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Introduction

Bacteriophages are viruses that infect bacteria. They are extremely numerous and the number of known bacteriophages has increased at a rate of approximately 100 per year for decades [START_REF] Ackermann | Phages examined in the electron microscope[END_REF]. An increasing number of studies have suggested that bacteriophages are an attractive option for alternatives to antibiotics [START_REF] Nikolich | Bacteriophage Therapy: Developments and Directions[END_REF]. Bacteriophages can be polyhedral, filamentous, or pleomorphic and may have either a long, short, contractile, or flexible tail. Some are even tailless. They can contain either single-or double-stranded DNA or RNA. Caudal bacteriophages represent the vast majority of known bacterial viruses and have been classified in different families according to their tail morphology which include Siphoviridae (long flexible tail), Myoviridae (long contractile tail), and Podoviridiae (short tail). Bacteriophages carrying more than 200 kbp of DNA are commonly known as "jumbo phages" [START_REF] Hendrix | Jumbo bacteriophages[END_REF][START_REF] Yuan | Jumbo bacteriophages:an overview[END_REF].

The capsids of phages have icosahedral symmetry and are constructed from a basic brick which, until now, has always been based on the canonical structure of the HK97 major capsid protein. The number of currently known jumbo phages is around 100 [START_REF] Saad | Systemic method to isolate large bacteriophages for use in biocontrol of a wide-range of pathogenic bacteria[END_REF] with the dimension of these phages varying from 100 to 160 nm in diameter for the head and a triangulation number between 19 and 52 [START_REF] Hua | Capsids and Genomes of Jumbo-Sized Bacteriophages Reveal the Evolutionary Reach of the HK97 Fold[END_REF]. Only a few of the known jumbo phages have been characterized structurally, including kZ [START_REF] Fokine | A three-dimensional cryo-electron microscopy structure of the bacteriophage KZ head[END_REF], RSL1 [START_REF] Effantin | Cryo-electron microscopy three-dimensional structure of the jumbo phage ΦRSL1 infecting the phytopathogen Ralstonia solanacearum[END_REF], M12 [START_REF] Stroupe | The structure of Sinorhizobium meliloti phage ΦM12, which has a novel T=19l triangulation number and is the founder of a new group of T4-superfamily phages[END_REF] and N3, Pau, PBS1, 121Q, and G [START_REF] Hua | Capsids and Genomes of Jumbo-Sized Bacteriophages Reveal the Evolutionary Reach of the HK97 Fold[END_REF]. The highest resolution of their three-dimensional structures has been limited to 9 Å. Particularly within the jumbo phage family and more generally in the bacteriophage world, viruses use different types of accessory or decorating proteins. Because of the large size of their genome, they also exhibit large heads with high triangulation numbers (usually higher than 20). The larger the genome is, the larger the capsid has to be. This is a general rule in the virus world with a correlation between genome length and capsid size [START_REF] Cui | An allometric relationship between the genome length and virion volume of viruses[END_REF]. However there are deviation to the rule: for the characterized jumbo phages, the average density of packed DNA has been measured experimentally to be between 0.39 and 0.55 bp/nm3 which represent a variation of 40% [START_REF] Hua | Capsids and Genomes of Jumbo-Sized Bacteriophages Reveal the Evolutionary Reach of the HK97 Fold[END_REF].

