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ABSTRACT Previous studies have shown that infection of Prochlorococcus MED4 by the cyanophage P-SSP7 leads to increased
transcript levels of host endoribonuclease (RNase) E. However, it has remained enigmatic whether this is part of a host defense
mechanism to degrade phage messenger RNA (mRNA) or whether this single-strand RNA-specific RNase is utilized by the phage.
Here we describe a hitherto unknown means through which this cyanophage increases expression of RNase E during phage infection
and concomitantly protects its own RNA from degradation. We identified two functionally different RNase E mRNA variants, one of
which is significantly induced during phage infection. This transcript lacks the 59 UTR, is considerably more stable than the other
transcript, and is likely responsible for increased RNase E protein levels during infection. Furthermore, selective enrichment and in vivo
analysis of double-stranded RNA (dsRNA) during infection revealed that phage antisense RNAs (asRNAs) sequester complementary
mRNAs to form dsRNAs, such that the phage protein-coding transcriptome is nearly completely covered by asRNAs. In contrast, the
host protein-coding transcriptome is only partially covered by asRNAs. These data suggest that P-SSP7 orchestrates degradation of host
RNA by increasing RNase E expression while masking its own transcriptome from RNase E degradation in dsRNA complexes. We
propose that this combination of strategies contributes significantly to phage progeny production.
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Acommon theme of the lifestyle of viruses is the manip-
ulation of host metabolism for the purpose of viral re-

production. However, different virus types have established
different regulatory pathways for the takeover and manipu-
lation of their particular hosts. For example, all genes of T4
and the early genes of T7 Escherichia coli bacteriophages are
transcribed by the host RNA polymerase (RNAP) (Ueno and
Yonesaki 2004; Molineux 2006). However, expression of
middle and late T4 genes is mediated by host RNAP that
has been modified by T4-encoded factors (Ueno and Yonesaki
2004). In contrast to T4, the subsequent T7 expression
program is coordinated by the activity of a phage RNAP
(Maniloff and Ackermann 1998). Nevertheless, direct manip-
ulation of host proteins plays a crucial role for the gene ex-
pression program of T7.

The gene product of the early T7 0.7 gene codes for a protein
kinase (Rahmsdorf et al. 1974) and is responsible for phosphor-
ylation and, thus, functional manipulation of.90 host proteins
(Robertson et al. 1994). For example, phosphorylation of host
RNAP b9-subunit (Zillig et al. 1975) results in reduced proces-
sivity, which is believed to assist in the coordinated transition of
expression from T7 cluster 1 to cluster 2 genes (Severinova and
Severinov 2006). In addition, phosphorylation of translation
factors such as IF1, IF2, and IF3 is required for expression of
T7 cluster 3 genes (Robertson and Nicholson 1992).

Another protein of particular interest that is regulated by
phages is the host endoribonuclease (RNase) E protein. Ueno
and Yonesaki (2004) describe RNase E-dependent changes in
the stability of host and phagemessenger RNAs (mRNAs) upon
infection of E. coli by phage T4. They found that the half-lives of
host mRNAs were markedly reduced, whereas phage mRNA
was stabilized (Ueno and Yonesaki 2004). However, the mech-
anism for the differential regulation of the stability of host and
T4 phage mRNA is not yet known. Stability of phage mRNA is
also of crucial importance in T7 as the T7 RNAP outpaces elon-
gating ribosomes, such that RNase E recognition sites are ex-
posed on nascent phage mRNAs, rendering phage mRNA
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vulnerable to RNase E-mediated cleavage (Makarova et al.
1995). However, the destabilizing effect on T7 mRNAs is neu-
tralized by the 0.7 protein; phosphorylation of the C-terminal
domain of E. coli RNase E attenuates RNase E activity on T7
mRNA (Marchand et al. 2001). The RNase E/G family from
cyanobacteria lack the C-terminal domain (Kaberdin et al.
1998; Baginsky et al. 2001; Rott et al. 2003; Bollenbach et al.
2004; Stazic et al. 2011) excluding this type of regulatory mod-
ification in cyanobacterial host–phage systems.

Previous work implicated a potential role for mRNA:anti-
senseRNA(asRNA)duplexes inprotectionof anumberof host
mRNAs from host RNase E degradation (Stazic et al. 2011)
during infection of the cyanobacterium Prochlorococcus
MED4 by a T7-like cyanophage, P-SSP7. Here, we investi-
gated the functional relationship between host RNase E
and phage asRNAs during MED4 infection by P-SSP7. We
found extensive coverage of the phage protein-coding tran-
scriptome (hereafter referred to as the transcriptome) with
complementary asRNA, whereas only partial asRNA coverage
was found for host mRNAs. We further describe a novel reg-
ulatory means responsible for increased cellular levels of
the RNase E protein. The functional consequence of phage
double-stranded RNAs (dsRNAs) is the stabilization of phage
mRNAs at a global scale while shifting the elevated RNase
E activity toward degradation of the host transcriptome.

Materials and Methods

Growth conditions of Prochlorococcus MED4 and
infection with P- SSP7

Cells were grown in Pro99 medium as described (Stazic et al.
2011) and at 21� under a cycle of 14 hr of light (12–15 mmol
quanta m22/s21) and 10 hr of dark. Prochlorococcus MED4
cultures (1600 ml) at 108 cells/ml21 (in midlog stage of
exponential growth) were infected with the podovirus P-SSP7
(108 phage/ml21).

