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ABSTRACT

Many prokaryotic viruses are temperate and their re-
activation is tightly regulated. However, except for
a few bacterial model systems, the regulatory cir-
cuits underlying the exit from lysogeny are poorly
understood, especially in archaea. Here, we report a
three-gene module which regulates the switch be-
tween lysogeny and replicative cycle in a haloar-
chaeal virus SNJ2 (family Pleolipoviridae). The SNJ2
orf4 encodes a winged helix-turn-helix DNA binding
protein which maintains lysogeny through repress-
ing the expression of the viral integrase gene intSNJ2.
To switch to the induced state, two other SNJ2-
encoded proteins, Orf7 and Orf8, are required. Orf8
is a homolog of cellular AAA+ ATPase Orc1/Cdc6,
which is activated upon mitomycin C-induced DNA
damage, possibly through posttranslational modifi-
cation. Activated Orf8 initiates the expression of Orf7
which, in turn, antagonizes the function of Orf4, lead-
ing to the transcription of intSNJ2, thereby switching
SNJ2 to the induced state. Comparative genomics
analysis revealed that the SNJ2-like Orc1/Cdc6-
centered three-gene module is common in haloar-
chaeal genomes, always present in the context of in-
tegrated proviruses. Collectively, our results uncover
the first DNA damage signaling pathway encoded
by a temperate archaeal virus and reveal an unex-
pected role of the widely distributed virus-encoded
Orc1/Cdc6 homologs.

INTRODUCTION

Temperate viruses can undergo either the lysogenic or the
lytic life cycles. During the lysogenic life cycle, the virus
genome is maintained in a dormant state, known as the

provirus, through either integrating into the host chro-
mosome and replicating passively with the host or exist-
ing as an extrachromosomal episome. When entering into
the replicative life cycle, the virus reproduces actively, the
progeny virions are assembled and released from the host
cell, in most cases, causing cell lysis. Proviral regions are
frequently found in genomes of both bacteria and archaea,
and play important roles in the microbial ecology and
genome evolution (1,2). For instance, upon induction, tem-
perate viruses can promote horizontal gene transfer and
have significant impact on the composition and physiol-
ogy of microbial communities in diverse ecological niches
(3,4). Therefore, understanding the regulatory mechanisms
behind the lysis-lysogeny decision of temperate viruses is of
great importance.

The regulatory mechanisms of life cycle decision have
been extensively explored for temperate viruses infecting
bacteria (5). Many prophages (proviruses of bacteria) are
activated by the host SOS response, following the DNA
damage signaling pathway. The most in-depth studied is Es-
cherichia coli phage lambda. The activation of lambda is
regulated by many viral and host proteins. Among them,
the host RecA protein which binds to single-stranded DNA
(ssDNA), and the prophage master repressor CI protein
responsible for the maintenance of lysogeny, are most im-
portant. Following DNA damage, RecA detects and binds
to the accumulated ssDNA regions and becomes acti-
vated (RecA*). RecA* stimulates the self-cleavage of the
prophage CI protein in a manner similar to the auto-
proteolysis of the SOS response master regulator LexA.
The inactivation of CI repressor leads to the provirus ex-
cision, genome replication, virion assembly and host cell
lysis (6).

Despite the fact that many temperate viruses have been
detected in diverse archaeal lineages (7,8), in contrast to
their bacterial counterparts, the regulatory mechanisms of
their life cycle transitions remain largely unknown. Thus
far, the lysis-lysogeny decision has been studied only in two
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temperate archaeal viruses, the hyperthermophilic crenar-
chaeal virus SSV1 and the halophilic euryarchaeal virus
SNJ1. In the case of SSV1, the virus-encoded transcrip-
tional regulator F55 forms a complex with the host RadA
protein, which represses the expression of the viral replica-
tive pathway genes. Upon UV-induced host DNA dam-
age, RadA is recruited to the single stranded DNA re-
gions, resulting in the disassociation of the F55-RadA com-
plex. This event causes the dissociation of F55 from its tar-
get DNA sites, leading to transcriptional derepression and
active virus reproduction (9,10). In the case of halovirus
SNJ1, an antitoxin MazE superfamily protein encoded by
the virus functions as a master regulator repressing the vi-
ral lytic pathway genes (11). Treatment with DNA damag-
ing agent mitomycin C (MMC) results in the reactivation of
SNJ1 replication, but the mechanism has not been explored
(11).

Family Pleolipoviridae includes non-lytic, enveloped
viruses infecting halophilic archaea, and represents one
of the dominant haloarchaeal viral types (12–14). There
are currently three genera, namely Alpha-, Beta- and
Gammapleolipovirus within the virus family (12,13). Viruses
from distinct genera of Pleolipoviridae share a conserved
gene cluster encoding structural proteins and a variable,
largely, genus-specific region encoding various functions
(15,16). Although most characterized pleolipovirus isolates
do not code for the integrase and are not temperate, related
proviruses are highly abundant in haloarchaeal genomes
(16–20). SNJ2 (genus Betapleolipovirus) is a representative
temperate pleolipovirus that integrates into the tRNAMet

gene of Natrinema sp. J7-1 strain. Upon MMC treatment,
SNJ2 is reactivated and virions are released without lysis,
presumably through budding (18). Integration and excision
of the SNJ2 genome is mediated by the virus-encoded in-
tegrase, IntSNJ2, which represents a novel family of tyro-
sine recombinase (20). In this study, we investigated the reg-
ulatory mechanism of lysogeny-induction switch of SNJ2
(note that due to the non-lytic nature of pleolipoviruses, we
use the term ‘induction/induced’ instead of ‘lysis/lytic’ in
this study). We show that a regulatory module composed
of 3 viral genes, including a gene homologous to the cellu-
lar AAA+ ATPase Orc1/Cdc6 (origin recognition complex
1/cell division control protein 6), a key component of the
host replisome responsible for origin recognition and heli-
case loading, responds to host DNA damage and controls
the switch from lysogenic to induced state of SNJ2. This
three-gene regulatory module is conserved in proviruses of
the genus Betapleolipovirus, indicating that these haloar-
chaeal proviruses employ a common strategy to regulate
their life cycles.

MATERIALS AND METHODS

Strains, culture conditions, and transformation methods

All strains and plasmids used in this study were listed in
Supplementary Tables S2 and S3, respectively. Construc-
tion of the archaeal strains, plasmids, and oligonucleotide
primers used in this study were described or listed in Supple-
mentary Information. Natrinema sp. J7 and other haloar-
chaeal strains were cultured in Halo-2 medium or 18% mod-
ified growth medium (MGM) at 45◦C as previously de-

scribed (21). Agar plates contained 15 g Bacto Agar (BD)
per liter. Halo-2 medium contained 250 g of NaCl, 30 g of
MgCl2·6H2O, 2.5 g of lactalbumin hydrolysate (Difco Lab-
oratories), and 2 g of Bacto yeast extract (Difco Laborato-
ries) per liter of water. Casamino Acids medium (Hv-Ca)
or MGM were prepared as described earlier (20,21). Hv-
Ca contained 144 g of NaCl, 18 g of MgCl2·6H2O, 21 g
of MgSO4·7H2O, 4.2 g of KCl, 5 g of Amicase (Sigma),
0.5 g of CaCl2, and 30 ml of 1 M Tris–HCl (pH 7.5) per
liter of water. 18% MGM contained 144 g of NaCl, 18 g
of MgCl2·6H2O, 21 g of MgSO4·7H2O, 4.2 g of KCl, 5 g
of peptone (Difco Laboratories), 3 g of Bacto yeast extract
(Difco Laboratories), 0.5 g of CaCl2, and 30 ml of 1 M Tris–
HCl (pH 7.5) per liter of water. When needed, 5-fluoroorotic
acid (5-FOA) was added at a final concentration of 0.04
mg/ml, while mevinolin (Mev) antibiotic was added at 5
�g/ml in 18% MGM for haloarchaeal cultures. Escherichia
coli were grown at 37◦C in Luria–Bertani (LB) medium sup-
plemented with ampicillin (100 �g/ml) or kanamycin (50
�g/ml) when necessary.

Transformation of haloarchaea including Natrinema sp.
J7 and Haloferax vocanii H26 was performed using the
modified polyethylene glycol method as described previ-
ously (22,23). DH5�, JM110 was transformed according to
the CaCl2 method (24).

Quantification of virus genome, attP and transcription level
of genes by quantitative-PCR

The relative copy number of SNJ2 genome or attP was de-
tected by qPCR method using cell culture with or with-
out MMC treatment as the templates. For MMC treat-
ment, strains were cultured to middle exponential phase
(OD600 = 0.6–0.8) in Halo-2 medium and treated with a fi-
nal concentration of 1 �g/ml MMC for 30 min. Cells were
collected by centrifugation and washed twice in the same
volume of Halo-2 medium to remove MMC. Cell pellets
were resuspended in Halo-2 medium and cultured at the
same condition. The protocol of MMC treatment was used
throughout the study. Samples were taken at different time
points post induction. To avoid the negative effect of a high
salt concentration on qPCR, 10 �l of the cell suspension
was added to 490 �l of distilled water, which also resulted in
rapid cell lysis. The relative copy number of SNJ2 genome
or attP was estimated by qPCR, using the iTaq Universal
SYBR green Supermix (Bio-Rad) and gene-specific primers
(Supplementary Table S4). The single-copy host radA gene
was used as a reference, while orf7 and attP of SNJ2 were
used for viral genome. PCR was performed in a CFX96
Touch™ real-time PCR detection system (Bio-Rad, Her-
cules, CA, USA) with the following steps: denaturing at
95◦C for 5 min (If the sample is cDNA, adjust it to 30 s),
40 cycles of 95◦C 15 s, 60◦C 30 s. Relative copy number of
SNJ2 genome or attP was estimated by the comparative Ct
value of orf7/radA or attP/radA, respectively.

