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Abstract:



The spontaneous emergence among common pea (Pisum sativum L.) cultivars of off-type rogue plants exhibiting leaves with narrower and pointed leaflets and stipules and the non-Mendelian inheritance of this new phenotype were first described in the early 20th century. However, so far, no studies at the molecular level of this first identified case of paramutation have been carried out. In this study, we show for the first time that the pea rogue paramutation is accompanied by alterations in the methylation status of specific genomic sequences. Although, no significant differences were observed in the genome-wide DNA methylation in leaves of non-rogue cv. Onward in comparison to its rogue paramutant line JI2723, 22 DNA sequences were identified by methylation-sensitive amplified fragment length polymorphisms (MS-AFLP) analysis as differentially methylated in the two epigenomes. Mitotically inherited through all leaf tissues, the differential methylation patterns were also found to be meiotically inherited and conserved in pollen grains for 12 out of the 22 sequences. Fourteen of the sequences were successfully amplified in cDNA but none of them exhibited significant differential expression in the two contrasting epigenotypes. The further exploitation of the present research results on the way towards the elucidation of the molecular mechanisms behind this interesting epigenetic phenomenon is discussed.
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1. Introduction


Among multiple self-fertilized pea (Pisum sativum L.) lines and cultivars occasionally emerge plants exhibiting an off-type (rogue) phenotype characterized by pointed and narrower leaflets and stipules, referred to by the nickname ‘rabbit ears’.



The non-Mendelian inheritance of this phenotype was reported for the first time in the early 20th century by Bateson and Pellew [1,2], who observed that: (i) self-fertilized rogue plants, produce rogues exclusively; (ii) reciprocal crosses between true-to-type and rogues create plants that turn into rogues; and (iii) the F2 produced by self-fertilization of F1 plants, and all subsequent progenies, are exclusively constituted by rogues. In fact, this was the first analytical observation of a wider epigenetic phenomenon later termed ‘paramutation’ [3].



Although several cases of paramutation, as the Kit locus in mouse, have been reported in mammalians [4], so far, most paramutation phenomena have been identified in plants.



In maize, four loci involved in the regulation of the flavonoid biosynthesis: r1 (red color), b1 (booster1), pl1 (plant color), p1 (pericarp color), and a locus involved in the biosynthesis of phytic acid (lpa1, low phytic acid 1) were found to undergo paramutation [5,6,7,8].



Among the above mentioned maize loci, the most significant progresses have been achieved in the study of b1 and pl1 and the identified genes required for paramutation at these two loci: mediator of paramutation (mop1 [9] and mop2 [10]) and required to maintain repression (rmr1 [11], rmr2 [12], rmr6 [13], and rmr7 [14]) were found to encode proteins involved in small interfering RNA (siRNA) biogenesis and RNA directed DNA methylation (RdDM).



More recently, the sulfurea paramutation that affects pigment production in tomato (Solanum lycopersicum) was also associated to the production of siRNAs and increased methylation of the SLTAB2 locus promoter [15], adding new data for the previous reports of association of paramutation with alterations in the methylation pattern of specific DNA sequences.



In petunia, the paramutation-like reduction of the activity of a transgene was found associated with the hypermethylation of the promoter region of a homologous epiallele [16]. In maize, the hypermethylation of specific loci sequences correlates with different epigenetic states at the p1 and r1 loci [17,18,19], while the restoration of the wild dark color is associated with the hypomethylation of CHG sites at the 3’ regions of the pl1 locus [12]. Also in maize, the paramutagenic B’ epiallele of the locus b1 is hypermethylated at the junction sequences between the required for paramutation hepta-repeats located 100 kb upstream of the locus [20], and in the paramutation induced by the presence of transgenic b1 repeats, the increasing DNA methylation at the endogenous b1 repeats correlates with stronger silencing of b1 locus [21].



Contrarily to the above cited paramutation cases which have been object of systematic and intensive studies, since the pioneer studies of Bateson and Pellew [1,2] and the immediately following works of Brotherton [22,23], the study of the pea rogue paramutation was rarely resumed, and very few research data have been added. In fact, it was only confirmed the absence of differences between the chromosome complement of rogue and non-rogue plants [24], and that the reduced size of stipules and leaflets in rogue plants was due to lower number of cells and not to differences in cell size [25].



