5-formylcytosine is an activating epigenetic mark for Pol III during zygotic reprogramming     
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Short title: 5fC as epigenetic mark
     

Highlights
· 5fC forms chromocenters in the perinucleolar compartment during Xenopus ZGA
· 5fC colocalizes with Pol III and accumulates on active tRNA tandem repeats
· 5fC promotes Pol III recruitment and tRNA transcription at ZGA
· 5fC promotes transcription of a tRNA transgene


Summary
5-methylcytosine (5mC) is an established epigenetic mark in vertebrate genomic DNA but whether its oxidation intermediates formed during TET-mediated DNA demethylation possess an instructive role of their own that is also physiologically relevant, remains unresolved. Here we reveal a 5-formylcytosine (5fC) nuclear chromocenter, which transiently forms during zygotic genome activation (ZGA) in Xenopus and mouse embryos. We identify this chromocenter as the perinucleolar compartment, a structure associated with Pol III transcription. In Xenopus embryos, 5fC is highly enriched on Pol III target genes activated at ZGA, notably at oocyte-type tandem arrayed tRNA genes. By manipulating Tet and Tdg enzymes, we show that 5fC is required as regulatory mark to promote TfIIIc and Pol III recruitment, as well as tRNA expression. Concordantly, 5fC modification of a tRNA-iMet transgene enhances its expression in vivo. The results establish 5fC as activating epigenetic mark during zygotic reprogramming of Pol III gene expression.   
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Introduction
The discovery some 10 years ago of three oxidized derivatives of 5-methylcytosine (oxC-marks) occurring in genomic DNA of higher eukaryotes was a striking finding. However, understanding the physiological role of these oxC-marks remains challenging. A crucial unresolved question that we address here is whether they can function as epigenetic mark in their own right, rather than as demethylation intermediates. 
[bookmark: _CTVP001be6afc2b192340adb5d9ac800045b93f][bookmark: _CTVP001b8088c4f6bf942318954759438658735]The oxC-marks 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) are iterative oxidation products of 5-methylcytosine (5mC), a prominent epigenetic signal associated with gene silencing. It is well established that 5mC oxidation is mediated by TET dioxygenases and that one important role of oxC-marks is to serve as intermediates in the enzymatic removal of 5mC (Kriaucionis and Heintz, 2009; Tahiliani et al., 2009; Ito et al., 2010; He et al., 2011; Ito et al., 2011; Kohli and Zhang, 2013; Hill et al., 2014; Shen et al., 2014). Thymine DNA glycosylase (TDG) completes demethylation by excising 5fC and 5caC via base excision repair (BER) to restore unmethylated cytosine (He et al., 2011; Maiti and Drohat, 2011; Almeida et al., 2014).   
[bookmark: _CTVP001c2eadcbab89a45c2a205433d47455ac3][bookmark: _CTVP00106f5a6c293aa4587b2b19bc97b5f9a3c][bookmark: _CTVP00102f62b2cc42a4750ab2dfa2cc67daa44][bookmark: _CTVP001336fcf0dc998436f96080b24bbbb0c1d][bookmark: _CTVP0018aead4233bc64f74878585639cf1fa8c][bookmark: _CTVP00172dfbb47825840d3b77e314dccf1185d][bookmark: _CTVP001ccf3be242a4944ceb454fbe5fd010b8e][bookmark: _CTVP001a130344efa214e988246dff3efadf160]However, oxC-marks might also function as epigenetic marks on their own to regulate gene expression (Cimmino and Aifantis, 2017). In line with this possibility, both 5hmC and 5fC are relatively stable modifications (Bachman et al., 2014; Bachman et al., 2015). Moreover, 5hmC is preferentially enriched at enhancers in mouse and human embryonic stem cells (Pastor et al., 2011; Szulwach et al., 2011; Wu et al., 2011; Xu et al., 2011; Raiber et al., 2012; Cimmino and Aifantis, 2017), whereas 5fC or 5caC accumulate at poised or active enhancers and promoters (Raiber et al., 2012; Song et al., 2013; Lu et al., 2015; Xia et al., 2015). In midstage mouse embryos, 5fC specifically accumulates on active enhancer regions suggesting a role in embryonic development (Iurlaro et al., 2016). In preimplantation stage mouse and human embryos, accumulation of 5fC precedes the induction of gene expression (Yun Gao et al.; Zhu et al., 2017; Gao et al., 2020) Thus, in mammalian embryos, 5fC displays features of an active mark that may promote gene expression. In contrast, in plasmid-based assays, 5fC modestly impairs Pol II mediated gene expression (Kellinger et al., 2012; You et al., 2014; Kitsera et al., 2017) and in the absence of BER, 5fC has almost no effect on reporter gene activity (Müller et al., 2021). 
[bookmark: _CTVP001258d4120f44449eaa31ce4239b5316ac][bookmark: _CTVP0017f3c2c7f5e314b3e89e58ed1725c33c7][bookmark: _CTVP0014dfd8e65d5ed445aba96cf3024df2ee4][bookmark: _CTVP001494bd542d72545ffbcdc0aacdfdd35de][bookmark: _CTVP001f9c57f4ae3184e91a9aa0895e36663c0][bookmark: _CTVP001c290a6137d4d49ec8cb8b99466fc3510][bookmark: _CTVP0013b7f1da4b387409d8cf2af92b9a471d7]To affect gene expression, 5fC could recruit specific reader proteins, alter the physical properties of DNA, or modulate chromatin accessibility. Proteomic screens have identified proteins associated with 5fC (Iurlaro et al., 2013; Spruijt et al., 2013; Bai et al., 2021), but whether their binding is direct or indirect and physiologically relevant remains unresolved. 5fC can underwind the double helix and it was proposed that formylation of CpG repeats affects DNA supercoiling and packaging in chromatin, potentially affecting gene expression (Raiber et al., 2015). Moreover, while 5mC reduces nucleosome mechanical stability and DNA flexibility, 5fC enhances both features, leading to tighter binding of DNA to nucleosomes in vitro (Ngo et al., 2016). 5fC may also organize nucleosomes by forming a covalent Schiff-base with histones (Raiber et al., 2018). Yet, another report concluded that 5fC does not change the global structure of DNA  (Hardwick et al., 2017). Furthermore, the proposition of enhanced nucleosome association with 5fC collides with the observation that active regulatory regions, where 5fC specifically accumulates, are generally nucleosome-depleted to ensure accessibility to regulatory proteins (Struhl and Segal, 2013). Concordantly, 5fC in ESCs accumulates in DNase I hypersensitive regions (Song et al., 2013; Xia et al., 2015). Thus, whether 5fC regulates DNA structure and attracts nucleosomes remains controversial. 
In summary, while genome-wide mapping in embryos associates 5fC with gene expression activation, in vitro and cell-based experiments point to a repressive role. Thus, the key question remains unresolved: Is the presence of 5fC merely a byproduct of active demethylation, or is 5fC an instructive mark that regulates gene expression on its own?  If so, does it activate or repress gene activity, and is it physiologically relevant? Conclusively answering these questions has proven formidable: I) 5fC is typically present only at very low levels in the genome and hence relevant genomic sites have to be identified where 5fC stably accumulates. II) When manipulating 5fC levels via TETs, one needs to rule out pleiotropic effects of TETs on other oxC-marks and exclude the non-enzymatic function of TETs as transcriptional repressors. Notably, a function of the 5fC as demethylation intermediate must be ruled out. Thus, merely correlating gene-regulatory effects with TET deficiency, even catalytic-specific, is inconclusive. III) The regulatory function should be physiologically relevant.      
[bookmark: _CTVP0019d8a0f669fa1450c8739ccc62f7bf1e3]Here we report the discovery of a 5fC chromocenter, which forms transiently in nuclei of Xenopus embryos during zygotic genome activation (ZGA). ZGA is the unique phase during embryonic development when the transition from the maternal environment of the oocyte to embryonic gene expression occurs. ZGA is accompanied by major transcriptional changes, chromatin remodeling, and nuclear reorganization (Lee et al., 2014; Jukam et al., 2017; Eckersley-Maslin et al., 2018; Blitz and Cho, 2021).  Importantly, the 5fC chromocenter forms at ZGA in the virtual absence of 5hmC and 5caC, affording the unique opportunity to study its role in isolation. 
We identify the 5fC chromocenter as the perinucleolar compartment (PNC), a unique nuclear structure localized at the periphery of the nucleolus, which is associated with transcription by RNA polymerase III (Pol III). Concordantly, genomic profiling reveals massive enrichment of 5fC on Pol III target genes, notably tandem arrayed tRNA gene clusters. By manipulating Tet and Tdg enzymes, and by making use of a 5fC chemically modified tRNA transgene, we provide direct evidence that 5fC promotes Pol III transcription by acting as an instructive mark rather than as demethylation intermediate. 5fC-Pol III chromocenters also form in mouse zygotes during minor ZGA, supporting evolutionary conservation. These findings establish 5fC as active mark during reprogramming of Pol III gene expression in early vertebrate development.  

Results
5fC accumulates in a nuclear chromocenter at ZGA 
[bookmark: _CTVP001e402344051ac417db52526b65d679479][bookmark: _CTVP001b76f73f184614102bf89c300c71380a2][bookmark: _CTVP0013a71c36d9afa4ebdaa0662f33361ca63][bookmark: _CTVP0014385a6f5dedc4a9f844684cbcc3b79f5]We monitored global levels of cytosine modifications during X. laevis development using liquid chromatography tandem mass spectrometry (LC-MS/MS) and employing isotopic standards as a highly sensitive method for detecting and quantifying oxC-marks (Schomacher et al., 2016) (Figure S1A). 5mC was rather uniform from ZGA onwards (st9). 5hmC was present at very low levels until organogenesis (st23), while 5caC was undetectable until neurulation (st13), upon which levels of both marks steadily increased, consistent with previous observations in Xenopus  (Almeida et al., 2014; Bogdanović et al., 2016). Interestingly, unlike the other cytosine marks, 5fC showed a biphasic profile: Following induction at ZGA (st9), the signal levelled off at neurula (st13), to increase steadily from organogenesis onwards, paralleling the profile of 5hmC and 5caC. Zooming-in on ZGA with additional time points, we found that 5fC accumulates abruptly at early ZGA (st8 + 1hr) and is preceded by transient 5hmC accumulation pre-ZGA. Notably, 5fC levels reached ~0.001% of total C, which is up to 5 times higher than in embryonic stem cells (0.0006%) or neurons (0.00016%), thought to harbour top oxC levels (Liu et al., 2013; Schomacher et al., 2016). Moreover at st9, 5fC levels were ~5x higher than 5hmC, which displayed exceptionally low levels (~0.0002%), inverting the abundance-ratio of these oxCs in mammalian cells, where 5hmC is typically 10-100x more prevalent than 5fC (Wagner et al., 2015). This transient 5fC accumulation was intriguing, as it raised the possibility of 5fC functioning as regulatory mark during the critical phase of ZGA.    
[bookmark: _CTVP0010df61f8137124d5badf64a5018ce65fb][bookmark: _CTVP0018d2f04eb8dde4ea09f56dfc72998b6e4]To confirm 5fC accumulation at ZGA, we employed antibodies specific for 5mC, 5hmC, 5fC and 5caC, to carry out immunofluorescence (IF) microscopy. The specificity of these antibodies was carefully validated. Dot blot control experiments with each antibody recognised only the specific modification it was raised against (Figure S1B).  Amplicons modified with each oxC- or methyl mark outcompeted IF signals only of their matching target antibody in histological sections (Figure S1C). Potassium perruthenate (KRuO4)  treatment, which oxidizes 5hmC to 5fC (Booth et al., 2012), specifically abolished 5hmC IF signals (Figure S1D). Conversely, sodium borohydride (NaBH4), which reduces 5fC to 5hmC (Booth et al., 2012), abolished 5fC IF signals (Figure S1E). We then carried out IF analysis for each of the oxC-marks, which confirmed the LC-MS/MS results: While 5mC and 5fC clearly stained nuclei at ZGA (st9), 5hmC and 5caC IF signals were close to background (Figure 1B-C), only appearing from organogenesis onwards (Figure S1C). 5fC-positive nuclei were specifically found in the animal hemisphere, unlike 5mC-positive nuclei that were equally distributed between the animal and vegetal hemispheres (Figure 1B). The animal hemisphere gives rise to most of the embryo proper, while the vegetal hemisphere develops into endoderm. 5fC-positive cells became more homogeneously distributed at gastrula and early neurula (st10-13; Figure S1F). No 5fC signals were observed before ZGA (st7, Figure 1D), confirming that 5fC specifically accumulates upon ZGA in Xenopus. 
Close inspection revealed that 5fC nuclear staining at ZGA was not uniform, unlike 5mC staining, but instead showed marked enrichment in one or two foci, which were often crescent-shaped (Figure 1C-D). 5fC foci gave way to uniform staining during gastrula stages and disappeared by neurula (st13; Figures 1D; S1G). 5fC foci were also observed with an independent 5fC antibody (Figure S1H), while no foci were observed for 5hmC or 5caC.  
To be visible as a chromocenter, 5fC must accumulate massively in this nuclear compartment. To distinguish whether the 5fC chromocenter represents a single genomic locus or is composed of loci on different chromosomes coalescing in interphase nuclei, we stained metaphase chromosomes. While 5mC distributed homogenously, 5fC signals distributed discretely across chromosomes during metaphase, with ~30% of chromosomes showing 5fC punctae (Figure 1E). An average of ~ 40 foci per metaphase spread was observed, mostly consisting of very small foci of below 0.1 µm diameter and few larger ones (> 0.15 µm) (Figure S1I). Thus, the 5fC chromocenter is composed of genomic loci residing on different chromosomes, which are coalescing in interphase nuclei to form a single compartment. 
[bookmark: _CTVP0017e62e74ce0b74125a3f9eb89720797de][bookmark: _CTVP0012ca83ea10d7544099ce3858cf0a90868][bookmark: _CTVP00109ae830fbbbb45f5b09b32d67687bf7c]One such nuclear compartment of coalescing loci is the nucleolus, hence we carried out co-IF for 5fC and the nucleolar marker xNopp180 (Schmidt-Zachmann et al., 1984) in ZGA (st9) embryos (Figure 1F, top). Interestingly, the 5fC chromocenter located not in- but directly adjacent to the nucleolus, at the perinucleolar compartment (PNC). The PNC is a dynamic structure highly enriched in RNA-binding proteins and newly transcribed RNA, peripherally associated with the nucleolus (Huang et al., 1998). Importantly, it is known that Pol III target genes such as tRNAs, 5S rRNA, U6 snRNA that reside on different chromosomes, are coalescing in the PNC along with their transcripts (Matera et al., 1995; Thompson et al., 2003; Norton et al., 2009; Németh et al., 2010). Co-IF showed that Pol III, like 5fC, localizes adjacent to the nucleolus (Figure 1F, middle; 1G) and that Pol III colocalizes with the 5fC chromocenter (Figure 1F bottom; 1G-H). Collectively, the IF experiments indicate that the 5fC chromocenter corresponds to the Pol lll-rich PNC during ZGA.  

