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ABSTRACT

Temperate haloarchaeal virus SNJ1 displays lytic and lysogenic life cycles. During the lysogenic cycle,
the virus resides in its host, Natrinema sp. J7-1, in the form of an extrachromosomal circular plasmid,
pHH205. In this study, a 3.9-kb region containing seven predicted genes organized in two operons was
identified as the minimal replicon of SNJ1. Only RepA, encoded by ORFI11-12, was found to be
essential for replication and its expression increased during the lytic cycle. Sequence analysis suggested
that RepA is a distant homolog of HUH endonucleases, a superfamily which includes rolling circle
replication initiation proteins from various viruses and plasmids. In addition to RepA, two genetic
elements located within both termini of the 3.9-kb replicon were also required for SNJI replication.
SNJ1 genome and SNJ1 replicon-based shuttle vectors were present at 1—3 copies per chromosome.
However, deletion of ORF4 significantly increased SNJ1 copy number, suggesting that the product of
ORF4 is a negative regulator of SNJ1 abundance. Shuttle vectors based on the SNJ1 replicon were
constructed and validated for stable expression of heterologous proteins, both in J7 derivatives and
Natrinema pallidum JCM8980, suggesting their broad applicability as genetic tools for Natrinema

species.

IMPORTANCE

Archaeal viruses exhibit striking morphological diversity and unique gene content. In this study, the
minimal replicon of the temperate haloarchaeal virus SNJ1 was identified. A number of ORFs and
genetic elements controlling virus genome replication, maintenance, and copy number were
characterized. In addition, based on the replicon, a novel expression shuttle vector has been constructed
and validated for protein expression and purification in Natrinema sp. CJ7 and Natrinema pallidum

JCM8980. This study provided not only mechanistic and functional insights into SNJ1 replication but

1sonb Ag 6T0Z ‘vz Arenuer uo /610 wse ql//:dny wol) papeojumoq


http://jb.asm.org/

47  also led to the development of useful genetic tools to investigate SNJ1 and other viruses infecting

48  Natrinema species as well as their hosts.
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INTRODUCTION

Haloarchaea are the dominant microbes in hypersaline environments, such as salt lakes and salterns.
Viruses infecting haloarchaea outnumber their hosts by several orders of magnitude (1). It has been
speculated that in such harsh environment with no other predators, interactions between viruses and their
hosts constitute the main evolutionary driving force (2). About 90 haloarchaeal viruses have been
discovered so far, a relatively small number compared to the ~ 6200 reported bacteriophages (3, 4).
Given that characterization of bacterial and eukaryotic viruses has yielded remarkable insights into the
physiology and cell biology of their hosts, studies on haloarchaeal viruses are expected to be equally
revealing. However, thus far research has been limited by the scarcity of suitable and genetically
tractable virus-host models. Consequently, most of the current knowledge on viral entry, transcription,
genome replication, assembly, and release derives from bioinformatics analyses of viral genome
sequences. Therefore, there is a growing interest in developing genetic tools for understanding these
viruses and their hosts.

Recently, Sphaerolipoviridae, a new family of viruses that infect extremophiles has been established by
the International Committee on Taxonomy of Viruses (5). These are icosahedral, tailless viruses, with an
internal lipid membrane sandwiched between the capsid and the dsDNA genome. Currently,
Sphaerolipoviridae comprises three genera: Alphasphaerolipovirus, which encompasses Haloarcula
hispanica viruses SH1 (6), HHIV-2 (7), and PH1 (8); Betasphaerolipovirus, which includes the
Natrinema virus SNJ1 (9); and Gammasphaerolipovirus, which contains Thermus-infecting
bacteriophages P23-77 (10) and IN93 (11). Each genus presents distinct features. SHI, PHI, and
HHIV-2 are lytic viruses with a linear dsDNA. It is thought that their replication relies on a
protein-primed mechanism, because they present inverted terminal repeats and proteins attached to the

termini of their genomes (12, 13). In addition, all three viruses are highly similar to one another in terms
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of genomic structure, protein homology, and life cycle. By contrast, SNJ1 has a temperate life cycle and
a circular dsDNA genome (9). It is not clear how the genome of SNJ1 is replicated, because none of the
putative open reading frames (ORFs) show similarity to genes encoding known replication proteins.
P23-77 and IN93 contain circular dsDNA genomes and exhibit lytic and lysogenic life cycles,
respectively. Viruses of this genus infect bacteria and are thought to employ the theta-type mode of
genome replication, similar to that of Thermus plasmids (14, 15). Despite differences in genomic design
and replication mechanisms, the architectural similarities between Sphaerolipoviridae suggest a
common ancestor. Consequently, they represent an ideal experimental model to study the evolution of
morphological and genetic properties of archaeal and bacterial viruses.

Betasphaerolipovirus SNJ1 was identified in Natrinema sp. J7-1 (16, 17), a derivative of Natrinema sp.
J7. Upon lysogeny, unlike most other temperate viruses (18), SNJ1 does not integrate into the host
genome but instead resides as an extrachromosomal circular plasmid, called pHH205. Upon mitomycin
C (MMC) induction, large amounts of SNJ1 virions can be produced (9, 19, 20). It is not known how
SNJ1 switches between lysogenic and lytic cycles, although its dependence on MMC is very similar to
that displayed by bacterial phages such as the lambda phage (21, 22). Similarly, it remains of interest to
determine how pHH205 is partitioned and sorted into daughter cells during the lysogenic cycle, because
little is known about DNA segregation in archaea. Interestingly, we found that SNJ1 could not infect
J7-1 that already contained the SNJ1 proviral genome, a phenomenon known as superinfection exclusion
or immunity. Although relatively widespread among bacterial viruses, superinfection immunity has only
been observed among archaea in Sulfolobus islandicus rod-shaped virus SIRV2 (23), the exact
mechanism remaining unclear. Recently, SNJ1 has been reported to promote the replication of another
temperate virus, SNJ2 (24). SNJ2, a member of the proposed family Pleolipoviridae, integrates its

proviral genome into the chromosome of J7. In total, 17 SNJ2-like proviruses have been found in
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genomes of 10 genera of haloarchaea, suggesting that Pleolipoviridae and related proviruses are
ubiquitous in haloarchaea. Efficient production of SNJ2 virions could only be achieved in J7 strains
co-infected with SNJ1, indicating that SNJ1 replication or expression of some of its proteins promoted
replication of SNJ2. The mechanism behind this virus-virus interaction is poorly understood.
Collectively, these observations suggest that SNJ1 could serve as a model virus to investigate the basic
aspects of viral life cycle, virus-host, and virus-virus interactions as well as the fundamental cell biology
of Natrinema species. Its existence as a dsSDNA plasmid also suggests its possible use as a genetic tool.