RNA extraction, Northern blot analysis, and
probe radiolabeling

Cells were harvested by filtration onto Supor-450membranes
(Pall) or by centrifugation at 10,000 3 g for 10 min at room
temperature. Total RNA extractions were carried out as de-
scribed (Voigt et al. 2014). Briefly, the aqueous phase was
extracted twice, once with the PGTX buffer and chloroform
and once with chloroform. RNAwas recovered either by pre-
cipitation with 1/10 volume 3 M sodium acetate, three vol-
umes 100% ethanol, and 0.2 ml glycogen at 220� overnight
followed by centrifugation at 13,0003 g and resuspension in
RNase-free H2O or by column purification using the RNA
Clean and Concentrator Kit (Zymo Research). Synthesis of
probes and Northern hybridization experiments were per-
formed as described (Stazic et al. 2011), with 1–2 mg and
3 mg of total RNA used for probing of P-SSP7 asRNAs and
MED4 rne, respectively. Oligonucleotides used for synthesis
of templates are listed in Supplemental Material, Table S1.

dsRNA purification

Duplicate P-SSP7-infected Prochlorococcus MED4 cultures
(250 ml) were harvested 4 hr after inoculation with phage
by centrifugation at 9000 3 g for 8 min. Pellets were resus-
pended in AMP1medium (Moore et al. 2007) supplemented
with 200 mM sucrose and snap frozen in liquid nitrogen.
After thawing on ice, cells were lysed with the Precellys
homogenizer (PEQLAB Biotechnologie) at 6500 3 g and
4� by applying three cycles each of 15-sec homogenization
and 1-min incubation on ice. Cell debris was removed by
centrifugation at 13,000 3 g at 4� for 30 min. The superna-
tant was supplemented with 1.7 volumes 13 PBS, pH 7.0,
and 13 complete protease inhibitor (Roche) and the final
pH was adjusted to pH 7.0. The RNA-containing cell lysate
was supplemented with 40 mg of the monoclonal antibody
J2 that specifically interacts with dsRNA and the reaction
mixture was incubated for 30 min at room temperature with
gentle rotation. The J2 antibody complexed with dsRNA
was selectively immobilized on prepacked protein A or G
sepharose columns (GE Healthcare) by gentle rotation for
30 min at room temperature. In order to reduce nonspecific
interaction with the columnmatrix, the columnwas blocked
twice with 600 ml ribonuclease-free 1% BSA (Life Technol-
ogies) at room temperature for 4 min and washed with
600 ml protein A/G sepharose column 13 equilibration
buffer (GE Healthcare). J2–RNA complexes bound by Pro-
tein A or G were eluted with 4 3 100 ml elution buffer
(0.1 M glycine, pH 2.7) in a microcentrifuge tube containing
30 ml 1 M Tris-HCl, pH 9.0. Subsequently, dsRNA isolated
with the J2 antibody was extracted using the PGTX method
described above and was concentrated using the RNA Clean
and Concentrator-5 Kit (Zymo Research). Further informa-
tion about the selective purification of dsRNA is provided in
File S1.

Complementary DNA library construction for RNA
sequencing and data analysis

Residual DNAwas removed from RNA samples using TURBO
DNase (Life Technologies). In total, 4–6 units of DNase were
added to the RNA samples and digestion of DNAwas carried
out in two or three consecutive incubation steps, each at 37�
for 10 min. Reaction mixtures were purified using the RNA
Clean and Concentrator-5 Kit according to standard manu-
facturer’s instructions (Zymo Research). RNA samples for
total RNA libraries were depleted of ribosomal RNA using
the MICROBExpress Kit (Life Technologies). Next, RNA sam-
ples were subjected to chemical fragmentation in 25 mM
KOAc, 7.5 mM MgOAc, 50 mM Tris-HCl, pH 8.1 at 94� for
2.5 min or 8min. The reactions were quenched by addition of
one volume of 13TE-buffer (10mMTris, 1 mMEDTA, pH 8.0)
and briefly chilled on ice for 5min. Purification of fragmented
RNA was carried out according to the manufacturer’s alter-
native protocol, which selectively eliminates RNA species
smaller than 100 nt (Zymo Research). All follow-up steps
for total RNA complementary DNA (cDNA) library synthesis
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were performed according to a previously developed protocol
(Sharma et al. 2010). Alternatively, construction of cDNA librar-
ies was carried out by Vertis Biotechnologie. cDNA libraries
were analyzed on an Illumina GAII sequencer and the results
were deposited in National Center for Biotechnology Informa-
tion’s Sequence Read Archive (SRA) under accession nos.
SRR2079408, SRR2079426, SRR2079427, and SRR2079428.
cDNA library LIB 7 was reamplified using Ion Torrent-specific
adaptor primers and sequenced on an Ion Torrent Personal
Genome Machine System. Sequenced reads were deposited
in SRA under accession no. SRR3138052. After removing the
59 hexamer indices, reads were mapped using segemehl (ver-
sion 0.1.2, default parameters) and all libraries were normal-
ized per number of base pairs (bp) sequenced. cDNA libraries
used in this study are listed in Table S2.

RNase protection assay and 59 RACE

Prior to employing RNase protection assays (RPAs) RNA
samples were treated with terminator exonuclease (1 unit
enzyme per 1 mg RNA, Epicentre), which selectively digests
processed or degraded RNA fragments possessing a 59
monophosphate or 59 hydroxyl end, followed by column
purification (RNA Clean and Concentrator-5 Kit; Zymo Re-
search). Transcript probes were in vitro synthesized as de-
scribed (Stazic et al. 2011). To eliminate truncated RNA
originating from premature transcription abortion, probes
were purified according to the small RNA elimination pro-
tocol of the RNA Clean and Concentrator-5 Kit. Using oli-
gonucleotides RPA PMM1501 59-UTR/CDS probe forward
(fwd) and RPA PMM1501 59-UTR/CDS probe reverse (rev)
(Table S1), a 350-nt-long probe was synthesized that be-
gins at nucleotide position 1,440,337 and extends to nu-
cleotide position 1,440,700 in the MED4 genome so that it
would hybridize to 363 nt of the full-length mRNA and
141 nt of the short rne mRNA variant. RPAs were carried
out with the RPA III Kit (Invitrogen, Carlsbad, CA). Briefly,
2 fmol probes were hybridized to 4 mg TEX-treated RNA
at 45� for 15 hr and cleavage was carried out with 1:50
RNase A/T1 mix for 30 min at 37�. The length of the pro-
tected fragments was determined by comparison with ref-
erence transcripts of known length. The transcriptional
start site of MED4 rne short was determined by 59 RACE
as previously described (Steglich et al. 2008) using oligo-
nucleotide PMM1501RT rev for reverse transcription and
oligonucleotides PMM1501nestRT and HESWAdapt57 for
amplification by PCR (Table S1).