Towards the aim of contributing to a better understanding of the structural characteristics of jumbo phages including DNA packing, we examined the structures of two large jumbo phages (RSL2 with a medium-sized genome of 224 kbp [START_REF] Bhunchoth | Two asian jumbo phages, ϕRSL2 and ϕRSF1, infect Ralstonia solanacearum and show common features of ϕKZ-related phages[END_REF] and XacN1with a large genome of 385 kbp [START_REF] Yoshikawa | Xanthomonas citri jumbo phage XacN1 exhibits a wide host range and high complement of tRNA genes[END_REF]) and one smaller semi-jumbo phage (RP13) carrying also a smaller genome of about 180 kbp (phages with a genome smaller than 200 kbp but close to 200 kbp are defined as semi-jumbo phages). Here we present three new three-dimensional structures of jumbo phage heads: two of them representing new examples of known triangulation numbers (T=27 and T=28) and one new type of geometry (T=21) never described for a Caudovirales. Two of phage heads are decorated with different proteins (on the outside and also on the inside of the capsid) but XacN1 appears to be naked, with the capsid built only by one type of protein (with the exception of the vertices). The DNA packing density is in the common range of 0.39 and 0.55 bp/nm3 for XacN1 and RP13 but much lower for RSL2 (0.29). All together this is showing that there is no rule that can be applied for phages neither in the capsid composition nor in the genome-capsid size correlation.

Materials and Methods

Bacteriophage production and purification

Ralstonia phages RSL2 [START_REF] Bhunchoth | Two asian jumbo phages, ϕRSL2 and ϕRSF1, infect Ralstonia solanacearum and show common features of ϕKZ-related phages[END_REF] and RP13 [START_REF] Bhunchoth | Isolation and characterization of bacteriophages that infect Ralstonia solanacearum in Thailand[END_REF] were isolated from Japan and Thailand, respectively. They were propagated with Ralstonia solanacearum MAFF 106603 as the host.

Host bacterial cells were cultured in CPG medium containing 0.1% (w/v) casamino acids, 1.0% (w/v) peptone, and 0.5% (w/v) glucose [START_REF] Horita | Causal agent of bacterial wilt disease Ralstonia solanacearum[END_REF] at 28˚C with shaking at 200-300 rpm. When the cultures reached an OD 600 of 0.05, each bacteriophage was added at a multiplicity of infection (MOI) of 0.1. After culturing for a further 12-24 h, the cells were removed by centrifugation at 5,000 x g for 15 min at 4˚C in a R12A2 rotor in a Hitachi himac CR21E centrifuge. The supernatant was membrane-filtered (0.45-µm pore; Steradisc, Kurabo Co.

Ltd., Osaka, Japan), and the pellet was dissolved in SM buffer (50 mM Tris-HCl at pH 7.5, 100 mM NaCl, 10 mM MgSO 4 , and 0.01% gelatin) after centrifugation at 15,000 × g for 1h at 4˚C. For further purification, the phage suspension was layered on a 20-60% sucrose gradient and centrifuged with a P28S rotor in a Hitachi CP100ultracentrifuge at 40,000 × g for 1 h. The purified phages were stored at 4˚C. Xanthomonas phage XacN1 [START_REF] Yoshikawa | Xanthomonas citri jumbo phage XacN1 exhibits a wide host range and high complement of tRNA genes[END_REF] was isolated in Japan and propagated with Xanthomonas citri MAFF 301080 as the host. Xanthomonas cells were cultured in NB medium (Difco, BBLBD, Cockkeysville, MD, USA) at 28˚C with shaking at 220 rpm. When cultures reached an OD 600 of 0.03, XacN1was added at a MOI of 0.1. After culturing for a further 12-24 h, the cells were removed by centrifugation at 5,000 x g for 15 min at 4˚C and the supernatant was membrane-filtered as above. XacN1 was pelleted by centrifugation at 15,000 × g for 1h at 4˚C and dissolved in SM buffer as above.

For further purification, the phage suspension was layered on a 20-60% sucrose gradient and centrifuged at 40,000 × g for 1 h as above. Negative-stain grids were prepared using the mica-carbon flotation technique [15]. Briefly, samples were adsorbed on the clean side of a carbon film previously evaporated on mica and then stained using 2% (w/v) Ammonium Molybdate pH 7.5 for 30 s. The sample/carbon ensemble is then transferred to a grid and air-dried. Images were acquired under low dose conditions (<30 e -/Å 2 ) on a Tecnai 12 FEI electron microscope operated at 120 kV using a Gatan ORIUS SC1000 camera (Gatan, Inc., Pleasanton, CA).

