK, obtained from tomato, and isolate Tom-BA21 (OK624678) from Italy, also obtained from tomato. This cluster is a standalone cluster and is different from the majority of the other European ToBRFV isolates according to the Nextstrain build, a new tool that is available at https://nextstrain.nrcnvwa.nl/ToBRFV/20220412, accessed on 10 August 2022 [27].



This attempt to use the small RNA high-throughput sequencing technique to identify conserved miRNAs differentially expressed in pepper and tomato plants, combined with the whole viral ToBRFV genome description and electron microscopy, was carried out for the first time. The experimental strategy of this study was designed to investigate the profile of pepper and tomato miRNAs.



In the case of pepper, 27 miRNAs were detected and in the case of tomato, 42 miRNAs were detected, including their precursor variants, precursors, mature 3’ supers, and mature 5’ subs. The only known publication about ToBRFV miRNAs was published by Gaafar and H. Ziebell (2020) [28], but they only use in silico predictions of miRNAs targeting different loci in the genome of ToBRFV.



The most abundant MIR396b, including precursor variants 17 nts and 21 nts, was detected in the pepper plant. This sequence belongs to the MIR396 family of miRNAs, which are predicted to target mRNAs coding for growth-regulating factors (GRFs), transcription factors, rhodanese-like proteins, and a kinesin-like protein [29]. Regarding the tomato plant, the second most detected miRNA was MIR396a, including precursor 15 nts and precursor variant 25 nts. MIR369a-5p induces tomato‘s susceptibility to Phytophthora infestans and Botrytis cinerea infections and enhances the tendency to produce reactive oxygen species (ROS) under pathogen-related biotic stress by suppressing target genes and upregulating salicylic acid [30]. It was found that after water stress, MIR396a-5p was downregulated in the IL9-1 drought-tolerant tomato, while it was upregulated in the M82 sensitive genotype as determined by high-throughput sequencing [31]. In general, expression of MIR396s is probably more linked with water stress than with the presence of ToBRFV [32].



The tomato plant showed the highest abundancy of MIR6023 (71.235 RPM) and the pepper plant showed a very low frequency (0.0429 RPM) in both hosts as precursor/precursor variants. The tomato Hcr9 (Homologs of Cladosporium fulvum resistance 9) gene family is targeted by MIR6023 [14]. An example of sequence diversity generated from a single MIR locus is MIR6023, encoding canonical MIR6023, a well-characterized miRNA regulating R genes in tomato [14]. Prigigallo et al. [33] demonstrated that MIR6023 is specifically associated with the PVY (Potato virus Y) infection of tomato and indicates that the wide diversification of this miRNA family is a direct consequence of the viral infection. The analyses of the high-throughput sequencing data obtained from a PSTVd (Potato spindle tuber viroid)-variant-infected tomato plant’s leaves and stems revealed an alteration in the miRNAs involved in diverse functions, such as disease resistance [34]. This information proves that the accumulation of MIR6023 could be associated with the regulation of R genes if the tomato is infected by ToBRFV. However, this phenomenon is not proved in case of pepper. Seo et al. [35] implied that MIR6023 in pepper might have evolved independently, and their findings indicate that miRNA genes have undergone a dynamic evolution in pepper.



The numbers of detected miRNAs were not dependent on the total number of the reads per sample and were not dependent on the Ct values reached by real-time RT-PCR.




5. Conclusions


The Czech ToBRFV isolate shows the typical morphology of a ToBRFV virion. The size of the genomic sequence revealed by small RNA sequencing was 6368 nts. The phylogenetic analyses showed a similarity within the cluster containing two isolates from the UK and one isolate from Italy, all obtained from tomatoes. We detected 27 miRNA forms (PP1) and 42 miRNA forms (TT2), including their precursor variants, precursors, mature 3’ supers, and mature 5’ subs. The most accumulated miRNA that is probably associated with ToBRFV presence was MIR6023 in the tomato plant but not in the pepper plant. MiRNAs from the MIR396 family were expressed in both plants significantly, but it is not clear if their expression is linked with ToBRFV expression.
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Figure 1. Symptomatic Capsicum annuum cv. Oraneta with PP1 isolate. 
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Figure 2. Symptomatic Solanum lycopersicum cv. Vilma with TT2 isolate. 
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Figure 3. Phylogenetic analyses of ToBRFV genomic sequences and the sequence of PP1/TT2 isolates. The scale bar represents a genetic distance of 0.0007. The phylogenetic analyses were applied using the following parameters: Three method; Fast minimum Evolution; Max Seq Difference, 0.75, 50 most similar ToBRFV genomic sequences were included. 
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Figure 4. TEM figure of ToBRFV particles: flexuous, tobamovirus-like, and rod-shaped particles observed in the leaf extract. The scale bar represents a distance of 200 nm. 
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Table 1. Particular miRNAs of PP1 isolate, normalized per one million reads (RPM).
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	miRNA
	RPM
	Match Type
	Length