Overexpression and purification of standard and
N-terminally truncated MED4 recombinant RNase E

ExpressionandpurificationofaC-terminalhexahistidinefusion
of recombinant standard RNase E was carried out as described
(Stazic et al. 2011) using oligonucleotides PMM1501_C9K12
fwd and PMM1501_C9K12 rev (Table S1). A short variant of a
C-terminal hexahistidine fusion of recombinant MED4 RNase
E lacking the first 48 amino acids at the N terminus was am-
plified by PCR using oligonucleotides PMM1501 short 2147

C9K12 fwd and PMM1501_C9K12 rev (Table S1). The result-
ing fragment was cloned into pQE70 (Qiagen, Valencia, CA)
and the expression and purification was conducted as de-
scribed (Stazic et al. 2011). All oligonucleotides were opti-
mized for E. coli codon usage (Kazusa Codon Usage Database).

Western blot analysis

Total cellular protein was extracted from 50-ml cultures by
centrifugation at 13,000 3 g for 10 min at room tempera-
ture. Cell pellets were resuspended in protein lysis buffer
(50 mM Tris, 100 mM NaCl, 1 mM DTT, pH 8.0) and snap
frozen in liquid nitrogen. The homogenate was thawed on
ice and diluted in 1/2 volume 12 M urea. Cell lysis was
facilitated by two consecutive passages through a French
press at 36,000 psi (Constant Systems). After removal of
cell debris at 13,000 3 g for 30 min at room temperature,
15 mg of total protein was electrophoretically separated
on NuPAGE Bis-Tris 4–12% gradient polyacrylamide gels
(Invitrogen) and subsequently transferred to Hybond ECL
nitrocellulose membranes (GE Healthcare). Polyclonal an-
tibodies raised in rabbits against MED4 RNase E and against
Synechocystis PCC6803 AtpB (courtesy of Annegret Wilde)
were used in 1:500 and 1:10,000 dilutions, respectively.
Secondary antibodies conjugated with horseradish peroxi-
dase were used in 1:10,000 dilutions. After addition of
ECL solution, immunoreactive proteins were visualized and
quantified using the ImageQuant LAS 4000 mini imager (GE
Healthcare).

End-point in vitro RNase E cleavage assay

In vitro RNase cleavage assays were carried out according
to described protocols (Stazic et al. 2011) with the following
modifications. The end-point assay consists of�0.5 or�21 pmol
of recombinant full-length MED4 RNase E or �0.5 pmol of
short MED4 RNase E and 1 pmol in vitro transcribed RNA in
a total volume of 15 ml. Cleavage fragments were separated
on 7 M urea-6% polyacrylamide gels and visualized by ethid-
ium bromide staining. RNA was in vitro transcribed (Stazic
et al. 2011) and full-length RNAwas purified by gel extraction
(Georg et al. 2014). For generation of templates for in vitro
synthesis of isiA 59 UTR, intcA and isrR, Synechocystis
PCC6803 genomic DNA was used. For PMM0684 RNA,
MED4 rne long and MED4 rne short RNA, MED4 genomic
DNA was used. The corresponding oligonucleotides are listed
in Table S1.

Continuous in vitro RNase E cleavage assay

The in vitro RNase cleavage assay was carried out according
to the described protocol (Stazic et al. 2011). Briefly, contin-
uous assays were carried out in 50-ml reaction volumes using
�1 or �35 pmol of recombinant standard RNase E and �1
pmol of short RNase E, together with a synthetic, fluorogenic
RNA oligonucleotide. Relative protein concentrations were
estimated by Western blot analysis (data not shown). Cleav-
age reactions were monitored in a Victor X3 multilabel plate
reader (Perkin-Elmer, Norwalk, CT).

Exploitation of Host RNase E by Phage 1151

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.183475/-/DC1/TableS2.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.183475/-/DC1/TableS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.183475/-/DC1/TableS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.183475/-/DC1/TableS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.183475/-/DC1/TableS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.183475/-/DC1/TableS1.pdf


In vitro transcript half-life measurement

In a 5-ml reaction mixture, 1 pmol of in vitro-transcribed
MED4 rne full-length or MED4 rne short RNA was supple-
mented with 7 pmol of recombinant standard MED4 RNase
E (Stazic et al. 2011). After incubation at 30� for 1, 2, 5, 10,
15, 20, 30, and 60 min, cleavage reactions were quenched
with 1 ml 0.5 M EDTA and 1 volume RNA loading buffer. A
reaction mixture omitting RNase E was incubated for 60 min
at 30� and served as a no RNase E control. Samples were
heated to 95� for 3–5 min and separated on 7 M urea-6%
polyacrylamide gels. Following gel staining with ethidium
bromide, the relative amounts of MED4 rne full-length and
MED4 rne short RNAwere quantified densitometrically using
Quantity One software (Bio-Rad, Hercules, CA). Half-lives
were estimated by fitting an exponential decay function to
all time points.

Data availability

The authors state that all data necessary for confirming the
conclusions presented in the article are represented fully
within the article.

Results

Expression of phage asRNAs and formation of
phage dsRNAs

To assess the presence of asRNAs interacting with target
mRNAs in the cell, we isolated dsRNA from 4-hr phage-

infected MED4 cultures according to a modified protocol
established by Lybecker et al. (2014) (Figure S1; see also File
S1 and File S2). This time point is midway in the latent period
of the P-SSP7 infection cycle (Lindell et al. 2007). Endoge-
nous dsRNA was immunoprecipitated from cell lysates using
the monoclonal anti-dsRNA J2 antibody followed by deple-
tion of genomic DNA and ribosomal RNA. Resultant dsRNA
was converted into cDNA preserving the information on tran-
script direction and was subjected to high-throughput se-
quencing (Table S2, LIB 1). Approximately 1.5-fold more
sequence reads were obtained for the sense (553,019) than
the antisense (353,387) strand of the P-SSP7 phage genome.
Mapping of the reads displayed uniform genome-wide distri-
bution for both strands (Figure 1). Furthermore, the number
of bases covered on the sense and antisense strand within
each ORF was extremely high, with a similar degree of cov-
erage for both the sense (89%) and antisense (81%) strand
(Figure 2). We observed a different expression profile for
total RNA libraries, exhibiting enrichment of mRNA sequence
reads (Figure 1; Figure S2; File S2). Similar results were
obtained by Lybecker et al. (2014), who showed that asRNAs
are likely to be depleted from total RNA-sequence (RNA-seq)
libraries if the complementary mRNA is present in relative
excess. We assume that this is attributable to the inherent
structural bias in RNA-seq technology, i.e., the RNA-seq read
frequency for a given RNA is constrained by its inter- and
intramolecular secondary structure (van Dijk et al. 2014;
Raabe et al. 2014). Therefore, we estimated the representa-
tion of phage transcripts by microarray analysis (Lindell et al.