Cryo-EM 3.5 μl of concentrated sample were applied to glow discharged (25 mA, 40 s) R3.5/1 quantifoil copper grids (Quantifoil Micro Tools). The excess of solution was blotted using a Vitrobot (20°C, 100% humidity, 2-s blotting time, and blot force 1) and subsequently flashfrozen in liquid ethane.

The grids were transferred to a Tecnai F30 Polara electron microscope working at 300 kV.

Movies (40 frames of 0.1 s and a dose of 1 electron/Å 2 per frame) were recorded manually on a K2 summit direct electron detector using the low dose module in the GMS3 software (Gatan) software at a nominal magnification of ×12,000 in super resolution mode (1.64 Å per pixel at the sample level for RSL2) and x20,000 in counting mode (1.94 Å per pixel at the sample level for XacN1 and RP13).

Image Analyses

For the RSL2 dataset, the re-alignment of the frames has been performed automatically using the Latitude S software. For the two other datasets, Motioncor2 has been used excluding frames 1 and 2 [START_REF] Zheng | MotionCor2: anisotropic correction of beam-induced motion for improved cryo-electron microscopy[END_REF]. CTF parameters were determined using GCTF [START_REF] Zhang | Gctf: Real-time CTF determination and correction[END_REF].

RSL2

The images have been binned four times (final pixel size of 6.57 Å). The initial 3D model of full RSL2 capsids has been calculated with the RIco software [START_REF] Estrozi | Ab initio high-resolution single-particle 3D reconstructions: the determination[END_REF]. Thereafter all image analyses and capsid reconstructions have been performed using the Relion software [19] imposing icosahedral symmetry. The final reconstruction includes 250 particles out of 499 for a resolution of 16 Å (FSC determined using the gold-standard method implemented in Relion [19] at 0.143 threshold; Supplementary Figure 1). The final reconstruction of XacN1 and RP13 respectively includes 1149 and 669 particles for a resolution of 9.1 Å and 9.4 Å (FSC determined using the gold-standard method implemented in Relion [19] at 0.143 threshold; Supplementary Figure 1).

Reducing the binning to 2 for RSL2 and no binning for XacN1 and RP13 did not improve the resolution of the corresponding map.

Figures were generated using Chimera [START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF]. All the statistics are summarized in Table 1.

Fitting of the bacteriophage HK97 MCP into the EM map

The X-rays structure of HK97 MCP (pdb 2FT1) was fitted into the XacN1 and RP13 map using Chimera [START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF]. Briefly the entire structure (7 monomers) was first roughly placed by hand in the EM map and in a second step only one monomer was used. For this second step, the long alpha helix of HK97 monomer, which is easily recognizable was used as a landmark.

Final refinement of the fitting was performed using the Chimera function "fit in map".

Results

Two of the bacteriophages described here (RSL2 [START_REF] Bhunchoth | Two asian jumbo phages, ϕRSL2 and ϕRSF1, infect Ralstonia solanacearum and show common features of ϕKZ-related phages[END_REF] and RP13 [START_REF] Bhunchoth | Isolation and characterization of bacteriophages that infect Ralstonia solanacearum in Thailand[END_REF]) were isolated from the phytopathogen Ralstonia solanacearum. The third one (XacN1 [START_REF] Yoshikawa | Xanthomonas citri jumbo phage XacN1 exhibits a wide host range and high complement of tRNA genes[END_REF]) also a jumbo phage, was isolated from the phytopathogen Xanthomonas citri. The three phages belong to the Caudovirales order and exhibit the typical Myoviridae morphology with a contractile tail and an isometric head (Figure 1). Negative staining images of RSL2 (Figure 1A) clearly show that the tail is decorated by fibres at two different levels (arrows). For XacN1, an annular structure of unknown function is present around the tail (Figure 1B, arrow). RP13 differs from the other two phages because it exhibits a double-layered baseplate like the Twort-like phage 812 [START_REF] Nováček | Structure and genome release of Twort-like Myoviridae phage with a double-layered baseplate[END_REF]. The [tail length]:[capsid diameter] ratios are quite different among the different viruses (Table 2). For this study we mainly focused our structural analyses on the virus head.