For the analysis of transcription level of orfXSNJ2, the
cells were cultured and treated as above. RNA was extracted
from samples at 0 and 9 h after induction using the Trizol
reagent (Invitrogen, CA, USA). The housekeeping gene en-
coding RNA polymerase subunit B (rpoB) located on the
host chromosome was used as a reference, orf1, orf7, orf8
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of the SNJ2 genome were used as target genes. The specific
primers used for qPCR were listed in Table S3. The reaction
system was described previously (11), 20 �l mixtures were
prepared containing 5 �l of template, 10 �l of iTaq Univer-
sal SYBR green Supermix Bio-Rad), 1 �l of primer pairs
(10 �M), and 4 �l of distilled water. Amplification was per-
formed as above. Finally, the qRT-PCR data were analyzed
by the comparative Ct method with rpoB gene as the refer-
ence. Three independent experiments were performed, and
error bars indicated the standard deviations.

Western blot analysis

For the analysis of IntSNJ2 expression, we first prepared
an anti-IntSNJ2 antibodies by immunizing New Zealand
white rabbits with purified IntSNJ2 by ABclonal Technol-
ogy Co., Ltd. The J7-1-F and J7-3-F strains were cul-
tured to middle exponential phase (OD600 = 0.6–0.8) in
Halo-2 medium, then treated with MMC as above. Sam-
ples were collected at 0 and 9 h after MMC treatment
(The OD600 of cultures was adjusted to ensure the same
amounts of cells were taken for analysis), and crude ex-
tracts were prepared by mixing with 5× SDS-PAGE sam-
ple buffer (250 mM Tris–HCl pH 6.8; 10% SDS; 50% glyc-
erol; 0.5% bromophenol blue) supplemented with 50 mM
DTT /ml of sample buffer. After boiling at 95◦C for 10
min, samples were loaded on a 12% polyacrylamide gel for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Proteins were transferred from the polyacry-
lamide gel onto a nitrocellulose membrane (GE Healthcare,
Waukesha, WI, USA), using the Semi-Dry Electrophoretic
Transfer Cell system (Bio-Rad, Hercules, CA, USA). The
transferred membranes were immersed in 0.2% Ponceau
S (Beijing Solarbio Science & Technology Co., Ltd) for
10 min to determine the transfer efficiency of the samples.
Membranes were then washed 3 × 5 min with ddH2O and
used for immunoblotting. Briefly, the membrane was in-
cubated in 5% skim milk blocking agent for 1h, and then
incubated with primary rabbit antibodies (against IntSNJ2)
at 4◦C, overnight. Following 3 × 10 min washing with
TBST, membranes were incubated with HRP-conjugated
goat anti-rabbit antibody (Beijing TransGen Biotech Co.,
Ltd) for 1h at RT. After washing, signal was visualized using
ECL western blot substrate (Thermo Scientific, Waltham,
MA, USA) and recorded by exposure to an X-ray film.
Anti-IntSNJ2 antibodies were used for Western blot assay of
IntSNJ2 protein.

To analyze the protein level of Orf8, the J7-1-
FΔorf8/pFJ6-PphaR-orf8-his strain was cultivated and
treated as above. Samples were collected at 0, 3, 6, 9 and
12 h after MMC treatment (The OD600 of cultures was
adjusted to ensure the same amounts of cells were taken for
analysis) and crude extracts were loaded for SDS-PAGE.
Procedures for Ponceau S staining and western blot were
performed as above. Membrane was incubated with the
primary Anti-His Mouse Monoclonal Antibody (Beijing
TransGen Biotech Co., Ltd) followed by washing with
TBST and finally incubation with the HRP-conjugated
goat anti-mouse antibody (Beijing TransGen Biotech Co.,
Ltd) to detect Orf8-his.

To test whether orf4 was cleaved or degraded, the
J7-3-F/pFJ6-4-his-9-PInt-amyH strain was cultivated and
treated as above. Samples were collected at 0, 3, 6 and 9 h
after MMC treatment (The OD600 of cultures was adjusted
to ensure the same amounts of cells were taken for analysis)
and crude extracts were loaded for SDS-PAGE. Western-
blot of Orf4-his was performed as above for the detection
of Orf8-his.

Amylase activity assay

All strains carrying amylase reporter plasmids were culti-
vated in Halo-2 medium to late exponential phase, then
treated with or without MMC as above. The amylase-
specific activities were measured at 16h after induction by
a method described by Fuwa (25). The presence of amylase
activity on plates was determined as described by Coronado
et al. (26). Transformants were transferred to 5 ml of 20%
HV-ca medium and grown to log phase, then 2 �l culture
was spotted onto 20% Hv-Ca plates supplemented with 2%
(wt/vol) soluble starch. After incubation at 45◦C for about
2 days, 0.3% I2/0.6% KI solution was added to the plates,
and formation of halos around the selected transformants
was examined immediately.

RNA-seq

To determine the difference in gene expression of SNJ2 with
and without MMC treatment, Natrinema sp. J7-1 was
incubated to middle exponential phase (OD600 = 0.6–
0.8) in Halo-2 medium and treated with MMC as above.
Cell samples were then collected at 0, 1, 4 and 9h af-
ter MMC treatment. RNA extraction and RNA-seq was
performed in Wuhan Frasergen Bioinformatics Co. Ltd.
Briefly, total RNA was extracted using Trizol reagent (In-
vitrogen, CA, USA) as described by the manufacturer,
RNA purity and integrity was monitored by NanoDrop
2000 spectrophotometer (NanoDrop Technologies, Wilm-
ington, DE, USA) and a Bioanalyzer 2100 system (Agi-
lent Technologies, CA, USA). The degradation of RNA
was assessed by 1.5% agarose gel. Ribosomal RNA was re-
moved by the Ribo-Zero Magnetic kit (Bacteria) (epicen-
tre, MRZB12424) to enrich mRNA. Strand specific RNA-
seq was performed using the NEB Next Ultra Directional
RNA Library Prep Kit (NEB, E7420). After the library
was constructed, Qubit 2.0 was used for preliminary quan-
tification, and the library was diluted to 1.5 ng/�l. Then
Agilent 2100 BioAnalyzer was used to detect the insert
size of the library. Quantitative reverse transcription PCR
(qRT-PCR) was used to accurately quantify the effective
concentration of the library to ensure the quality of the
library

RNA-seq libraries were sequenced using the Illumina no-
vaseq 6000 platform. Using RSEM (27), the bowtie2 com-
parison results were used for statistics, and the number of
Reads compared to each transcript of each sample was ob-
tained, and the resulting data were then analyzed by Frag-
ments Per Kilobase Per Million bases (FPKM) analysis (28)
to reveal the expression levels of all genes in the Natrinema
sp. J7-1 genome.
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qPCR to test the impact of orf4 overexpression on SNJ2 in-
fection and replication

SNJ2 was incubated with 20 ml of early-exponential-phase
(OD600 ≈ 0.3) cultures of J7-3-F, J7-3-F/pFJ6-PphaR-orf4
or J7-3-F/pFJ6- PphaR-orf4fsm at 45◦C for about 1 h. Af-
ter absorption, cells were collected by centrifugation (10000
rpm, 5 min) and washed twice in the same volume of Halo-2
medium to remove the free viruses. Cell pellets were resus-
pended in the same volume of Halo-2 medium and cultured
at 45◦C for 6h. Samples were taken every half hour for the
first 3h post infection. qPCR analysis was performed us-
ing the same primer pairs and procedure as described above
in ‘Quantification of virus genome, attP and transcription
level of genes by Quantitative-PCR’ The qPCR data were
analyzed according to the 2−�CT method. Three indepen-
dent experiments were performed, and error bars indicated
the standard deviations.