Figure 1 In vivo phage dsRNA formation. Distribution of reads mapped to the sense (+) and antisense (2) strand of the P-SSP7 genome originating from
total RNA (red plot) or enriched dsRNA (gray plot) after 4 hr of MED4 infection, respectively. Dark-gray, light-gray, and white boxes denote annotated genes
located in expression clusters 1, 2, and 3, respectively. Genomic coordinates are given in bases on the x-axis. The number of reads is given on the y-axis.
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2007), which indicated an average threefold excess of mRNA
over asRNA (Figure 3A).

Northern blot analysis for six phage ORFs confirmed the
expression of asRNAs. Intriguingly, asP-SSP7 0014-15 and
asP-SSP7 psbA each exhibited a distinct band of.3 kb in size
and the upper band of asP-SSP7 0019-20 migrates .1.5 kb
(Figure 3B). However, the smaller bands evident in the
blot might result from processing or degradation of larger
fragments.

In contrast to the phage genome, the dsRNA coverage of
the MED4 host during infection was only partial, with 35%
coverage on the sense strand and 5% coverage on the anti-
sense strand (Figure 2). The unbalanced ratio of host sense and
antisense reads likely resulted from MED4 asRNAs ,100 nt
(Voigt et al. 2014), which were depleted from the dsRNA
libraries as part of the processing (Figure S3A; see also File S1
and File S2). Additionally, 59 end- or 39 end-overlapping
mRNAs transcribed from neighboring genes are a source of
dsRNA loci (Lybecker et al. 2014) during the immunoprecip-
itation procedure using the J2 antibody (Figure S3, B and C;
see also File S1 and File S2).

Analysis of total RNA libraries from2and4hrafter infection
(Table S2, LIB 2 and LIB 7) yielded results congruent with
those from the dsRNA library at 4 hr postinfection. Phage
genes displayed an average coverage of 77 and 72%, 2 and
4 hr after infection, respectively (Figure S4; File S2). In com-
parison, coverage of host genes was lower, with an average of
58% 2 hr after infection (Figure S4; File S2) that dropped to
21% over the course of infection (Figure S4; File S2).

Together these data indicate that long phage asRNAs are
expressed and form dsRNAwith phage mRNAs that span the
entire transcriptome,whereas dsRNAsonly partially cover the
host transcriptome. These findings suggest a pivotal role for
asRNAs in mRNA stability during phage infection.

Expression of full-length and short RNase E
mRNA variants

Transcript levels of MED4 RNase E increase upon infection by
P-SSP7 (Lindell et al. 2007). This prompted us to investigate
the mechanism regulating RNase E expression during phage
infection. To this end, we performed differential RNA-seq
(dRNA-seq) analysis according to Sharma et al. (2010) on

RNA enriched in primary transcripts from infected MED4
cultures at 1, 2, and 4 hr after infection (Table S2, LIB 4)
and on both primary and total transcripts from uninfected
cells (Table S2, LIB 5).

Three transcriptional start sites (TSSs) were identified for
the RNase E-encoding gene, rne (ORF PMM1501 in theMED4
genome). TSS1 is located at position 2220 relative to the
ATG start codon (Figure 4A). Reads starting 20 nt down-
stream from TSS1 in primary transcript libraries indicate
transcription initiation at another site, TSS2. This resembles
the architecture of the RNase E gene in E. coli (Jain and
Belasco 1995; Ow et al. 2002). In addition to the canonical
TSS1/TSS2, we identified a third TSS internal to the rne
gene, TSS3, not found previously for other rne genes. The
internal site mapped to the G (+3) of the canonical ATG start
codon and is preceded by a putative 210 element TAAAAT
(Pi in Figure 4A). 59 RACE experiments confirmed the pres-
ence of the internal TSS (Figure S5; File S2). Thus, expres-
sion of rne yields three variants of RNase E mRNAs. Two
full-length mRNAs originate from TSS1/TSS2, and a short
mRNA transcribed from the gene-internal TSS3, which lacks
the 220-nt-long 59 UTR present in the full-length mRNA
variants (Figure 4A).

In order to further evaluate the rne transcripts, we con-
ducted RPAs on RNA enriched for primary transcripts, i.e.,
mRNA produced by active transcription. An RPA probe that
spans the first 143 nt of the rne-coding region as well as the
220-nt 59 UTR region of the full-length mRNA was used. Six
protected fragments were identified (Figure 4B). The upper
four protected fragments are longer than the 143-nt region of
the CDS and therefore likely derived from the full-length rne
mRNA variants initiated from TSS1 or TSS2, while the lower
two protected fragments are shorter than 143 nt and thus
likely resulted from TSS3. This was confirmed from Northern
blot analysis of the protected fragments using probes that
hybridize either to the coding region or the 59 UTR region
of rne mRNA (Figure 4B). The shorter two protected frag-
ments hybridized only to the CDS probe, while the longest
two fragments hybridized to both the CDS and 59 UTR
probes. The short fragment that hybridized to the 59 UTR
probe (Figure 4B, black asterisk) migrates well above the
lower two protected fragments from the RPA. Note that the

Figure 2 Coverage of bases in P-SSP7 and MED4
ORFs by mapped reads on the sense and antisense
strand. Coverage of the sense and antisense strand
for (A) phage P-SSP7 and (B) host MED4 plotted in
descending order. The x-axis shows the number of
ORFs. The y-axis denotes the number of bases cov-
ered by sense (red) and antisense (gray) reads, respec-
tively, within each ORF at a single base resolution. The
P-SSP7 genome has 54 ORFs and the MED4 genome
has 1963 ORFs.
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middle two fragments hybridized only to the 59 UTR probe,
indicating that they are digestion fragments derived from the
full-length mRNA.

