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            Abstract
DNA replication initiates at defined sites called origins, which serve as binding sites for initiator proteins that recruit the replicative machinery. Origins differ in number and structure across the three domains of life1 and their properties determine the dynamics of chromosome replication. Bacteria and some archaea replicate from single origins, whereas most archaea and all eukaryotes replicate using multiple origins. Initiation mechanisms that rely on homologous recombination operate in some viruses. Here we show that such mechanisms also operate in archaea. We use deep sequencing to study replication in Haloferax volcanii and identify four chromosomal origins of differing activity. Deletion of individual origins results in perturbed replication dynamics and reduced growth. However, a strain lacking all origins has no apparent defects and grows significantly faster than wild type. Origin-less cells initiate replication at dispersed sites rather than at discrete origins and have an absolute requirement for the recombinase RadA, unlike strains lacking individual origins. Our results demonstrate that homologous recombination alone can efficiently initiate the replication of an entire cellular genome. This raises the question of what purpose replication origins serve and why they have evolved.
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                    Figure 1: Replication profiles for H. volcanii wild isolate and laboratory strain.[image: ]


Figure 2: Characterization of origin deletion strains.[image: ]


Figure 3: Origin deletion strain replication profiles.[image: ]


Figure 4: RadA recombinase is essential in an Î”oriC1,2,3,pHV4 mutant.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Correcting for GC-bias in deep sequencing data.
Sequence composition has previously been reported to influence the depth of sequence coverage34. Therefore we investigated whether GC-content contributes to the noise in our data. Sequence reads from the wild isolate (DS2) stationary-phase sample were analysed with respect to GC-content. a, For each 1â€‰kb window of unique sequence the number of mapped reads was plotted against the GC-content of the window. We found a significant reduction in mapped sequence reads at elevated GC-content. A polynomial equation (inset and solid line) was fitted to the data. b, For each 1â€‰kb window of unique sequence, the read counts were plotted against chromosome position. c, Using the method of Alkan et al.34, we corrected for GC-bias using the polynomial equation shown in a and then plotted the corrected sequence reads against GC-content. d, GC-bias-corrected sequence reads are shown plotted against chromosomal position. With no substantial continuing replication in the stationary-phase sample, we can justify using this data set to normalize the exponential phase data. Both normalization methods result in low noise compared with studies that do not use a normalization step35.


Extended Data Figure 2 Replication profiles and copy numbers of mega-plasmids.
Relative copy number plotted against chromosomal coordinate (kb) for pHV1 and pHV3 of (a) wild isolate DS2, (b) laboratory strain H26, (c) Î”oriC1 H1269, (d) Î”oriC2 H1267, (e) Î”oriC3 H1371, (f) Î”oriC1,2,3 H1374 and (g) Î”oriC1,2,3,pHV4 H1546. Each mega-plasmid is shown linearized at position 0, the location of previously described origins4. The 6â€‰kb pHV2 plasmid is not shown in the wild isolate owing to the scarcity of data points; pHV2 is not present in laboratory strains (bâ€“g). The pHV4 data for DS2 are shown in Fig. 1. Separate pHV4 data for laboratory strains (bâ€“g) are excluded, because pHV4 is incorporated into the main chromosome in these strains (Figs 1 and 3). h, Relative copy number for each mega-plasmid was calculated using the GC-content normalized sequence counts from the stationary-phase data for laboratory strain H26.


Extended Data Figure 3 Characterization of oriC3.
a, Sequence features of oriC3. Double-headed arrow indicates the autonomously replicating fragment recovered from a genomic library of H1023 (pTA1100; see Methods for details); solid arrows, open reading frames; triangles, repeats. The intergenic region upstream of orc2 is typical of archaeal origins. It is enlarged to show the sequence features of oriC3 duplex unwinding element (DUE). HVO_0635 encodes a conserved hypothetical protein. b, Sequence of intergenic repeats upstream of orc2 (numbered in a, triangles show repeat orientation). Dark grey shading indicates match to consensus origin recognition box (ORB); bases conserved between repeats are indicated by light grey shading. c, Plasmid-based assays for the three chromosomal origins. Recombination-deficient strain H112 was transformed with 1â€‰Âµg of pTA441 (oriC1), pTA612 (oriC2) or pTA1100 (oriC3). Transformants were plated with 100-fold dilution on Hv-Ca and incubated at 45â€‰Â°C for 14â€‰days. Numbers indicate transformation efficiency in colony-forming units (c.f.u.) per microgram of DNA. d, GC-disparity of main chromosome in wild isolate DS2 (adapted from ref. 4); positions of orc genes and replication origins are shown. The lack of a nucleotide disparity inflection point at oriC3 suggests that this origin has been acquired recently or is used infrequently, consistent with the replication profile (Fig. 1a) and plasmid-based assay (Extended Data Fig. 3c).