Bioinformatic analysis

The in silico-translated protein sequences were used as
queries to search for sequence homologs in the nonredun-
dant protein database at the NCBI using BLAST (29).
Searches for distant homologs and functional annotation
of proteins were performed using HHpred (30) against dif-
ferent protein databases, including PDB, Pfam, CDD and
COG. The protein secondary structure was predicted us-
ing Jpred (31), and multiple sequence alignments were per-
formed by PROMALS3D (32). Phylogenetic analyses were
carried out using PhyML 3.0 with the automatic model
selection (33). To search for Orc1-encoding pleolipoprovi-
ral regions in haloarchaeal genomes, sequences of the viral
hallmark spike proteins from all characterized pleolipovirus
isolates (12) were used to create a HMM profile with HM-
MER 3 (34), and the resulting profile was used to search
Halobacteria nonreduntant protein database downloaded
(January 2022) from the NCBI. The genomic neighborhood
of the identified spike protein-encoding genes was analyzed
for the presence of orc1 and other genes of the conserved
gene cluster of pleolipoviruses. The exact nucleotide coor-
dinates and attachment sites of proviruses were identified
manually. For the phylogenomic analysis, all pairwise com-
parisons of the nucleotide sequences of the identified ple-
olipoproviruses were conducted using the Genome-BLAST
Distance Phylogeny (GBDP) method implemented in VIC-
TOR (35). The resulting intergenomic distances were used
to infer a balanced minimum evolution tree with branch
support via FASTME including SPR post processing for
D6 formula. The structural model of SNJ2 Orf7 was ob-
tained using AlphaFold2 (36) through ColabFold (37) and
visualized using ChimeraX (38).

RESULTS

The transcription of intSNJ2 is tightly regulated and is critical
for SNJ2 life cycle switch

To investigate the regulatory mechanism of SNJ2 life cy-
cle switch, we firstly analyzed the transcription level of viral
genes after MMC treatment of Natrinema sp. J7-1-F cells
(snj2+). Total RNA from cell samples at 0, 1, 4 and 9 h post-
MMC treatment were extracted, and the mRNA abundance

of individual genes was determined by RNA-seq. As shown
in Figure 1A, nearly all SNJ2 genes were silenced before in-
duction except for orf10, which was predicted to be a type
IV pilin N-terminal domain-containing protein. However,
4 h post MMC induction, transcription of the orf3-1 operon
(orf1 encodes the integrase IntSNJ2), orf7 and orf19-25 was
strongly upregulated, and continued to increase to high lev-
els 9 h post-induction. By contrast, the transcripts of the
conserved pleolipovirus gene cluster (orf12-17) could only
be detected at 9 h post-induction. Notably, the transcription
level of orf4, orf8 and orf9 was very low and did not change
throughout the entire induction process (Figure 1A). To val-
idate the RNA-seq data, the relative transcription levels of
orf1 and orf8 were detected by qPCR at 0 and 9 h after
MMC treatment. Consistent with the RNA-seq results, the
transcription level of orf1 increased significantly post induc-
tion, whereas the level of orf8 did not change (Figure 1B).
These results revealed that the transcription of SNJ2 genes
is tightly regulated with the intSNJ2 operon (orf3-1) being
expressed early and the conserved structure-related module
(orf12-17) being a late transcript.

We previously showed that IntSNJ2 mediates site-specific
recombination between the viral and host genomes (20).
Deletion of intSNJ2 in J7-1-F strain resulted in a defec-
tive SNJ2 provirus which was unable to replicate after
MMC treatment (Supplementary Figure S1), indicating
that intSNJ2-mediated excision and circularization of the
SNJ2 provirus is critical for the reactivation of SNJ2 repli-
cation. Consistent with this, the intSNJ2 operon is an early
transcript post MMC treatment and Western blot analysis
showed that IntSNJ2 was not detectable before induction, but
was highly expressed 9h post induction (Figure 1B and C).
As a control, a protein band corresponding to IntSNJ2 was
not detected in samples of the strain J7-3-F, from which the
SNJ2 provirus has been cured. Taken together, these results
suggest that the transcription of intSNJ2 is the key for SNJ2
life cycle switch, which is tightly regulated and is activated
upon MMC-induced DNA damage.

SNJ2 contains a regulatory region responsible for its
lysogeny-induction switch

Since IntSNJ2 plays a critical role in the reactivation of SNJ2,
determination of the mechanism regulating its expression
would likely shed light on the lysogeny-induction switch
of SNJ2. Comparison of the genomes of the isolated ple-
olipoviruses with those of the proviruses revealed a dis-
tinct region interspersed between the conserved structural
gene cluster and the integrase encoding gene in the proviral
genomes (12,18). Although this region is highly divergent
among pleolipoproviruses, it likely contains the regulatory
genes responsible for the life cycle switch of these viruses. In
the case of SNJ2, this putative regulatory region is from orf2
to orf11 (Figure 2A). The intSNJ2 operon (orf3-1) has been
shown to be co-transcribed from one promoter (20). Con-
sistently, our RNA-seq data showed similar transcriptional
pattern of the three genes (Figure 1A). Thus, we speculated
that this region may harbor viral factors that control intSNJ2

transcription through the promoter of the intSNJ2 operon
(the intergenic region between orf3 and orf4), which we de-
noted as the PInt promoter region.
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Figure 1. The transcription of intSNJ2 is tightly regulated. (A) RNA-seq data of SNJ2 orfs at 0, 1, 4 and 9h after MMC treatment. J7-1-F (snj2+) strain
was cultured to exponential phase (OD600 = 0.6–0.8) in Halo-2 medium and treated with MMC (1�g/ml). Samples were collected at 0, 1, 4 and 9 h after
MMC treatment from which total RNAs were prepared and used for RNA-Seq analysis. The FPKM of each SNJ2 gene was calculated. (B) qPCR analysis
of the relative transcriptional level of orf1 and orf8 in J7-1-F cells at 0h and 9h after MMC treatment. J7-1-F strain was cultured and treated as in (A).
RNA was extracted from samples at 0h and 9h after suspension and used for qPCR analysis using the primer pairs orf1-F/ R, orf8-F/R and rpoB-F/

R. The transcription level of orf1 and orf8 was relative to internal reference rpoB. The experiment was repeated three times, and error bars indicated the
standard deviations. (C) Western-blot assay to check the protein level of IntSNJ2 before and after MMC treatment. The J7-1-F and J7-3-F (Δsnj2) strains
were cultured and treated as in (A). Samples were collected at 0h and 9h after MMC treatment and crude extracts were loaded for SDS-PAGE. Lanes 1
and 3 were samples of J7-1-F (snj2+), whereas lanes 2 and 4 were samples of J7-3-F (Δsnj2), respectively. Anti-IntSNJ2 antibodies was used for detection
of IntSNJ2. Lower panel shows Ponceau S staining of the membrane as loading controls.

To test the above hypothesis, we constructed an amylase
reporter system based on the pFJ6 plasmid (39), in which
the �-amylase gene was placed under the PInt promoter re-
gion. The reporter plasmid was transformed into the J7-1-
F (snj2+) and J7-3-F (Δsnj2) strains, respectively, and the
amylase activity was detected 16 h post MMC treatment.
As shown in Figure 2B, amylase activity was detected in
J7-3-F cells carrying the reporter plasmid with or without
MMC treatment, indicating that the PInt promoter is con-
stitutively active in the absence of viral proteins. By con-
trast, no amylase activity was detected in the J7-1-F strain
without MMC treatment, but the amylase activity increased

significantly upon MMC treatment (Figure 2B). These re-
sults indicate that the PInt promoter is repressed by viral fac-
tors before MMC treatment, but the repression is relieved
post induction. To determine if the orf4-orf11 region con-
tains the regulators, it was incorporated into the reporter
plasmid to generate pFJ6-orf4-11-PInt-amyH and the amy-
lase activity was tested in J7-3-F cells. As shown in Figure
2B, amylase activity was completely inhibited in J7-3-F cells
harboring the plasmid in the absence of MMC treatment
but increased significantly upon MMC treatment, indicat-
ing that the orf4-orf11 region contains both the repressor of
the PInt promoter and factors relieving the repression.
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Figure 2. The region containing orf4-11 is capable for the regulation of SNJ2 lysogeny to induction switch. (A) Organization of the SNJ2 provirus genome.
Colors denote genes characterized in this study. orf1 (aqua) encodes the SNJ2 integrase, orf4 (red) encodes a �H1 repressor-like protein, orf7 (gray) encodes
a protein of unknown function, and orf8 (golden) encodes an Orc1/Cdc6 protein. (B) Amylase activity assay to test the regulation of the PInt promoter by
the putative regulatory region of SNJ2. Reporter plasmids pFJ6-PInt-amyH (without orf4-11) and pFJ6-orf4-11-PInt-amyH (with orf4-11) were transformed
into J7-1-F (snj2+) and J7-3-F (Δsnj2) and amylase activity was tested by the FUWA method at 16h post MMC treatment. The experiment was repeated
three times, and error bars indicated the standard deviations.

Viral factors involved in the SNJ2 life cycle switch are en-
coded within the orf4-orf8 region

To identify the repressor of the PInt promoter, a series of
reporter plasmids containing different regions of the orf4-
11 fragment were constructed and the amylase activity was
measured in strain J7-3-F (Δsnj2) with or without MMC
treatment. As shown in Figure 3, amylase activity was
nearly undetectable in cells transformed with reporter plas-
mids harboring orf4, orf4-6, orf4-7 and orf4-8 with or with-
out MMC treatment (Figure 3), indicating that orf4 alone
is sufficient to repress the PInt promoter. However, none of
these constructs was sufficient for the derepression of PInt
upon MMC treatment. Interestingly, the construct contain-
ing orf4-9 displayed a comparable amylase activity to that
harbored the whole orf4-11 region upon MMC treatment
(Figure 3), implying that Orf9 plays an important role in the
derepression of PInt. Therefore, we introduced a frame-shift
mutation in orf9 to block its translation and tested if dere-
pression of PInt was abolished upon MMC treatment. Un-
expectedly, amylase activity was still observed upon MMC
treatment (Supplementary Figure S2A), indicating that the
gene product of orf9 is not important for the derepression
of PInt, but its coding sequence likely contains regulatory el-
ements necessary for the transcription of downstream orfs.
To test this possibility, we constructed a plasmid pFJ6-orf4-
8+-PInt-amyH, in which the orf4-8 region was extended with
a 297-bp-long sequence from the 3’ terminus of orf9. As ex-

pected, amylase activity was observed in the cells carrying
this construct upon MMC treatment, suggesting that a part
of the promoter or transcript of orf8 is within the orf9 cod-
ing sequence (Figure 3).