Quantification of the protected fragments resulting from
the two rnemRNAvariants (full-length vs. shortmRNA) dem-
onstrated preferential transcription initiation at TSS1/TSS2
in noninfected MED4 cells (Figure 4, B and D), which is
consistent with dRNA-seq data (Figure 4A). However, tran-
scription from TSS1/TSS2 decreased significantly with the
onset of phage infection. In comparison, no selective down-
regulation in transcription from TSS3 was observed. Conse-
quently, this results in a switch in promoter usage with
preferential rne transcription initiation at TSS3 and a short
rne mRNA dominating the rne transcript pool from 1.5 hr
after phage infection onwards (Figure 4, A, B, and D).

Increased stability of the short RNase E mRNA

RNA stability is well known to be affected by structural and
sequence-based elements, such as 59UTR stem-loop domains
(Rauhut and Klug 1999; Rochat et al. 2013). The 59 UTR of
E. coli rne is involved in mRNA destabilization in an RNase
E-dependent fashion (Jain and Belasco 1995). This raises the
question as to whether the full-length and short MED4 RNase
E messages are subject to accelerated and attenuated decay

rates, respectively, in the presence of the RNase E enzyme. To
test this hypothesis, we conducted in vitro cleavage assays
using recombinant MED4 RNase E (Stazic et al. 2011) and
rne transcripts containing or lacking the 59UTR region. Rapid
decay was observed for the 59UTR-containing transcript with
a half-life of 1.5 min, as opposed to a highly attenuated half-
life of 20.7 min for the short variant lacking the 59 UTR
segment (Figure S6; File S2). These findings are consistent
with Northern blot analysis, displaying the strongest signals
of rne cleavage fragments in RNA from noninfected cells (Fig-
ure S7; File S2). Indeed an average reduction in rne cleavage
by 66%was found for MED4 cells infected by P-SSP7 relative
to the noninfected MED4 control cells (Figure S8; see also
File S1 and File S2). These data, together with those showing
preferential transcription from TSS3, indicate that a short,
stable rne transcript accumulates during infection while
the full-length variant declines over the course of phage
infection.

Induction of a short protein isoform of RNase E during
phage infection

The shorter mRNA variant of rne resulting from TSS3 is
expected to yield a smaller RNase E isoform than that result-
ing from TSS1/TSS2, since the former transcript begins

Figure 3 Expression of phage genes
and asRNAs during infection of MED4.
(A) Temporal expression patterns for the
coding and noncoding strand of each
P-SSP7 ORF as determined from micro-
arrays (Lindell et al. 2007). Microarrays
were reanalyzed at single probe resolu-
tion and plotted for each expression
cluster at indicated time points (x-axis).
The red line specifies the median signal
intensity. (B) Northern blot analysis show-
ing expression of six P-SSP7 asRNAs 4 hr
after infection. All but the 0031 gene had
asRNAs.3 kb. Probed regions on the ge-
nome are marked with yellow bars. M de-
notes Fermentas high-range marker. The
genome map is the same as in Figure 1.
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within the ATG start codon of the full-length protein (Figure
4A). Western blot data confirmed that indeed a 5–10 kDa
smaller RNase E isoform was produced during infection,
whereas the AtpB host protein did not show such a variation
in migration (Figure 4C), indicating that the smaller RNase E
isoform was not due to migration artifacts. A number of po-
tential alternative start codons downstream may be used to
produce this shorter isoform. These range from +147 to
+291 relative to the +1 of the ATG of the full-length protein:
+147 AUU; +162 AUA; +168 AUU; +195 AUU; +246 AUU;
+282 GUG; and +291 ATG.

Since gene expression does not necessarily correlate well
at mRNA and protein levels in Prochlorococcus (Waldbauer
et al. 2012), we assessed host RNase E protein levels during
infection.Western blot analysis revealed that the short RNase
E isoform was induced six- to sevenfold from 1.5 hr after
phage infection onwards relative to the full-length protein
in uninfected cells (Figure 4C). This corresponds with the
increase in relative amounts of the short rne mRNA from
1 hr in the P-SSP7 lytic cycle onwards and is due to the switch
in transcription fromTSS1/TSS2 to TSS3 (Figure 4D).However
we cannot rule out the possibility that enhanced expression

Figure 4 Regulation of Prochlorococcus MED4 RNase E during the course of P-SSP7 infection. (A) cDNA reads from total RNA (2TEX) or RNA enriched
in primary transcripts of noninfected (+TEX) or infected cells (+TEX-INF) mapped to the rne locus encoding RNase E under standard growth conditions
(top) and 1, 2, and 4 hr after infection by PSSP7 (middle). The schematic drawing of the rne gene indicates the location of TSSs (black arrows). Pi
corresponds to the promoter associated with TSS3. The sequence of the putative 210 element (yellow box) and the transcription initiator G (within the
first ATG codon of the full-length ORF) are given. The blue line denotes the position of the probe used for RNase protection assays depicted in B. (B)
RNase protection assay of RNA enriched in primary transcripts before (2) and after (+) P-SSP7 infection. Protected fragments 1, 2, 3, and 4 correspond to
the full-length rne mRNA originating from TSS1/TSS2. Protected fragments 5 and 6 correspond to the short rne mRNA originating from TSS3. The probe
is stable during the assay (2RNase A/T1) and is completely digested in the presence of RNase A/T1 (+RNase A/T1) when no complementary RNA is
present. Northern hybridizations of total RNA from uninfected MED4 cells using the rne CDS probe that would detect both the full-length and short rne
mRNA (rne CDS probe), and using an rne 59 UTR probe that would only detect the full-length rne mRNA (rne 59 UTR probe). The asterisk marks the
smallest band detected with the rne 59 UTR probe. (C) Western blot analysis of temporal expression of MED4 RNase E and AtpB in infected (+) and
noninfected (2) cultures. The same membrane was used for the detection of either RNase E or AtpB. (D) Transcript and protein levels of the MED4 full-
length and short rne mRNA and the RNase E protein during P-SSP7 infection. The black arrow indicates the time point of P-SSP7 addition. Protein and
mRNA quantification was performed by densitometry of the bands from Western and RPA blots, respectively. Data shown are mean 6 range of two
biological replicates. For protein data (blue line) the band with the highest signal intensity (2.5 hr after infection) was arbitrarily set to 100% and other
bands were quantified proportionally. The mean signal intensity of the RNase E protein from all time points in the noninfected control was used for the
time point before infection (2). For transcript data, signal intensities of the total RPA fragments for each time point were set as 100% transcription
activity and relative signal intensities corresponding to full-length (black line) and short (red line) rne mRNA fragments were quantified proportionally.
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of RNase E is also due to an increased translation rate of the
short mRNA.