5fC marks Pol III bound tRNA genes during ZGA
To characterize the genomic localization of 5fC, we carried out DNA immunoprecipitation-sequencing (DIP-seq) with 5mC, 5hmC, 5fC, and 5caC antibodies using genomic DNA from X. tropicalis embryos harvested at ZGA (st9). We confirmed antibody specificity of the IPs: Firstly, modified amplicons containing each methyl- and oxC mark were spiked into the genomic DNA before pulldown. Subsequent DIP-qPCR showed modification-specific amplicon precipitation (Figure S1J). Secondly, we carried out LC-MS/MS for each of the oxC-marks with input and pulldown samples and found the expected enrichments for modified cytosines (Figure S1K).   
[bookmark: _CTVP001bfafc71d669c486e91272b796e17ba25][bookmark: _CTVP0011143ff8ef2124ee5bb6dac1e0dc187a5]DIP-seq reads were aligned to the X. tropicalis genome without excluding multi-mapping reads to allow analysis of both unique and repetitive sequences (Dreszer et al., 2011; Papin et al., 2017). Globally, 5hmC correlated with 5caC, while 5fC and 5mC signatures were distinct (Figure 2A). Quantification of DIP-seq peaks (Suppl. Table 1)  showed that 5fC peaks overlap mostly with 5mC, rather than 5hmC or 5caC (Figure S2A), consistent with previous observations (Shen et al., 2013). The genomic distribution of all cytosine modifications was similar between 5’UTR, 3’UTR, exon, intron, intergenic regions, promoter and downstream sequences of coding genes (Figure S2B). However, unlike 5hmC and 5caC peaks, 5mC and 5fC peaks were enriched in non-coding RNA genes (Figure S2C), particularly Pol III target genes (henceforth termed 'Pol III genes'), e.g. 5S rRNA, U6 snRNA, and tRNAs (Figure 2B-C; S2D-E). Focusing on regions of high oxC mark density, we found that 5fC peaks selectively clustered over tens of kilobases at Pol III genes (Figure 2D; S2F; Suppl. Table 1). 5fC enrichment at Pol III genes, notably tRNA gene repeats, was also observed using only uniquely mapping reads, but at expectedly lower levels (Figure S2G). 
[bookmark: _CTVP0018fa458bc209e46b1a6950b35e77d812f]To confirm 5fC accumulation at Pol III genes, we carried out DIP-qPCR in X. tropicalis embryos across different stages (Figure 2E; S2H). Before ZGA (st7), 5fC signals were undetectable. At ZGA (st9) 5fC robustly occupied Pol III targets (tRNA-Ile, U6 snRNA, 5S rRNA) (Figure 2E; S2H). 5fC signals at Pol III genes gradually decreased by neurula (st13) and were absent by organogenesis (st32). Pol II (chordin) and Pol I (5.8S, 18S and 28S rRNA) genes were lowly occupied by 5fC (Figure 2E; S2H). Similar to 5fC, 5mC occupancy was induced at ZGA as reported (Bogdanovic et al., 2011). 5hmC and 5caC were at background levels at all tested loci. Thus, 5fC massively accumulated in ZGA and early gastrula by three orthogonal approaches: LC-MS/MS (Figure 1A), PNC chromocenter staining (Figure 1B-D), and 5fC DIP (Figure 2E).  
[bookmark: _CTVP0015bf8012e003747ecb7476e926dbec5c3][bookmark: _CTVP001f43082863f1e48b7944187134090478c]To correlate 5fC-clusters with Pol III occupancy, we generated a Pol III (subunit RPC6) ChIP-seq data set for ZGA (st9) embryos. We found 1,419 Pol III sites, which included the majority of known Pol III genes, including 49 % of tRNA genes (Suppl. Table 2). Unlike 5hmC and 5caC, 5fC preferentially occupied long Pol III peaks (Figure S2I), notably at tRNA genes (Figure 2F). Pol III distribution across different tRNA genes was relatively homogeneous compared to 5fC occupancy, which was very heterogenous, with a predominance on initiator tRNA (tRNA-iMet) gene followed by tRNA-Gly and tRNA-His genes (Figure 2G). Interestingly, tRNA-iMet encodes the rate limiting tRNA for cell growth (Kolitz and Lorsch, 2010). Concordantly, 5fC peaks were also enriched on tRNA genes corresponding to ‘optimal’ codons (Figure 2H), which promote transcript stability and favor expression, while non-optimal codons promote RNA clearance (Bazzini et al., 2016; Mishima and Tomari, 2016). A small fraction of 5mC peaks overlapped with tRNA genes, while 5hmC and 5caC were almost absent.  
We conclude that at ZGA, 5fC is uniquely enriched on Pol III occupied tRNA genes and correlates with tRNA features (tRNA-iMet, optimal codons) that promote protein biosynthesis. 

5fC marks active tRNA tandem repeat genes during ZGA 
[bookmark: _CTVP001f7edf8ece30b44b6ac7557b651fcb7c0]A characteristic feature of the 5fC peaks on Pol III genes was their clustering along tens of kilobases (Figure 2D, S2E). These 5fC-marked clusters represent oocyte-type tandem-repeat tRNA genes, which are distinct from the low copy-number, somatic type homologs. Oocyte-type tRNAs exhibit two waves of expression (Andrews et al., 1991). The first wave occurs during oogenesis, followed by a second prominent ‘ZGA-wave’ which initiates at ZGA and ceases by early neurulation, when low copy number, somatic type tRNA genes continue to be transcribed. 
[bookmark: _CTVP00175b2f7ecbb4e4b12be33eeabd784a243][bookmark: _CTVP001dc6e734bb22845ccac958786c11e5287][bookmark: _CTVP00160d66717a9ba4b6dbc5ea3fb023f67b9][bookmark: _CTVP001be76eb8dab9d40aba5e4b47f7f145e16]Since 5fC accumulated at oocyte-type tandem repeat tRNA genes, we examined their location relative to chromatin marks. We centered the metaplots on 5fC and analyzed Pol III occupancy and previously established chromatin marks (Hontelez et al., 2015) (Figure 3A). At ZGA (st9), 5fC-associated tRNA genes were broadly occupied by Pol III, as well as by active chromatin marks (H3K4me1, p300). Since Pol III occupancy is a direct proxy of Pol III-dependent transcription and target gene expression (Barski et al., 2010; Moqtaderi et al., 2010; Oler et al., 2010)(Orioli et al., 2016), this Pol III profile suggests ongoing transcription of these tandem array tRNAs, as expected at ZGA. Chromatin profiles of 5fC and 5mC  were similar (compare Figure 3A vs. Figure S3A) but a distinguishing feature of 5fC peaks was that a fraction of the repressive H3K9me3 marks were offset by ~1.5 kb from the 5fC peak center (Figure 3A). Note that in Xenopus, 5mC becomes a repressive mark only after gastrula stage (Bogdanovic et al., 2011). 
[bookmark: _CTVP00165c3cdd763c94ee2970bc1a2aedea665][bookmark: _CTVP001ba7654df3271444293b0ef9e8e0eceb3]Metagene profiles zooming in- and centering on tRNA genes confirmed that at ZGA, 5fC peaks coincided with high Pol III occupancy and showed a local sink of histone marks over the tRNA genes (Figure 3B). The 5fC profile peaked around the B-box (Figure S3B), a CpG-containing promoter element bound by transcription factor IIIC (TfIIIc) (Kirkland et al., 2013). TFIIIC is a multisubunit general transcription factor that recruits Pol III to promote tRNA and 5S rRNA transcription (Graczyk et al., 2018). 
[bookmark: _CTVP001019beb469b6c4891af79e54135dacdd9]As embryonic development proceeded, active marks progressively yielded to repressive marks (H3K9me3, H3K9me2, H4K20me3) (Figure 3C-D). For example by st16, p300 signals were almost lost, while H3K9me3 and H4K20me3 strongly increased (Figure 3D). We conclude that at ZGA, 5fC-rich tRNA genes in oocyte-type tandem repeats are transiently marked by active chromatin, which ceases by neurula stage, consistent with the reported Pol III gene ‘ZGA expression wave’ (Andrews et al., 1991). U6 snRNA gene repeats also featured pronounced 5fC peaks (Figure S3C) while Pol I genes were not enriched for any tested cytosine modifications (Figure S3D). 
[bookmark: _CTVP001e7a70530f1a74933a31bd45d47a5cdd0]One prominent oocyte tRNA gene cluster in X. laevis expressed during the ZGA-wave (Clarkson and Kurer, 1976; Müller et al., 1987), has a 143 kb-sized homolog in X. tropicalis. The 143 kb cluster contains arrays of ~3 kb repeats, composed of two tRNA-iMet genes followed by single copies for five other tRNAs (Tyr, Lys, Leu, Ala, Asn), tandemly repeated 42 times (Figure 3E-G). At ZGA, this cluster featured mostly active marks (H3K4me1, H3K4me3, p300) (Figure 3E-F). While Pol III occupied each of the seven tRNA genes, a prominent 5fC peak located on the two tRNA-iMet genes (Figure 3F; line ‘L1’; Figure 3G). Major 5mC peaks were offset by 1.4 kb from the tRNA-iMet 5fC peaks, coincident with high H3K9me3 and low Pol III occupancy (Figure 3F; line ‘L2’; Figure 3G). A similar epigenetic profile was observed for a tRNA-Gly tandem array, where 5fC correlated with Pol III and p300 but anti-correlated with H3K9me2 and H3K9me3 (Figure S3E). 5hmC and 5caC signals were at background levels for both tandem arrays. 
[bookmark: _CTVP001793fb69165854882b725a7d70a894f47]We analyzed base-resolution DNA methylation data for the oocyte tRNA gene cluster using a published resource (Bogdanović et al., 2016). There was a good match with our DIP-seq methylation profile (Figure S3F). All tRNA genes of this cluster were heavily methylated both at early and advanced embryonic stages. This observation echoes the ~400 mammalian tandemly arrayed ribosomal RNA gene repeats in the nucleolus, of which ~50% are constitutively hypermethylated even in metabolically highly active cells (Zillner et al., 2015).  
[bookmark: _CTVP001bd42cae446dc4f569a8d667ed4036909][bookmark: _CTVP00148c1871b0b54476d91759356cbfd1655][bookmark: _CTVP001d4314d434fb04567a7508136479225a0]Zooming into the tRNA-iMet and tRNA-Gly loci, all CpGs were methylated between 85-95% (Figure 3H, S3F). Next, we generated 5fC base-resolution data using methylation-assisted bisulfite amplicon sequencing for selected loci (MAB-seq, Neri et al., 2016). All genic and intergenic CpGs of tRNA-iMet and tRNA-Gly loci were formylated between 5-17%, including at the B-box, while gapdh was devoid of 5fC (Figure 3H, S3G). Note that these 5fC levels are underestimates since both the DNA methylation and formylation data derive from whole st9 blastula embryos, i.e. including chromocenter-negative vegetal halves, effectively diluting the 5fC signal by at least ~twofold. The tRNA 5fC levels align with those of mouse embryonic stem cells, known for high 5fC levels that average ~8-20% at statistically significant loci (Booth et al., 2014 , Neri et al., 2015).    
We conclude that at ZGA i) 5fC occurs in the absence of other oxC modifications on tRNA oocyte-type tandem repeat genes, and ii) they are anti-correlated with the repressive mark H3K9me3 but positively correlated with Pol III occupancy. 
5fC promotes Pol III binding to tRNA genes at ZGA
[bookmark: _CTVP001561d82394df0482580c4507b94fcebce][bookmark: _CTVP0019df8eda096cd486aa14732572686e5b9][bookmark: _CTVP00127878be41b5442dfb494713581127ef4][bookmark: _CTVP001119632b37c8e439f81376543c1583fcf][bookmark: _CTVP0015aaa14dce0504c93ab92d6055aa3d36a][bookmark: _CTVP00153d658c5d6734be7bdd1521a611e2c4b][bookmark: _CTVP001d8cd2cc0e12b44389510f7d4d62df8cb]To investigate the role of 5fC on Pol III binding at ZGA, we manipulated Tet2 and Tet3 expression. Tet2 and Tet3 are expressed during early Xenopus development (Xu et al., 2012), while a Tet1 orthologue is absent in Xenopus (Xu et al., 2012; Bogdanović et al., 2016).  We carried out knockdown (KD) experiments with Tet2 and Tet3 in X. tropicalis antisense Morpholino (Mo) approaches. Of note, adequately controlled Mo are a broadly used research tool in model organisms such as Xenopus harboring large stores of maternal RNAs that escape CRISP/Cas9-mediated genome editing (Blum et al., 2015). The here employed Tet3 Mo was previously characterized (Xu et al., 2012; Schomacher et al., 2016). For Tet2 Mo we conducted rescue experiments employing Mo-resistant Tet2 mRNA co-injection to validate specificity (Figures S4A-B). Knockdown of Tet2 induced lethality during gastrulation in ~70% of embryos (Figure 4A-B). Knockdown of Tet3 showed milder phenotypes, with surviving embryos displaying microcephaly, as reported previously (Xu et al., 2012; Schomacher et al., 2016). Tet2/3 double KD led to 100% lethality during gastrulation (Figure 4A-B), as is the case in zebrafish (Bogdanović et al., 2016) and possibly mouse (Arand et al., 2022). 
We conducted Pol III ChIP-qPCR at ZGA (st9), which showed that Pol III selectively occupies 5fC-modified tRNA genes (Gly, iMet, Asp) as opposed to non 5fC-modified tRNA genes (eMet, Thr, Cys) (Figure 4C). Double Tet2/3 Mo KD, which reduced global 5fC levels (Figure S4C), led to reduced Pol III binding to 5fC-modified tRNA genes, while Pol II and Pol I target genes were unaffected (Figure 4C). Conversely, Tet2/3 mRNA overexpression (OE), induced global 5fC (Figure S4D) and promoted Pol III binding to 5fC-modified tRNA-iMet and U6 snRNA genes (Figure 4C). Low-level Pol III binding to tRNA genes displaying little 5fC (eMet, Thr, Cys) as well as to Pol II or Pol I target genes remained unchanged. We also analyzed the binding of TfIIIc (alpha subunit), the Pol III transcription factor that recognizes the B-box. Similar to Pol III, TfIIIc occupied 5fC-rich Pol III tRNA genes at ZGA (Figure 4D). This was specific to ZGA, as both Pol III and TfIIIc occupancy was more homogeneous across tRNA genes by late neurula (st18) (Figure S4E-F). Notably, as for Pol III, TfIIIc occupancy at 5fC-rich target genes was significantly reduced upon Tet2/3 KD (Figure 4D).
[bookmark: _CTVP0019189247bb6a84c809c14416925b9c0e1][bookmark: _CTVP001df969ff044af4285b502f79adc38662e][bookmark: _CTVP001e0719aa17dbf41e9a1dbffca3293a760][bookmark: _CTVP00155d044db16a44cb4bffd53e117f69c1b][bookmark: _CTVP001b1998883508e45569e060d1a08151782]The requirement of Tet2/3 for Pol lll and TfIIIc binding at ZGA could be due to different reasons. First, TETs can act as direct transcriptional repressors (Williams et al., 2011) and hence they could be essential for Pol lll recruitment and gene expression at ZGA in a manner unrelated to their catalytic role (e.g. repression of a Pol III repressor). Second, the Tet2/3 requirement for Pol lll recruitment may reflect an essential role of 5fC at Pol lll targets, either as DNA demethylation intermediate or as instructive regulatory mark. To distinguish between these possibilities we manipulated Tdg in Xenopus, the enzyme that is essential for removing 5fC during active DNA demethylation  (He et al., 2011; Maiti and Drohat, 2011). In Xenopus, Tdg expression starts only during gastrulation and there are no maternal transcripts (www.xenbase.org) or protein (Slenn et al., 2014). Accordingly, Tdg KD using an established antisense Mo (Schomacher et al., 2016), led to pronounced accumulation of 5fC and 5caC in tailbud stage but not ZGA stage embryos (Figure S4G). Unlike Tet2/3 morphants, Tdg morphants passed through ZGA, gastrulation, and neurulation, and displayed axial defects only at tailbud stages (Figure S4H), similar to mouse Tdg null embryos, which die at midgestation (Cortázar et al., 2011).  
[bookmark: _CTVP001cad9e1bf70ae4f2c8030b4fb08ce986d]To specifically eliminate 5fC, we forced 5fC excision by microinjection of human TDG mRNA, which reduced 5fC levels to half (Figure S4I) and induced embryonic lethality and gastrulation defects, observed as a cellular mass extruding from the blastopore in late gastrula (st12) (Figure 4E-F). TDG OE also delayed gastrulation as indicated by retarded blastopore closure (Figure 4E, G). OE of the catalytically inactive TDGN140A (dTDG) (Hardeland et al., 2000) (Figure S4J), did not interfere with gastrulation (Figure 4E-G), despite higher expression (Figure S4K) and merely reduced pigmentation in tadpoles (Figure S4L). 
We then tested the effect of TDG OE on Pol III binding by ChIP-qPCR. TDG OE reduced Pol III binding by 50% at 5fC-modified tRNA genes, while dTDG had no effect (Figure 4H). TDG OE did not affect low level Pol III binding to Pol II and Pol I target genes (Figure 4H) nor Pol II binding targets (Figure S4M). This key result supports that it is the presence of 5fC at target loci rather than their demethylation, which is essential for Pol III engagement at ZGA. 