To determine the promoter region of orf8 (denoted as
the P8 promoter), the 114-bp-long intergenic region be-
tween orf8 and orf9 (P8A) or a 411-bp-long sequence con-
taining the intergenic region and a 297-bp-long region of
orf9 (P8B) was placed in front of the �-amylase gene in
the reporter plasmid. The resultant plasmids pFJ6-P8A-
amyH and pFJ6-P8B-amyH were transformed into J7-3-F
and amylase activity was tested. As shown in Supplemen-
tary Figure S2B, amylase activity was observed only in the
J7-3-F/pFJ6-P8B-amyH transformant, suggesting that the
P8 promoter indeed extends into the coding region of orf9.
Taken together, these results indicate that viral factors in-
volved in the SNJ2 life cycle transition are encoded within
the orf4-orf8 region, but the expression of orf8 requires a
part of the orf9 coding sequence.

Prediction of the functions of SNJ2 proteins encoded by orf4-
orf8

The putative functions of Orf4-Orf8 were predicted with
a combination of BLASTP analysis and a more sensitive
hidden Markov model (HMM)-based HHpred analysis
(29,30). The product of orf4 is a putative winged helix-turn-
helix DNA binding protein (PDB profile 3B73 B, HHpred
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Figure 3. Determination of the viral factors required for the repression and derepression of the PInt promoter. Schematic diagram of the reporter plasmids
containing different part of the putative regulatory region of SNJ2 were shown on the left and the amylase activity of cells harboring these reporter plasmids
with (MMC) or without (CK) treatment was shown on the right. Plasmid pFJ6-orf4-11-PInt-amyH and its derivatives harboring truncated version of orf4-
11 as indicated in the diagram (orf4-9, orf4-8+, orf4-8, orf4-7, orf4-6, orf4 and complete deletion) were transformed into J7-3-F (Δsnj2). Amylase activity
was detected by the FUWA method after 16 h. The bars represent the means and standard deviations of three independent experiments. Significance testing
against CK group was performed using a one-sample t test (***P < 0.001; **P < 0.01; N.S., not significant (P > 0.05)).

probability of 98.1%), which was annotated as a �H1
repressor-like protein (18,20). Homology modelling of the
structure of Orf4 showed that it likely functions as a dimer
(Supplementary Figure S3) (40), similar to many other
wHTH proteins (41). orf5 encodes a putative HicB family
antitoxin (PDB profile 6G1N D, HHpred probability of
93.2%), whereas the product of orf6 is a putative HicA
mRNA interferase family toxin (PDB profile 6HPB A,
HHpred probability of 98.8%). Thus, Orf6 and Orf5 likely
constitute a putative type II toxin-antitoxin (TA) module.
orf7 encodes a small protein of 93-amino-acids, rich in
�-strands (containing 6 predicted �-strands and 1 �-helix),
but no putative function could be confidently assigned to it.
However, peptides of Orf7 had been detected in the virions
by tandem mass spectrometry in previous analyses (18), in-
dicative of a bona fide protein. orf8 encodes an Orc1/Cdc6
family replication initiation protein (PDB profile 1FNN B,
HHpred probability of 99.9%; hereafter denoted
Orc1 for simplicity). In the following sections, we
investigated whether and how these gene prod-
ucts participate in the regulation of SNJ2 life cycle
transition.

Orf4 is a transcriptional repressor of intSNJ2 and a palin-
dromic sequence within the PInt promoter is critical for Orf4-
mediated repression of PInt

As orf4 encodes a �H1 repressor-like protein and it alone
was sufficient to repress the PInt promoter as shown in Fig-
ure 3, we speculated that it functions as the master repres-
sor for the life cycle switch of SNJ2 by directly binding to
the PInt promoter to repress the intSNJ2transcription. To test
this, we attempted to purify Orf4 to determine its binding

site on the PInt promoter by DNase I footprinting assay in
vitro. However, we failed to obtain functional Orf4. As an
alternative approach, we used the amylase reporter system
to determine its potential binding sites. We have previously
shown that the PInt promoter region contains two transcrip-
tion start sites with two sets of putative transcription fac-
tor B recognition elements (BRE) and TATA boxes (20),
as illustrated in Figure 4A. Based on these identified ele-
ments, a series of plasmids with the amylase gene under the
regulation of various truncated PInt promoter regions were
constructed (Figure 4B). These plasmids were introduced
into J7-1-F (snj2+) and J7-3-F (Δsnj2), respectively, and the
amylase activities were tested. Among the constructs, amy-
lase activity could not be detected in those containing trun-
cated promoters ranging from –200 bp (P200) to –176 bp
(P176) in J7-1-F, indicating that these truncated promoters
were still under the repression of Orf4 (Figure 4B). Further
truncations on the promoter region, especially deletion of
the region from –172 (P172) to –142 bp (P142), resulted in
the expression of the amylase gene in J7-1-F without MMC
treatment, indicative of the derepression of the promoter
(Figure 4B). Further deletion of the region down to –134
bp (P134) abolished the expression of amylase, presumably
due to the disruption of the crucial TATA box that is essen-
tial for the recruitment of transcription factors and RNA
polymerase. Consistent with this, all the truncated promot-
ers could drive the expression of amylase in J7-3-F except
for P134 (Figure 4B), indicating that the 5’-TTTATT-3’ se-
quence is likely the correct TATA box of PInt. Moreover, as
deletion of the predicted BRE element and deletion of the
-152 to -142 region right next to the TATA box did not af-
fect the promoter activity in J7-3-F, a BRE element may be
not necessary for the activity of PInt. Thus, the Orf4 binding
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Figure 4. Orf4 is a transcriptional repressor and a palindromic sequence within the PInt promoter is required for Orf4-mediated repression of PInt. (A)
Schematic diagram of the location and sequence of the PInt promoter. T114 and T132 indicate the two possible transcription start sites of the orf3-1 operon,
the predicted TATA boxes are shown in bold black and the BRE motif (transcription factor B recognition element) CGAAA is underlined, the palindrome
predicted by the software is shown in blue. Another palindrome within the intergenic region of orf3-1 and orf4 is shown in gray. The start codons of Orf3 and
Orf4 are both highlighted as open boxes. (B) Deletion analysis of the PInt promoter to identify the potential Orf4 binding sites. Reporter plasmids containing
the wild-type PInt (the entire intergenic region between the start codon of orf3 and orf4) or 5’-truncated versions were transformed into J7-1-F (left, snj2+)
and J7-3-F (right, Δsnj2), respectively. Three random transformants were transferred to 5 ml of 20% MM and grown to log phase. 2�l of culture was
spotted onto 20% MM plates supplemented with 2% (wt/vol) soluble starch. After 2 days, iodine solution was added to the plates and formation of haloes
around the colonies was examined immediately (only one is shown here). (C) Mutational analysis of the predicted palindromic sequences. The palindromic
sequence is colored blue and substitutions are shown in orange, whereas deletion is shown in line. PInt-M1 to PInt-M6 indicate different substitutions in
the palindromic sequence, whereas PInt-M7 represents modification to another palindromic sequence in the PInt region. Amylase activity was tested as
in panel (B). (D) qPCR analysis of SNJ2 copy number in J7-1-F and J7-1-FΔorf4/Ptna-orf4, indicated by attP (virus attachment site). orf4 was deleted
from the SNJ2 genome in the presence of a plasmid expressing Orf4 under the Ptna promoter. Three random orf4-knockout strains were transferred to
Halo-2 medium and grown to log phase, treated with (MMC, 1�g/ml) or without (CK) MMC. Samples were taken for qPCR analysis 24 h post induction
using the primer pairs attP-F/attP-R, and radA-F/radA-R. attP/radA represents the copy number of the SNJ2 virus relative to the chromosome. (E)
Expression of Orf4 in J7-3-F (Δsnj2) inhibits SNJ2 replication. SNJ2 was incubated with J7-3-F, J7-3-F/PphaR-orf4 or J7-3-F/ PphaR-orf4f (frame shift
mutation) at OD600 ≈ 0.3. The cells were collected and washed in fresh Halo-2 medium to remove free viruses. The cells were then cultivated for 6 h, and
samples were taken for examination every half hour for the first 3 h post infection. qPCR analyses were performed using the primer pairs Orf7-F/Orf7-R,
and radA-F/radA-R. orf7/radA represents the copy number of the SNJ2 virus relative to the chromosome. The bars represent the means and standard
deviations of three independent experiments.
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sites are potentially located between –176 bp and –142 bp
in the PInt promoter, right next to the TATA box.