	MIR166b
	0.042906631
	Precursor variant
	18



	MIR167b
	0.042906631
	Precursor variant
	17



	MIR167b
	0.042906631
	Precursor variant
	17



	MIR171c
	0.042906631
	Precursor variant
	17



	MIR172b
	0.171626523
	Precursor
	19



	MIR396a
	0.471972938
	Precursor
	15



	MIR396a
	0.085813262
	Precursor variant
	25



	MIR396b
	0.514879569
	Precursor variant
	17



	MIR396b
	0.042906631
	Precursor variant
	21



	MIR482d
	0.128719892
	Precursor variant
	21



	MIR482e
	0.429066308
	Precursor
	20



	MIR482e
	0.128719892
	Precursor
	23



	MIR482e
	0.085813262
	Precursor variant
	20



	MIR482e
	0.042906631
	Precursor variant
	20



	MIR482e
	0.042906631
	Precursor variant
	20



	MIR482e
	0.042906631
	Precursor
	17



	MIR482e
	0.042906631
	Precursor variant
	20



	MIR482e
	0.042906631
	Precursor variant
	20



	MIR5300
	0.042906631
	Precursor variant
	20



	MIR5303
	0.042906631
	Precursor variant
	20



	MIR5303
	0.042906631
	Precursor variant
	23



	MIR6023
	0.386159677
	Precursor variant
	20



	MIR6023
	0.171626523
	Precursor variant
	18



	MIR6023
	0.042906631
	Precursor variant
	17



	MIR6023
	0.042906631
	Precursor variant
	19



	MIR7981d
	0.042906631
	Precursor variant
	23



	MIR9469
	0.042906631
	Precursor variant
	18
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Table 2. Particular miRNAs of TT2 isolate, normalized per one million reads (RPM).
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	miRNA
	RPM
	Match Type
	Length





	MIR10532//MIR7981f//MIR7981d
	0.134660602
	Precursor variant
	20



	MIR10540
	0.269321204
	Precursor
	22



	MIR156a//MIR156b//MIR156c
	0.269321204
	Precursor variant
	25



	MIR159
	0.134660602
	Precursor
	15



	MIR166c
	0.538642408
	Precursor variant
	25



	MIR168a
	0.269321204
	Precursor
	15



	MIR168b
	0.269321204
	Precursor
	16



	MIR396a
	5.386424084
	Precursor
	15



	MIR396a
	0.942624215
	Precursor variant
	25



	MIR396a
	0.134660602
	Precursor variant
	25



	MIR396a
	0.134660602
	Mature 3’ super
	23



	MIR396b
	0.134660602
	Precursor
	15



	MIR396b
	0.134660602
	Precursor variant
	25



	MIR6023
	71.23545851
	Precursor
	16



	MIR6023
	0.538642408
	Precursor
	15



	MIR6023
	0.269321204
	Precursor
	20



	MIR6023
	0.134660602
	Precursor
	21



	MIR6023
	0.134660602
	Precursor
	25



	MIR6023
	0.134660602
	Precursor
	15



	MIR6027
	0.134660602
	Mature 5’ sub
	19



	MIR6027
	0.134660602
	Mature 5’ sub
	20



	MIR7981c
	0.134660602
	Precursor variant
	21



	MIR7981d
	0.538642408
	Precursor
	17



	MIR7981d
	0.269321204
	Precursor
	16



	MIR7981e//MIR10532
	1.211945419
	Precursor
	18



	MIR7981e//MIR10532
	0.67330301
	Precursor variant
	23



	MIR7981e//MIR10532
	0.134660602
	Precursor variant
	20



	MIR7981e//MIR10532
	0.134660602
	Precursor
	16



	MIR7981e//MIR10532
	0.134660602
	Precursor variant
	18



	MIR7981e//MIR10532//MIR7981c//MIR7981d
	0.134660602
	Precursor variant
	18



	MIR7981e//MIR10532//MIR7981d
	0.134660602
	Precursor variant
	18



	MIR7981e//MIR10532//MIR7981f
	2.423890838
	Precursor
	18



	MIR7981e//MIR10532//MIR7981f
	1.346606021
	Precursor
	15



	MIR7981e//MIR10532//MIR7981f
	0.942624215
	Precursor
	16



	MIR7981e//MIR10532//MIR7981f
	0.807963613
	Precursor
	17



	MIR7981e//MIR10532//MIR7981f
	0.538642408
	Precursor variant
	17



	MIR7981e//MIR10532//MIR7981f
	0.134660602
	Precursor variant
	18



	MIR7981f
	0.134660602
	Precursor
	16



	MIR7981f
	0.134660602
	Precursor
	15



	MIR7981f
	0.134660602
	Precursor variant
	22



	MIR7981f//MIR7981b
	0.134660602
	Precursor variant
	22



	MIR9471a
	0.134660602
	Precursor variant
	25
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