Herein, we report the results of our research aimed at to obtain a first insight of the association of the pea rogue phenotype with alterations in DNA methylation.




2. Results


2.1. Genetic Similarity between Rogue and Non-Rogue Epigenotypes


The plants of the paramutant line JI2723 exhibit the typical rogue phenotype, clearly evident when compared to the original non-rogue cv. Onward (Figure 1).


Figure 1. The pea rogue paramutation. (A) Typical leaf of cv. onward; (B) Typical leaf of the paramutant onward rogue line JI2723. Notice the characteristic narrower and pointed (rabbit ears) stipules and leaflets.
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In order to rule out any previous misclassification and mishandling occurred during the propagation and manipulation of the plant material we performed comparative Random Amplified Polymorphic DNA (RAPD) and Single Sequence Repeat (SSR) analyses. The amplified 641 RAPD and five SSR markers were all found monomorphic between the cv. Onward and the rogue line JI2723 confirming the high genetic similarity between the two genotypes (Figures S1 and S2).




2.2. Genome-Wide Methylation Analysis


The absence of drastic differences in agarose gels (Figure 2A) between the restriction patterns of leaf genomic DNA of the rogue and respective non-rogue lines after digestion with the restriction enzymes HpaII and MspI suggests similar levels of genome methylation of the 5′-CCGG-3′ sequences in the two epigenomes.


Figure 2. Genome-wide methylation analysis. (Left) HpaII and MspI digestion of total genomic DNA. (O) cv. Onward. (R) rogue line JI2723. (M) 100 bp ladder marker (1) Non-digested (control) genomic DNA; (2) HpaII-digested DNA; (3) MspI-digested DNA; (Right) Reverse phase high-performance liquid chromatography (RP-HPLC) chromatograms of hydrolyzed leaf DNA of: (Top) cv. Onward, (Below) rogue line JI2723. The peaks correspond, respectively, to cytosine (C), 5-methylcytosine (5-mC), guanine (G), thymine (T), and adenine (A).
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Very preliminary and simply indicative, these results were further confirmed by reverse phase high-performance liquid chromatography (RP-HPLC). The analysis of the hydrolyzed genomic DNA of both epigenomes resulted in very similar chromatograms and identical relative amounts of methylated cytosine, with an estimated ratio between the areas of 5-methylcytosine and cytosine peaks of 0.3437 (standard error = 0.0173) for the non-rogue and 0.3366 (standard error = 0.0164) for the rogue plants (Figure 2B).



However, since these results do not discard the hypothesis that the rogue paramutation is accompanied, or even triggered, by alterations of the 5-cytosine methylation at specific genomic sequences a finer comparative methylation-sensitive amplified fragment length polymorphisms (MS-AFLP) analysis was carried out.




2.3. MS-AFLP Analysis


The use of 64 primer combinations (Tables S1–S3) resulted in the amplification of 2338 MS-AFLP markers among which 22 (0.9%) were confirmed to be epi-polymorphic between the two epigenomes (Figure 3). Ten of these markers were amplified only in cv. Onward plants and the remaining 12 markers only in the rogue line JI2723.


Figure 3. Partial view of a methylation-sensitive amplified fragment length polymorphisms (MS-AFLP) autoradiograph that confirms four previously identified epipolymorphisms. O1, O2, and O3 -three plants of cv. Onward. R1, R2, and R3 - three plants of rogue line JI2723. Arrows indicate polymorphic bands that result from the differential methylation of specific restriction sites in the two genomes.
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The 22 epimarkers were successfully excised from the dried polyacrylamide gels, re-amplified, cloned, sequenced, and the respective sequences (Table S4) uploaded to genomic data bases (www.ncbi.nlm.nih.gov) with the GenBank accession numbers KF861513 to KF861534. Two markers, AGG/AT_302_O and AAG/AA_197_R, arose from the same locus. The first marker, 302 bp long, was amplified from cv. Onward while the second (197 bp long) was amplified from the rogue plants in consequence of the differential methylation of an internal 5′-CCGG-3′ motif (Table S1).