Intriguingly, an 18bp-long palindromic sequence 5’-
CGTACTTCCTAGTACG-3’ is situated adjacent to the
TATA box within the –176 to –134 bp region (Figure 4A).
As Orf4 is similar to the �H1 repressor which was suggested
to bind the interrupted palindrome (42), we wondered if the
palindromic sequence within the –176 to –134 bp region was
critical for Orf4-mediated repression of PInt. To test this,
mutations were introduced into the palindromic sequence in
the reporter plasmids. Plasmids pFJ6-PIntM1-amyH and to
pFJ6-PIntM4-amyH contained one or two point-mutation
in the left and the right arms of the palindrome, respectively.
As a control, mutations were introduced into an unrelated
palindromic sequence located in the 5’-UTR of the intSNJ2

operon and was shown in gray in Figure 4A (plasmid pFJ6-
PIntM7-amyH). These plasmids were transformed into J7-
1-F (snj2+) and J7-3-F (Δsnj2), respectively, and the amy-
lase activity was determined. As shown in Figure 4C, mu-
tations in both arms of the palindromic sequence resulted
in the derepression of the amylase gene in J7-1-F cells. By
contrast, amylase activity was not affected by mutations in
the other palindromic sequence (Figure 4C). In J7-3-F cells
(Δsnj2), none of the mutations affected the amylase activity
from the reporter plasmids. Thus, mutations in the palin-
dromic sequence and its adjacent area within the –176 to –
134 bp region strongly reduce Orf4-mediated repression of
PInt, suggesting that Orf4 may bind to the palindrome.

To test if the spacer region between the palindromic se-
quences is important for Orf4-mediated repression of PInt,
the spacer sequence TCCT was replaced with TAAT (pFJ6-
PIntM5-amyH) or with TCT (pFJ6-PIntM6-amyH). Inter-
estingly, while replacement of TCCT with TAAT did not
affect the repression of amylase expression by Orf4 in J7-1-
F cells, replacement of TCCT with TCT abolished the re-
pression (Figure 4C). This result indicates that the number
of bases (i.e. the length of spacer) between the arms of the
palindrome is critical for the regulation of PInt by Orf4, but
the composition of the spacer sequence is not. As expected,
neither of the mutations affected the amylase activity when
the constructs were transformed into J7-3-F (Δsnj2).

Notably, deletion of the nucleotides from –176 to –172
or from –172 to –163 located upstream of the palindromic
sequence also resulted in the derepression of amylase gene
(Figure 4B), indicating that the upstream flanking sequence
of the palindrome is also important for Orf4-mediated re-
pression of PInt. It has been suggested that the �H1 re-
pressor functions as a dimer and binds to two interrupted
palindromes in the regulatory region of �H1 (42). It is
possible that two Orf4 dimers bind to the palindromic se-
quence as well as the upstream and downstream flanking
sequences within the PInt promoter to repress PInt. However,
future studies are necessary to elucidate the binding mode
of Orf4.

Despite numerous efforts, attempts to knock out orf4 on
the SNJ2 provirus in J7-1-F strain were unsuccessful. How-
ever, it could be deleted if the strain harbored a plasmid
with orf4 under the control of a tryptophan inducible pro-
moter (Ptna promoter). Intriguingly, through evaluating the
relative copy number of SNJ2 attP by qPCR, we observed
more active SNJ2 replication in the resulting complemented

strain than in the J7-1-F wild-type strain with and with-
out MMC treatment (Figure 4D). These results suggest that
SNJ2 life cycle is finely regulated by Orf4 and deletion of
orf4 leads to mis-regulation of the virus life cycle, which
could be fatal to the cells.

To test if increasing the level of Orf4 blocks the life cy-
cle transition of SNJ2 virus, we constructed an Orf4 over-
expression plasmid, PphaR-orf4(+orf4) in which orf4 was
under the regulation of the strong constitutive PphaR pro-
moter. A frame shift mutation was introduced into the plas-
mid PphaR-Orf4fsm(+orf4fsm), which was used as a con-
trol. These two plasmids were transformed into strain J7-
1-F (snj2+) and the level of released SNJ2 viruses in cul-
tures with or without MMC treatment was measured. We
observed a slight decrease of SNJ2 copy number in the
J7-1-F strain expressing Orf4 (J7-1-F/PphaR-orf4) with or
without MMC treatment compared to strain J7-1-F with-
out the plasmid or with the control plasmid (J7-1-F/PphaR-
Orf4fsm). However, the reduction was not statistically sig-
nificant (Supplementary Figure S4). Interestingly, overex-
pression of Orf4 in the J7-3-F strain (J7-3-F/PphaR-orf4) re-
sulted in the complete absence of released SNJ2 viruses af-
ter the strain was challenged with SNJ2 viruses (Figure 4E),
whereas SNJ2 viruses were detected in culture of the J7-3-F
strain or the strain harboring the mutated plasmid (J7-3-
F/PphaR-orf4fsm). These results indicate that Orf4 blocks
the infection or replication of SNJ2 viruses.

Taken together, our results in this section confirmed
that Orf4 acts as the master repressor of the life cycle
of SNJ2. It may bind to the palindromic sequence 5’-
CGTACTTCCTAGTACG-3’ as well as its upstream and
downstream sequences in the PInt promoter to suppress the
intSNJ2transcription, thereby maintaining SNJ2 in the lyso-
genic state.

Orf5 and Orf6 constitute a functional TA module but are not
involved in the SNJ2 life cycle transition

As shown in Figure 3, derepression of the PInt promoter
upon MMC treatment required viral factors in the regula-
tory region. We first tested if Orf5 and Orf6, which consti-
tute a putative TA module, are involved in the derepression
of the PInt promoter by deletion of them from the reporter
plasmid. Interestingly, in the absence of orf5 the reporter
plasmid could not be transformed into J7-3-F cells (Δsnj2),
but successful transformation could be obtained when both
orf5 and orf6 were deleted from the reporter plasmids. Sim-
ilarly, orf5 could not be deleted in the J7-1-F strain (snj2+),
unless it was deleted simultaneously with orf6. Presumably,
the toxin Orf6 is toxic to the host cell in the absence of the
cognate antitoxin Orf5, leading to the failed transforma-
tion and failure to generate an orf5 deletion strain. In agree-
ment with this result, expression of orf6 in J7-3-F (Δsnj2) in-
hibited cell growth, but simultaneous expression of orf5 re-
stored the growth of the strain (Supplementary Figure S5),
indicating that Orf5 antagonizes the toxicity of Orf6. These
results confirmed that the two genes form a functional TA
module. The amylase activities were measured in J7-3-F
cells containing the reporter plasmids in the absence of orf6
and orf5-6, respectively. As shown in Figure 5A, cells car-
rying either plasmid showed high levels of amylase activity
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Figure 5. Orf7 and Orf8 are necessary for the derepression of the PInt promoter upon MMC-induced DNA damage signals. (A) Amylase activity assay to
determine the viral factors required for the derepression of the PInt promoter. orf6, orf5-6, orf7 and orf8 were deleted individually in the reporter plasmid
harboring orf4-8+-PInt-amyH. The derived plasmids were transformed into J7-3-F. Amylase activity was detected by the FUWA method after 16 h. (B)
qPCR analysis of SNJ2 copy number before and after MMC treatment in the indicated strains (indicated by attP). J7-1-F derivatives with deletion of
orf5-6, 6, 7 and 8 were grown in Halo-2 medium to log phase, treated with (MMC, 1�g/ml) or without (CK) induction. Samples were taken for qPCR
analysis 24 h post-induction using the primer pairs attP-F/attP-R, and radA-F/radA-R. The copy number of SNJ2 virus relative to that of the chromosome
was indicated by attP/radA. (C) qPCR analysis to test the complementation of Orf7 and Orf8. �7/p-7 and �8/p-8 represent orf7 or orf8 deletion strain
complemented with a plasmid carrying orf7 or orf8 under the PphaR promoter, respectively. qPCR analysis was performed as in (B) The bars represent
the means and standard deviations of three independent experiments. Significance testing against CK group was performed using a one-sample t test
(***P < 0.001; **P < 0.01; *P < 0.05; N.S., not significant (P > 0.05)).

after MMC treatment, indicating that orf5 and orf6 are not
important for the derepression of the PInt promoter. Consis-
tently, SNJ2 replication was not hindered in the Δorf6 and
Δorf5-6 mutants upon MMC treatment, as determined by
the relative copy number of the SNJ2 genome (Figure 5B).
Therefore, the virus-encoded TA module does not partic-
ipate in the regulation of SNJ2 lysogeny-induction switch
under the tested conditions.