In this study, we determined the minimal replication region of SNJ1 and identified an essential protein
for its replication. We also determined regions and ORFs that were important for maintenance and copy
number control of SNJ1. Furthermore, we developed several cloning and expression shuttle vectors
based on the SNJI replicon. These vectors were verified for cloning and expression purposes in J7.
Notably, we found that these vectors could also be transformed into and express target genes in
Natrinema pallidum JCM8980, indicating that they might be widely applicable to Natrinema species.
Construction of shuttle vectors should facilitate future studies on SNJ1 and other haloarchaeal virus life

cycles, as well as promote research on the biology of Natrinema species.
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MATERIALS AND METHODS

Strains, media and growth conditions

All the strains used in this study are listed in Table 1 and Table S1. J7 and other haloarchaeal strains
were cultured on Halo-2 or 18% modified growth medium (MGM) as previously described (25, 26). The
growth curves of Natrinema CJ7 with or without 5 pg/mL mevinolin (Mev) antibiotic in Halo-2 and
18% MGM medium at 45 Cwere measured respectively as previously described (9). Escherichia coli
DH5a and JMI110 were used for plasmid DNA construction. Routinely, they were cultured in

Luria-Bertani medium at 37°C. 1.5% agar was added to the medium to prepare the solid medium. 5

pg/mL Mev or 100 pg /mL ampicillin was added to the medium for colony selection.

Standard molecular manipulations

Standard E. coli molecular manipulations were performed as described (27). The SNJ1 proviral genome
was extracted from J7-1 as previously reported (16). Total RNA from J7-1 was extracted using TRIZOL
reagent (Invitrogen). For reverse transcription PCR (RT-PCR), residual genomic DNA was removed
using gDNA Eraser (Takara) and cDNA was synthesized from 5 pg total RNA using random primers
(RT reagent kit; Takara). The resulting cDNA was used as a template for transcription analysis with
specific primers designed according to each ORF’s sequence. Co-transcription analysis of ORF5—ORF6
and ORF7-ORF11-12 was performed with primers ORF5-fwd and ORF6-rev, and ORF7-up and

ORF11-12-down, respectively (Table S2).

Transfection and transformation

CJ7 transformation was performed at room temperature using the PEG method (28, 29) with the
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156

following modifications. Briefly, CJ7 cells were grown in Halo-2 medium at 45°C to an optical density
(OD600) of 0.4-0.6. Generation time was adjusted to be at least 6 h at 37°C and the saline concentration
in transformation solutions was changed to 0.8 M. CJ7 cells transfected with pHH205 were induced by
MMC as previously described (9) and incubated for another 12 h. The supernatant was collected, mixed
with CJ7 cells, and then poured on top of an agar plate. CJ7 transformed with shuttle vectors were plated
on 18% MGM containing 5 pg/mL Mev and incubated at 45°C for 7 days protected from light.
Transformation efficiency was calculated by counting the number of transformants obtained with 1 pg

plasmid DNA.

Plasmid construction

The basic vector, pUC-mev, was created by ligating the 2.3 kb EcoRI-Sacl Mev resistance fragment
amplified from pNBKO7 (Table S1), into digested pUC19. pYC-S was generated by inserting the
Sacl-digested full-length SNJ1 (S fragment) into pUC-mev. A 6.4 kb Sacl-HindIIl portion (SHS
fragment) digested from the S fragment was ligated into pUC-mev to generate pY C-SHS. Fragments B,
C, D, E, F, and G were amplified using the primers listed in Table S2. A series of vectors (pYC-BC,
pYC-CD, pYC-DE, pYC-EF, and pYC-FG) was constructed by three-fragment ligation. Their specific
locations and the enzymes used for digestion are listed in Fig. 2A.

Portions covering different lengths of the SHS fragment were generated by PCR and named according to
their specific locations (the first G base of the Sacl site was regarded as position 1). Vectors listed in Fig.
2B were constructed by ligating two truncated parts of the SHS fragment into pUC-mev. For example,
pYC1l was generated by ligating Sacl-Scal 575-3414 and Scal-BamHI 3414—6482 fragments into
Sacl-BamHI pUC-mev. The enzymes used for digestion are shown in Table S1 and the names of the new

corresponding vectors are listed in Fig. 2B.
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A fragment encompassing the amyH gene and its 200-bp promoter (Apro-amyH) was amplified from the
genome of Haloarcula hispanica DSM4426 (30, 31). In order to add three restriction sites to the
multiple cloning site of pYC13, we designed forward primers bearing restriction sequences for: Smal,
BamHI, SnaBl, and Mfel; and reverse primers containing sites for Mfel, Agel, and Xbal. An Apro-amyH
fragment containing multiple restriction sites was amplified by PCR, digested by Smal and Xbal, and
ligated into pYC13 to generate pYC13—-A-amyH. pYC13-A-amyH was then digested with Mfel to
remove Apro-amyH and re-ligated to create pYC-J. The promoter of Asp70 (H pro) amplified from the

genome of Haloferax volcanii DS52 (32) was ligated into pYC-J to generate pYCJ-H. The digested

HindIlI-Ndel region was amplified with primers bearing a histidine (his)-tag sequence at the HindIII end.

The shuttle expression vector pYCJ-HH containing a his-tag sequence was constructed by replacing the
HindlIlI-Ndel portion of pYCJ-H with the newly cloned fragment, as shown in Fig. S1. All constructs

were confirmed by sequencing (Beijing Genomics Institute, China).

Mutagenesis of start codons of ORFs located within the minimal replicon

Mutations were introduced at different locations into the 1-3414 bp fragment using overlap PCR;
primers are listed in Table S2. These fragments and segment 3414—6482 bp were cloned into pUC-mev
to create pYC-SHS-5M, pYC-SHS-6M, pYC-SHS-7M, pYC-SHS-8M, pYC-SHS-9M, pYC-SHS-10M,
and pYC-SHS-11-12M. The start codons of ORF5 and ORF7 were both mutated to ATT. In order to
keep the amino acid sequence consistent, the start codons of the overlapping ORFs (ORF6, ORF8,
ORF9, ORF10, and ORF11) were mutated to ACG, ACG, TTG, TTG, and ACG, respectively. Finally

all vectors were transformed into CJ7 and the corresponding transformation efficiency was calculated.

Western blot analysis
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Western blot analysis was performed to determine the expression of RepA in J7-1. An exponentially
growing J7-1 culture was induced by MMC as previously described (9) and then incubated in fresh
Halo-2 medium for 0, 12, 24, and 36 h. Cells were collected and resuspended in distilled water for
complete cell lysis. Total protein concentration was measured by the Bradford assay after a short
ultrasonication step. Samples with equal amounts of protein were separated by 12% SDS-PAGE and
probed with an anti-ORF11-12 antibody (1:500 dilution) as previously described (9). The secondary
anti-rabbit antibody was peroxidase-conjugated (1: 1000 dilution). The membranes were revealed by

chemiluminescence.

Sequence analyses

The non-redundant database of protein sequences at the NCBI was searched using the PSI-BLAST (33).
Protein sequences were aligned with Promals3D (34). The alignment was visualized using Jalview (35).
Profile-against-profile searches were performed using HHpred (36) against different protein databases,

including PFAM, PDB, CDD, and COG.