The re-amplification of the 22 sequences on leaf DNA, performed as described in the Material and Methods section (Table S5), allowed the confirmation of the differential methylation of these sequences and the identification of the respective methylation patterns.



The analysis of the exhibited differential methylation showed that the paramutated phenotype is accompanied by methylation and demethylation processes (Figure 4, Table 1).


Figure 4. Confirmation of the differential methylation of specific DNA sequences in cv. Onward (plants O1, O2, and O3) and rogue line JI2723 (plants R1, R2, and R3). (Left) Examples of the four possible amplification patterns (agarose gels). (Rigth) Correspondence between amplification profiles, methylation patterns and number (frequency) of observed cases among the 22 DNA sequences.
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Table 1. Alteration of the methylation pattern associated with ‘rogue’ paramutation in leaf DNA *.







	

	
CHG Methylation

	
CHG Demethylation

	
CpG Methylation

	
CpG Demethylation






	
Maintained in pollen DNA

	
ACA/AG_560_ O

AGC/AT_466_O **

	
ACA/AG_735_R

ACT/AC_451_R

AGG/AG_705_R

	
AAG/AG_366_O

AGC/AT_134_O

	
AAG/AC_613_R

ACA/AA_749_R

AGC/AA_202_R

AGG/AC_384_R

TA/CA_260_R




	
Altered in pollen DNA

	
AAC/AA_300_O

ACG/CC_81_O

AGG/AT_139_O

AGG/AT_302_O

	
ACT/CA_584_R

	
ACT/AG_449_O

ACA/CT_546_O

	
AAC/AA_174_R

AAG/AA_197_R

AAG/AA_325_R








* The suffix O or R indicates the origin (cv. Onward or “rogue” line JI2723) of the MS-AFLP product. ** Sequences highly similar to expressed sequence tags (EST) and that amplify in cDNA, are in bold.









2.4. Differential Methylation in Pollen DNA


The analysis of the identified sequences in pollen DNA, showed that 12 of the 22 sequences conserved the differential methylation pattern exhibited in leaf DNA, 6 sequences exhibited novel but still different methylation patterns, while the remaining 4 sequences exhibited identical methylation patterns in both epigenotypes (Table 1 and Table 2, Table S6).



Table 2. Methylation patterns in leaves and pollen.







	
Sequence

	
Methylation Pattern (Leaves) *

	
Methylation Pattern (Pollen) *






	
AAC/AA_174_R

	
D

	
Non-methylated




	
AAC/AA_300_O

	
A

	
C




	
AAG/AA_197_R

	
D

	
Fully CHG methylated




	
AAG/AA_325_R

	
D

	
Non-methylated




	
AAG/AC_613_R

	
D

	
D




	
AAG/AG_366_O

	
C

	
C




	
ACA/AA_749_R

	
D

	
D




	
ACA/AG_560_O

	
A

	
A




	
ACA/AG_735_R

	
B

	
B




	
ACA/CT_546_O

	
C

	
Non-methylated




	
ACG/CC_81_O

	
A

	
C




	
ACT/AC_451_R

	
B

	
B




	
ACT/AG_449_O

	
C

	
D




	
ACT/CA_584_R

	
B

	
D




	
AGC/AA_202_R

	
D

	
D




	
AGC/AT_134_O

	
C

	
C




	
AGC/AT_466_O

	
C

	
C




	
AGG/AC_384_R

	
D

	
D




	
AGG/AG_705_R

	
B

	
B




	
AGG/AT_139_O

	
A

	
C




	
AGG/AT_302_O

	
A

	
C




	
TA/CA_260_R

	
D

	
D








* Letters from A to D correspond to the differential methylation patterns in Figure 4.









2.5. Expression of the Differentially Methylated Sequences


The Basic Local Alignment Search Tool (BLAST) analysis against the GenBank (the National Center for Biotechnology Information, NCBI) and Medicago trucatula databases showed that 13 sequences have expressed homologs in Medicago truncatula or Cicer arietinum. Identical analysis against the Pisum sativum unigenes database allowed the identification of four additional sequences (Table S7).