 RSL2 

 Cryo-electron microscopy images show that the sample was a mixture between bacteriophages with a head full of DNA and others which have released their DNA (appearing as light shades in the images). Only capsids full of DNA were selected to perform icosahedral image analysis. The resulting structure shows a capsid having a diameter of 139 nm from vertex to vertex (5-fold axis) and 128 nm along the 2-fold axis. The triangulation number, which determines the number of protein copies forming the capsid, is T=27 and was deduced from the hexagonal lattice present on the surface. It was calculated using the formula T=h 2 +hk+k 2 where h and k are the number of local symmetry axes to be crossed to go from one 5-fold axis to the next [START_REF] Klug | Physical principles in the construction of regular viruses[END_REF]. For RSL2, the observed numbers were h=3 and k=3 (Figure 2A).

The resolution obtained for RSL2 was limited to 16 Å due to a limited number of particles (250 particles; Figure 2A and Table 1). Each facet of the capsid is flat and composed of 13 hexamers. These hexamers as well as the pentamers are most probably made of the same protein: the major capsid protein (MCP) which, for this virus, is encoded by ORF117 (predicted size of 82,440 Da but observed size of 70 kDa according to SDS-PAGE and LC-MS/MS analyses as described before [START_REF] Bhunchoth | Two asian jumbo phages, ϕRSL2 and ϕRSF1, infect Ralstonia solanacearum and show common features of ϕKZ-related phages[END_REF]). This is the largest known MCP. An icosahedral capsid with a triangulation number of T=27 is assembled from 27x60 asymmetric units (or 20x13 hexamers plus 12 pentamers). In the case of a caudal bacteriophage, a pentamer must be removed because one of the vertices is occupied by the portal. The total number of MCPs in this capsid is therefore 1615 since it appears at this resolution that the 11 vertices that do not bind the tail are composed of the same protein.

A hollow tube can be found at the centre of each hexamer with a diameter of 40 Å and a length of 70 Å. The 260 cylindrical structures project outward from the capsid and appear to cross the capsid and slightly extend out from the inner face of the hexamer (Figure 3C). The stoichiometry of this protein is difficult to assess at this resolution as it lacks recognisable features. The outside of the capsid is further decorated with another cylindrical protein (70 Å in length and 30 Å in diameter) that is bound to the periphery of the hexamers and lying parallel to the capsid surface. It associates in 810 dimers and forms bridges between neighbouring hexamers/pentamers (Figure 3B). The structure and organisation of the dimer is reminiscent from that observed in the KZ [START_REF] Fokine | A three-dimensional cryo-electron microscopy structure of the bacteriophage KZ head[END_REF] and PBS1 capsids [START_REF] Hua | Capsids and Genomes of Jumbo-Sized Bacteriophages Reveal the Evolutionary Reach of the HK97 Fold[END_REF] which have the same triangulation number. It is interesting to note the presence of extra densities on the inside of the capsid, at the level of the 5-fold axis (Figure 3A, black arrows). This kind of structure is different from the one observed in RSL1 which exhibits a much more complex structure made of a trimer and a dimer [START_REF] Effantin | Cryo-electron microscopy three-dimensional structure of the jumbo phage ΦRSL1 infecting the phytopathogen Ralstonia solanacearum[END_REF]. Isosurface visualisation of these densities from the inside of the capsid (Figure 3D) shows that they are directly connected to the capsid at the 5-fold axis level (central globular structures) but also to the base of the cylindrical structures present at the centres of each hexamer. The nature of these densities is unknown, but they may correspond to proteins or DNA/protein complexes that link the DNA to the capsid and allow the DNA to be organised.