Stability and maintenance of the shuttle vectors

To assess the structural stability of vectors bearing different fragments of SNJ1, they were isolated from
CJ7 transformants, back-transformed into E. coli for amplification, extracted, and subjected to restriction
enzyme digestion. Plasmid DNA of the constructs extracted from E. coli was used as positive control.
Constructs containing different fragments of SNJ1 were tested for plasmid maintenance in CJ7. Briefly,
selected clones were cultured in 5 mL 18% MGM supplemented with 5 ng/mL Mev to late exponential
phase. The culture was then diluted 1:100 in 5 mL Halo-2 medium and incubated for another 24 h

without antibiotic. The dilution process mentioned above was repeated 12 times (the generation time of

10
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CJ7 was about 2.9 h). After each dilution, the cultures were spread onto 18% MGM plates. Fifty random
clones were selected, reseeded onto fresh plates with or without Mev, and the clones counted. The
survival frequency on 18% MGM with 5 pg/mL Mev was considered to be an indicator of vector

maintenance.

Relative copy number determination

Real-time PCR was conducted to estimate the relative copy number of the constructs and pHH205 in
CJ7. Total DNA from CJ7 cells containing the different vectors was prepared as described (37). Briefly,
cells were harvested from 1 mL aliquots, suspended in 100 uL 18% (w/v) NaCl solution, and lysed after
addition of 900 pL distilled water. The lysate was diluted 1:100 in distilled water and used as template.
Relative copy numbers of the single copy gene radA (37), located on the chromosome of the host strain,
and repA, located in the minimal replication region, were determined. The specific primers used for
Real-time PCR are listed in Table S2; each experiment was performed in triplicate as previously

described (38).

Amylase activity assay

Amylase activity of CJ7/pYC13-A-amyH and JCM8980/pYC13-A-amyH was qualitatively determined
as previously described (28). Briefly, 12 random transformants were inoculated into 5 mL 18% MGM.
When cultures grew to log phase, 2 pL of the suspension was spotted onto 18% MGM plates
supplemented with 2% (w/v) soluble starch and 5 pg/mL Mev. After at least 5 days of incubation at
45°C, iodine solution (0.3% I, 0.6% KI) was spread gently on the plate. Haloes around the colonies
indicated starch hydrolysis. A strain containing the pYC-J vector and wild type CJ7 were used as

negative controls.

11
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Amylase specific activity was measured as previously described by Fuwa (39) with one modification,
the 0.5% starch solution was prepared in 18% salt solution (pH7.5) containing 25g NaCl, 50g
MgCl'6H,0, 5g K;SO4, and 0.26g CaCl,-2H,0 per litter (25). One unit of amylase activity was defined
as the amount of amylase required for the hydrolysis of 1 mg of starch in 1 h. To facilitate comparison,
the same amounts of CJ7/pYC13-A-amyH and CJ7/pYCJ-HH-amyH cultures were used for amylase
measurements. Briefly, fresh cultures were adjusted to the same biomass and diluted 1:10, 1:100, 1:1000,
1:10 000, and 1:100 000. Cultures (2 pL) at the different dilutions were reseeded onto 2% starch solid
plate medium and amylase activity was assessed as described above. The sizes of haloes around the

colonies indicated promoter activity.

Protein purification

In order to test whether the his-tag on pYCJ-HH could be used to purify exogenous proteins, 3 mL of
fresh CJ7/pYCJ-HH-amyH culture was seeded in 300 mL 18% MGM containing 5 pg/mL Mev at 45°C
and cultured for at least 5 days. The cell extract was prepared as previously described (16) and applied
onto a 3 mL Ni'-charged HisTrap affinity column. The purification procedure was performed as
described previously (25). Fractions were eluted by imidazole gradient, separated by 12% SDS-PAGE,
and probed with anti-his-tag antibodies. CJ7 harboring the empty pYCJ-HH vector was used as negative

control.
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RESULTS

Proviral genome pHH205 can be transfected into CJ7 to produce SNJ1 virions

We first tested whether pHH205 could be transformed into CJ7. CJ7 cells were transformed with
pHH205, treated with MMC, incubated for 12 h, and finally the supernatant was collected and tested for
plaque formation. As shown in Fig. 1A, the CJ7 culture transformed with pHH205 was able to form
plaques, whereas the one transformed with an equal volume of water could not (Fig. 1B), suggesting that
successful transformation of pHH205 was achieved in CJ7.

As direct genetic manipulation of pHH205 in CJ7 was not feasible, we constructed an E. coli-Natrinema
sp. CJ7 shuttle vector, pYC-S, which contained the full-length pHH205 proviral genome and the Mev
resistance marker (mevR). Given that CJ7 was sensitive to Mev in 18% MGM but not in Halo-2 medium
(Fig. S2), the former was used to select for Mev-resistant transformants. As shown in Fig. 2A, pYC-S
could be successfully transformed into CJ7 with an efficiency of about 3.3x10* cfu/ug DNA. Noticeably,
upon MMC treatment, infectious SNJ1 particles could be induced from pYC-S-transformed CJ7 cells,
suggesting that the exogenous fragment inserted into the SNJ1 genome did not affect packaging and

release of the virus.

Identification of the minimal replication region of SNJ1

Having established that the shuttle vector pYC-S could be stably maintained in CJ7, we systematically
deleted different regions of SNJ1 to determine the portion required for replication of the proviral
genome. As shown in Fig. 2A, only pYC-SHS, which lacked the genes encoding for the viral structural
proteins identified by Zhang (9), could be efficiently transformed into CJ7. Several transformants were

also obtained when vectors pYC-BC and pYC-CD were introduced into CJ7. However, transformation
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efficiencies were low and their sequences were altered following introduction into CJ7 cells, as observed
by enzymatic digestion (data not shown). Thus, we concluded that pYC-SHS contained all the necessary
elements for SNJ1 replication.

To further delimit the region required for SNJ1 replication, a series of shorter elements derived from the
SHS fragment were ligated into the pUC19-mev vector. As shown in Fig. 2B, pYCI, pYC17, pYCIS,
and pYC19, which contain different deletions in the 1-575-bp region, were successfully transformed
into CJ7 cells. In contrast, pYC2, which contained a deletion in the 575-861-bp region, was not,
suggesting that this region was critical for SNJ1 replication. Although a deletion at 575-861 bp may
block the transcription and expression of ORF5 and ORF6 in pYC2, we found that mutations in the start
codons of ORF5 and ORF6 did not prevent the transformation of pYC-SHS-5M and pYC-SHS-6M,
respectively, into CJ7 (Fig. 3C). An AT-rich stretch, usually adjacent to the origin of replication and
necessary for DNA unwinding, was found within the 575-861-bp region; however, additional tests are
required to confirm its function. On the other end of the SHS fragment, deletion of the 4481-6482-bp
region did not affect transformation into CJ7 cells (pYC7 and pYC13). Thus, ORF13—ORF16 are not
essential for autonomous replication. Instead, a deletion of the 3881—-4481-bp region abolished stable
replication of the construct. Taken together, fragment 575—4481 bp, which contains seven putative ORFs,
an AT-rich region (576—861 bp), and an intergenic region (3881—4481 bp), seem to represent the
minimal regions necessary for SNJ1 replication.