A new set of primers were designed for quantitative real-time RT-PCR (RT-qPCR) analysis and validated by common PCR amplification of genomic DNA and complementary DNA (cDNA). Eight sequences, including the putatively unexpressed five sequences, were successfully amplified in genomic DNA but not in cDNA. The remaining 14 sequences amplified in both kinds of DNA and their relative expression was further assessed by RT-qPCR. Surprisingly, in spite of the differential methylation, no significant differences were found in the expression of any of these sequences in the contrasting epigenotypes (Table S7).





3. Discussion


The main aim of the here reported research was to get a first insight into the molecular mechanisms that underlie the rogue (rabbit ears) paramutation in peas (Pisum sativum L.).



Contrarily to the study of other plant paramutation systems, particularly in maize, in which during the last decades significant research progress has been achieved—including the identification of multiple genes involved in paramutation—the study of the rogue paramutation in pea was almost limited to the analysis of the inheritance of the paramutated phenotype and cytogenetic observations.



The association of plant paramutation with DNA-methylation has been established in multiple plant paramutation systems [12,15,16,17,18,19,20,21]. Bearing in mind these results we carried out a comparative analysis of the genome-wide 5-cytosine methylation and a random identification of specific differentially methylated sequences in cv. Onward vs. its rogue paramutated line JI2723. Twenty-two sequences were identified as differentially methylated in the two epigenotypes. The analysis of the methylation status of the terminal 5′-CCGG-3′ motifs in these sequences revealed that the occurrence of the rogue paramutation was accompanied by methylation and demethylation of specific sequences.



In the large majority of the cases, the methylation polymorphisms were revealed by the presence of very clear PCR bands vs. total absence of the same PCR products, suggesting a strong mitotic inheritance of these epigenetic marks throughout all leaf tissues.



An indication of meiotic, and probably transgenerational, inheritance of these epigenetic marks arose from the observed conserved differential methylation in pollen DNA exhibited by 12 out of the 22 sequences (Figure 4, Table 1 and Table 2). Nevertheless, the RT-qPCR analysis showed that the differential methylation does not result in differential expression of the identified sequences.



With this study, it was established for the first time that—as in other paramutation phenomena—the pea rogue paramutation is accompanied with alterations in the methylation pattern of specific genomic sequences. However, additional studies are needed to unveil the biological consequences of the identified differential methylation. For the moment, we can only speculate that the observed alterations in DNA methylation, and eventual modifications in chromatin conformation, probably spread over larger genomic regions encompassing the identified sequences, and eventually affect the expression of other, surrounding, genes. The fast accumulation of genomic data is expected soon to allow the identification of the 22 sequences in the Pisum genome, permitting the assessment of the methylation status and expression of neighboring genes.




4. Material and Methods


4.1. Plant Material


Seeds of pea cv. Onward (line JI2722) and of the derived from this cultivar rogue line JI2723, identified by Dr. Stig Bixt (University of Lund, Sweden), were kindly provided by Dr. Mike Ambrose, John Innes Centre, UK, and multiplied at the University of Algarve, Country. The successive progenies were used for experimental work.



After germination in petri dishes, the young seedlings were transplanted to pots containing peat:vermiculite (1:1) mixture inoculated with macerated Rhizobium nodules and grown under controlled greenhouse conditions.




4.2. DNA Extraction


DNA was extracted from leaf and from pollen grains and quantitatively and qualitatively analyzed as previously described [26].




4.3. RAPD and SSR Analyses


The assessment of true-to-typeness and genetic similarity of the studied epigenotypes was performed by RAPD analysis using 60 Operon Technologies primers (kits AL, AM, AN, and M; Operon Technologies Inc., Alameda, California, United States) and by the analysis of five microsatellite loci: A9, AA219, AB146, AC58, and AD146 [27]. PCR amplifications and agarose and polyacrylamide gel electrophoresis were carried out as previously described [28,29].




4.4. HpaII and MspI Restriction Analysis of Genomic DNA


Equal amounts of leaf genomic DNA of three plants per epigenotype were pooled apart and 2 µg of each DNA-bulk was used for restriction analysis.