5fC promotes tRNA transcription during ZGA
[bookmark: _CTVP001d29584ba6b4c424fb38a2f52ab04aa65]Since Pol III occupancy is a direct proxy of ongoing transcription and was reduced following 5fC loss, we next probed directly whether 5fC promotes tRNA transcription at ZGA. We used Northern blot analysis to quantify X. tropicalis tRNA transcripts since endogenous tRNAs are heavily chemically modified, which renders their qPCR and RNA-seq analysis challenging. Further, to discriminate between maternally provided vs. newly transcribed tRNA, we employed α-amanitin to acutely inhibit Pol III at ZGA (Chen et al., 2019). Treatment of st9 embryos with α-amanitin completely removed U6 snRNA transcripts (Figure 5A), indicating low levels of maternal U6 snRNA. By contrast, α-amanitin reduced levels of tRNA-iMet and tRNA-Gly by only ~25-30% (Figure 5B and S5A), indicating large maternal tRNA stores and gauging the fraction of newly transcribed tRNA. Next, to reduce 5fC, we either injected embryos with Tet2/3 Mo to inhibit 5fC synthesis or with TDG mRNA to force 5fC excision. Tet2/3 Mo reduced tRNA-iMet and tRNA-Gly transcript levels at st9 by 20%, a reduction comparable to that afforded by α-amanitin (Figure 5B and S5A). TDG OE reduced both tRNA transcript levels to a similar extent, albeit somewhat later than Tet2/3 KD, at early gastrula (st10) (Figure 5B and S5A), possibly because Tet KD acts more acutely by preventing 5fC accumulation in the first place. Unlike TDG, dTDG did not reduce tRNA-iMet or tRNA-Gly transcripts (Figure S5B), supporting that is the catalytic activity of TDG that impairs tRNA transcription. Neither Tet2/3 Mo nor TDG OE reduced levels of other Pol III target transcripts (U6 snRNA, 5S rRNA; Figure S5C-D), supporting that 5fC specifically promotes tRNA gene transcription. 
To analyze the role of Tet proteins on global gene expression, we analyzed the transcriptomes of ZGA stage (st9) embryos injected with Tet2/3 Mo. In Tet2/3 Morphants, expression of 2,876 genes changed significantly (5% FDR), with about equal number up- and downregulated genes (Figure 5C, Suppl. Table 3). Gene Ontology (GO) enrichment analysis of the upregulated genes revealed terms related to protein biosynthesis (e.g. ‘mRNA splicing’, ‘translation’) with high significance. Downregulated genes showed one enriched term related to protein degradation (Figure 5D), and concordantly the top downregulated gene psmb7 encodes a proteasomal subunit. This gene expression signature is consistent with Tet2/3 deficient embryos upregulating protein biosynthesis by increasing translation while decreasing protein degradation, possibly a compensatory reaction to tRNA deficiency.   
[bookmark: _CTVP001b0d252bcf45d4c76b801d9e02d1c3f0b][bookmark: _CTVP001bae920e620fa4d898cc343da0e2016b7][bookmark: _CTVP0010a25eb5795d34853967975b24613f5cb]Finally, we directly tested the ability of 5fC to promote tRNA transcription using a strand-exchange (SE) transgene approach (Lühnsdorf et al., 2012). In brief, we subcloned tRNA-iMet into a plasmid and using nicking endonucleases excised the non-coding (template) tRNA-iMet strand (92 nt) and replaced it with a synthetic oligonucleotide carrying a desired cytosine modification at two sites (Figure 5E). The two modified cytosines were placed inside and directly downstream of the B-box, as B-box formylation was observed in vivo. We then microinjected one-cell stage X. laevis embryos with plasmids that either did not undergo strand exchange (‘No SE’) or SE-plasmids carrying unmodified (C), methylated (5mC), or formylated (5fC) cytosine. Of note, chemical synthesis of 5hmC-modified B-box oligonucleotides failed repeatedly and hence 5hmC modification could not be analyzed. Embryos were harvested at different stages for quantification of tRNA-iMet levels by qPCR. Both tRNA-iMet controls (‘No SE’ and unmodified ‘C’) showed expression at early gastrula (st10) but neither at ZGA onset (st8) nor at mid-gastrula (st11) (Figure 5F), consistent with wave-like transcription of oocyte-type tRNA genes specifically around ZGA. 5mC-modified tRNA-iMet showed the same temporal profile and comparable expression level to the unmodified transgenes, consistent with the report that DNA methylation is not transcriptionally repressive in early Xenopus embryos (Bogdanovic et al., 2011). In contrast, the 5fC-modified transgene showed 6-fold increased tRNA-iMet levels compared to controls, and this induction was also restricted to early gastrula. While the average expression increase was robust and statistically highly significant, it was variable between embryo batches. We reasoned that the variability may be due to the site of microinjection. Indeed, we observed an average 20-fold 5fC-induced tRNA-iMet expression when plasmid microinjection aimed centrally at the animal pole, while vegetal pole microinjection yielded only negligible expression (Figure 5G). This dramatic animal-vegetal difference echoes our observation that 5fC chromocenter nuclei occur only in cells located in the animal- but not the vegetal hemisphere (Figure 1B) and the reported animal-vegetal gradient of ZGA gene expression in Xenopus embryos (Chen et al., 2019). 
To further corroborate the specificity of 5fC-induced tRNA-iMet expression, we pre-treated SE plasmids with recombinant TDG to remove 5fC. LC-MS/MS verified 90% 5fC removal upon TDG treatment (Figure S5E-F). Consistently, TDG treatment reduced tRNA-iMet expression to control levels (Figure 5H). Taken together, the observation that two formylated cytosines in a hemi-modified B-box suffice to induce tRNA gene expression in vivo, provides direct, unequivocal evidence that 5fC acts as an activating mark for Pol III at ZGA.
 
5fC enrichment on tRNA genes is conserved in mouse
[bookmark: _CTVP001d2a4b1e2998143bb9ded7d4bb823b753][bookmark: _CTVP0015dbc43ed5a524e0f87fb9f83efec77ee][bookmark: _CTVP001a5eadb4fbfe14799810bfa49cab0271f]To investigate whether the occurrence of transient Pol III 5fC chromocenters is evolutionary conserved, we carried out IF analysis on mouse pre-implantation embryos. We validated 5fC antibody specificity in TET1,2,3 triple mutant mouse embryonic stem cells (Dawlaty et al., 2014); Figure S6). The paternal mouse pronucleus (PN) is known to specifically stain positive for 5fC, consistent with its undergoing genome-wide DNA demethylation (Inoue et al., 2011; Zeng et al., 2019). We confirmed robust 5fC immunostaining of the paternal PN and weak staining of the maternal PN (Figure 6A). Close inspection revealed that the paternal 5fC staining pattern was not uniform but occurred in puncta in late stage (PN4/5) zygotes, when the minor ZGA occurs (Bouniol et al., 1995; Aoki et al., 1997; Abe et al., 2018). Importantly, the majority of the 5fC chromocenters in PN4/5 zygotes also stained positive for Pol III (Figure 6A, C). 5fC chromocenters were transient and disappeared by the 2-cell stage (major ZGA) giving way to homogenous signal, similar to Pol III staining (Figure 6A, D).  
[bookmark: _CTVP0012cf93e60118b473896f0baedd31cfb0a]To confirm that 5fC chromocenters and their Pol III colocalization are a feature unique to this DNA modification, we analyzed 5mC and all three oxC-marks in PN4/5 zygotes (Figure 6B). 5mC was only detectable in the maternal PN, consistent with the genome-wide loss of DNA methylation occurring in the paternal PN upon fertilization (Mayer et al., 2000). While 5hmC signals accumulated in both pronuclei, 5caC staining was mainly detectable in the paternal PN. However, except for 5fC, none of the other cytosine marks showed punctae colocalizing with Pol III. We conclude that as in Xenopus, 5fC forms transient chromocenters during minor ZGA, which specifically colocalize with Pol III.  

Discussion
The two main conclusions of this study are that i) transient 5fC chromocenters build up during  Xenopus ZGA and ii) the 5fC modification functions as an activating mark on tRNA genes to promote their expression during Xenopus zygotic reprogramming. The observation of 5fC-Pol III chromocenters also in mouse zygotes suggests evolutionary conservation. Thus, our study answers the longstanding question in the DNA demethylation field whether 5fC has a biologically relevant role of its own by demonstrating that it acts as an instructive, gene-activating mark in Xenopus. 