All the fragments mentioned above (excluding SHS and S) were amplified by PCR and sequenced. A
cytosine located at position 5078 in the published genome of SNJ1 (GI: AY048850) was not present in
the newly obtained sequence. Following the correction, ORF11 and ORF12, originally annotated within
the flanking sequences of the missing nucleotide (17), were found to correspond to a single contiguous

OREF, hereinafter renamed ORF11-12. In the following experiments, we found that ORF11-12 encoded a
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protein essential for SNJ1 replication, suggesting that the additional cytosine in the original sequence

was likely a sequencing error.

Identification of the ORF's necessary for SNJ1 replication

Having defined the minimal replication region of SNJ1 (Fig. 2B, 575—4481bp), we used RT-PCR to
determine transcription and co-transcription of the seven predicted ORFs within this region. As shown
in Fig. 3A, specific mRNAs of the seven ORFs in addition to co-transcripts of ORF5—ORF6 and
ORF7-ORF11-12 were detected in J7-1, suggesting that these predicted ORFs formed two distinct
operons (Fig. 3B).

To determine which of the seven ORFs were essential for SNJ1 replication, the start codon of each of
them was mutated in pYC-SHS, the most stable CJ7 vector. Sequencing of pYC-SHS-5M,
pYC-SHS-6M, pYC-SHS-7M, pYC-SHS-8M, pYC-SHS-9M, pYC-SHS-10M, and pYC-SHS-11-12M
indicated that mutations were successfully introduced into the vectors. Only pYC-SHS-11-12M
completely prevented plasmid transformation into CJ7 cells (Fig. 3C). Transformation efficiencies of
pYC-SHS-7M, pYC-SHS-9M, and pYC-SHS-10M were unchanged, whereas those of the remaining
plasmids were significantly reduced (< 10* cfu/ug DNA). Overall, we conclude that only ORF11-12 is
indispensable for SNJ1 replication, while ORF5, ORF6, and ORF8 promote replication efficiency of
SNJ1. It remains to be determined whether the mRNAs of the identified ORFs are indeed functional.
Similarly, we cannot exclude the presence of other functional ORFs located in the replication region.

To further confirm the indispensability of ORF11-12 in SNJI replication, expression of ORF11-12
protein in J7-1 cells was assessed at different time points (0, 12, 24, and 36 h) after MMC induction
(lanes 2, 3, 4, and 5 in Fig. 4, respectively). ORF11-12 protein was detected in J7-1 before and after

MMC induction, but not in CJ7 cells (lacking the provirus), confirming that ORF11-12 encodes a
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functional protein. The level of ORF11-12 protein increased with incubation time following induction.
At the same time, OD600 of the culture first increased and then dropped, whereas the titer of SNJ1
increased gradually. Collectively, these results indicate that ORF11-12 encodes an essential protein
required for the replication of SNJ1 and its expression in J7-1 increases along with the accumulation of

extracellular virions. Thus, ORF11-12 was designated as the rep4 gene of SNJI.

Sequence analysis of the predicted proteins encoded within the minimal replicon

In light of the new results, we decided to repeat the sequence analysis of the predicted proteins encoded
within the SHS fragment (Fig. 2B) encompassing the minimal replicon of SNJ1 as well as several other
ORFs (ORFs 4 to 16). Ten of the twelve putative proteins could be functionally annotated. Interestingly,
sensitive HHpred searches showed that eight of the ten gene products (gp) carry various DNA-binding
domains (Fig. S3), suggesting their involvement in transcription regulation. Specifically, gp4, gp5 and
gpl5 contain AbrB-like swapped-hairpin domain (Fig. S3A-C), which is found in various bacterial and
archaeal transcriptional regulators, including those encoded by some archaeal plasmids (40) and within
toxin-antitoxin systems (41, 42). Gp7 and gpl0 contain helix-turn-helix DNA-binding domains (Fig.
S3D and E, respectively), most closely related to those found in bacterial sigma-70-like sigma factors
(43), whereas gp13 was found to contain an N-terminal winged helix-turn-helix domain followed by an
additional C-terminal helix-turn-helix domain (Fig. S3F). Furthermore, gp8 and gp9 possess distinct
Zn-finger motifs (Fig. S3G and H, respectively).

Interestingly, gpl4 encodes a VapC-like toxin component of the VapBC toxin-antitoxin system (Fig.
S3I), widespread in archaea (44) and also present in some archaeal plasmids (45). In the VapBC pair,
VapC is the PIN-domain containing ribonuclease, whereas VapB is typically a transcription factor with

the AbrB-like swapped-hairpin domain (46). As mentioned above, gpl5 contains the AbrB-like
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DNA-binding domain and is encoded immediately upstream of ORF14, strongly suggesting that the two
proteins, gp14 and gp15, constitute a functional toxin-antitoxin system of SNJ1.

HHpred analysis of the SNJ1 RepA sequence revealed only a partial match to the IS91-like Zn-binding
motif (Fig. S3J). PSI-BLASTP searches seeded with the sequence of gpl1-12 (RepA), after the first
iteration resulted in significant matches restricted to hypothetical proteins encoded by halophilic archaea,
namely Natronococcus jeotgali (Gl1:495694890) and Halococcus thailandensis JCM 13552
(GI:445806310). However, following additional iterations, significant hits to Rep proteins encoded by
plasmid pC2A of Methanosarcina acetivorans (47) and plasmid pZMXI101 of Halorubrum
saccharovorum (48) were obtained. The relationship among these proteins was further investigated by
constructing a multiple sequence alignment (Fig. 5). Plasmid pC2A has been previously suggested to
replicate via the rolling-circle mechanism (47). Consistently, analysis of the conserved motifs shared by
RepA of SNJ1 and those of other plasmids, allowed delineation of the three motifs characteristic of the

rolling circle replication initiation proteins belonging to the HUH endonuclease superfamily (49, 50).

Stability and maintenance of the shuttle vectors

In order to assess the structural stability of the shuttle vectors, plasmid DNA extracted from three
independent transformants was back-transformed into E. coli (post-transformed plasmids) and
re-isolated for enzyme digestion analysis. As shown in Fig. 6A, pre- (lanes 1, 2, and 3) and post-
transformed (lanes 4, 5, and 6) plasmids showed similar digestion profiles, indicating that structural
stability of all constructs was maintained in CJ7.

The proviral genome of SNJ1, pHH205, was stably maintained in J7-1, suggesting a faithful partition
into daughter cells at division. To determine which region(s) were critical for its ongoing maintenance,

stability of the shuttle vectors was evaluated in the absence of Mev. As shown in Fig. 6B, pYC-SHS
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could be stably maintained in CJ7 cells for 12 days (about 100 generations), suggesting that it contained
all the necessary elements for correct partitioning. All other constructs showed different degrees of
plasmid loss. pYC1 was completely lost after 2 days, suggesting that the 1-575-bp region was extremely
important for maintenance of the plasmid. pYC17, pYCI18, and pYC19 were constructed to further
narrow down the region required for stable maintenance of pYC-SHS. As shown in Fig. 6B, pYC18 and
pYC19 containing a deletion in the 1-294-bp and 1—140-bp regions, respectively, were relatively stable
in CJ7. However, pYC17, which lacked the 1-401-bp region, was highly unstable, implying that the
294-401 nucleotide sequence was essential for the stable maintenance of the vectors. Deletion at the
other end of the SHS fragment also significantly affected plasmid stability. Vector pYC7, which contains
a deletion in the 5160—6482-bp region (ORFs 14—16), started to disappear from CJ7 cells after 6 days.
After 12 days, most of the cells had lost the plasmid. When the fragment was shortened from 5510 to
4481 bp (pYC13), the vector was lost completely within 9 days. Overall, these results suggest that the
1-575-bp region is critical for the maintenance of SNJ1, whereas the 4481—6482-bp region affects
maintenance to a certain extent.