Focusing on the inside of the capsid, one can note the absence of DNA organised in concentric layers which is probably not due to the lack of resolution as it becomes visible at about a 20 Å resolution. It is possible to distinguish a hexagonal mono domain organisation of DNA with a cylindrical rod spanning the interior of the head and oriented along the tail axis (dotted rectangle at bottom of Figure 1A; Supplementary Figure 2C). When RSL2 was exposed to a very high dose of electrons (>100 e -/Å 2 ), an "inner body" similar to the one observed for KZ [START_REF] Wu | Bubblegrams reveal the inner body of bacteriophage φKZ[END_REF] and 121Q [START_REF] Hua | Capsids and Genomes of Jumbo-Sized Bacteriophages Reveal the Evolutionary Reach of the HK97 Fold[END_REF] can be visualized. However, this bubblegram is slightly different from that observed with KZ as it has an arch at one end of the cylinder that is close to the tail. This arch is reminiscent of the structures visible under the 5-fold axis in Figure 3D.  XacN1   1149 particles have been used out of 1775 to obtain a 9 Å resolution three-dimensional map of the XacN1 head. Only particles loaded with DNA were analysed. The diameter of the final reconstructed full capsid is 139.5 nm from vertex to vertex and 116 nm along the 2-fold axis (Figures 1B and2B). The triangulation number of this head is T=28 (h=4, k=2). The major capsid protein of XacN1is 463 aa in length and about 49 kDa in mass as described before [START_REF] Yoshikawa | Xanthomonas citri jumbo phage XacN1 exhibits a wide host range and high complement of tRNA genes[END_REF]. Even with the medium resolution of this reconstruction, it was possible, due to the presence of a long "spinal" alpha helix, to unambiguously fit the X-ray structure of HK97 [START_REF] Helgstrand | The refined structure of a protein catenane: the HK97 bacteriophage capsid at 3.44 A resolution[END_REF] into the cryo-electron microscopy map (Supplementary Figure 3A). The handedness of the structure is therefore most likely to be dextro (T=28,d). There are only two other known capsids from the Caudavirales order where three-dimensional reconstructions show such symmetry: 121Q [START_REF] Hua | Capsids and Genomes of Jumbo-Sized Bacteriophages Reveal the Evolutionary Reach of the HK97 Fold[END_REF] and PhAPEC6 [START_REF] Wagemans | Structural Analysis of Jumbo Coliphage phAPEC6[END_REF].

The structure of the external and internal faces of the capsid is very smooth compared to other phages (Figures 2B, 3F, and3G). This is especially true if compared with 121Q which harbours two types of decoration proteins at the periphery and on the middle of the hexamer.

The only protruding components are located at the 5-fold axis with the presence of a turretlike structure (dimensions of 38 Å in height and 60 Å in diameter; Figure 3F). This kind of extension is quite common in the bacteriophage world [START_REF] Effantin | Cryo-electron microscopy three-dimensional structure of the jumbo phage ΦRSL1 infecting the phytopathogen Ralstonia solanacearum[END_REF][START_REF] Stroupe | The structure of Sinorhizobium meliloti phage ΦM12, which has a novel T=19l triangulation number and is the founder of a new group of T4-superfamily phages[END_REF][START_REF] Lander | Capsomer dynamics and stabilization in the T = 12 marine bacteriophage SIO-2 and its procapsid studied by CryoEM[END_REF]. Inspection of the central slice of the three-dimensional reconstruction clearly shows that there are at least six concentric layers of DNA separated by 23.6 Å (Figure 3E). When irradiated at a high electron dose, the XacN1 head did not exhibit any bubblegram-type structure (data not shown).