5fC is an activating mark in ZGA tRNA expression 
[bookmark: _CTVP00185366d1ad7ab4b838293d40cabd2f0c3][bookmark: _CTVP0015057f5306da4432894b7131ca9e8d7e5][bookmark: _CTVP00137685f9002c24aba87f209068bffb5c5][bookmark: _CTVP0014122c5dda5794036ac45b3ec067e8732][bookmark: _CTVP001e99333ecc06648dcae94bd65e7772836][bookmark: _CTVP001b5d956deb8054f3896f6c2bce818dae1]Xenopus embryos offered a unique opportunity to analyze the regulatory role of 5fC: This mark accumulates at ZGA to exceptional levels in the PNC, at a stage when 5mC-mediated gene silencing is still dormant (Bogdanovic et al., 2011), Tdg is absent (Slenn et al., 2014), and where the analysis of Pol III gene regulation is greatly sensitized by the occurrence of amplified tandem tRNA clusters. The PNC occurs in diverse cell types, from yeast to human, where it is prevalent in cancer cells (reviewed in (Pollock and Huang, 2010). It is the site of Pol III gene transcription and is enriched in Pol III-transcribed RNAs (Matera et al., 1995; Thompson et al., 2003; Norton et al., 2009; Németh et al., 2010). In Xenopus oocytes, nuclear bodies containing Pol III target loci were described to be attached to lampbrush chromosomes (Nizami and Gall, 2012). The PNC is a dynamic, probably phase-condensed compartment, like the nucleolus with which it associates. For example, the PNC depends on Pol III transcription and Pol III inhibitors cause its rapid disassembly (Wang et al., 2003). The PNC in Xenopus embryos stains positive for Pol III and 5fC. Concordantly, genomic profiling revealed 5fC accumulation at oocyte-type Pol III tandem array genes, notably tRNAs.  
[bookmark: _CTVP001d84373305dc74d0c8c47d653713fd841][bookmark: _CTVP0012100daff28514cbe8d1faafbd8c54579]Several lines of evidence indicate that 5fC functions as epigenetic mark promoting Pol III transcription at these loci in Xenopus: 1) 5fC becomes detectable at ZGA and ceases by late gastrulation, coinciding with the ZGA-wave of transcription of oocyte-type Pol III tandem array genes (Andrews et al., 1991). 2) 5fC peaks are enriched on tRNA genes with ‘optimal’ codons, which promote transcript stability. 3) tRNA-iMet, the rate limiting tRNA for cell growth (Kolitz and Lorsch, 2010), shows the highest 5fC occupancy. 4) within tRNA loci, 5fC peaks are anti-correlated with the repressive mark H3K9me3 and positively correlated with Pol III occupancy. 5) impairing 5fC synthesis by Tet2/3 KD reduces Pol III- and TfIIIc binding to target genes and tRNA expression. 6) lowering 5fC levels by TDG OE impairs Pol III binding to tRNA genes and inhibits their expression instead of activating them, supporting that 5fC does not act as demethylation intermediate. Indeed, DNA demethylation may not even be necessary in the first place because early Xenopus embryos lack the gene-repressive effect of 5mC (Bogdanovic et al., 2011).  7) As key direct evidence, we show that chemical 5fC modification stimulates expression of tRNA-iMet in a manner that is both region- and stage-specific in the embryo.     
We note that there is a curious, threefold coincidence of the formyl moiety associated with iMet. First, we find that DNA coding for tRNA-iMet shows the highest 5fC occupancy. Second, 5fC is also a unique RNA modification of mitochondrial tRNA-iMet that promotes mitochondrial translation (van Haute et al., 2017). Third, N-formyl-methionine is the modified translation-initiating amino acid in bacteria and in eukaryotic organelles, such as mitochondria and chloroplasts (Sherman et al., 1985). Thus, the addition of a formyl moiety to DNA, RNA, and protein is associated with protein biosynthesis, suggesting co-evolution relating to methionine- and one-carbon metabolism that regulates all three biopolymers. 
[bookmark: _CTVP0017307a0438c8c42b7b3c3755e4f26be4b]How are 5fC and hence TET enzymes targeted to Pol III genes? High 5fC density at tRNA clusters implies that its precursor 5mC must also cluster at these loci, which is what we observe (Figure 3, S3F). DNA methylation starts sharply during ZGA (Bogdanovic et al., 2011) and this work), thus it is conceivable that Tets are attracted to high 5mC density at tandem array tRNA genes set by DNA methyltransferases. However, high 5mC density alone cannot explain the animal-vegetal 5fC differences nor preferential formylation of certain tRNA genes (iMet, Gly) and hence there must be additional determinants.  
[bookmark: _CTVP001d69eaa09bb544261830b47bfffd3f9e3][bookmark: _CTVP001dfca994b924e4494ad26e1decdcbd998][bookmark: _CTVP00158454174f61f4cf9be342ffd7ee43fdc][bookmark: _CTVP001e967d322f8504f06a8bb9b22dacc5d45][bookmark: _CTVP001c60d5c10c522477497bed9037a50aafd]How is the transient deposition of 5fC on Pol III targets regulated? At ZGA, 5fC accumulates while 5hmC remains low and in the near absence of 5caC. The genomic signature of 5fC correlates with that of 5mC. The accumulation of 5fC is highly unusual, since typically 5hmC is more prevalent than 5fC and 5caC and TET enzymes rather tend to stall at 5hmC marks (Ito et al., 2011; Hu et al., 2015). While e.g. SALL4A was shown to bind 5hmC and facilitate its oxidation (Xiong et al., 2016), it would remain unclear in such a scenario what prevents Tet enzymes to process 5fC further to 5caC. Furthermore, for 5fC to accumulate, it must be protected from Tdg action, which is consistent with Xenopus Tdg appearing only after ZGA (st9) (Slenn et al., 2014). Similarly in mouse, Tdg mRNA is not detected in 2-cell stage embryos (Huang et al., 2017) and Tdg deficiency does not affect zygotic DNA demethylation (Santos et al., 2013; Guo et al., 2014), suggesting that absence of TDG protein before ZGA is conserved. Thus, transient 5fC accumulation at Pol III sites at ZGA (st9) and early gastrula (st10) implies that Tet enzymes act in a highly regulated fashion, neither stalling at 5hmC, nor proceeding to 5caC, before Tdg is expressed and removes the mark. Taken together, these results support a model (Figure 6E) where during zygotic genome reprogramming full activation of Pol III target genes, notably tandem array tRNA genes, requires 5fC, which serves as an activating epigenetic mark that by an unknown mechanism promotes Pol III and TfIIIc recruitment. At the end of gastrulation, oocyte-type Pol III targets are silenced as DNA methylation marks become repressive, 5fC is lost upon tdg expression, and repressive histone marks accumulate.     
[bookmark: _CTVP001141c2067f431492f9cb97f65ba288315][bookmark: _CTVP001366cd537578b4e79af318c0494b93d0e][bookmark: _CTVP0011ed07e88ef7c4d359dcbcc1a47679e10]What may be the mechanism whereby 5fC promotes Pol III binding? 5fC may be recognized by a reader protein, e.g. a transcription factor or it may repel an inhibitor of Pol III transcription. However, the broad 5fC distribution across gene body and intergenic regions as well as the moderate 5fC levels at individual CpGs argue against a very position-specific reader effect. 5fC may regulate nucleosome positioning (Raiber et al., 2018) but 5fC peaks were rather depleted of histones, consistent with the finding that gene bodies of active tRNA genes are nucleosome-free (Helbo et al., 2017). On the other hand, even a single copy of 5fC within 90 bp of DNA increases DNA flexibility and bendability (Ngo et al., 2016), which may assist transcription factor recognition.  Hence, the DNA structure, rather than the formylated cytosine per se, may facilitate TfIIIc/Pol III engagement without a 5fC reader.  
The role of 5fC in mouse zygotes
[bookmark: _CTVP001948a1b03518743e8a00996a509d6a916][bookmark: _CTVP001aa8d185d639a4b03a89e44a8dfaf6b50][bookmark: _CTVP0012248a8877e754ef492c8706ed9ed72a6][bookmark: _CTVP0017b81f0926fb44157b966e87e3d059ff7]As in Xenopus ZGA, during mouse minor ZGA, 5fC foci colocalize with Pol III. The observation of 5fC-Pol III chromocenters in mouse zygotes support that an activating function of 5fC on tRNA expression may be evolutionary conserved. These observations are suggestive for a conserved function of 5fC in Pol III gene regulation in mouse ZGA. However, unlike TET-deficient Xenopus and zebrafish embryos (Bogdanović et al., 2016), Tet DKO and TKO mouse embryos can develop several days past ZGA and die only during gastrulation, albeit with altered expression of a few hundred genes at preimplantation and blastocyst stages (Kang et al., 2015; Dai et al., 2016; Cheng et al., 2022). Intriguingly, acute TET KD revealed that Tet1/3 deficient embryos arrest at the 2-cell stage, suggesting a requirement for completion of ZGA that may be compensated in the reported knockout mice (Arand et al., 2022). Since most studies on Tet genes have focussed on Pol II targets, it will be interesting to investigate the role of Tet genes more systematically on Pol III targets, which are so important for cell growth in development and disease, including cancer (Marshall and White; Marshall and White; Yeganeh and Hernandez, 2020). 

Limitations of this study
A 5fC reader on Pol III targets remains unknown. Furthermore, epigenetic marks can carry regulatory memory across cell division, which has not been addressed here. Technical limitations of the study are that Xenopus 5fC sequencing has not been conducted at base-resolution beyond select tRNA genes, although this does not affect the main conclusions. The functional relevance of the 5fC chromocenter in mouse, albeit highly suggestive, remains to be experimentally confirmed.  Our study provides the framework to pursue these and other emerging questions. 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Ethics Statement
X. laevis and X. tropicalis experiments (Landesuntersuchungsamt, reference number 23177–07/A17-5-002 HP), as well as mouse husbandry at the Institute for Molecular Biology (IMB; Haltungsgenehmigung, reference number 41a/177-5865-§11 IMB) and the Translational Animal Research Center (TARC; Haltungsgenehmigung, reference number 41a/177-5865-§11 ZVTE) were approved by the state review board of Rheinland Pfalz, Germany and performed according to federal and institutional guidelines. 

Mouse Embryonic Stem Cells (mESCs) culture
[bookmark: _CTVP0012f9404ed6eb44db783f836ef34c65b84]mESCs clones WT 4 and TET TKO 26 (Dawlaty et al., 2014) were cultured on tissue culture plates coated with 0.1% Gelatin (Sigma) in 2i medium (Neurobasal - DMEM/F-12 medium (Gibco), 1x N2- supplement (Gibco), 1x B27 (Gibco), 2 mM L-Glutamine (Gibco), 1000 U/ml Leukemia inhibitory factor (LIF, Millipore), 100 U/ml Pen-Strep (Gibco), 1 μM PD0325901 (Sigma), 3 μM CHIR99021 (Sigma), 50 μg/ml BSA) at 37°C in 5% CO2 and 20% O2.
METHOD DETAILS
Xenopus embryo fixation and sectioning
X. laevis embryos were fixed in MEMFA (100 mM MOPS pH 7.4, 2 mM EGTA, 1 mM MgSO4, 4% formaldehyde) for 2 hrs at RT and embedded in optimal cutting temperature (OCT) media for cryosectioning. Sections were cut to 12 µm thickness using a Leica CS3050 S cryotome.

Xenopus embryo immunofluorescence staining
Tissue sections were permeabilised with 0.5% Triton X-100 in PBS for 1 hr at RT. For oxC staining, tissue sections were incubated in 4 N HCl for 15 min and neutralised in 100 mM Tris-HCl pH 8.5 for 5 min.  Sections were then blocked in PBT (2 mg/ml BSA (Sigma), 0.1% Triton X-100, PBS) for 1 hr at RT, incubated with primary antibody in PBT overnight at 4oC and washed 5x in PBT for 20 min. 5fC and 5caC primary antibodies were diluted in Pierce Immunostain Enhancer (Thermo Scientific) instead of PBT for signal enhancement. For double immunohistochemistry, primary antibodies were added sequentially. Sections were incubated with secondary antibody in PBT overnight at 4oC, then washed like previously. When both antibodies used were raised in the same species the first primary/secondary was blocked using 5% rabbit non-immune serum (31883, Thermo Scientific) for 1 hr and then incubated with goat anti-rabbit H+L Fab fragments (SAB3700970, Sigma) 1:20 for 1 hr then fixed for 10 min in MEMFA before adding the second primary antibody. DNA was stained with Yoyo1 (Life Technologies) overnight at 4oC, then washed like previously. Sections were mounted with Dako mounting medium (Agilent Technologies). 
Antibody dilutions used as follow: 5mC (MAb-5MECYT-100, Diagnode) 1:5000, 5hmC (39791, Active Motif) 1:1000, 5fC (61227, Active Motif) 1:100, 5fC (74178, Cell Signaling) 1:25, 5caC (61229, Active Motif) 1:100, POLR3F (ab151495, Abcam) 1:100 and xNopp180 (a kind gift from Marion S. Schmidt-Zachmann) 1:100. Secondary antibodies used were Alexa Fluor® 546 goat anti-mouse (A-11030, Thermo Scientific), Alexa Fluor® 647 goat anti-rabbit (A-21244, Thermo Scientific) and Alexa Flour® 546 goat anti-rabbit (A-11010, Thermo Scientific). Imaging was carried out using a Leica TCS SPE and SP5 confocal microscope. 
To validate anti-oxC antibody specificity, control experiments were carried out. 2 µM of 5mC, 5hmC, 5fC or control PCR amplicons or 5caC dNTPs were denatured at 95°C for 10 min, cooled on ice and added to 100 µl antibody mixture for epitope competition experiments. This mixture was then used for immunohistochemistry on st38 X. laevis embryos to outcompete antibody binding. Slides containing st38 X. laevis sections were treated with 1 mM potassium perruthenate (KRuO4) or 40 µM sodium borohydride (NaBH4, Sigma). This was followed by 5hmC and 5fC immunohistochemistry. 

Metaphase chromosome spreads
[bookmark: _CTVP001e94305ee34694eaeae99e8c443627e47]The protocol of (Kieserman and Heald, 2011) was used with modifications: The vitelline membrane and the vegetal pole of st9 X. laevis embryos were removed using forceps. The animal pole was incubated in deionized water for 20 min to dissociate the cells and fixed in 200 µl 60% acetic acid for 5 min at RT. Cells were pelleted at 500 g and resuspended in 20 µl 60% acetic acid. The cell suspension was then dropped onto glass slides from a 1 m height to burst the cells. Spreads were fixed using MEMFA (100 mM MOPS pH 7.4, 2 mM EGTA, 1 mM MgSO4, 4% formaldehyde) for 10 min at RT, followed by immunofluorescence staining. 