To test which ORFs were critical for the maintenance of the vector, the stability of plasmids containing
start codon mutations in ORF4—ORF13 (except for ORF11-12, which was essential for replication) were
determined. As shown in Fig. 6C, mutation in the start codon of ORF4 resulted in a complete loss of
plasmid pYC-SHS-4M within 2 days, suggesting that the product of ORF4 was critical for the
maintenance of the shuttle vectors. Surprisingly, pYC-SHS-13M, containing a mutation in the start
codon of ORF13 was stably maintained after 12 days without antibiotic (Fig. 6C). Mutations in the start
codons of ORF5, ORF6, and ORF8 seemed to affect maintenance of these plasmids, but also
transformation efficiency. Instead, mutations in the start codons of ORF7, ORF9, and ORF10 did not

seem to affect plasmid stability suggesting that, like ORF13, the products of these ORFs did not play a
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role in the maintenance of the plasmid, at least not under the tested conditions. Noticeably, pYC7 was
relatively unstable, indicating that, although not crucial, ORF14, ORF15, and ORF16 may also affect

plasmid maintenance.

Copy number of the SNJ1 proviral genome and shuttle vectors

Temperate viruses existing as plasmids during the lysogenic cycle are usually maintained in low copy
number in their hosts (51). As shown in Fig. 7A, pHH205 was maintained at 1-3 copies per
chromosome in J7-1 cells determined by Real-time PCR. Except for pYC1, pYC17, and pYC20, most of
the shuttle vectors were also present at 1—3 copies per chromosome. However, deletion of the 1-575 bp
portion in the stable replication fragment (1-6428, pYC-SHS) increased the number of pHH205 to about
30 copies per chromosome, suggesting that this region was crucial for controlling the copy number of
SNJI. Since this region contained only one ORF, ORF4, the copy number of pYC-SHS-4M was
determined. As shown in Fig. 7B, pYC-SHS-4M yielded a similar copy number as pYC1. Interestingly,
we found that mutating the start codon of the other ORFs located in the minimal replication region did
not affect copy number. These results suggest that only ORF4 negatively regulates the copy number of

the SNJ1 proviral genome and shuttle vectors.

Construction of expression vectors for J7 using the stable replicon of SNJ1

As shown in Fig. S1, we constructed the cloning vector pYC-J and expression vectors pYCJ-HH, based
on the stable replicon of SNJI (1-4481 fragment). Similar to pHH205 and its parent shuttle vector
pYC13, Real-time PCR revealed that pYC-J and pYCJ-HH were maintained at 1-3 copies per CJ7
chromosome (data not shown). To determine the applicability of these shuttle vectors, the amyH

amylase gene was cloned from Haloarcula hispanica DSM 4426 and inserted into pYC13 to generate
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pYCJ-A-amyH. After transforming pYCJ-A-amyH into CJ7, 12 randomly selected colonies were
transferred onto 18% MGM plates supplemented with 2% (w/v) soluble starch and 5 pg/mL Mev. As
shown in Fig. 8, haloes were detected around the colonies after exposure to iodine solution, suggesting
that AmyH was well expressed. On the contrary, CJ7 without the plasmid could not grow on the Mev
plate (N1), and those harboring the empty pYC13 vector showed no enzymatic activity (N2), confirming
that starch consumption was indeed due to expression of AmyH.

Vector pYCJ-HH contained a Haloferax volcanii DS52 hsp70 promoter (H pro), which showed higher
activity than A pro (Y. Huang, unpublished data), followed by a multiple cloning site and a His-tag for
protein expression and purification (Fig. S4A and B). Single enzyme digestion of pYCJ-HH by eight
different restriction enzymes showed that the cleavage sites within the multiple cloning site could easily
generate sticky ends (Fig. S4C). The amyH gene was inserted into pYCJ-HH and amylase was purified
from 300 mL of fresh CJ7/pYCJ-HH-amyH culture. As shown in Fig. S4D, the 48 kDa His-tagged
amylase zymogen protein was successfully expressed and purified from CJ7 by affinity purification, and
then confirmed using an anti-His-tag antibody (Fig. S4E). Therefore, pYCJ-HH could be used for
protein purification in Natrinema species.

A pro (30) was the only promoter that had already been used for efficient expression of exogenous
proteins in J7 (28). In order to compare the activities of H pro and A pro in CJ7, amylase activity of
CJ7/pYC13-A-amyH and CJ7/pYCJ-HH-amyH cultures was assessed. As shown in Fig. S5A, H pro
activity during different growth periods was higher than that of A pro. Moreover, haloes around
CJ7/pYCJ-HH-amyH colonies were substantially bigger than those around CJ7/pYC13-A-amyH

colonies at the same dilution (Fig. S5B), confirming higher H pro activity.

pYCJ-HH host range
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Finally, we tested whether pYCJ-HH could be transformed into haloarchaeal species other than J7, such
as the model organisms in Natrinema sp. (Table 1). While all strains were successfully transfected with
pHH205, only those sensitive to 5 pg/mL Mev, were transformed with pYCJ-HH. This was achieved
only in Natrinema pallidum JCM8980, with an efficiency of 10° cfu/pg DNA, somewhat lower than that
in CJ7. After a 12 h recovery period, the supernatant of pHH205-transfected JCM8980 was induced to
form plaques on CJ7, suggesting that SNJ1 could replicate and be released from JCM8980. However, as
previously described (9), SNJ1 virions could not adsorb to or enter JCM8980 cells.

Having established that pHH205 could be transformed into JCM8980, we tested whether the shuttle
expression vector could be used to express proteins in this species. As shown in Fig. 8B, plasmid
pYCJ-HH-amyH was successfully transformed into JCM8980 and amylase was expressed to significant
levels. These results suggest that pYCJ-HH might be a valuable genetic tool for studies in several

Natrinema species.
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DISCUSSION
Archaeal viruses present strikingly diverse virion morphology and unique gene content (52). Currently,
little is known about the mechanisms controlling their life cycles, such as entry, genome replication,

virion assembly, and release (53). In this study, we identified the replication region of

Betasphaerolipovirus SNJ1, and constructed several SNJ1-based E. coli-Natrinema sp. J7 shuttle vectors.

A number of ORFs and genetic elements were found to be involved in replication, maintenance, and
copy number control of SNJ1. Regardless of their exact function, their identification will enable the
study of the viral life cycle of temperate haloarchaeal viruses such as SNJ1. Based on the replication
region of SNJI1, a set of expression vectors was validated for protein expression and purification in J7
and JCM8980 cells. These vectors will undoubtedly facilitate studies of SNJ1 and other viruses infecting

Natrinema species, as well as their hosts.