Orf8 is the primary viral factor activated in DNA damage
response, which initiates orf7 transcription

To determine whether Orf7 and Orf8 are required for
the derepression of the PInt promoter, each of them was

deleted from the regulatory region in the reporter plas-
mid. The resultant constructs were transformed into J7-
3-F cells (Δsnj2) and the amylase activity was tested. Ex-
citingly, neither of the resulting constructs yielded amy-
lase activity in J7-3-F cells post MMC treatment (Figure
5A), implying that they are critical for the derepression of
the PInt promoter. Consistent with this observation, dele-
tion of either orf7 or orf8 in the J7-1-F strain resulted in
the complete loss of SNJ2 replication upon MMC treat-
ment, as determined by the relative copy number of the
SNJ2 genome (Figure 5B). Note that deletion of either orf7
or orf8 also completely eliminated the spontaneous release
of SNJ2, indicating that they are critical for fine-tuning
the life cycle transition of SNJ2. We also checked whether
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expression of these two proteins in trans would restore SNJ2
replication in the mutant strain. As shown in Figure 5C,
when Orf8 was expressed under the PphaR promoter from
a plasmid in the J7-1-FΔorf8 strain, replication of SNJ2
genome could be completely recovered upon MMC treat-
ment. However, viral genome replication was only partially
recovered in the J7-1-FΔorf7 strain when it was comple-
mented with a plasmid harboring orf7 (Figure 5C), likely
because it was not sufficiently expressed. Subsequent analy-
sis found that transcription of orf7 terminated downstream
of its coding sequence. Thus, cloning the orf7 coding se-
quence under a strong promoter was not sufficient for its ex-
pression, but including its downstream sequence (orf7-4) led
to its successful expression and complementation (see below
Figure 6F).

As shown in Figure 1A, the transcription of orf7 was
markedly upregulated in response to MMC treatment,
whereas the transcription of orf8 remained constant at
a very low level. This indicates that Orf7 functions in
a protein concentration-dependent manner, whereas Orf8
does not. To confirm this speculation, we overexpressed
Orf8 from a plasmid under the strong PphaR promoter in
the J7-1-FΔorf8 strain and checked the SNJ2 attP copy
number. Despite the significant increase of orf8 transcrip-
tion (Figure 6A), the copy number of attP in the Orf8
overexpression strain was comparable to that of the wild-
type strain before and after MMC treatment (Figure 6A
and B).Western blot analysis of a His-tagged Orf8 in the
Δorf8 strain showed that its level did not change upon
MMC treatment and it was not degraded, indicating that it
is potentially activated via posttranslational modifications
(PTMs).

Unlike orf8, the transcription of orf7 was significantly
upregulated upon MMC induction (Figure 1A). However,
the transcription of orf7 was nearly completely aborted in
the J7-1-FΔorf8 strain (Figure 6D), indicating that Orf8
is required for its transcription. In line with this, the tran-
scription of orf7 was recovered in the J7-1-FΔorf8 strain
when Orf8 was complemented in trans from a plasmid and
upon MMC treatment (Figure 6D). To test if Orf8 regu-
lates the transcription of orf7 directly, the intergenic re-
gion between orf7 and orf8 (P7 promoter) was cloned in
front of the amylase gene in the reporter plasmid and amy-
lase activity was tested in J7-3-F (Δsnj2), J7-1-F (snj2+)
and the J7-1-FΔorf8 strains, respectively. As shown in Fig-
ure 6E, amylase activity increased significantly in J7-1-F
cells upon MMC treatment, whereas it was not detected
in neither J7-3-F nor J7-1-FΔorf8 cells (Figure 6E), in-
dicating that the activation of orf7 transcription requires
Orf8. To confirm Orf8 directly initiates orf7 transcription,
we incorporated orf8 into the reporter plasmid (pFJ6-orf8-
p7-amyH) and tested the amylase activity in J7-3-F cells
upon MMC treatment. We observed a markedly increased
amylase activity in the cells upon MMC treatment. How-
ever, if a frameshift mutation was introduced to block
orf8 translation, no amylase activity was observed (Fig-
ure 6E). Altogether, these results indicate that Orf8 is the
critical viral factor that senses MMC-induced DNA dam-
age response and initiates orf7 transcription through the
P7 promoter.

Overexpression of Orf7 relieves Orf4-mediated repression of
the PInt promoter

The results above showed that expression of Orf7 is re-
quired for the derepression of the PInt promoter, indicat-
ing that Orf7 antagonizes the activity of Orf4. To test if
expression of Orf7 alone could counteract the function of
Orf4 and lead to the derepression of the PInt promoter, we
constructed an amylase reporter plasmid, pFJ6-Ptna-orf7-4-
PInt-amyH, in which the P7 promoter of Orf7 was replaced
by the tryptophan-inducible promoter Ptna. The plasmid
was transformed into J7-3-F cells and amylase activity in
the presence or absence of 2mM Trp was determined. As
shown in Figure 6F, in the absence of Trp, no amylase ac-
tivity could be detected around the colonies containing the
reporter plasmid. However, in the presence of Trp, strong
amylase activity was observed, indicating that induction of
Orf7 abolished the repression of the PInt promoter by Orf4.
As expected, when translation of orf7 was blocked by a
frameshift mutation in plasmid pFJ6-Ptna-orf7fsm-4-PInt-
amyH, no amylase activity was observed (Figure 6F). As a
control, a reporter plasmid carrying Orf7 under its own pro-
moter (requires Orf8 for transcriptional activation) could
not derepress the PInt promoter. Taken together, these re-
sults suggested that overexpression of Orf7 can bypass the
requirement of Orf8 and counteract the function of Orf4 to
derepress the PInt promoter.

The three-gene regulatory module exemplified by SNJ2 orf4-
orf7-orf8 is widespread among proviruses of the genus beta-
pleolipovirus

The main chromosome of Natrinema sp. J7 encodes seven
other Orc1 homologs (Supplementary Figure S6) but they
apparently could not compensate for the loss of the virus-
derived Orc1 (Orf8 of SNJ2). As shown in Figure 6D, dele-
tion of orf8 caused the provirus to lose the ability to respond
to the DNA damage signals, even if other orc1 genes are still
present on the chromosome. Correspondingly, expression
of P7-amyH was successful only in J7-1-F cells, but not in
J7-3-F or J7-1-FΔorf8 cells after MMC treatment (Figure
6E). Thus, it appeared that viral Orf7 and Orc1 are func-
tionally coupled. Unlike the commonly conserved repres-
sor gene orf4, only several proviruses reported previously
contain the orc1 gene (18,20,43). To study the conservation
and co-occurrence of the three genes, namely, genes encod-
ing the repressor Orf4, Orf7 and Orc1(Orf8) that are criti-
cal for the lysogeny-induction switch of SNJ2, we searched
for their homologs in the population of pleolipoproviruses.
To this end, we first used the HMM-based searches against
haloarchaeal protein sequences (class Halobacteria) at the
non-redundant protein database at the National Center for
Biotechnology Information (NCBI), using the HMM pro-
file built from the pleolipoviral hallmark spike protein as
a query (12,44). The genomic neighborhoods of the iden-
tified spike protein-encoding genes were analyzed for the
presence of orc1 and other genes of the conserved gene clus-
ter of pleolipoviruses (see Materials and Methods). As a re-
sult, 31 Orc1-encoding proviruses were identified in haloar-
chaeal strains belonging to orders Natrialbales (n = 15),
Halobacteriales (n = 15) and Haloferacales (n = 1), respec-
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Figure 6. Orf8 responds to DNA damage signals and activates transcription of Orf7. (A) The transcription level of orf8 was significantly increased when
Orf8 was overexpressed from a plasmid. The expression level of orf8 in J7-1-F and �8/p-8 at 9h after MMC treatment was estimated by qPCR normalized
to the level of rpoB RNA. (B) MMC treatment was required for Orf8 to reactivate the replication of SNJ2. Strain J7-1-F(triangle) and �8/p-8 (circle)
were cultured to middle exponential phase (OD600 = 0.6–0.8) in Halo-2 medium and treated with (solid) or without (hollow) MMC (1�g/ml) for 30 min.
Samples were taken every three hours post induction and the relative copy number of SNJ2 was measured by qPCR using the primer pairs attP-F/attP-R
and radA-F/radA-R. (C) Western blot analysis of Orf8-his protein in strain �8/p-8-his post MMC treatment. Samples were collected at 0, 3, 6, 9 and
12h after MMC treatment (OD600 was adjusted to take the same amounts of samples) and crude extracts were loaded for SDS-PAGE. Anti-his antibodies
were used for detection of Orf8-his. Lower panel shows Ponceau S staining of the membrane as loading controls. (D) Relative expression levels of orf7 in
J7-1-F, J7-1-F�8 and �8/p-8 at 0 and 9 h after MMC treatment. The expression level of orf7 in the samples was estimated by qPCR with the obtained data
normalized to the level of rpoB RNA. (E) Amylase activity test to check the regulation of the P7 promoter by Orf8. Plasmid pFJ6-P7-amyH, pFJ6-orf8-
P7-amyH and pFJ6-orf8f-P7-amyH with amylase gene under the control of the P7 promoter were transformed into the indicated strains: J7-1-F (snj2+),
J7-3-F (Δsnj2) and J7-1-F�8 (Δorf8). Strains were cultured and then treated with (MMC) or without (CK) induction and amylase activity were detected
by FUWA method after 16 h. (F) Overexpression of Orf7 antagonizes Orf4-mediated repression of the PInt promoter. Reporter plasmids were transformed
into J7-3-F and amylase activity was tested as in Figure 4B (Only one representative is shown here). The yellow cross represents the introduction of a
frameshift mutation in orf7.Error bars: standard derivations of three independent experiments. Significance testing against 0h group was performed using
a one-sample t test (****P < 0.0001; **P < 0.01; N.S., not significant (P > 0.05)).