5mC, 5hmC, 5fC and 5caC DNA Immunoprecipitation (DIP)
Genomic DNA from st9 X. tropicalis embryos was extracted using the DNeasy Blood and Tissue kit (Qiagen). 15 µg DNA was sheared to ~200 bp using a Covaris S2/E210 focused ultrasonicator. 5 pg of 5mC, 5hmC, 5fC or control unmodified amplicon (see Suppl. Table 4) were spiked in and the samples were brought to 450 μl with nuclease-free water. 5% sample was kept aside as input. DNA was denatured for 10 min at 95°C and cooled immediately on ice. Samples were incubated in IP buffer (10 mM Na-Phosphate pH 7, 140 mM NaCl, 0.05% Triton X-100) and 3 µg antibody overnight at 4oC with overhead shaking. Antibodies used: 5mC (MAb-5MECYT-100, Diagnode), 5hmC (39791, Active Motif), 5fC (61227, Active Motif), 5caC (61229, Active Motif) and IgG (ab46540, Abcam). Dynabeads Protein G (10004D, Thermo Scientific) were pre-washed with 0.1% BSA, PBS and resuspended in IP buffer. 40 μl Dynabeads per sample were added and the samples were incubated at 4°C for 2 hrs with overhead shaking.  Dynabeads were collected in a magnetic rack, washed 3x in IP buffer, resuspended in Proteinase K digestion buffer (50 mM Tris pH 8, 10 mM EDTA, 0.5% SDS) and Proteinase K (0.3 mg/ml final concentration) was added. Samples were incubated for 3 hrs at 50°C and DNA was purified with phenol/chloroform followed by ethanol precipitation. 

Genome-wide 5mC, 5hmC, 5fC, 5caC DIP-sequencing
[bookmark: _heading=h.3whwml4][bookmark: _CTVP0013a30bf3ee1b340339d1e5e319ad73a9c]DIP-sequencing libraries were prepared for single-end samples in triplicates. Library prep was performed with Swift Bioschiences's Accel-NGS 1S Plus DNA Library Kit following Accel-NGS 1S Plus DNA Library Kit Reference Guide (2015) (15-0300, 08/15). Libraries were amplified in 7 PCR cycles for high concentration samples and 10 PCR cycles for low concentration samples, profiled in a High Sensitivity DNA chip on a 2100 Bioanalyzer (Agilent technologies) and quantified using the Qubit dsDNA HS Assay Kit, in a Qubit 2.0 Fluorometer (Life technologies). All samples were pooled in equimolar ratio and sequenced on 4 HiSeq 2500 Rapid Flowcells, SR mode with 59 cycles plus 2x8 cycles for dual index reads. In total 35-68 million reads were generated for each sample. Sequenced reads were first quality checked using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and then aligned over X. tropicalis genome assembly v.7.1 (https://ftp.xenbase.org/pub/Genomics/JGI/Xentr7.1/) using weighted multi-mapping strategy employing bowtie2 v.2.2.7 (http://bowtie-bio.sourceforge.net/bowtie2) with default parameters (Papin et al., 2017). 

Pol III, Pol II and TfIIIc chromatin immunoprecipitation (ChIP)
[bookmark: _CTVP0010e74a7ab6b2d4677aef179b42f87762b]The ChIP protocol employed was previously described (Hontelez et al., 2015). In short, 1,000 X. tropicalis embryos were cross-linked in 1% methanol-free formaldehyde for 30 min at RT. Cross-linking was quenched with 125 mM glycine for 30 min at RT and the embryos were washed twice with 0.3X Modified Barth’s Saline (88 mM NaCl, 1 mM CaCl2, 1 mP MgSO4, 5 mM HEPES pH 7.8, 2.5 mM NaHCO3). Embryos were homogenized in 200 µl sonication buffer (20 mM Tris–HCl pH 8, 70 mM KCl, 1 mM EDTA, 10% glycerol, 5 mM DTT, 0.125% Nonidet P40 and cOmplete EDTA-free Protease Inhibitor Cocktail (Roche)). Chromatin was sheared to ~500bp using a Bioruptor Plus (Diagenode) and centrifuged for 5 min at 16,000 g to remove yolk and pigment. 10% chromatin was kept aside as input control and 100 µl of chromatin was added to 100 µl incubation buffer (50 mM Tris–HCl pH 8, 100 mM NaCl, 2 mM EDTA, 1 mM DTT, 1% Nonidet P40 and cOmplete EDTA-free Protease Inhibitor Cocktail). 5 µg of POLR3F (ab151495, Abcam), Pol II (C15200004, Diagenode), TFIIIC alpha subunit (NBP2-14077, Novus Biologicals) or IgG (ab171870, Abcam) antibody was added and incubated overnight at 4°C with overhead shaking. 50 µl Dynabeads Protein G (10004D, Thermo Scientific) per reaction were blocked with incubation buffer + 0.1% BSA for 10 min at 4oC with overhead shaking. Beads were washed twice in incubation buffer for 5 min at 4oC, chromatin was added and the samples were incubated overnight at 4°C with overhead shaking. Beads were washed sequentially with wash buffer 1 (50 mM Tris–HCl pH 8, 100 mM NaCl, 2 mM EDTA, 1 mM DTT, 1% Nonidet P40, 0.1% deoxycholate, and cOmplete EDTA-free Protease Inhibitor Cocktail), wash buffer 2 (wash buffer 1 +400 mM NaCl), wash buffer 3 (wash buffer 1 + 250 mM LiCl), wash buffer 1 and Tris-EDTA buffer. 200 µl elution buffer (100 mM NaHCO3 pH 8.8, 1% SDS) was added to the beads and incubated for 15 min at RT with overhead shaking. Elution was repeated with additional 200 μl elution buffer. 16 µl 5 M NaCl was added to each elution and input control. Cross-links were reversed by incubating at 65°C overnight with shaking. 

Pol III ChIP-sequencing 
Pol III ChIP-sequencing was performed in triplicates for Pol III and Input samples or in duplicates for IgG samples. ChIP-seq library preparation was performed using NuGEN´s Ovation Ultralow System V2 1-16 (2014). Libraries were prepared with a starting amount of 1 ng of DNA and were amplified in 12 PCR cycles. Libraries were profiled in a High Sensitivity DNA on a 2100 Bioanalyzer (Agilent technologies) and quantified using the Qubit dsDNA HS Assay Kit, in a Qubit 2.0 Fluorometer (Life technologies). All samples were pooled in equimolar ratio and sequenced on 1 NextSeq 500 Highoutput Flowcell, PE mode for 2x 42 cycles plus 7 cycles for the index read. Sequencing generated a total of 35-58 million reads. For mapping and peak calling, we used a similar strategy as used for the DIP-seq analysis.

Xenopus DIP and ChIP-seq data integration and visualization
[bookmark: _heading=h.qsh70q][bookmark: _CTVP0015d2e65b250684633b75334c9b95aef2d]We divided the genome into 1000 bp bins and then calculated coverage using deepTools bamCoverage (https://deeptools.readthedocs.io/). Then 5mC, 5hmC, 5fC, and 5caC replicates were correlated with each other using Pearson correlation and heatmaps were plotted using heatmap.2 function of R-tools package ggplot2 (https://cran.r-project.org/web/packages/ggplot2/). We used BEDTools to count the overlapping DIP-peaks from all four modification marks to plot the Venn diagram and to calculate the overlap of DIP-peaks with various genomic features. We downloaded the RNA pol II gene annotation file as “Xentr7_2_Stable.gff3” from Xenbase (http://www.xenbase.org) and subsequently extracted the exon, intron, 5UTR, 3UTR, promoter, and gene downstream (3 kb) regions using R-tools package GenomicFeatures (https://bioconductor.org/packages/release/bioc/html/GenomicFeatures.html). Those regions that were not covered by the RNA pol II genes annotation, were considered as intergenic. Furthermore, we used a de novo ncRNA annotation (see below) to estimate the enrichment of DIP-peaks over ncRNAs. We estimated the percentage of DIP-peaks correlating with Pol I genes (5.8S, 18S and 28S rRNA), Pol II genes (annotated in Xenbase), and Pol III genes (tRNA, U6, 5S rRNA). For identification of DIP clusters, we used BEDTools mergeBed with the parameters of minimum 4 peaks and maximum 2.5 kb distance from each other. BoxplotR (http://shiny.chemgrid.org/boxplotr/) tool was used to create violin plots. Moreover, we estimated percentage of DIP-peaks over different categories of tRNAs representing optimal or non-optimal codons (Bazzini et al., 2016) using χ2 test. For motif analysis, we used 5fC overlapping Pol III genes using HOMER findMotif (http://homer.ucsd.edu/homer/motif/) tool with manual inspection of consensus pattern.
[bookmark: _heading=h.3as4poj][bookmark: _CTVP001423b506d7df14071967018c08762e6c9]For metaplot analysis, we used published ChIP-seq datasets (https://bigftp.xenbase.org/pub/sequence_information/RIMLS-SVH/ChIP-seq_Feb2015/xt7_1/)  for st9, 10.5, 16 (Hontelez et al., 2015). We calculated normalized read density using deepTools computeMatrix (https://deeptools.readthedocs.io/) and heatmaps were plotted using plotHeatmap. Visualization of bigWig tracks from DIP-seq, ChIP-seq and published datasets was performed on the UCSC genome browser (https://genome.ucsc.edu/) using customized genome profile of X. tropicalis assembly v.7.1. The bigWig browser tracks are generated using deepTools bamCoverage for DIP-Seq datasets using parameters “--normalizeUsing RPKM --extendReads 250” (as per average fragment size) and for Pol III ChIP-Seq (paired-end datasets) using parameters “--normalizeUsing RPKM –extendReads”.

ncRNA annotation
[bookmark: _CTVP001704525a7628c49c3b91bdfab1ef502a2][bookmark: _CTVP0010dda66f9fabd40188a5b1e51c81e5044][bookmark: _CTVP0010090c891a0c5419fbc02223ae00eb0aa][bookmark: _CTVP00103ad1cb8a2b44ec7a92a66d6fa101431]Non-coding RNAs were annotated using Infernal v1.1.2 (Nawrocki and Eddy, 2013) based on Rfam 12.1 models (Nawrocki et al., 2015) using default gathering thresholds (Suppl. Table 5). miRNA families were excluded from the Rfam search due to incomplete coverage and results were converted to bed format. X. tropicalis miRNA hairpins were downloaded from miRBase v21.0 (Kozomara and Griffiths-Jones, 2013) and aligned to the genome using BLAST (Camacho et al., 2009). Coordinates of perfect full-length miRNA matches were added to the rest of non-coding RNA annotation.

Methylation-assisted bisulfite (MAB) amplicon sequencing
[bookmark: _CTVP001fc0d058d4e0c40eea5eb4e1994489bd5][bookmark: _CTVP00165b88107b6394ce19a93679fc837324c]MAB sequencing was performed on X. tropicalis st9 gDNA in biological triplicates as previously described (Neri et al., 2016) . In short, gDNA and spike-in DNA underwent six consecutive rounds of M.SssI CpG methylation (NEB). After every second round, DNA was purified with AMPure XP beads (Beckman Coulter). Methylated DNA was bisulfite converted using the EpiTect Bisulfite Kit (Qiagen) as described (Neri et al., 2016). Spike-in DNA had five unmodified CpGs, two 5fCpGs on one strand, and several cytosines in CpN (N=A, T, C) context. Spike-in DNA controled for M.SssI methylation efficiency, 5fC signal recovery, and bisulfite conversion efficiency.  The 5fC spike-in was prepared using two complementary synthetic oligonucleotides, one containing a 5’ overhang with two cytosines in CpG context. The oligos were mixed at 1:1 ratio and a fill-in PCR was performed in the presence of 5fdCTP (TriLink) instead of dCTP, to insert two 5fC bases. An analogous but unmodified spike-in was also prepared. 5fC modified and unmodified spike-in oligos were purified with DNA Clean & Concentrator-5 (Zymo research) and mixed in 1:1 ratio to produce 50% hemi-modified 5fC spike-in, which was added to the sequencing samples at 1: 20 ratio (spike-in: gDNA amplicon).
Forward strand specific PCR from MAB-treated DNA was performed with Phusion U Hot Start DNA Polymerase (Thermo Scientific) using primers specific for tRNA-iMet, tRNA-Gly, gapdh and 5fC spike-in DNA. A fraction of the sample was analyzed by 2% agarose gel electrophoresis to confirm product size and purity. PCR products were purified with DNA Clean & Concentrator-5 (Zymo Research) and eluted with 12 µl nuclease-free water. For strand-specific amplicon preparation from M.SssI treated and untreated DNA, we followed a two-step PCR process. To selectively amplify the forward strand, we first performed a 25-cycle linear amplification using Phusion U Hot Start DNA Polymerase and a single primer that adds a 20 nt sequence (F4) to the 5’ end of the forward strand of the target locus. PCR products were purified with DNA Clean & Concentrator-5 and eluted in 12 μl nuclease-free water. 2.5 μl purified PCR product were used as template for a second PCR, performed with Q5 High-Fidelity DNA Polymerase (NEB), F4-specific primer, and the respective second primer for each genomic sequence and spike-in DNA. PCR products were purified with DNA Clean & Concentrator-5.
DNA library preparation was performed using NEBNext Ultra II DNA Library Prep Kit for Illumina Version 7.0_9/22. Libraries were prepared with 2.6 ng DNA and amplified with 8 PCR cycles. Two post-PCR purification steps were performed to exclude residual primer and adapter dimers. Libraries were profiled in a High Sensitivity DNA chip on a 2100 Bioanalyzer (Agilent technologies) and quantified using Qubit 1x dsDNA HS Assay Kit, in a Qubit 4.0 Fluorometer (Invitrogen). All samples were pooled together in equimolar ratio and sequenced on 1 NextSeq2000 P1 flow cell, in paired end mode for 2x 311 cycles plus 2x 8 cycles for the dual index read.