The replicon of SNJ1

Although many archaeal viruses and plasmids have been discovered over the last few decades, genome
replication has been studied in only a handful of them (54-57). In this study, a systemic deletion analysis
of SNJ1 proviral genome, pHH205, allowed us to define the minimal region required for virus
replication. This region is a 3.9-kb fragment (575—4481 bp), containing seven ORFs organized into two
operons. One ORF, repA, and two genetic elements, encompassing regions 576—861 bp and 3881-4481
bp, were found to be essential for SNJ1 replication, with other ORFs significantly affecting replication.
Their functions and roles in replication are discussed in the following section.

The region containing rep4 was originally predicted to harbor two ORFs, ORF11 and ORF12. However,
after correcting a previous sequencing error, we found that the two ORFs were in fact a single gene,

repA. We confirmed that rep4 encoded a functional protein and found that its expression in J7-1 cells
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increased along with the accumulation of extracellular viruses (Fig. 4). Accordingly, RepA is probably
responsible for genome replication during the lytic cycle of SNJ1. Specifically, RepA shows significant
similarity to Rep proteins encoded by small archaeal plasmids, such as pC2A (5.4 kb) and pZMX101
(3.9 kb). All the homologs contain conserved signature motifs characteristic of rolling-circle replication
proteins (49, 50). Interestingly, whereas pC2A was indeed found to replicate via the rolling-circle
mechanism (47, 58), pZMX101 was suggested to employ a theta-like replication strategy (48). This
discrepancy has been pointed out previously (59) but remains unresolved. Studies on the mechanism of
SNJ1 genome replication and the exact function of RepA in this process are currently under way.

Two genetic elements have been identified as critical for SNJ1 replication in this study, one located in
an AT-rich region (576—861 bp) and the other in an intergenic region (38814481 bp). Deletion of the
former eliminates part of ORF5 and could potentially affect the transcription of ORF6. However, we
found that substitutions in the start codons of ORF5 and ORF6 did not prevent the plasmid from
replicating in J7 cells (Fig. 3C), suggesting that gene products of ORF5 and ORF6 were not essential for
SNIJ1 replication. The GC content of this region is 49.9%, significantly lower than the average for SNJ1
(61.6%), which makes it a likely part of the SNJ1 origin of replication. Additional evidence is required
to prove this hypothesis. Although it remains unclear how the second genetic element contributes to the
replication of SNJ1, we found a number of repeated sequences —CGTCGACG— within this region. In
fact, this palindromic sequence occurs up to 13 times in the 1-6428 bp fragment of SNJ1. Whether these
repeats are important for SNJ1 replication remains to be seen and is currently under investigation.

ORF7, ORF9, and ORFI10 within the minimum replication region of SNJ1 encode putative
DNA-binding proteins. Changing the start codon of these ORFs did not affect the transformation
efficiency of shuttle vectors (Fig. 3C), indicating that they were not required for replication. Although

ORF5, ORF6, and ORF8 were also not strictly required, mutations in their start codons significantly
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reduced transformation efficiency. Currently, we do not know how these ORFs affect SNJ1 replication.
Our preliminary data indicates that the mutated shuttle vectors become rather unstable during culturing.
Perhaps these ORFs function as accessory factors for replication and in their absence replication
proceeds less efficiently. Notably, ORF5 and ORFS8 encode putative DNA-binding proteins, which might

act as transcriptional regulators of the cognate repA operon.

Maintenance and copy number control of SNJ1

The genome of temperate prokaryotic viruses can exist as a plasmid or integrate into the host
chromosome during the lysogenic cycle. Integration enables the viral genome to be replicated and
partitioned passively during the host cell cycle. Instead, when existing as plasmids (e.g., pHH205 for
SNJ1), the proviruses have to coordinate their replication and partitioning with the host cell cycle.
Otherwise, they will be quickly lost from the host cells. DNA segregation has been well studied in
bacteria (60). The most widespread and well understood bacterial DNA segregation system is comprised
of three components: a DNA centromere, a ParA ATPase, and a centromere-binding protein, ParB (61,
62). Similar segregation systems have been reported in Sulfolobus species, which also contain ParA-like
ATPase and site-specific DNA-binding proteins that attach to centromere-like sequences (63-65).
Inspection of the ORFs within the stable replicated fragment of SNJ1 (pYC-SHS) did not reveal any
ParA- or ParB-like ORFs, nor did we find candidates similar to the identified archaeal
centromere-binding proteins. However, we found that the stability of SNJ1 could be dramatically altered
following localized deletions and mutations in some ORFs, suggesting that these regions and ORFs have
important roles in the segregation of SNJ1. Among these factors, ORF4 is perhaps the most important
one, because its deletion resulted in the loss of shuttle vectors within 2 days in the absence of antibiotic

selection (Fig. 6C). How ORF4 regulates the stability of SNJ1 is not clear, but sequence analysis

24

1sonb Ag 6T0Z ‘vz Arenuer uo /610 wse ql//:dny wol) papeojumoq


http://jb.asm.org/

(19)
=
6
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Bacteriology

Journal of Bacteriology

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

suggests that it belongs to the SpoVT/AbrB family of transcription regulators (66). It is possible that
ORF4 regulates the expression of proteins required for partitioning of SNJ1. In its absence, these
proteins are not expressed, resulting in plasmid loss. However, we cannot exclude the possibility that
ORF4 itself is a component of the partitioning system, given that it is predicted to bind dsDNA. In
addition, deletion of the 1-294 bp (pYC18 and pYC19) and 44815510 bp (pYC7 and pYC13) regions
from the stable pYC-SHS vector also significantly reduces stability of the plasmid, suggesting that these
regions may contain sequences that are important for plasmid partitioning. Alternatively, the proviral
genome of SNJ1 might not be actively partitioned during cell division. It is worth mentioning that the
VapBC toxin-antitoxin system encoded by ORF14 and ORF15 might be important for ensuring retention
of SNJI by a post-segregational killing mechanism (41, 67). Accordingly, cells that did not acquire the
toxin-antitoxin-encoding proviral genome and do not produce the labile VapB antitoxin component are
killed by the VapC toxin.

Temperate prokaryotic viruses also need to control their copy number during the lysogenic cycle,
otherwise they risk becoming a burden for their hosts. Integrated proviruses avoid this problem, but
proviral genomes existing as plasmids depend on a tight control of their copy number. Bacterial
plasmids maintain their copy number by self-encoded negative control systems (68). How archaeal
plasmids control their copy number is poorly understood. In this study, we found that ORF4 was critical
for SNJ1 copy number control (Fig. 7B). It is possible that ORF4 regulates plasmid copy number by
controlling the level of RepA, or that of other proteins or RNAs. It will be interesting to determine how

ORF4 controls both the stability and copy number of the SNJ1 genome.