Extended Data Figure 4 Identifying integration of pHV4 into the main chromosome.
a, Map of region around ISH18 insertion sequence element HVO_0278 on the main chromosome of wild isolate DS2, showing restriction sites and probes used to determine the integration of pHV4. b, Map illustrating integration of pHV4 into the main chromosome of laboratory strain H26, by recombination between ISH18 HVO_0278 (chromosome) and ISH18 HVO_A0279 (pHV4). Regions upstream and downstream of the integration are depicted with the same restriction sites and probes shown in Extended Data Fig. 4a, in addition to the genomic fragments cloned in pTA1238 and pTA1236. c, Restriction fragment length polymorphisms in the main chromosome of laboratory strain H26. Genomic DNA from wild isolate DS2 and laboratory strain H26 was digested with KpnI, ClaI or NarI, and probed with sequences upstream (US) and downstream (DS) of ISH18 insertion sequence element HVO_0278. The upstream 3,646â€‰bp NarI fragment of H26 was cloned in pTA1238, and the downstream 7,478â€‰bp KpnI fragment of H26 was cloned in pTA1236. See Methods for details.


Extended Data Figure 5 Identifying chromosomal rearrangement in Î”oriC1,2,3 Î”radA strain H1553.
a, Map of SfaAI restriction sites on the main chromosome of wild isolate DS2. The region around ISH18 HVO_0278 is shown with additional restriction sites and the probe. b, Map of SfaAI restriction sites on the main chromosome of laboratory strain H26. The region downstream of integrated pHV4 is shown with the same restriction sites as in Extended Data Fig. 5a, and two extra probes (ori-pHV4 and bgaH) that hybridize to pHV4. c, Map of SfaAI restriction sites on the main chromosome of Î”oriC1,2,3 Î”radA strain H1553. The region downstream of integrated pHV4 is shown as in Extended Data Fig. 5b. H1553 has undergone a chromosomal rearrangement involving part of pHV4 between ISH18 HVO_A0014 and ISH18 HVO_0278. These ISH18 elements are identical in sequence but in an inverted orientation (bold arrows); recombination between them results in inversion of the intervening sequence. d, Restriction fragment length polymorphisms in H26 and H1553. Genomic DNA from wild isolate DS2, laboratory strain H26, Î”oriC1,2,3 strain H1501 and Î”oriC1,2,3 Î”radA strain H1553 was digested with SfaAI and shown on a pulsed-field gel. Southern blots were probed with the ori-pHV4 origin, bgaH gene (located on pHV4 (ref. 21)) and sequences downstream (DS) of ISH18 element HVO_0278. e, Confirmation of restriction fragment length polymorphisms by ClaI, KpnI and NarI digests, probed with sequences downstream (DS) of ISH18 element HVO_0278; see also Extended Data Fig. 4.


Extended Data Figure 6 Generating tryptophan-inducible radA strains.
a, Map of p.tnaA-radA+ gene replacement plasmid pTA1343. b, Map of region around radA, showing NspI restriction sites and the probe used to determine replacement of the native radA gene with the tryptophan-inducible radA allele. c, Confirmation of radA replacement by p.tnaA-radA+::hdrB+. Genomic DNA from laboratory strain H26, Î”oriC1,2,3,pHV4 strain H1546, p.tnaA-radA+ strain H1637 and Î”oriC1,2,3,pHV4 p.tnaA-radA+ strain H1642 was digested with NspI and probed with the radA region. See Methods for further details.


Extended Data Table 1 SNPs identified in deep sequencing dataFull size table


Extended Data Table 2 H. volcanii strainsFull size table


Extended Data Table 3 PlasmidsFull size table


Extended Data Table 4 Oligonucleotides and probesFull size table
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This file shows the deep sequencing data, it contains the following data from each experiment: chromosome or mega-plasmid, mid-point of 1 kb windows used, GC proportion for 1 kb windows, sequence reads for stationary and exponential phase samples, ratio of exponential to stationary phase sequence reads, normalized ratio, genomic co-ordinates for the reconstructed main chromosome. (XLS 5255 kb)
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Duplication of DNA genomes in bacteria, archaea and eukaryotes initiates at sites called origins of replication. Some viruses, however, lack such origins and instead replicate by a recombination-dependent mechanism. Thorsten Allers and colleagues now report the first example of an archaeon that is able to replicate when all of its origins are deleted. As expected, deletion of a subset of Haloferax volcanii's four origins resulted in slower growth. But surprisingly, when all the origins were deleted, cell growth was actually faster than in the wild type. These cells are able to use recombination, initiating at disperse sites, to replicate a genome that is much larger than that found in viruses. This prompts the question, for what purpose did replication origins evolve?
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