 RP13  

Image analysis of the RP13 head started with 1311 particles. The best 669 particles yielded a three-dimensional reconstruction image at 9 Å resolution. This capsid shows a triangulation number of T=21, which was the smallest triangulation (and dimensions) of the three jumbo phages analysed here. The diameter of the particle from vertex to vertex is only 114 nm and between two opposed two-fold axes it is 97 nm. The obtained resolution enabled fitting of the HK97 X-ray structure into the RP13 capsid reconstruction leading to the assumption that the capsid handedness is T=21 laevo (supplementary Figure 3B). The RP13 phage is the first HK97-related phage to exhibit this kind of triangulation number. Only lipidic phages like PM2 [START_REF] Huiskonen | The PM2 virion has a novel organization with an internal membrane and pentameric receptor binding spikes[END_REF], FLiP (Flavobacterium-infecting, lipid-containing phage [28]), or P23-77 [29] have shown an organization with similar geometry but with a pseudo T=21 dextro triangulation number. These types of phages do not use the canonical HK97 hexameric structure to build up their capsid but rather incorporate an adenovirus-like trimeric structure.

Based on the three-dimensional structure it is clear that the vertices of the capsid are built by the same protein as the facet (Figures 3I and3J, pentamer and hexamer). The capsid is therefore composed of 1255 copies of the major capsid protein (20x10 hexamers per facet plus 11 pentamers).

Decoration proteins can be found on the top of the major capsid protein in a position crossing local two-fold axes somewhat similar to what was observed in RSL2. The shape of the dimeric decoration proteins surrounding the hexamer is more globular in case of RSL2 compared to that of RP13. The RP13 decoration protein also appears to be hollow. On the inside of the particle, in the middle of each hexamer, one can also find a globular extra density (Figure 3J, right, arrow). On the DNA level, it is possible to distinguish at least five concentric layers of DNA separated by 26.3 Å. Like XacN1, an irradiation-sensitive inner body was not detected for this virus (data not shown).

Discussion
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We determined the icosahedral capsid structures of three jumbo phages. Two of these phages are representatives of known triangulation number groups (T=27 and T=28), whereas the third one has a triangulation symmetry number that was not previously known to exist for caudal bacteriophages (T=21,l). Surprisingly, XacN1 has a smaller size compared to RSL2 even though it has a higher triangulation number, but this may be due to the difference in size of their respective MCPs (46 Da vs 70 kDa). The distance between the centre of two adjacent hexamers is slightly higher for RSL2 compared to XacN1 and RP13 (120 Å vs 113 Å, respectively). Different decoration proteins have been visualized on the outer portion of RSL2 and within its inner area. In contrast, XacN1 has the most basic capsid of the three phages studied here as no decoration proteins were observed on the exterior of the capsid. This proves that these accessory proteins are not essential to ensure the solidity of bacteriophage capsids, even when faced with the enormous internal pressures required to compact up to 400 kbp of DNA. For RSL2, because its MCP is much larger compared to the other two phages, one cannot be completely sure if the dimer present at the periphery of the hexamer is an extra protein or part of the MCP itself. However, it is likely that this dimer consists of accessory proteins since the same kind of dimer is present in KZ and PBS1 and because the MCPs are much smaller in these phages. A new kind of phage decoration protein that forms a hollow tube was also found in the RSL2 capsid. One would need to study this at higher resolution to determine what role this protein may have.

RSL2 carries only 224 kbp of DNA but it has the largest capsid. RSL2 is also the only phage in this study that has an inner body that does not exhibit concentric organisation of DNA layers within its three-dimensional structure. According to the structure we determined, large protein extensions are present on the inner part of the capsid and the DNA appears to be connected to the lower part of the hollow tube present at the centre of each hexamer. All of this together suggests that there are different types of DNA organisation in the jumbo phage world: one organised around an inner body with DNA connected to the capsid through dedicated structures near the 5-fold axes of the capsid; and another one as classical toroidal structures.

Two out of the three phages exhibits a "classical" DNA packing density of 0.49 and 0.39 whereas the third one has as very low one: RSL2 (0.29). This shows that the exceptions still exist and also shows the value of continuing extensive structural studies on viruses.