Natrinema species shuttle vectors based on the SNJ1 proviral genome

Establishing a genetic system for halophilic archaea is not straightforward. Currently, efficient genetic
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systems are available for only two haloarchaeal model organisms: Halobacterium salinarum and
Haloferax volcanii (69). Replication origins used to construct most of the replicative shuttle vectors
were obtained from indigenous haloarchaeal plasmids, such as pGRB1 (70), pHH1 (71), and pNRC100
(72) in Halobacterium salinarum, and pHK2 (73, 74), pHV2 (75, 76), and pHV1/4 (77) in Haloferax
volcanii. Viral replicons represent another important source. For example, shuttle vectors pUBP1 and
pUBP2, which were constructed on the basis of the ®H replicon, were artificially introduced into
Halobacterium salinarum and Haloferax volcanii spheroplasts using PEG (78). The genomic DNA of
several other haloarchaeoviruses, such as His2 and SH1, has also been successfully transformed into
their hosts (13). However, no replicative shuttle vector is available for J7, limiting our ability to study J7
and its viruses. Here, we used the replicon region of SNJ1, to construct a set of shuttle vectors for
protein expression and purification.

Recently, an exogenous gene was successfully expressed upon integration in the genome of two J7
auxotrophic mutants (28). This system is complementary to the vectors developed in our study. Many
genetic experiments such as complementation tests will become possible by a combination of these two
genetic tools. We expect that research on SNJ1 and other viruses infecting Natrinema species, as well as

studies of Natrinema species themselves, will rapidly lead to the future utilization of these vectors.
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Table 1. Host range of pY CJ-HH/pHH205.

Strain

Description

Source

Natrinema versifome JCM10478"

Natrinema pellirubrum JCM10476 T

Natrinema pallidum JCM8980 T

Natrinema ejinorense JCM13890 T

Natrinema altunense CGMCC 1.3731 "

Halobacterium sp. AB91037

Haloarcula hispanica 33960"

Halobiforma lacisalsi 1.3738"
Haloarcula marismortui 1.1784"
Halorubrum sp. T3
Halobacterium salinarum NRC-1

Haloferax volcanii DS52

NO replicability of pYCJ-HH or pHH205

NO replicability of pYCJ-HH or pHH205

Replicability of pYCJ-HH and pHH20S,
immunity to SNJ1 infection
NO replicability of pYCJ-HH or pHH205

NO replicability of pYCJ-HH or pHH205

NO replicability of pYCJ-HH or pHH205

NO replicability of pYCJ-HH or pHH205

NO replicability of pYCJ-HH or pHH205
NO replicability of pYCJ-HH or pHH205
NO replicability of pYCJ-HH or pHH205
NO replicability of pYCJ-HH or pHH205

NO replicability of pYCJ-HH or pHH205

cGMcc?

Henglin Cui, Universiy of
Jiangsu, China

Henglin Cui, Universiy of
Jiangsu, China

cGMmcc?

Hua Xiang, Institute of
Microbiology, Chinese
Academy of Sciences,
China

CTTCC’

Kamekura. M. Noda
Institute for Scientific
Research, Japan
cGoMcce®

cGMmcc?

(79)

ccrec’

(80)

* China general microbiological culture collection center.

® China Center for Type Culture Collection.

FIGURES LEGENDS

Figure 1. pHH205-transformed CJ7 produce SNJ1 virions. A CJ7 culture transformed with either

37

1sonb Ag 6T0Z ‘vz Arenuer uo /610 wse ql//:dny wol) papeojumoq


http://jb.asm.org/

(19)
=
6
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Bacteriology

Journal of Bacteriology

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

water (A), as a control, or SNJ1 DNA (B), was induced by mitomycin C. After incubation for 12 h, the
supernatant from each culture was collected, mixed with CJ7 cells, and poured on agar plates. Plaques

on a lawn of CJ7 cells indicate production of infectious SNJ1 virions.

Figure 2. Analysis of the SNJ1 minimal replicon. Schematic representations of pYC vectors
containing different deletions of the full-length S (A) and SHS fragments (B) of SNJ1, together with
their transformation efficiencies. The relative location and direction of transcription are indicated by
horizontal arrows with numbers corresponding to ORFs. Genes encoding structural proteins [9] are
indicated by gray filled arrows. Restriction sites are marked. Solid lines indicate different fragments,
numbers denote start/end positions, and letters the arbitrary location used for cloning. The minimal

replicon of SNJ1 is marked by two vertical arrows.

Figure 3. Transcriptional analysis and determination of essential genes within the SNJ1 minimal
replicon. Total RNA from J7-1 cells was used to analyze the transcription (A) and co-transcription (B)
of the seven predicted ORFs within the SNJ1 minimal replication region by RT-PCR. Lanes: M, 2k plus
IT marker; 1, distilled water negative control; 2, total RNA negative control; 3, J7-1 DNA positive
control; 4, cDNA. (C) Schematic diagram of the SHS minimal replication region with mutations in the
start codons of predicted ORFs. Horizontal arrows, ORFs; vertical arrows, minimal replicon. Specific
mutation sites are marked by numbers and solid vertical lines. Transformation efficiencies of the

constructs are presented to the right.

Figure 4. Western blot analysis of RepA in J7-1 cell extracts.

Samples from a J7-1 culture were collected 0, 12, 24, and 48 h after mitomycin C induction.
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Immunoblots were probed using an anti-ORF11-12 antibody. Lane 1, crude extract from CJ7 culture
(negative control); lanes 2—5: samples of J7-1 culture collected 0, 12, 24, and 48 h post MMC induction,
respectively; lane 6, purified RepA protein (positive control). Molecular weight markers are indicated on
the left. The samples’ OD600 values and titers of SNJ1 virus in the corresponding supernatants are listed

underneath.

Figure 5. Multiple sequence alignment of SNJ1 RepA with homologs encoded by haloarchaeal and
methanoarchaeal plasmids. Sequences are indicated with GenBank identifiers followed by species
names. Conserved Cys residues which could be involved in Zn binding are indicated with green starts
under the alignment, whereas active site His residues and the catalytic Tyr are indicated with blue and

red stars, respectively.

Figure 6. Stability and maintenance of shuttle vectors. (A) Structural stability of shuttle vectors in
CJ7 cultures subjected to antibiotic selection. Pre-transformed plasmid (extracted from E. coli before
being transformed into CJ7, lanes 1, 2, and 3) and back-transformed plasmid (extracted from E. coli
following transformation into CJ7, lanes 4, 5, and 6) were digested with restriction enzymes to compare
stability. M, A HindIIl marker; lanes 1 and 4, undigested plasmids; lanes 2 and 5, plasmids digested with
Ndel and HindlIll; lanes 3 and 6, plasmids digested with Scal. (B) Maintenance of shuttle vectors in CJ7
cultures without antibiotic selection. CJ7 cultures (50 pL), were diluted in 5 mL Halo-2 medium and
grown for 24 h. After each dilution (12 in total), aliquots were spread on Halo-2 medium, 50 random
colonies were selected, and spotted onto 18% MGM plates containing 5 ug/mL Mev. Maintenance was
measured by calculating the percentage of Mev-resistant colonies. (C) Maintenance of shuttle vectors

containing mutations in the start codon of different ORFs in CJ7 cultures without antibiotic selection.
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Experiments were performed as described above.

Figure 7. Relative copy numbers of pHH205 and shuttle vectors in CJ7.