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/7/3270/7067939 by Institut Pasteur -  C

eR
IS user on 27 April 2023



3282 Nucleic Acids Research, 2023, Vol. 51, No. 7

Figure 7. Phylogenetic analyses of pleolipoproviruses containing the SNJ2-like three-gene regulatory module. (A) Phylogenomic tree of pleolipoproviruses
based on whole genome VICTOR(35) analysis at the amino acid level. The bootstrap support values from 100 replications are indicated in the nodes, and
the branch length is scaled in terms of the Genome BLAST Distance Phylogeny (GBDP) distance formula D6. The maximum likelihood phylogenetic
trees of (B). Orf4-like repressors, (C) Orf7-like proteins and (D) Orf8-like Orc1 proteins encoded by the pleolipoproviruses. The trees are mid-rooted, and
numbers at the nodes represent support values. The scale bars represent the number of substitutions per site. Proviruses are indicated by names of their host
strains, and displayed with colored blocks according to the orders of their host strains, namely Natrialbales, Halobacteriales and Haloferacales, respectively.
Proviruses that lack the Orf7-like protein encoding gene are indicated by grey in the trees.

tively. All these proviruses are related to members of the
genus Betapleolipovirus (Table S1). To assess the relation-
ship between these viruses and SNJ2, phylogenomic anal-
ysis was performed using Genome BLAST Distance Phy-
logeny method implemented in VICTOR (35). The resul-
tant tree revealed that proviruses infecting those from Na-
trialbales and Halobacteriales fall into two well-supported
clades, indicating that the genetic divergence between the
proviruses correlates with their respective host ranges (Fig-
ure 7 and Supplementary Figure S7). Interestingly, orf7-
like genes could be identified in 27 of the Orc1 encoding-
proviruses, consistent with the functional coupling between
Orf7-like and Orc1 proteins in these proviruses. The 4
proviruses that lack the orf7-like gene may have replaced
orf7 with analogous but nonorthologous gene(s) or the
pathway (and proviruses) may have been inactivated. The

genetic arrangement of orf4-, orf7- and orc1-like genes is
conserved in all 27 proviruses, resembling that in SNJ2
(Supplementary Figure S7). Phylogenetic analyses of the
three gene products revealed a largely congruent pattern
that was also consistent with the phylogenomic tree (Figure
7). Despite a few cases in the Repressor and Orc1 trees, gene
exchange appears to be largely restricted among proviruses
belonging to distinct clades, likely due to the typically nar-
row host range of pleolipoviruses (12).

Comparative genomic analysis of the pleolipoproviruses
revealed that the integrase and the putative repressor are
encoded by nearly all identified pleolipoproviruses. More-
over, the genetic arrangement of the integrase and repres-
sor genes in these proviruses resembles that in SNJ2 (Fig-
ure 7) (18,20), implying a similar regulatory mechanism for
the maintenance of the lysogenic state. To test this pos-
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Figure 8. Functional characterization of Orf4 and Orf8 homologues from SNJ2-like proviruses. (A) Orf4-like proteins (R: repressor) from SNJ2-like
proviruses repress corresponding PInt promoter activity. Reporter plasmids harboring the PInt promoters or PInt promoters with Orf4-like repressors from
diverse haloarchaeal species were transformed into Haloferax volcanii H26. Amylase activity of three independent transformants for each construct was
tested as in Figure 4B (Only one is shown here). (B) Functional characterization of Orf8 homologues from different SNJ2-like proviruses. orf8 orthologs
from SNJ2-like proviruses from Natrinema versifome JCM10478, Halomicrobium mukohataei DSM 12286 and Haloarcula marismortui ATCC43049 were
cloned into pFJ6 plasmid and expressed under the PphaR promoter. These plasmids were transformed into J7-1-F�orf8. Transformants were cultured in
Halo-2 and then treated with MMC. Complementation of orf8 deletion by its homologs was checked by the relative level of attP of SNJ2 after MMC
treatment. J7-1-F was included as a positive control. The bars represent the means and standard deviations of three independent experiments.

sibility, we checked the repression of the PInt promoters
of 5 SNJ2-like proviruses by their cognate putative repres-
sors using the amylase reporter system described above.
The five selected proviruses infect haloarchaeal species be-
longing to four genera, including Haloarcula marismortui
ATCC 43049, Natrinema versifome JCM 10478, Halomi-
crobium mukohataei DSM 12286 and Halorubrum sp. N6
(unpublished lab strain), respectively. As shown in Figure
8A, all five putative repressors were able to repress the pro-
moter of their cognate integrases, confirming that temperate
pleolipoproviruses use a common mechanism to maintain
lysogeny across different genera of haloarchaea.

To test if other proviral Orc1 homologs also respond to
MMC-induced DNA damage, we checked if they could
complement the function of Orf8 of SNJ2 in the J7-1-
FΔorf8 strain. Among the three tested Orc1 homologs,
only the one encoded by the provirus from Natrinema ver-
sifome JCM10478 could successfully restore the replication
of SNJ2Δorf8 after MMC treatment, whereas the other two
from Halomicrobium mukohataei DSM 12286 and Haloar-
cula marismortui ATCC43049 failed (Figure 8B). This re-

sult suggests that the viral Orc1s and Orf7-like proteins
coevolve and thus divergent orthologs can no longer sub-
stitute the SNJ2 Orc1 (they belong to distinct clades as
shown in Figure 7), or because of improper protein fold-
ing in a heterologous cell. Altogether, we showed that the
three-gene regulatory module is encoded by a group of beta-
pleolipoproviruses, suggesting that the SNJ2-like lysogeny-
induction switch mechanism is also employed by these
proviruses.

DISCUSSION

Archaeal viruses are known to play important ecological
roles in various ecosystems (45,46), and many archaeal
viruses are temperate (18,47–53). However, the regulatory
mechanisms that govern their life cycles remain poorly un-
derstood, hindering our appreciation of their ecological im-
pacts. Here, we uncovered the molecular mechanism be-
hind the lysogeny-induction switch of the temperate haloar-
chaeal virus SNJ2. The identified three-gene regulatory
module is conserved in a group of proviruses belonging to
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the genus Betapleolipovirus, suggestive of a common regu-
latory strategy employed by these proviruses. Thus, SNJ2
may serve as a prototype for the study of lysogeny-induction
switch of temperate betapleolipoviruses.

SNJ2 could maintain in host cells as a carrier state for sev-
eral passages, but only if the intSNJ2 gene is intact (14,19,20).
As shown in this study, deletion of intSNJ2 from the provirus
completely abolishes virus replication. Presumably, IntSNJ2-
mediated provirus excision from host chromosome and sub-
sequent circularization are prerequisite for virus replica-
tion. To maintain a lysogenic state, proviruses often sup-
press the promoter(s) of the lytic pathway genes by the
virus encoded repressor(s) (5). In this study, we showed
that the transcription of intSNJ2 is tightly regulated by the
virus-encoded repressor Orf4. A palindromic sequence 5’-
CGTACTTCCTAGTACG-3’ as well as its upstream flank-
ing sequences adjacent to the TATA box of the PInt pro-
moter are critical for Orf4-mediated repression. In the tem-
perate haloarchaeal virus �H1, the repressor protein was
suggested to bind to two short interrupted palindromes up-
stream of its start codon, and it was suggested to be a part
of an auto-regulation system (42). Orf4 potentially func-
tions in a similar manner by binding to the palindromic se-
quence and adjacent area. As the palindrome is adjacent
to the TATA box, the binding of Orf4 may interfere with
the RNA polymerase or transcription factor B (TFB) asso-
ciation, thereby repressing intSNJ2 transcription. However,
the binding mode of Orf4 to the PInt promoter requires fur-
ther studies. The integrase and a putative repressor are en-
coded in nearly all pleolipoproviruses, and in a few cases,
two consecutive repressor genes are encoded (54). The re-
pressor gene(s) is located in the upstream and in oppo-
site transcriptional direction of the corresponding integrase
gene in these proviruses, resembling the gene arrangement
in SNJ2 (18,20). Our assays with the putative repressors
encoded by 5 pleolipoproviruses infecting host species be-
longing to 4 haloarchaeal genera, Haloarcula, Natrinema,
Halomicrobium and Halorubrum, confirmed their repres-
sion of the corresponding promoter regions of viral in-
tegrase genes (Figure 7A). These results indicate that the
mechanism for the maintenance of lysogeny is conserved in
pleolipoproviruses.