The analyses were performed using the isoschizomeric restriction enzymes, HpaII and MspI, which recognize the same restriction sequence (5′-CCGG-3′) but are differentially sensitive to DNA (cytosine) methylation [30]. Digestions were performed overnight at 37 °C with 30 U of each enzyme in 20 µL reaction volume. The reactions were stopped by heating the samples at 65 °C for 20 min, and the digestion products were analyzed by agarose (0.8%) gel electrophoresis, for 3 h at 4 V/cm.




4.5. HPLC Analysis


Genomic DNA from cv. Onward and line JI2723 were pooled as above described. Ten micrograms of each DNA bulk were precipitated overnight with cold ethanol and, after centrifugation at 13,000 rpm for 10 min at 4 °C, the pellet was air dried and hydrolyzed in 50 µL of 70% perchloric acid for 1 h at 100 °C. The pH of the reaction was adjusted to approximately 5.0 with 10 M KOH and the supernatant was collected after centrifugation. The precipitate was washed with 50 µL HPLC grade water (Chromasolv, Honeywell Riedel-de Haën, Seelze, Germany) and, after new centrifugation, the two supernatants were combined and dried in a SpeedVac concentrater (Savant DNA120, ThermoFisher Scientific, Waltham, MA, USA) . The dried pellets were dissolved in 100 µL of the HPLC grade water and centrifuged at 13,000 rpm for 10 min at 4 °C. The supernatant was collected and filtered through 0.2 µm pore size syringe filters (Nalgene, Thermo Fisher Scientific, Waltham, MA, USA).



The hydrolyzed samples were analyzed by reverse phase chromatography (Kinelex 2.6UC18 100A, 150 × 4.60 mm column) in an Agilent 1100 series HPLC system (Agilent Technologies, Waldbronn, Germany) at room temperature, using 0.05 M ammonium formate (pH 4.5) in 12% methanol as mobile phase at a flow rate of 0.8 mL/min and 278 nm detection wavelength.



The retention time of each base was determined with commercially available standards of thymine (Sigma-Aldrich, St. Louis, MO, USA), adenine (Sigma-Aldrich, St. Louis, MO, USA), guanine (AppliChem, Darmstadt, Germany), cytosine (AppliChem, Darmstadt, Germany), and 5-methylcytosine (Alfa Aesar, Haverhill, MA, USA) at 50 mg/L. The genome-wide cytosine methylation of cv. Onward and respective rogue variant line JI2723 were computed as the ratio of the area of the 5-methylcytosine vs. the area of the cytosine peak.




4.6. MS-AFLPs Analysis


Methylation-sensitive amplified fragment length polymorphism (MS-AFLP) analyses were performed using the restriction enzymes HpaII and MspI [31,32]. Three bulks of leaf material of three plants each were used for analysis of each epigenotype.



One hundred-twenty-five nanograms (125 ng) of genomic DNA of each bulk of three plants were digested with 1.25 U of the endonucleases HpaII or MspI for 2 h at 37 °C in 21 µL total volume. After inactivation of the enzymes for 20 min at 65 °C, and correction of the buffer (Tango, Thermo Fisher Scientific, Waltham, MA, USA) to the double (×2) concentration, the samples were digested under the same conditions with 1.25 U of EcoRI and reactions stopped by new incubation at 65 °C for 20 min. For ligation of the restricted DNA to adapters (Table S5), an equal volume of a solution containing 5 pmol of EcoRI-adapter and 50 pmol of HpaII/MspI-adapter, 0.5 U of T4 DNA ligase (Thermo Fisher Scientific, Waltham, MA, USA) and 2× ligase buffer was added to each inactivated restriction reaction and the reaction was left to proceed overnight at room temperature.



The adapter, the pre-amplification, and the selective primers for EcoRI generated restriction ends were the same used in standard AFLP analysis [33]. The adapter for ligation to HpaII and MspI restriction ends and the respective pre-amplification and selective primers, were the same used by other authors [34] (Tables S1 and S2). Further MS-AFLPs procedures were performed as previously described for standard AFLPs [35]. Selective amplifications were performed using 64 primer combinations (Table S3). The excision from gels, re-amplification, and cloning of polymorphic bands were performed as previously described [36].