Real-time PCR was performed to determine the relative copy numbers of pHH205 and constructs
containing different fragments of SNJ1 (A), and constructs containing mutations in the start codon of
different ORFs (B). Primers based on repA and radA were used to determine the copy number of
constructs and chromosomes, respectively. Plasmid copy number was calculated based on the

assumption that each chromosome had only one copy of radA.

Figure 8. Amylase expression in CJ7 and JCM8980 cells.

pYCJ-A-amyH was transformed into CJ7 (A) and JCM8980 (B) cells. Twelve random transformants
were transferred to 5 mL 18% MGM with antibiotic, grown to log phase, and 2 pL. were spotted onto
18% MGM plates supplemented with 2% (w/v) soluble starch and 5 pg/mL antibiotic. After five days,
iodine solution was added to the plates, and haloes formed immediately around the selected
tansformants indicating amylase expression. N1, CJ7 or JCM8980 cultures (negative control); N2, CJ7
or JCM8980 transformed with pYC-J (negative control); 1-12, transformants of CJ7 or JCM8980

harboring pYCJ-A-amyH.
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Zn-binding domain Motif 1

SNJ1_RepA 80 FliERET GNPIP-HICDC--CGEVVNIG-! PRCAPKWVLKTAPGIVNNIMG, SANID-G-PVYK----! \VISPPEELYIDAE--FPEQE 174
910009262_Haloterrigena jeotgali 81 KRETEGKPIP-HVCDC--CGEMVKIG-! [SANNDYD-AVYK- [AVLSPPEDLYIDAE--NPEQE 17¢€
445806310_Halococcus thailandensis 5 ASQPDSEGNWYPYHVCDE--C-GEPIFSE IQA}L’RWAQDDGLDR——RLI [ AMESPEQKDDWT I ---SRVDG 97
493157743 _Natrialba chahannaoensis 57 EKPPGEGEWMPMEFCDS--C-ADVKMGS! ,AAARDAADSGIEK--RAVHCVASAPPGS IbISL———VDIKQ 14¢
495694890_Natronococcus jeotgali 64 ELGDDEGEDVPM-FCRDEGC-GHTTTVG v!v M-ADIGLRFDSEDALGR 161
499544450_Haloarcula sp. AS7094 3 TPPERCRAL YRHAVD-GAEK--RLSHIVA PPQDRSYSK———RAMWE 121
910014357_Haloferax alexandrinus 23 DAPNRCRGL YREAAS-GWGK--RLLHVVA 112
27753937_Halorubrum plasmid pZMX101 20 ISAPNRCRGL LAAYRENAE-GWGK--RLLHLVA| 10¢
10954581_Methanosarcina plasmid pC2A 68 KRPAY| GRPE‘!YAV&ENY— YALFSG----Q--FPSWGFA! 15€
851355206_Methanococcoides methylutens 25 lNQPDA GDFYWSSIRLDQ———KGAGVSA HCKE. . IOEVMTKITg E--HPCRVVASVPRDRRYTL---KEVRA 112
Motif 2

Motif 3

é SNJ1_RepA 175 ELISVAQEFMEEIGMQ-! [KKRLFADR--DWH: ELQHR! LIGACPWEPMG 263
e 910009262_Haloterrigena jeotgali 177 LAQEFMAE IDMQ-! N [KERLFEGR--DWY: LIGACPWEPGG 267
3 9 445806310_Halococcus thailandensis 98 { EIYELAQEAGVTG [KYLRETYGQGW- QIATAPEFEPE 177

5 493157743 _Natrialba chahannaoensis 150 QGWRDAYDLAAEKGVRG! WOWIREHERDW— ILGLATDVGPN 22¢
S 495694890_Natronococcus jeotgali 162 RGFDVVKSLLQKVFVDT 7Y J [KDVLELAESEGR: AIVLIDTVSGV 247

O 499544450_Haloarcula sp. AS7094 122 Eﬁ EAYDVLEDAGVRG T IAFLREVS--EDWE ITIARAPSVEPG  20¢
o 910014357_Haloferax alexandrinus 113 SLRSDAQDAVKAAGGRG SFLRDWADSNDWS IALVACEDEDPD 19¢
L'6 27753937_Halorubrum plasmid pZMX101 110 SMRSDAQDAVQAAGARG I TFLRRFA-GGDWE-—---—===-— FLAPCEDFDPD 19%
-l 10954581_Methanosarcina plasmid pC2A 157 INY IRDDHNEGNLNKIADLLNIEINSIYDCLIL. FFIFPGNIRIT 254

g 851355206_Methanococcoides methylutens 114 LKS----DILKFVKLHS--GSR-- ———SSSSFINYILSESGMEEISQ-—-—AFDYVESWRECVEVS *YLCFPGDAMV— 204

5

(0]

e

SNJ1_RepA 264 GD———VTKLT——HAITDWVIH IIG KRDGNSSVSLADMRSVARA CAIDTREEPGSK-GGETTAKYV. LEEAKAHC 353/481
910009262_Haloterrigena jeotgali 268 GD---VIKLV--NAETDWVIHRIEG-KREGNSPISLGGIRDVARA! AIDTRED--GK-GGDHN-KYI LEEAKAKC 354/482
445806310_Halococcus thailandensis 178 RT-LDAMRSLSHPSSYEDVAGL: ~-DGEQA-LRW LSEGALET 249/348
493157743 _Natrialba chahannaoensis 230 AEDGWVF IT—LTPFKLT—DKDS T LSNGRWOA 305/414
495694890_Natronococcus jeotgali 248 —SIEAETGIVVHRITP-GDSNV---SIYGIE --MWAEQKGVEA 325/48%
499544450_Haloarcula sp. AS7094 207 -DAPDDWVVERTIRT-LKPFYFR-DTEAYRAMVAPY: LTAAIWSR 279/399
910014357_Haloferax alexandrinus 200 ~GVPDGWVVKNTRS - FSAFHKH-DLEGFEDMARAA -DELTATGWHF 272/386

--EFRQT-ATWEGDVHPASF---DPE- --BELGAVEWDC 268/383
[VGQL-TDN--RY-GNIHI-ESREGALFRWHPDKVVSSSGKLTFEQLIDTRIEV 353/536
CGIL-THA--GK-SKIKA-VSGCEGLSDKAQPLNYVS—---— PEELDAIRQEV 286/398

27753937_Halorubrum plasmid pZMX101 196 -~ AVEDGHVVKNVRS -FSREEKR-DMESFEDMARAA
10954581_Methanosarcina plasmid pC2A 255 TGKNPKSKKRCKSD’YDIFIQ IHKVNGKRQW‘ELRSLMDIﬂQ 1
851355206_Methanococcoides methylutens 205 —---—---—--- TG AELLIHKQ! GGYDQDK\/‘FELKTVEDVEQHI
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(cfu/ug DNA)
pYC-SHS : Scalﬁ 2414 = 3.2x103
pYC-SHS-5M 657, ‘ 3.6x101
pYC-SHS-6M — } 1.7x101
PYC-SHS-7M 1385 4 43%103
pYC-SHS-8M 1608 | 5.1x101
pYC-SHS-9M 1814, 3.4x103
pYC-SHS-10M 2143 , f 8.2x103
pYC-SHS11-12M 2393 | 3 0
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