To test whether the shorter isoform of the protein has
altered catalytic properties, we produced an amino-terminal
deletion version of the recombinant RNase E from MED4
lacking the first 48 amino acids (corresponding to the
+147 AUU potential start codon). A comparison of enzyme
cleavage properties revealed that the N-terminally shortened
formmaintains specificity of cleavage sites for some substrates
(for example, the isiA 59 UTR substrate), whereas differences
in cleavage site selectivity were observed for other sites (for
example, rne full-length, rne short, PMM0684, iNtcA sRNA,
and IsrR sRNA); Figure S9A; File S2). Furthermore, cleavage
activity of the short isoform was greater for a fluorescently
labeled synthetic RNA, containing a canonical RNase E cleav-
age site (Stazic et al. 2011), which we used to monitor RNase
E cleavage kinetics in real time (Figure S9B; File S2). These
findings indicate that the short RNase E isoform retains in-
trinsic ribonuclease activity.

Discussion

In this study, we report for the first time transcriptome-wide
asRNA expression and dsRNA formation for a phage during
lytic infection.Basedon this andourpreviousfinding that long
dsRNA duplexes protect selected host mRNAs from RNase E
activity (Stazic et al. 2011), we propose that phage dsRNAs
prevent RNase E degradation of the phage transcriptome.
We further propose that this “phage dsRNA block,” together
with the increase in RNase E protein levels expressed from
an alternative promoter, serves to direct RNase E-mediated
ribolysis toward the host transcriptome during phage
infection.

Our data reveal the molecular basis for a novel regulation
mechanismofRNaseEduringphage infectionofProchlorococcus
MED4 for which we propose the model depicted in Figure 5.
In E. coli and related bacteria, production of RNase E is reg-
ulated in cis by the rne 59UTR, which senses the cellular level
of this enzyme and controls the decay rate of the rnemessage
in response to changes in RNase E activity (Jain and Belasco
1995; Diwa et al. 2000; Schuck et al. 2009). Results from
Northern blot analysis and in vitro half-life studies clearly
support an E. coli-like autoregulation mechanism in the
MED4RNase E system in noninfected cells. In contrast, phage
infection changes rne promoter usage, leading to enhanced
transcriptional initiation of a short mRNA variant that lacks
the cis-acting 59 UTR regulator. We hypothesize that this dif-
ferential promoter usage disables the negative feedback reg-
ulation on rne mRNA degradation during phage infection.
This results in synthesis of a more stable RNase E message
and, as a consequence, in higher protein yields. At present, it
remains unclear whether this switch in promoter usage is
actively regulated by a phage factor or if it is an indirect effect
of the lack of a host factor due to the shutdown of host gene
expression during infection. Based on the observation that the
short mRNAvariant is expressed at a basal level in noninfected

cells, we suggest that synthesis of the short transcript is driven
by the host RNAP.

In other host–phage systems, such as E. coli and T7, RNase
E substrate specificity is regulated by a phage-encoded pro-
tein kinase, which phosphorylates RNase E in the C-terminal
domain (Marchand et al. 2001). Similarly, a T4 phage-
encoded factor is responsible for the regulation of host RNase
E substrate specificity during infection of E. coli (Ueno and
Yonesaki 2004). We propose that in the MED4–P-SSP7 sys-
tem differential promoter usage constitutes an alternative
mode of gene expression regulation of RNase E and that
the indirect regulation of substrate specificity through phage
asRNAs compensates for the lack of the C-terminal domain in
cyanobacterial RNase E enzymes.

Previously we reported that long, perfect duplex RNAs can
protect hostmRNAs fromRNase E degradation in vitro (Stazic
et al. 2011). We hypothesized that this dsRNA formation
provides a means through which transcript levels of a
selected number of host genes increased during infection
relative to the dramatic decline in the rest of the host tran-
scriptome (Lindell et al. 2007). Here we show that duplex
mRNA formation is a general strategy employed by the
P-SSP7 phage that is likely to provide transcriptome-wide
protection from host RNase E activity during infection. How-
ever, it should be noted that a threefold excess of phage
mRNA over phage asRNAs was found. This suggests that
sequestration of a subset of the total mRNA body in dsRNA
complexes provides sufficient protection from RNase E activ-
ity. It is possible that stabilization of the remaining mRNA
pool is afforded by active translation due to an intimate syn-
chronization of transcription and translation in bacteria
(Miller et al. 1970; Grunberg-Manago 1999). Alternatively,
this portion of the P-SSP7 transcriptome may be prone to
RNase E degradation. If the latter is the case, this degradation
does not prevent production of phage progeny. At this stage,
we can only speculate about phage duplex RNA being vul-
nerable to turnover by the host dsRNA-specific RNase III.
However, downregulation of the RNase III gene during
P-SSP7 infection (Lindell et al. 2007) may well render the
protein unavailable. Intriguingly, dRNA-seq data show a re-
ciprocal expression pattern of RNase E and the DEAD-box
type RNA helicase PMM1101 with the RNA helicase being
upregulated 1 hr and 4 hr after infection (Figure S10 and File
S2; compare with Figure 4A). Proteins of the DEAD-box fam-
ily exert their function by rearranging RNA structures and
unwinding long dsRNAs (Tanner and Linder 2001). As such
they are associated with the translation process (López-
Ramírez et al. 2011). We suggest that the RNA helicase could
assist in translation of phage mRNAs embedded in dsRNA
complexes.