5mC and 5fC base resolution profiling
Available bisulfite sequencing (BS-seq) data (Bogdanović et al, 2016) for X.tropicalis st9, 12, 30 and 43 were used to obtain base-resolution 5mC profiles. The analysis was performed with bismark (v. 0.22.3) using default parameters with --local mode. Amplicon sequences retrieved from X. troplicalis v.7.1 genome were used as reference. 
MAB-seq data from amplicon sequencing were quality checked with fastqc (v. 0.11.9) tool, and mapped to in silico converted amplicon sequences (C-to-T, except for cytosines in CpG context) using bowtie2 (v. 2.4.5) (--local, -N 0, -L 20). The pileup function from Rsamtools package (v. 2.14.0) was utilized to retrieve all substitution rates (min_base_quality = 30, min_mapq = 10). Bisulfite conversion was estimated to be near 100%. 5fC signal in tRNA-iMet and tRNA-Gly loci were determined as C-to-T conversion rate (%C-to-TCpG) in MAB-seq samples (M.SssI + BS treated) after subtracting sequencing errors and single nucleotide polymorphism (SNP) at the ‘G’ in CpGs (%G-to-NCpG). 5fC levels were also corrected by a normalization factor (NF) for under-recovery of 5fC in spike-in controls. Thus, 5fC levels were calculated as: %5fC = (%C-to-TCpG – %G-to-NCpG) x NF). 5fC normalization factor is defined as %5fCexpected/%5fCobserved at the 5fC positions of the 5fC spike-in in 2 replicates. 

Genomic DNA preparation and LC-MS/MS analysis
[bookmark: _CTVP00183000134f22a43c0ac3577de69a55726]Genomic DNA was isolated with a DNeasy Blood & Tissue kit (Qiagen) according to the manufacturer's instructions after treatment of lysed cells with RNase A (final concentration 1 mg/ml); this was followed by ethanol precipitation with ammonium acetate as salt. Quantification of 5mC and oxC was carried out as previously described (Schomacher et al., 2016). 

Expression constructs
X.tropicalis Tet2 and Tet3 and X. laevis Tet2 cDNA were inserted into pCS2FLAG (Addgene plasmid 16331). Human TDG and mutant TDGN140A cDNAs (plasmids pRS210 and pRS211, respectively, encoding both N-terminally HA-tagged proteins) were a kind gift from Primo Schär. For tRNA-iMet transgene expression, X. tropicalis tRNA-iMet gene sequence was inserted into pCS2+ and the CMV promoter of the plasmid was removed to avoid tRNA-iMet transcription by Pol II. Nb.Bpu10l restriction sequences were inserted directly upstream and downstream of the tRNA-iMet gene sequence that were used at the strand exchange assay (see below). The tRNA-iMet sequence was co-transcribed with a downstream 100 bp barcode (5’- AGATCTATTCTCGGCAATCTACGGAGCGACTTGATTATCAACAGCTGTCTAGCAGTTCTAATCTTTTGCCAACATCGTAATAGCCTCCAAGAGATTGATC-3’) which was initially intended to serve as a discriminant between endogenous and transgene tRNA-iMet in qPCR. In practice, we ended up using qPCR primers to amplify directly the tRNA-iMet sequence (see Suppl.Table 4) rather than the 100 bp barcode, since the endogenous tRNA-iMet background was negligible. pCS2+RLuc was prepared by inserting the RLuc sequence under the CMV promoter in a pCS2+ vector. 

Strand exchange assay
[bookmark: _CTVP001887ae9f509124147916fd5abecb0c9ac]Strand exchange was performed according to (Lühnsdorf et al., 2012) with the following changes: Double nicked tRNA-iMet plasmid was prepared by digesting 50 μg plasmid with 65 U Nb.Bpu10l (ER1681, Thermo Scientific) at 37oC for 2 hrs. Using a Biometra Thermal Cycler, the excised 92-mer was melted out at 90oC for 1 sec in presence of 200X molar excess of the synthetic unmodified (C) or modified (5mC or 5fC) strand (see Suppl. Table 6), then cooled to 65oC at a cooling rate 0.02oC/sec and then quickly to 4oC. Plasmids were concentrated with Amicon Ultra 30kD centrifugal filters (Merck), loaded on 0.8% agarose gel and the covalently closed plasmid band was extracted and purified with QIAquick Gel Extraction Kit (Qiagen).

In vitro TDG glycosylation assay
[bookmark: _CTVP0015c046f6dfce24f049c7a02bfc4e7cb2b]The protocol was adapted from (Schomacher et al., 2016). 75 nM tRNA-iMet plasmid was incubated with 750 nM recombinant TDG (1:10 molar ratio) in glycosylase buffer (10 mM HEPES-KOH, pH 7.4, 1 M trimethylamine-N-oxide21, 100 mM KCl, 10 mM EDTA, 0.5 mM DTT, and 100 μg/ml BSA) at 37oC for 1 hr. Mock samples were incubated with buffer alone, without enzyme. Plasmid DNA was subsequently phenol/chloroform purified and ethanol precipitated.

Xenopus microinjections
[bookmark: _CTVP00110e60746fa374719bfa1185377adf5bf]Embryos were obtained by in vitro fertilization as previously described (Gawantka et al., 1995). X. tropicalis and laevis expression constructs were used as templates to generate mRNAs with the MEGAscript® SP6 Transcription kit (Invitrogen) according to the manufacturer's instructions. Total amounts of mRNA injected per embryo was 1 ng Tet2- and 1 ng Tet3 mRNA for Tet2/3 overexpression, 0.5 ng TDG/TDGN140A mRNA for TDG/dTDG phenotype scoring and 1 ng TDG/TDGN140A mRNA for Pol III ChIP-qPCR and northern blots. Control mRNA used for injections was bovine preprolactin (Ppl). ATG- blocking Morpholino antisense oligonucleotides (Gene Tools) were designed to target the respective genes. Morpholinos (Mo) and mRNAs were injected into animal blastomeres at one-cell stage with a total volume of 5 nl per X. tropicalis or 10 nl per X. laevis embryo. Total amounts of Mo injected per embryo for Tet2/3 knockdown was 30 ng Tet2 and 30 ng Tet3 Mo or 60 ng of standard control Mo. For Tdg knockdown, X. tropicalis embryos were injected with 30 ng Tdg Mo. For Tet2 Mo rescue experiment, X. tropicalis embryos were co-injected with 30 ng X. tropicalis specific Mo and 1 ng X. laevis Tet2 mRNA or PPL mRNA. For Pol III inhibition, X. tropicalis embryos were injected with 2 ng α-amanitin (Sigma) per embryo. Total amount of tRNA-iMet transgene plasmid injected into X. laevis embryos was 200 pg. This plasmid was co-injected with 200 pg pCS2+RLuc per embryo, which was intended to function as a normalization control but finally not used since we normalized instead over the very tRNA-iMet transgene plasmid DNA whose expression was analyzed. Embryo images for phenotypes were taken with a Zeiss SteREO Discovery.V20 microscope.


qPCR 
For DIP and ChIP samples, qPCR was performed using the Roche Universal probe library (UPL). UPL compatible primers were designed using the Roche Assay Design center (http://lifescience.roche.com/shop/en/mx/overviews/brand/universal‐probe‐library) (see Suppl. Table 4). For RT-qPCR of endogenous U6 snRNA, 5S oocytic rRNA and 5.8S rRNA, as well as tRNA-iMet transgene transcript levels quantification, total RNA was extracted from X. tropicalis and X. laevis embryos by standard Trizol RNA extraction. RNA was treated with DNase I Amplification Grade (AMPD1, Sigma) and cDNA was synthesized using SuperScript II reverse transcriptase (Invitrogen) according to the instruction of the supplier. qPCR was performed using Roche LightCycler 480 SYBR Green I Master (see Suppl. Table 4). For tRNA-iMet transgene plasmid injected embryos, equal amount of RNA without DNase I and reverse transcriptase treatment was analyzed by qPCR alongside the cDNA, to account for the amount of plasmid DNA injected in each case. All qPCR reactions were performed in technical duplicates using Roche Light Cycler 480 in 384‐well format. Roche LightCycler analysis software was used for quantification.

mRNA-seq
50 st9 X. tropicalis embryos per sample after Tet2/3 knockdown and control injection were homogenized in 1 ml of QIAzol. RNA was extracted using the miRNeasy kit (QIAGEN) following manufacturer’s instructions with on-column DNAse digestion. RNA integrity (RIN) values were verified using an RNA 6000 Nano kit on a 2100 Bioanalyzer (Agilent) to be consistently above 9.0. NGS library libraries were prepared with Illumina's TruSeq stranded mRNA LT Sample Prep Kit following Illumina’s standard protocol (Part # 15031047 Rev. E). Libraries were prepared with a starting amount of 1 μg and amplified in 10 PCR cycles. Libraries were profiled in a High Sensitivity DNA on a 2100 Bioanalyzer (Agilent technologies) and quantified using the Qubit dsDNA HS Assay Kit, in a Qubit 2.0 Fluorometer (Life technologies). All samples were pooled in equimolar ratio and sequenced on 1 NextSeq 500 High Output Flowcell, SR mode for 1x 84 cycles plus 7 cycles for the index read. 
Sample demultiplexing and FastQ file generation was performed using Illumina's bcl2fastq Conversion Software v.2.18.0.12. The raw sequence reads were quality assessed with FastQC v.0.11.5, aligned to the X. troplicalis v.7.1 genome with gene annotation from Xenbase (https://ftp.xenbase.org/pub/Genomics/JGI/Xentr7.1 ) using STAR v.2.5.4b (https://github.com/alexdobin/STAR) and secondary alignments were removed with Samtools v.1.3.1 (http://www.htslib.org). Read counts were summarised on the gene level using Subread featureCounts v.1.5.1 (https://subread.sourceforge.net). Differential gene expression analysis was carried out in R v.3.3.2 using the Bioconductor package DESeq2 v.1.14.1 (https://doi.org/doi:10.18129/B9.bioc.DESeq2) following the recommended analysis workflow with independent gene filtering and without LFC shrinkage. Gene ontology (GO) enrichment analysis of the differentially expressed genes defined at 5% FDR cutoff (Suppl. Table 3) was performed with DAVID v.2022q3 (https://david.ncifcrf.gov) using the better annotated human orthologs, a specific background list of all expressed and statistically tested genes, “BP_DIRECT” GO annotation database and a 5% FDR significance threshold.

Dot blot 
Amplicons were generated using 5mC, 5hmC, 5fC dNTPs (TriLink) and control dNTPs using a human pOct4 plasmid as template. 50, 100, 150 ng amplicons and 150 ng unmodified pGL3 plasmid were melted at 95°C for 5 min in 2X SSC buffer. Samples were immediately placed on ice and spotted on a 6X SSC equilibrated Hybond®-N +  membrane (GE Healthcare) using a Bio-Dot microfiltration unit (Bio-Rad) according to manufacturer’s instructions. DNA was crosslinked with Stratalinker UV Crosslinker using 3x auto crosslink mode. The membrane was washed 2x in TBST (0.1% Tween 20, TBS) and blocked in 5% milk-TBST for 1 hr at RT. The blots were incubated with primary antibodies in 5% milk-TBST overnight at 4oC. Antibody concentrations: ssDNA (18731, IBL) 1:2000, 5mC (MAb-5MECYT-100, Diagnode) 1:1000, 5hmC (39791, Active Motif) 1:20,000 and 5fC (61227, Active Motif) 1:20,000. The membrane was washed 3x in TBST at RT, blocked in 5% milk-TBST for 10 min at RT and incubated with goat anti-mouse IgG-HRP conjugate (115-035-146, Dianova) or a goat anti-rabbit IgG-HRP conjugate (111-035-144, Dianova) 1:10,000 for 1 hr at RT. The membrane was washed 6x in TBST and visualized with SuperSignal West Pico (Thermo Scientific) and a Bio-Rad ChemiDoc imaging system using the Image Lab Software v6.1.0.

Immunoblot
X. tropicalis embryos microinjected with 1 ng TDG-, TDGN140A- or Ppl mRNA were collected at st9 and dissolved in NP-40 lysis buffer (2% NP-40, 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM DTT, 100 mM N-ethylmaleimide,  cOmplete EDTA-free Protease Inhibitor Cocktail and PhosSTOPTM phosphatase inhibitor (Roche)), 10 μl buffer per embryo. Homogenates were extracted with Freon and analyzed by SDS-PAGE. Primary antibodies: TDG (61437, Active Motif) 1:1000, α-tubulin (T5168, Sigma) 1:2000. Secondary antibodies: goat anti-rabbit IgG-HRP (111-035-144, Dianova) 1:2000, goat anti-mouse IgG-HRP (115-035-146, Dianova) 1:2000. Blots were visualized with SuperSignal West Pico (Thermo Scientific) and a Bio-Rad ChemiDoc imaging system using the Image Lab Software v. 6.1.0.

Northern blot
RNA from X. tropicalis st9 and 10 embryos was extracted with Trizol. 10 μg RNA per sample were boiled at 70oC for 10 min and immediately transferred to ice. Samples were loaded on a 15% PAGE (29:1 acrylamide/bisacrylamide) 8 M urea denaturing gel and ran in Tris-Borate-EDTA (TBE) buffer. Transfer was performed onto a Hybond-N+ membrane (GE Healthcare) with a Trans-Blot® TurboTM system (BioRad) at 25 V for 10 min. For chemical crosslinking, the membrane was placed on a Wattman paper soaked in crosslinking buffer (1% 1-methylimidazole, 12.5 mM HCl, 3.1% Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)) RNA facing up and incubated at 55oC for 2 hrs. The blot was blocked in 100 μg/ml heat denatured salmon sperm DNA (Thermo Scientific) in hybridization buffer (5X SSC buffer, 0.1% Ficol, 0.1% polyvinyl pyrolidone, 0.1% BSA) at 37oC for 2 hrs. Probes (see Suppl. Table 4) were 5’ end-labelled with γ32P ATP (Perkin Elmer) and T4 Polynucleotide kinase (NEB) according to manufacturer’s instructions at 37oC for 1 hr and purified with Microspin™ G-25 Columns (GE Healthcare). Blots were probed with 250 ng radioactive probe in hybridization buffer at 37oC overnight and washed 3x in hybridization buffer at 42oC for 30 min before autoradiography.  Phosphor imaging was performed on a Typhoon FLA 9500 with Control Software (GE Healthcare). 