The identified epi-polymorphic DNA sequences and putative protein products were successively BLAST (Nucleotide-Nucleotide BLAST and Protein-Protein BLAST) analyzed against the genome databases: NCBI [37]; Medicago truncatula [38] and Pisum sativum unigenes [39] (last access - 03.03.2017) .




4.7. Confirmation of the Differential Methylation


For confirmation of the differential methylation, new (17–20 bp) primers were designed spanning over the terminus of the MS-AFLP adapter and the first nucleotides of the identified sequences. The amplifications were performed using restricted genomic DNA ligated to MS-AFLP adapters.



Amplifications were carried out in 15 µL reaction mixtures containing 1.5 µL of 1:50 diluted MS-AFLP pre-amplification product, 1× Dream Taq DNA polymerase buffer (Thermo Fisher Scientific, Waltham, MA, USA), 0.16 mM of each dNTP, 0.4 µM of each primer (Sigma-Aldrich, St. Louis, MO, USA), and 0.6 U of Dream Taq DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA), using the PCR program: initial step of 1.5 min at 94 °C, 35 cycles of 30 s at 94 °C, 30 s at 59 to 68 °C (depending on the primers), and 1min at 72 °C, and a final extension at 72 °C for 10 min. The amplification products were analyzed on 2% agarose gels.




4.8. Meiotic Inheritance of Differential Methylation


Late floral buds were collected from cv. Onward and six JI2723 (rogue) plants. The flowers were manually open and the mature pollen from two groups of three plants of the same phenotype was shaken out into a mortar and checked by stereomicroscopy for contamination with another tissue. Liquid nitrogen was carefully added to the mortar and the pollen grains homogenized with a pestle until a fine powder was obtained. The genomic DNA was extracted, digested with the restriction enzymes HpaII and MspI, and ligated to MS-AFLP adapters as described above. The methylation status of the epi-polymorphic sequences was assessed in pollen DNA as described for leaf DNA.




4.9. RNA Extraction and cDNA Synthesis


Leaf tissue from pea plants grown under rigorously controlled identical conditions was collected, immediately frozen in liquid nitrogen, and used for total RNA extraction with Trizol reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. Extractions were performed from pools of leaves of three different plants. Total RNA concentration and RNA integrity were assessed, respectively, by NanoDrop 2000c spectrophotometry ((Thermo Fisher Scientific, Waltham, MA, USA) and 1% agarose gel electrophoresis in the presence of formamide.



The messenger RNA (mRNA) was isolated using the kit PolyATtract® mRNA Isolation System III (Promega, Madison, WI, USA) according to the manufacturer’s instructions. Purity, concentration, and quality of the eluted mRNA were determined as above described for total RNA.



The first-strand cDNA was synthesized by reverse transcription with RevertAid™ H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). As template of 200 U of M-MuLV reverse transcriptase was used 1μg of mRNA was used (Thermo Fisher Scientific, Waltham, MA, USA) and 5 mM of oligo-dT primer T12MN (Sigma-Aldrich, St. Louis, MO, USA) in a final volume of 20 µL. The obtained cDNA samples were diluted 1:1000.




4.10. RT-qPCR


RT-qPCR analyses were performed in tree replicates of independent biological samples, each constituted by leaf tissue of three plants, using a Bio-Rad IQCycler (Icycler) Real-Time Quantitative Thermal Cycler (Bio-Rad, Hercules, CA, USA). Reaction mixtures consisted of 7.5 µL iQ SYBR Green (Bio-Rad, Hercules, CA, USA) mix, 0.4 µM of primers and 1 µL of cDNA in a final volume of 15 µL.



β-Tubulin 2 (GenBank:X54845.1) was used as reference gene (primers: 5′-TGGTCAGCTTAACTCTGAT-3′ and 5′-CTGCTGAGAGCCTCTAG-3′). The data analysis was performed using the IQCycler software (Bio-Rad, Hercules, CA, USA).
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