The initial finding of increased rne transcript levels during
infection on the backdrop of the decline of the vast majority
of the host transcriptome, raised the question as to whether
this constitutes a host defense strategy for degrading phage
RNA or reflects exploitation by the phage of host RNase E to
degrade host mRNA and thus supply nucleic acids for phage
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reproduction (Lindell et al. 2007). The findings reported here
strongly suggest that the second hypothesis is the more likely
scenario. We propose several means through which selective
destabilization of the host transcriptome by RNase E aids
phage reproduction: it would allow for a global switch in gene
expression from the host to the phage genome through the
removal of competing host mRNAs; and RNase E-triggered
ribolysis, which ultimately leads to degradation of RNA to
ribonucleotides (NTPs) (Stazic and Voss 2015), could stimu-
late efficient transcription of phage genes. This is consistent
with the observation that transcription of T4 genes is impaired
if infection takes place in an E. coli rne mutant (Otsuka et al.
2003). It should be noted that cleavage-mediated recycling of
NTPs would require one or more exoribonucleases to work in
concert with RNase E, as the latter is not capable of degrad-
ing RNA to mononucleotides (Callaghan et al. 2005; Mackie
2013). The dRNA-seq data for transcript levels of RNase J
and RNase II suggest upregulation of both exoribonucleases
over the course of phage infection (Figure S10; File S2), both
of which have the intrinsic capacity to degrade RNA and re-
lease mononucleotides (Mackie 2013; Liu et al. 2014). How-
ever, the suggestion that either of the two exo-type RNases
impact differential RNA stability during phage infection re-
quires further investigation.

RNase E activity is also likely to stimulate the produc-
tion of dNTPs and hence enables high efficiency of phage
genome replication. The latter is consistent with the pres-
ence of a small number of auxiliary metabolic genes in
P-SSP7 that include psbA (encoding D1, the photosys-
tem II reaction center protein), nrd (the ribonucleo-
tide reductase gene), and talC (encoding transaldolase)
(Sullivan et al. 2005). These genes are expressed in con-
cert and are thought to provide the capacity to reduce
NTPs to dNTPs (Lindell et al. 2007; Thompson et al.
2011). Taken together, these three activities would aug-
ment the supply of nucleic acid resources available for
phage reproduction, which may markedly expedite the
lytic program of P-SSP7 or enable the production of more
phage progeny.

Our findings for the cyanophage P-SSP7 (this study),
combined with previous findings for the enteric phages T2,
T4, and T7 (Marchand et al. 2001; Ueno and Yonesaki 2004),
suggest that infection-induced RNase E-dependent turnover
of host mRNA is a widespread phenomenon among bacte-
riophages. However, the P-SSP7 cyanophage has evolved a
unique combination of means through which this is achieved:
a transcriptional switch in promoter usage, providing a post-
transcriptional increase in transcript stability and increased

Figure 5 Model for the P-SSP7 infection of MED4.
In uninfected host cells, the level of RNase E is
regulated via a negative feedback mechanism, in
which a regulatory stem loop in the rne 59 UTR
provides an entry site for RNase E-mediated cleav-
age of the mRNA. During phage infection, rne tran-
scription proceeds from an alternative transcription
initiation site, resulting in a short mRNA variant that
lacks the regulatory 59 UTR. This leads to inactivation
of the negative feedback regulation and concomi-
tant increase in RNase E protein level. Genome-wide
transcription of phage asRNAs drives the formation
of extensive duplex RNA complexes that along with
polysomal translation protect from RNase E activity,
while host transcripts are only partially covered with
asRNAs, thus rendering the transcriptome vulnerable
to RNase E-mediated cleavage. Consequently, the
increased pool of host-derived nucleic acids is likely
to stimulate phage reproduction.
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protein levels of RNase E, together with the protection of its
mRNA pool through global dsRNA formation.
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Figure S7

A B

+ - + -M (nt)

2 h after MED4 infection with P-SSP7

+ - + - + - + -

5‘ UTR 5‘ CDS 3‘ CDS

200

500

1000
1500

3000

A B A B

rne
cleavage 
fragments



Figure S8
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Figure S9
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Figure S10
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Table S1. Oligonucleotides used in this work. Underlined and bold nucleotides depict 

the T7 polymerase promoter sequence.  