Mouse embryo and mESCs immunofluorescence staining
Mouse zygotes were collected from the ampulla of CD1 superovulated females 8 hrs after the appearance of vaginal plug in M2 medium (Sigma) and cleaned from cumulus cells by 5 min incubation in M2 medium supplemented with 0.3 mg/ml hyaluronidase (Sigma). Embryos were washed 2x in PBS, fixed in 4% PFA, PBS for 20 min, washed 3x times in PBS and incubated for 8 min in Acidic Tyrode′s Solution (Sigma) to remove the zona pellucida. Embryos were washed 3x in 10 mg/ml BSA in PBS (PBS/BSA), permeabilised in 0.5% Triton X-100 in PBS/BSA for 1 hr, washed 3x in PBS/BSA and incubated with 10 mg/ml RNAse A in PBS/BSA  for 1 hr at 37ºC. Embryos were blocked in 0.1 % Triton X-100 in PBS/BSA for 1 hr and incubated in the same solution containing rabbit RPC39 (Pol III) antibody (ab151495, Abcam) 1:100 overnight at 4°C. Embryos were subsequently washed 3x in PBS/BSA, fixed in 4% PFA, PBS for 10 min, washed in PBS/BSA, incubated in 4 N HCl for 15 min to denature DNA, and neutralised in 100 mM Tris-HCl (pH 8.5) for 5 min. The embryos were blocked in 0.1 % Triton X-100 in PBS/BSA for 1 hr and incubated with Alexa Flour® 546 goat anti-rabbit (A-11010, Thermo Scientific) overnight at 4°C in the dark. Because the second primary antibody was raised in the same species (rabbit) as the first primary antibody, the embryos were washed 3x in PBS/BSA, blocked in 5% normal rabbit serum (31883, Thermo Scientific) for 1 hr and incubated with goat anti-rabbit H+L Fab fragments (SAB3700970, Sigma) 1:20 for 1 hr. Embryos were then fixed in 4% PFA for 10 min, before incubating with the second primary antibody overnight at 4°C. The following antibodies were used: 5mC (MAb-5MECYT-100, Diagnode) 1:1000, 5hmC (39791, Active Motif) 1:200, 5fC (61227, Active Motif) 1:100, and 5caC (61229, Active Motif) 1:100. Embryos were then washed 3x in PBS/BSA and incubated with the second secondary antibody overnight at 4°C. Secondary antibodies used were Alexa Fluor® 546 goat anti-mouse (A-11030, Thermo Scientific) and Alexa Fluor® 647 goat anti-rabbit (A-21244, Thermo Scientific). Imaging was carried out using a Leica SP5 confocal microscope with a ×60 objective. 
For mESCs IF, glass slides were coated overnight with 50 μg/ml poly-D-lysine. Cells were seeded and let attach to the slides for 2 hrs. Subsequently, media were replaced with 2i media containing 1:800 CellMask Plasma Membrane Orange Stain (Thermo Scientific) to stain plasma membranes for 10 min. The cells were washed 3x with PBS, fixed with 4% formaldehyde for 20 min and stained as described above for mouse embryos. Both 5mC and 5fC antibodies were diluted in Pierce Immunostain Enhancer (Thermo Scientific) for signal enhancement. Imaging was carried out with Leica Stellaris 8 confocal microscope with x60 objective.

QUANTIFICATION AND STATISTICAL ANALYSIS
ImageJ analysis
Image analysis was performed with ImageJ v5. Coloc2, a plugin written for ImageJ (NIH) was used to calculate the Mander’s colocalisation coefficient with thresholds using 30 nuclei as regions of interest from 5fC/Pol lll, 5fC/xNopp180 and Pol lll/xNopp180 double immunohistochemistry experiments (Figure 1H). Average number and size of foci found in 5 chromosome spreads was calculated using the Analyze Particles tool in ImageJ (Figure S1I). Distance in μm of 5fC, Pol III and xNopp180 immunohistochemistry signals (Figure 1G) and the blastopore perimeter (Figure 4G) were calculated using the measure tool in ImageJ. Northern blot quantification (Figure 5B, S5A-B) was performed with the Analyze Gels tool in ImageJ.

Statistical analysis
Data throughout the manuscript are displayed as arithmetic mean ± SD. In bar graphs, data values of individual biological replicates are represented with individual points. Statistical significance was determined by the statistical tests indicated at the respective figure legends using GraphPad Prism v9 and displayed as *p ≤  0.05, ** p ≤  0.01, *** p ≤  0.001 and ****p ≤ 0.0001. The exact P-values of statistically significant differences can be found at the respective figure legends. 
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Figure Legends
Figure 1. 5fC accumulates in X. laevis embryos at zygotic genome activation. 
(A) LC-MS/MS analysis of genomic 5mC, 5hmC, 5fC and 5caC of stage 6.5-13 X. laevis embryos. Embryos were harvested at the beginning of the indicated Nieuwkoop & Faber stages or 0.5 or 1 hr afterwards. Grey shadowing indicates ZGA. n=3 biological replicates +/- SD. Empty circles, signal below detectability. 
(B) Immunofluorescence microscopy (IF) of 5mC, 5hmC, 5fC and 5caC of sagittally cut st9 (ZGA) X. laevis embryos. White arrowheads indicate 5fC signal in the animal pole. Yoyo1, DNA stain. a, animal pole; v, vegetal pole; bc, blastocoel cavity. Scale bar 200 µm.
(C) IF for 5mC, 5hmC, 5fC and 5caC in nuclei of st9 (ZGA) X. laevis embryos. Note the kidney-shaped 5fC chromocenter (white arrow). Yoyo1, DNA stain. Scale bar 5 µm. 
(D) IF for 5fC in nuclei of X. laevis embryos at st7 (blastula), 8 (early ZGA), 9 (ZGA), 10 (early gastrula) and 13 (early neurula). White arrows indicate 5fC chromocenter. Yoyo1, DNA stain. Scale bar 5 µm. 
(E) IF for 5mC and 5fC on chromosome spreads from st9 (ZGA) X. laevis embryos. Note clustered 5fC foci on different chromosomes. Yoyo1, DNA stain. Scale bar 10 µm.
(F) Co-IF of 5fC and the nucleolar marker xNopp180 (top), Pol III and xNopp180 (middle) or 5fC and Pol lll (bottom). Note adjoining 5fC-xNopp180 and Pol III-xNopp180 spots, and colocalizing 5fC-Pol III (white arrows). Yoyo1, DNA stain. Scale bar 5 µm.
(G) Adjacency of 5fC/Pol III, 5fC/xNopp180 and Pol lll/xNopp180 foci in co-IF measured by foci-distance. Foci number: 5fC/Pol III n=6; 5fC/xNopp180 n=24; Pol III/xNopp180 n=29.
(H) Mander’s colocalisation coefficient for 5fC/Pol lll, 5fC/xNopp180, and Pol lll/xNopp180 co-IF. Each point represents an individual nucleus and lines represent median values. 

Figure 2. 5fC clusters at Pol III genes during ZGA. 
(A) Heatmap representation of ZGA (st9) X. tropicalis embryo 5mC, 5hmC, 5fC and 5caC from DIP sequencing showing Pearson correlation coefficients score. Correlation is ranked from 0 to 1 where 1 is strongly correlated (dark blue) and 0 uncorrelated (pale green). Dashed red box highlights 5fC. 
(B) Correlation of 5mC, 5hmC, 5fC and 5caC peaks from DIP sequencing with Pol I, Pol II and Pol III target genes.
(C) Percent 5fC peaks overlap with different classes of Pol III genes. 
(D) Percent 5mC, 5hmC, 5fC or 5caC-peak clusters at Pol III genes. Total count of clusters indicated on top of each bar.
(E) DIP-qPCR of 5mC, 5hmC, 5fC, 5caC and IgG of X. tropicalis embryos for the indicated developmental stages and Pol III, Pol II and Pol I genes. Normalization over Sox2.  Values <10-5 were set to 0. n= 3 DIP-pulldown samples +/- SD. ND, not detected.
(F) Violin plots showing peak length distribution of Pol III peaks overlapping with DIP peaks at tRNA genes.
(G) Percentage of 5mC, 5hmC, 5fC, 5caC DIP-peaks and Pol III-ChIP peaks overlapping with various tRNA genes. Arrows indicate tRNA-iMet and tRNA-eMet. 
(H) Correlation of 5fC enriched tRNA genes with optimal and non-optimal codons. For 5fC optimal codons P-value =10-5 and is estimated in comparison with background tRNA genes using χ2 test.

Figure 3. 5fC is associated with active chromatin at the tRNA genes internal promoter B-box
(A) Frequency plots (top) and heatmaps (bottom) of normalized read density of the indicated features, centered at 5fC peaks associated with tRNA gene clusters +/- 5 kb. Comparison is with X. tropicalis embryo Pol III ChIP sequencing and input samples (data from this study), as well as active (H3K4me1, p300) and inactive (H3K9me3, H4K20me3) histone marks from published studies. 
(B) Metagene profiles showing average read density of 5fC DIP sequencing signal in comparison to indicated features of ZGA (st9) embryos, centered at tRNA genes. 
(C-D) Frequency plots (top) and heatmaps (bottom) of normalized read density of the indicated features at X. tropicalis (C) st10.5 and (D) st16, centered at 5fC peaks associated with tRNA gene clusters +/- 5 kb. Note the successive shutdown of the tandem tRNA loci from ZGA (st9) to neurula (st16), as indicated by decreased active and increased inactive mark densities. 

(E-G) UCSC browser screenshot of a 5fC tRNA gene cluster with normalized DIP sequencing and ChIP sequencing coverage tracks of ZGA (st9) X. tropicalis embryos. (E) Scaffold 58:70,000-230,000 (160 kb): tRNA annotation is shown at the bottom, the colors are explained in panel D. (F) Scaffold_58:80,443-91,056: 1st zoom of the highlighted section from B (blue shaded) encompassing 3.5 tandem tRNA gene repeats. L1: line 1 centered at 5fC peak. L2: line 2 centered at 5mC peak. (G) Scaffold_58:82,347-86,478: 2nd zoom of the highlighted section from C (blue shaded) indicating the seven tRNA genes of one repeat. 
(H) 5fC (green) and 5mC (blue) methylation assisted bisulfite (MAB) or bisulfite (BS) sequencing and DIP sequencing profiles at X. tropicalis ZGA (st9) for tRNA-iMet (Scaffold_58:76,642-77,045) and tRNA-Gly (Scaffold_109:170,885-171,190) forward (non-coding) strand. gapdh (Scaffold_7:7,145,577-7,145,923) serves as a 5fC-negative control. 

Figure 4. 5fC promotes Pol III binding at ZGA
(A) Gastrula stage X. tropicalis embryos in vegetal view injected with the indicated antisense-Morpholinos (Mo). White arrowheads indicate lysed cells.
(B) Phenotype scoring of gastrula stage X. tropicalis embryos injected with the indicated Mo. N=90 embryos per condition. 
(C) Pol lll ChIP-qPCR in ZGA (st9) X. tropicalis embryos injected with control Mo and control mRNA (Co), Tet2/3 Morpholino (Tet2/3 KD) or Tet2/3 mRNA (Tet2/3 OE). Values are normalized to Pol III occupancy at tRNA-Gly.  Data are mean of n=3 independent ChIP pulldown samples +/- SD. Adjusted P-values are calculated with 2-way ANOVA and corrected for multiple comparisons with Dunnett’s test. iMet: ****<0.0001, *=0.013; U6: *=0.04.
(D) TfIIIc ChIP-qPCR in ZGA (st9) X. tropicalis embryos injected with control (Co) or Tet2/3 Morpholinos (Tet2/3 KD). Values are normalized to Pol III occupancy at tRNA-Gly.  Data are mean of n=3 independent ChIP pulldown samples +/- SD. Adjusted P-values are calculated with 2-way ANOVA and corrected for multiple comparisons with Šídák's test. Gly: ****<0.0001; iMet: *=0.038; Asp: ****<0.0001; eMet: ***=0.0001.
(E) Gastrula stage X. laevis embryos in vegetal view injected with TDG- or catalytically inactive dTDG mRNA. 
(F) Phenotype scoring of gastrula stage X. laevis embryos injected with TDG -, dTDG mRNA or untreated control. The number of embryos scored is specified on the top.
(G) Blastopore perimeter in mm of gastrula stage X. laevis embryos injected TDG-, dTDG mRNA or untreated control. Adjusted P-values are calculated with 1-way ANOVA and corrected for multiple comparisons with Tukey’s test.  ***=0.0003, ****<0.0001. N=21 untreated, N= 25 dTDG mRNA, N=24 TDG mRNA embryos.
(H) Pol III ChIP – qPCR in ZGA (st9)  X. tropicalis embryos injected with Ppl mRNA (Co), TDG mRNA (TDG OE) or dTDG mRNA (dTDG OE). Values are normalized to Pol III occupancy at tRNA-Gly.  Data are mean of n=4 independent ChIP pulldown samples +/- SD. Adjusted P-values are calculated with 2-way ANOVA and corrected for multiple comparisons with Tukey’s test. Gly: ***=0.0006; iMet: ***=0.0002; Asp: ****<0.0001.
Figure 5. 5fC promotes tRNA transcription at ZGA
(A) U6 snRNA RT-qPCR at ZGA (st9) X. tropicalis embryos untreated or microinjected with 2 ng α-amanitin to inhibit Pol III. U6 expression is normalized over 5.8S rRNA levels (Pol I target gene) and represented as fold change over the control. n=3 biological replicates +/- SD. P-value calculated with unpaired t-test. ***=0.0007.
(B) Quantification of northern blot of tRNA-iMet in X. tropicalis embryos microinjected with α-amanitin, Tet2/3 Mo (Tet2/3 KD) or TDG mRNA (TDG OE) and their respective controls (Co), at st9 and 10. tRNA-iMet levels are normalized over 5.8S rRNA and represented as fold change over control. α-amanitin, TET KD st10: n=3, TET KD st9, TDG OE st9-10: n=4. P-values calculated with paired t-test. α-amanitin: **=0.0057; Tet2/3 KD: **=0.0085; 
(C) Differential expression MA-plot of Tet2/3 KD in ZGA (st9) X. tropicalis embryos. The up- and down-regulated genes (5% FDR) are highlighted in red and their numbers are indicated. 
(D) Gene Ontology terms of significantly enriched up- (top) and downregulated (bottom) genes from (C).
(E) tRNA-iMet transgene assays shown in (F)-(H). Top: tRNA-iMet plasmid with the two modified cytosines in the non-coding (template) strand of the tRNA-iMet gene. Middle: Three different variants of the tRNA-iMet plasmid, in which the noted cytosines are either C, 5mC, or 5fC. Bottom: X. laevis embryos at one-cell stage were microinjected with tRNA-iMet plasmid without strand exchange (‘No SE’) or plasmids that had undergone strand exchange with synthetic oligonucleotides that were unmodified (‘C’), or 5mC, or 5fC modified. Embryos were harvested at the indicated stages and tRNA-iMet was quantified by RT-qPCR and normalized to the respective tRNA-iMet plasmid DNA levels determined by qPCR. Adjusted P-values were calculated with one-way ANOVA (F) or 2-way ANOVA (G)-(H) on ΔCp values (normally distributed) and corrected for multiple comparisons with Tukey’s test, shown +/- SD. Each biological replicate is a pool of 6-12 embryos.  
(F) tRNA-iMet expression analysis as explained in (E).  Embryos were harvested at st8, st10, or st11. St8 and 10, n=4; st11, n=5 biological replicates. Adjusted P-values: ***=0.0004, ****<0.0001.
(G) tRNA-iMet expression analysis as explained in (E).  Embryos were microinjected with C or 5fC SE-plasmids into the animal (AP) or the vegetal pole (VP) and harvested at st10, n=4 biological replicates. Adjusted P-values: **=0.0022, ***=0.0002.
(H) tRNA-iMet expression analysis as explained in (E). Injected tRNA-iMet plasmids were mock- or TDG treated before injection and microinjected embryos were harvested at st10, n=4 biological replicates. Adjusted P-values: Mock C-5fC: *=0.018; 5fC mock-TDG: *=0.016. 
Figure 6. 5fC accumulation at Pol III sites is conserved in mouse ZGA
(A, B) Immunofluorescence microscopy (IF) of Pol lll (RPC39) and 5fC in mouse zygotes and 2-cell stage preimplantation embryos (A) and 5mC, 5hmC, 5fC and 5caC with Pol III  in PN4/5 mouse zygotes (B). Yoyo1, DNA staining. White arrows and respective insets show foci of colocalizing 5fC and Pol III. PN, pronuclei; ♂, paternal pronucleus; ♀, maternal pronucleus; Scale bar, 10 µm.
(C) Number of 5fC foci, Pol III foci and overlapping 5fC/Pol III foci in PN4/5 stage embryos. n=86 embryos.
(D) Quantification of number of 5fC foci per mouse embryo at the indicated stages. PN2/3: n=12, PN4/5: n=141, 2-cell stage: n=41
(E) Model for 5-formylcytosine as activating epigenetic mark for Pol III during ZGA. Xenopus embryos are special in containing large tRNA tandem repeats, which are transcribed from zygotic genome activation stage (ZGA) until gastrula stage. During ZGA, Tet dixoxygenases oxidize these hypermethylated tRNA loci, leading to 5fC accumulation. These 5fC marks  promote transcription by an unknown mechanism that may involve either recruitment of 5fC readers or changes in DNA structure. At the end of gastrulation, the tRNA tandem repeats are silenced as DNA methylation marks become repressive, 5fC is lost upon expression of thymine DNA glycosylase and repressive histone marks accumulate.       