The RP13 capsid protects 180 kbp of DNA: less than most jumbo phages but more than classical bacteriophages. N3 DNA is 207 kbp for T=19,l and with a capsid diameter of 120 nm (vertex to vertex) compared to 114 nm for RP13 [START_REF] Hua | Capsids and Genomes of Jumbo-Sized Bacteriophages Reveal the Evolutionary Reach of the HK97 Fold[END_REF]. Because the capsid dimensions and the DNA size are in the same range for N3 and RP13, and even if RP13 does not technically meet the jumbo phage criteria (> 200 kbp), one can say that RP13 belongs to a new "semi-jumbo" category.

Conclusion

We found a new triangulation number symmetry to add to the bacteriophage morphology catalogue as well as a new kind of decoration protein. Many triangulation numbers are observed in nature. RP13 exhibits a higher T number than N3 but with DNA size that is too small for jumbo phage classification. We propose thatRP13 belongs to a new group of semi-jumbo phages. It seems that the distinction between classical myophages and jumbo phages is not clearly defined and that there is a continuum in the DNA sizes carried by Myoviridae. The diversity of accessory/decoration proteins is enormous. One can imagine that during evolution each phage has dipped into a common well to create its own combination of decorative/accessory proteins. Extensive study of these accessory proteins would help to discover novel protein properties (e.g. recognition of ligand). G.S. was responsible for the conception and direction of the work, analysing and interpreting data and revising the final drafts of the manuscript. All co-authors have reviewed and approved of the manuscript before submission and agree to be accountable for all aspects of the work. This manuscript has been submitted solely to this journal and is not published, in press, or submitted elsewhere. 

Data availability

Cryo-EM maps have been deposited in the Electron

XacN1 and RP13 5 The

 5 images have been binned two times (final pixel size of 3.88 Å). All the image analysis including generation of an initial model have been performed using the Relion software [19].

-

  Microscopy Data Bank: -RSL2 capsid map EMDB 11178 -XacN1 capsid map EMDB 11180 -RP13 capsid map EMDB 11179 Genome sequence accession numbers for the different bacteriophages are: . produced and purified the three bacteriophages. O.C. isolated RP13 in Thailand. G.S and E.N. prepared cryo-EM grids. E.N. and G.S. collected cryo-EM data on a FEI Polara EM. E.N. performed cryo-EM image processing and cryo-EM 3D reconstructions with the help of GE and LFE. The manuscript was written by G.S., E.N. and T.Y. with input from all authors.

Figure 1 :

 1 Figures legend:

Figure 2 : 13 A

 213 Figure 2: Three-dimensional reconstruction of the three jumbo phages obtained from cryo-EM images.
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Table 1 : Electron microscopy statistics for the image analysis of the three bacteriophages.Table 2 : Dimensions of the different parts of the three bacteriophages (capsid, tail and DNA).

 12 The inner volume of the capsid has been measured using UCSF Chimera as described

	in [6].

Table 1

 1 Neumann et al.

		RSL2	XacN1	RP13
		Capsid	
	Capsid diameter	128 nm	115 nm	97 nm
	2-fold axis			
	Capsid diameter	139 nm	134 nm	114 nm
	vertex to vertex			
	Internal diameter of	108 nm	108 nm	89.5 nm
	the capsid			
	2-fold axis			
	Capsid volume (x	830	790	460
	10 3 nm 3 )			
	Capsid thickness	42 Å	38 Å	40 Å
	T Number ; h ; k	T=27 h=3, k=3	T=28,d h=4, k=2	T=21,l h=4, k=1
	Decoration protein	810	0	630
	Number of dimers			
	Decoration proteins	260	0	0
	Number of spikes			
	(6-fold)			
		Tail		
	Tail			
	Length	1650 Å	1180 Å	1010 Å
	Number of repeats	44	31	28
	Pitch	37.5 Å	38 Å	36 Å
		DNA	
	DNA (kbp)	224 kbp	385 kbp	180 kbp
	DNA spacing		23.6 Å	26.3 Å
	Avg density of	0.29	0.49	0.39
	packaged			
	DNA (bp/nm 3 )			

Table 2 Neumann et al.
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