To inactivate the repressor and switch from lysogenic to
induced virus life cycle, SNJ2 employs a circuit not pre-
viously seen in other reported temperate viruses. Unlike
the autoproteolysis of the CI repressor in lambda phage
or the inactivation of the regulator through dissociation of
a protein complex in archaeal SSV1 virus upon induction
(9,10,55,56), the SNJ2 repressor could not directly respond
to the host DNA damage. We found that two other viral fac-
tors: the Orc1-like protein Orf8, and Orf7, are required for
the SNJ2 lysogeny-induction switch. Orf8 responds to host
DNA damage and upregulates the transcription of orf7,
whose product then acts as the inactivator of the repres-
sor Orf4, thereby derepressing intSNJ2 transcription (Fig-
ure 9). The level of Orf8 did not change after MMC treat-
ment and overexpression of Orf8 could not activate orf7
transcription, indicating that it may be activated by some
kind of posttranslational modifications. Modification site
prediction indicated that Lys-53, a residue in the conserved
walker A motif of the SNJ2 Orc1 AAA+ domain, could be

acetylated. We speculated that acetylation/deacetylation of
Lys-53 may be responsible for the activation of Orf8. How-
ever, direct evidence for posttranslational modifications of
Orf8 is missing so far. Future studies to check the posttrans-
lational modification of SNJ2 Orc1 before and post MMC
treatment would be key to uncover its working mechanism.

Orc1/Cdc6 superfamily proteins are widely present in ar-
chaea and normally function as a key component of the
host replisome responsible for origin recognition and he-
licase loading. Although most archaea contain more than
one Orc1 homologs and replication origins, haloarchaea
contain a particularly high number (usually more than 10)
of Orc1 encoding genes that outnumbers the replication ori-
gins (57). The exact functions of most Orc1 homologs re-
main unclear in haloarchaea, although some were proven
to function as bona fide replication initiation proteins, such
as the Orc1 homologs in Halobacterium salinarum NRC-1
and Haloarcula hispanica (57–59). A recent study revealed
that one of the Orc1 homologs in a hyperthermophilic cre-
narchaeon Saccharolobus islandicus, Orc1-2, acts as a global
regulator of DNA damage response (60), whereas the other
two Orc1 homologs function as replication initiation pro-
teins (61). Here we showed that the Orc1 protein encoded
by SNJ2 is involved in DNA damage response, the first ex-
ample in the phylum Euryarchaeota. Deletion of orf8 from
the provirus did not result in obvious growth defect of the
host cell under normal growth condition. However, the mu-
tant strain appeared more sensitive than the wild-type strain
to MMC treatment (Supplementary Figure S8), implying
the participation of SNJ2 Orc1 in regulating the host DNA
damage response (DDR). The phenomenon is similar to the
hypersensitivity of S. islandicus Δorc1-2 mutant to the NQO
(4-nitroquinoline 1-oxide)-induced DNA damage (60). In-
triguingly, the activation of S. islandicus Orc1-2 is also sug-
gested to be dependent on PTMs. In S. islandicus, acti-
vated Orc1-2 upregulates the transcription of DDR genes
through binding to the promoters of DDR genes (60). We
showed that the activated SNJ2 Orc1 upregulates orf7 tran-
scription through the promoter region of orf7 (Figure 6E).
Notably, in the case of SNJ2 Orc1 its expression level was
not affected by DNA damage (Figure 1A), however, the ex-
pression of S. islandicus Orc1-2 was strongly upregulated
upon UV irradiation (62,63), suggesting that they might
function differently. Further tests to determine the SNJ2
Orc1 binding site on the P7 promoter, as well as to those
of potentially associated host DDR genes will allow func-
tional comparisons between SNJ2 Orc1 and S. islandicus
Orc1-2.

It is noteworthy that the main chromosome of Natrinema
sp. J7 encodes seven Orc1 homologs in addition to SNJ2
Orc1, but none of them could compensate for the loss of
the viral Orc1 to regulate viral orf7 transcription (Figure
6D and E). This observation suggests that SNJ2 Orc1 may
be the only Orc1 that is involved in DNA damage response,
or the host Orc1 proteins(s) is involved but merely not reg-
ulating the provirus. Regardless, as shown in Supplemen-
tary Figure S8, the integrated SNJ2 provirus confers an in-
creased fitness to the host cell upon DNA damage. Inter-
estingly, several haloarchaeal head-tailed (pro)viruses were
reported to code for Orc1-like proteins (43,49,64,65), and
these viruses all encode integrase gene therefore having a
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Figure 9. Schematic diagram of the regulation of SNJ2 life cycle transition. In the lysogenic state, SNJ2 proviruses integrate into the host genome as a
linear form by integrase (aqua). Reactivation of viral replication requires excision of SNJ2 proviral genome from the host chromosome and subsequent
circularization. However, the expression of integrase is repressed by the repressor Orf4 (red), thereby maintaining SNJ2 in the lysogenic state. Upon host
DNA damage (black lightning shape), the Orc1/Cdc6 protein encoded by orf8 (golden) is activated, possibly by posttranslational modification (crim-
son). Activated Orf8 turns on the expression of orf7 (gray), which antagonizes the function of Orf4, leading to the derepression of integrase expression.
Accumulation of IntSNJ2 mediates the excision and circularization of SNJ2 provirus, ultimately leading to the reactivation of viral replication.

potential temperate life cycle. Perhaps these Orc1-like pro-
teins are also involved in DNA damage response and play
a critical role in the life cycle switch.

Overexpression of Orf7 led to the derepression of the
PInt promoter in strains expressing the repressor Orf4, sug-
gesting that accumulation of Orf7 overwhelms the repres-
sion of Orf4. Thus, a balance between Orf7 and Orf4 fine
tunes the life cycle of SNJ2. An attractive and simple mech-
anism is that expression of Orf7 leads to the cleavage or
degradation of Orf4. However, we were unable to detect
a His-tagged Orf4 protein or its degradation product by
western blot even though the protein fusion was functional
(Supplementary Figure S9), presumably because the pro-
tein level of His-tagged Orf4 was below the detection limit.
An alternative possibility is that Orf7 interacts directly with
Orf4, interfering with its dimerization or binding to the PInt
promoter, thus relieving the repression. However, we did
not observe an interaction between the two proteins so far.
Thus, how Orf7 works is not clear yet. Homology searches
using BLASTP or HHpred failed to predict the function
of Orf7 due to the lack of sequence similarity to other
characterized proteins. However, among pleolipoviruses,
Orf7 homologs display considerable sequence conservation
with distinct conservation patterns discernible for Natrial-
bales and Halobacteriales proviruses (Supplementary Fig-
ure S10A), further showing that Orf7-encoding proviruses
have coevolved with their hosts with minimal horizontal
transfer of the orf7 gene. Structural modeling of Orf7 using
AlphaFold2 (36,37) produced a high-quality model show-
ing a fold consisting of a slightly twisted 6-stranded �-
sheet with an �-helix packed against it (Supplementary Fig-
ure S10B). Unfortunately, structure-based searches against
the PDB database using DALI did not reveal significant
matches.

The survey of the pleolipoproviruses in haloarchaeal
genomes revealed that only ∼20% of proviruses belong-
ing to the genus Betapleolipovirus contain the coupled
orf7-like and orc1 genes. Interestingly, these two genes
were not identified in proviral members of the genus Al-
phapleolipovirus (no provirus from the genus Gammaple-
olipovirus was identified during our searches). It is clear that
proviruses from the family Pleolipoviridae employ distinct
mechanisms to regulate their life cycle switch. Moreover,
different mechanisms could be employed by closely related
betapleolipoproviruses, suggestive of a possible horizontal
acquisition of the orc1-orf7-like gene module of the virus.
The ultimate provenance of the orc1-orf7-like gene module
(e.g. of MGE or cellular origin) remains unclear.

In addition to the Orf4–Orf7–Orf8 regulatory module,
we identified a type II TA system in the SNJ2 genome. Al-
though this TA system is functional (Supplementary Fig-
ure S5), it is not involved in virus life cycle switch (Figure
5A and B). BLASTP searches revealed that homologs of the
SNJ2 TA module are widely encoded by haloarchaea. SNJ2
likely acquired the system from the host and may use it for
stable provirus maintenance.

Collectively, our study reveals the molecular mechanism
underlying the lysogeny-induction switch of the temper-
ate haloarchaeal virus SNJ2, which is regulated by a virus
encoded DNA damage signaling pathway (Figure 9). The
SNJ2 Orf4 is a repressor of the intSNJ2transcription, main-
taining the virus in the lysogenic state. Following host DNA
damage, SNJ2-encoded Orc1 is activated, potentially via
posttranslational modifications, to initiate the expression
of Orf7. Accumulation of Orf7 antagonizes the function of
Orf4, leading to the derepression of the intSNJ2 transcrip-
tion, which ultimately reactivates the replication cycle of
SNJ2. Such a regulatory strategy for the lysogeny/induction

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/7/3270/7067939 by Institut Pasteur -  C

eR
IS user on 27 April 2023



3286 Nucleic Acids Research, 2023, Vol. 51, No. 7

switch appears to be common among a group of betaple-
olipoproviruses. Through study of the life cycle transition
of SNJ2, we discovered for the first time that an Orc1 su-
perfamily protein is involved in DNA damage response in
a euryarchaeon, and employed by a temperate virus for life
cycle regulation. SNJ2 Orf7 likely represents a novel pro-
tein family, and how the protein mediates the derepression
of intSNJ2 remains to be investigated.
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