Supplementary Figures
Supplementary Figure 1: oxC analysis and specificity controls
(A) LC-MS/MS analysis of genomic 5mC, 5hmC, 5fC and 5caC of st7-42 X. laevis embryos. Note that 5hmC is not absent in gastrula and neurula stages but present in very low levels. Grey shadowing indicates ZGA. n=3 biological replicates +/- SD. ND, not detected.
(B) Dot blot using control (C), 5mC, 5hmC, 5fC amplicons and unmodified plasmid shows specificity of 5mC, 5hmC and 5fC antibodies. α-ssDNA antibody serves as a loading control. 
(C) Immunofluorescence microscopy (IF) of X. laevis tadpole sections for 5mC, 5hmC, 5fC and 5caC. Antibody specificity shown by outcompeting antibody binding with control (Co), 5mC, 5hmC, 5fC amplicons or 5caC dNTPs. Yoyo1, DNA stain.
(D) Potassium perruthenate (KRuO4) treatment of X. laevis embryos. Left: LC-MS/MS analysis of genomic 5hmC and 5fC following treatment with increasing concentrations of KRuO4. n=3 biological replicates +/- SD. Adjusted P-values were calculated with ordinary 1-way ANOVA and Dunnett's multiple comparisons test. **=0.0047, ****=<0.0001. Right: IF of 5hmC after 1 mM KRuO4 treatment. Yoyo1, DNA stain. 
(E) Sodium borohydride (NaBH4) treatment of X. laevis embryos. Left: LC-MS/MS analysis of genomic 5hmC and 5fC following treatment with increasing concentrations of NaBH4. n=3 biological replicates +/- SD. Adjusted P-values were calculated with ordinary 1-way ANOVA and Dunnett's multiple comparisons test. **=0.001,***=0.0001, ****=<0.0001. Right: IF of 5hmC and 5fC after control treatment and 40 µM NaBH4. Yoyo1, DNA stain. 
(F) IF for 5fC in sagittally cut st10 (early gastrula) and st13 (early neurula) X. laevis embryos. Yoyo1, DNA stain. a, anterior ; p, posterior. Scale bar 200 µm.
(G) Quantification of 5fC IF signal distribution at the indicated stages of X. laevis development. Signal distribution (% cells) is categorized as spot, homogeneous/spot or homogenous signal in the nucleus. The number of nuclei counted is noted on top of each bar. 
(H) IF for 5fC in ZGA (st9) X. laevis embryo nucleus using an alternative 5fC antibody from Cell Signalling (CS). Yoyo1, DNA stain.
(I) Quantification of 5fC foci in ZGA (st9) X. laevis embryo nuclei metaphase spreads. n= 5 independent experiments +/- SD. S, small; M, medium; L, large. Foci size is in μm.
(J) DIP-qPCR using 5mC, 5hmC, 5fC, and IgG antibodies in ZGA (st9) X. tropicalis embryos. qPCR was carried out for 5mC, 5hmC, 5fC and control amplicons spiked into the DIP pulldown samples. n=3 independent DIP pulldown samples +/- SD.
(K) LC-MS/MS analysis of genomic 5mC, 5hmC, 5fC and 5caC levels from ZGA (st9) X. tropicalis DIP samples. n=3 independent DIP pulldown samples +/- SD. ND, not detected.
Supplementary figure 2. oxC marks genomic localization at ZGA 
(A) Venn diagram depicting overlap of 5mC, 5hmC, 5fC and 5caC peaks from ZGA (st9) X. tropicalis embryo DIP sequencing.
(B) Pie chart of distribution of genomic regions overlap with the 5mC, 5hmC, 5fC and 5caC DIP peaks. 
(C) Enrichment of 5mC, 5hmC, 5fC and 5caC DIP peaks at ncRNA. 
(D) Percent 5mC peaks overlapping different classes of Pol III genes. 
(E) Pol III gene classes distribution in X. tropicalis genome.
(F)Violin plot showing peak length distribution of 5mC, 5hmC, 5fC and 5caC clusters associated with tRNA genes. 
(G) UCSC browser screenshot of the 160 kb tRNA gene cluster showing normalized DIP sequencing coverage using only uniquely mapped reads (UM) or all mapped reads including multi-mapped ones (MM).Note that the y axis scale in UM peaks is 100 lower than in MM peaks.
(H) DIP-qPCR of 5mC, 5hmC, 5fC, 5caC and IgG of X. tropicalis embryos for the indicated developmental stages and Pol III and Pol I genes. Normalization over Sox2.  Values <10-5 were set to 0. n= 3 DIP-pulldown samples +/- SD. ND, not detected.
(I) Violin plots showing peak length distribution of Pol III peaks overlapping with all DIP peaks for each DNA modification.

Supplementary Figure 3. 5fC is associated with active transcription marks. 
(A) Heatmaps and frequency plots of normalized read density of the indicated features, centred at 5mC peaks at tRNA gene clusters +/- 5 kb. Comparison is with X. tropicalis embryo Pol III ChIP-seq and input samples (data from this study, only for st9), as well as active (H3K4me1, p300) and inactive (H3K9me3, H4K20me3) histone marks at the indicated stages. 
(B) Frequency plot (top) and heat map (bottom) showing normalized read density of 5fC DIP sequencing signal centered at the B-box motif of tRNA genes covered by 5fC peaks at st9 X. tropicalis embryos.
(C-E) UCSC browser screenshots of 5fC peaks at clusters of (C) U6 snRNA (Pol III gene), (D) SSU rRNA (Pol I gene) and (E) tRNA genes. Vertical line at (E) is aligned to tRNA-Gly.
(F) tRNA-iMet locus methylation profile from X. tropicalis 5mC DIP sequencing (data from this study, only for st9) and base resolution bisulfite sequencing (BS) from public data at the indicated stages. 
(G) MAB sequencing quantification as percentage C-to-T conversion per CpG at the tRNA-iMet locus (Scaffold_58:76,642-77,045) in MAB and control (untreated and M.SssI treated) X. tropicalis st9 samples. The two consecutive tRNA-iMet genes (red) and their respective B-boxes (black) are indicated at the bottom of the panel. n=3 biological replicates. Values are average +/- SD. 

Supplementary Figure 4: Morpholino, mRNA overexpression and ChIP controls
(A) Tet2 Mo rescue experiment. Phenotypes of st30 X. tropicalis embryos after injection with a combination of control- or Tet2 Mo with a control- (Ppl) or X.laevis Tet2 mRNA. 
(B) Quantification of phenotypes shown in (B).  N=30 embryos per condition.
(C-D) LC-MS/MS analysis of genomic 5mC and 5fC of ZGA (st9) X. tropicalis embryos injected with control Mo or Tet2/3 Mo (C) or control- (Ppl) or Tet2/3 mRNA (D). n=5 biological replicates +/- SD. P-value calculated with unpaired t-test.
(E) Pol III ChIP-qPCR at st18 X. tropicalis embryos. Values are normalized to Pol III occupancy at tRNA-Gly.  Data are mean of n=3 independent ChIP pulldown samples +/- SD.
(F) TfIIIc ChIP-qPCR at st18 X. tropicalis embryos. Values are normalized to Pol III occupancy at tRNA-Gly.  Data are mean of n=3 independent ChIP pulldown samples +/- SD.
(G) LC-MS/MS analysis of genomic 5mC, 5fC and 5caC of st9, 28 and 38 X. tropicalis embryos microinjected with control and Tdg Mo. Data are fold change over the control. st9: n=3, st28 & 38: n=2 biological replicates +/- SD.
(H) Phenotypes of st27 X. tropicalis embryos microinjected with control or Tdg Mo.
(I) LC-MS/MS analysis of genomic 5mC and 5fC from ZGA (st9) X. tropicalis embryos microinjected with control (Ppl) and TDG mRNA. Data are fold change over the control. n=4 biological replicates +/- SD. 
(J)  LC-MS/MS analysis of genomic 5mC and 5fC from ZGA (st9) X. tropicalis embryos microinjected with control (Ppl) and dTDG mRNA. Data are fold change over the control. n=5 biological replicates +/- SD.
(K) Immunoblot from ZGA (st9) X. tropicalis embryos injected with control (Ppl), TDG or dTDG mRNA. α-tubulin is shown for reference.
(L) Phenotypes of X. tropicalis tadpoles microinjected with control (Ppl) or dTDG mRNA. 
(M) Pol II ChIP-qPCR at ZGA (st9) X. tropicalis embryos microinjected with control (Ppl) or TDG mRNA. n=3 biological replicates +/-SD. All comparisons between control and TDG mRNA embryos are non-significant, as calculated with 2-way ANOVA.

Supplementary Figure 5: 5fC promotes expression of tRNA genes.
(A) tRNA-Gly northern blot of X. tropicalis embryos microinjected with α-amanitin, Tet2/3 morholino (Tet2/3 KD) or TDG mRNA (TDG OE), and their respective controls (Co), at st9 and 10. tRNA-Gly levels are normalized to 5.8S rRNA and represented as fold change over the control. α-amanitin, Tet2/3 KD st10: n=3, TET KD st9, TDG OE st9-10: n=4 biological replicates +/- SD. P-values calculated with paired t-test. α-amanitin: **=0.0052; Tet2/3 KD: *=0.048.
(B) tRNA-iMet and tRNA-Gly northern blot of X. tropicalis embryos microinjected with control (Ppl) and catalytically inactive dTDG mRNA (dTDG OE), at st9 and 10. tRNA-iMet and tRNA-Gly levels are normalized to 5.8S rRNA and represented as fold-change over the control. n=4 biological replicates +/- SD. Paired t-test shows no significance for all differences between Co and dTDG OE. 
(C, D) U6 snRNA and oocytic type 5S rRNA RT-qPCR of ZGA (st9) X. tropicalis  embryos microinjected with control and Tet2/3 Morpholinos (Tet2/3 KD) (C) or control (Ppl) and TDG mRNA (TDG OE) (D). U6 and 5S expression is normalized to 5.8S rRNA levels and represented as fold change over the control. n=3 biological replicates +/- SD. Unpaired t-test shows no significance for all differences between Co and treatment.
(E, F) LC-MS/MS analysis of plasmids 5mC (E) and 5fC (H) levels after strand exchange with unmodified (C) and formylated (5fC) oligos, after mock- and in vitro TDG treatment. 
Supplementary Figure 6: α-5fC antibody control in mESCs.
Immunofluorescence microscopy (IF) of 5mC, 5fC and cell membrane (CellMask plasma membrane stain) in WT and TET TKO mESCs. Scale bar, 10 µm.
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