Oligonucleotide Sequence 

Northern Hybridization 

asPSSP7 0013 fwd TAATACGACTCACTATAGGGGGAGAGAGA

AATAGAGGTAGGAAAAT 

asPSSP7 0013 rev GTCATCCGAGTTCTACAAGAAATCC 

asPSSP7 0014-0015 fwd TAATACGACTCACTATAGGGAGCCGAATTG

TTTGGTAAGACACA 

asPSSP7 0014-0015 rev GTACCTTCATATTCATAATCAACACCTAAC 

asPSSP7 0019-0020 fw TAATACGACTCACTATAGGGAAAAACCTCA

TAGAAAAATGGCCGA 

asPSSP7 0019-0020 rev AAATCTTCTATGTGGTTTTCTTTATACCC 

asPSSP7 hliP fwd TAATACGACTCACTATAGGGAAAATGCGTA

CGAACCACCTATACAAC 

asPSSP7 hliP rev CTGTTGTTACGTAGGCTCCTAG 

asPSSP7 psbA fwd TAATACGACTCACTATAGGGAAAGTGATGG

TATGCCTCTTGGTATC 

asPSSP7 psbA rev CCAAACTTCCGTGCATAGCAG 

asPSSP7 0031 fwd TAATACGACTCACTATAGGGAACCTTCTCA

ATGTAAGCATGGATATG 

asPSSP7 0013 rev GTCATCCGAGTTCTACAAGAAATCC 

PMM1501 5'-UTR probe fwd TAATACGACTCACTATAGGGCGCTAGCAAT

TTCTTGAAAGCTTAAG 

PMM1501 5'-UTR probe rev GGTGGTTATGATTTAATTAAAGAAACAATC 

PMM1501 5'-cds probe fwd TAATACGACTCACTATAGGGAAATCTAGGT

CCTTTATTTCCAGTAGG 

PMM1501 5'-cds probe rev GTATTGCAGCACTACTCACAGATG 

PMM1501 3'-cds probe fwd TAATACGACTCACTATAGGGGGATTAATACC

CAATTGGCTGTAAAC 

PMM1501 3'-cds probe rev TCAGGAAACGATCATTGGGGAAG 

rne 5'UTR probe fw TAATACGACTCACTATAGGGAAAGTATGTT

TTGAATTTTTGAAAATCG 

rne 5'UTR probe rev GGTGGTTATGATTTAATTAAAGAAACAATC 

rne CDS probe fw TAATACGACTCACTATAGGGTGGTAGGACA

TTTTCAACAGTTCC 

rne CDS probe rev GTATTGCAGCACTACTCACAGATG 

J2 affinity purification 

IVT PMM0685 mRNA fwd TAATACGACTCACTATAGGGACAAATGGAA

GATCCTCAGTCATGGGAT 

IVT PMM0685 mRNA rev TTAAGCAGCTTCAGACGCAAAG 

IVT PMM0685 asRNA fwd TAATACGACTCACTATAGGGAAAATTAAGC

AGCTTCAGACGCAAAG 

IVT PMM0685 asRNA rev ATGGAAGATCCTCAGTCATGGGAT 

5'RACE 

PMM1501RTrev CCTTGTGCGACGATTAATTC 

PMM1501nestRT CTGTGAGTAGTGCTGCAATACGC 

HESWAdapt57 ATATGCGCGAATTCCTGTAGAACGA 

RNase protection assay 



RPA PMM1501 5'-UTR/CDS probe fwd TAATACGACTCACTATAGGGTGGTAGGACA

TTTTCAACAGTTCC 

RPA PMM1501 5'-UTR/CDS probe rev GGTGGTTATGATTTAATTAAAGAAACAATC 

MED4 rne half-life/ RNase E cleavage assays 

rne full-length mRNA fwd TAATACGACTCACTATAGGGGGTGGTTATGAT

TTAATTAAAGAAACAATC 

rne short mRNA fwd TAATACGACTCACTATAGGGGTCTCAGCAAAT

TGTAATAGCTG 

rne full-length/ short rne rev GATACATGAATAAAGCCATTTTTTTC 

PMM0684 fwd TAATACGACTCACTATAGGGAAACTTGACGA

ACTATACTCACTACACTAC 

PMM0684 rev TCATGCTGATTCTTGAAATTGGTTTGTTAC 

IsiA 5' UTR fwd TAATACGACTCACTATAGGGAGTAAGTGCT

AAAGATTCTCAACTG 

IsiA 5' UTR rev AGAATTGCCTCCTTAATTGAGACG 

iNtcA fwd TAATACGACTCACTATAGGGACCGGGCAAC

GTTCTGACC 

iNtcA rev TTTCAATCATCATTTCCGTCTGGAG 

IsrR fwd TAATACGACTCACTATAGGGGATAACCATA

AATAACCAAAGGATC 

IsrR rev GGAAAACCCCCAGCAACTAG 

Expression of standard and N-terminally truncated MED4 recombinant RNase E 

PMM1501_C’K12 fwd ATTGCATGCCGCAGCAAATTGTAATTGCGGA

GCAGGCGCGTATTGCAGCACTGCTGACCGAT

GATCAGGTTGATGAA 

PMM1501_C’K12 rev AGATCTGGATCCAATATTTGCGCTGCTGCGG

CGGCGTTTGCGGCGGCTATTATCCATTTCATC

TGTTGT 

PMM1501 short -147 C’K12 fwd ATTGCATGCCGATTGATGCGGCGTTTATTGAT

ATTGGCGAAAGCGAAAAAAATGGCTTTATTC

ATGTGTCAGAT 



Table S2. cDNA libraries used in this work.  

name 

Library 

identifier 

Accesion 

number Type of RNA 

Number of 

biological 

replicates 

Total 

number of 

reads 

Reads 

mapped to 

MED4 

Reads 

mapped to 

PSSP7 Technology 

Read 

length 
a duplex MED4+PSSP7 LIB 1 SRR2079408 dsRNA  2 11551898 10083180 985422 Solexa 26 
a 2012 MED4+PSSP7 2h -TEX LIB 2 SRR2079426 total RNA 2 3062763 2926372 22289 Solexa 26 
a 2012 MED4+PSSP7 2h +TEX LIB 3 SRR2079427 primary transcripts 2 2597090 2222548 6245 Solexa 26 
b 2009 MED4+PSSP7 1h +TEX LIB 4 SRR2079428 primary transcripts 3 9975251 7340584 2000 Solexa 100 

b 2009 MED4+PSSP7 2h +TEX LIB 4 SRR2079428 primary transcripts 3 8776074 6920135 2273 Solexa 100 

b 2009 MED4+PSSP7 4h +TEX LIB 4 SRR2079428 primary transcripts 3 6723265 4086629 4623 Solexa 100 
c MED4 -control -TEX LIB 5 - total RNA 1 8278893 7429551 - Solexa 72 
c MED4 -control +TEX LIB 6 - primary transcripts 1 6324321 5750991 - Solexa 72 
a 2012 MED4+PSSP7 4h -TEX LIB 7 SRR3138052 total RNA 2 817206 802346 14860 Ion Torrent 107 

 

a independent experimental set 1 (from 2012) 

b independent experimental set 2 (from 2009) 

c for information on cDNA libraries refer to (Voigt et al. 2014)  

 

 



File S1: Supplemental Experimental Procedures and Supporting 

Information 

Selective purification of dsRNA from cell extracts 

We employed a modified version of the immunoaffinity purification method 

published by (Lybecker et al. 2014) to survey in vivo dsRNA formation during MED4 

infection with the cyanophage P-SSP7. Our approach combined the substrate 

specificity of the J2 IgG2a monoclonal antibody for dsRNA (Schönborn et al. 1991) 

and the inherent immunogenicity of protein A or protein G that have high affinity for 

IgG-type immunoglobins. Very mild extraction conditions were applied, omitting 

detergents, phenol/chloroform or excessive heat exposure to preserve the native in 

vivo-formed RNA secondary structures and complexes. Following mechanical cell 

disruption, the RNA-containing supernatant was buffered to pH 7.0 with 1 x PBS and 

directly submitted to J2-mediated purification.  

ssRNA and dsRNA variants served as molecular reporters to adjust the purification 

conditions so that a high level of dsRNA was recovered from J2 elution fractions, 

whereas ssRNA was concomitantly eliminated (Figure S1A). For this purpose, 

PMM0685 sense and antisense RNAs were in vitro transcribed and annealed to 

dsRNA as described in (Stazic et al. 2011). 

We investigated if our experimental setup is suitable to specifically discriminate 

between dsRNA and highly structured ssRNA, such as rRNA (Hartman and Thomas 

1970) and tRNA (Holley et al. 1965). We employed J2-mediated affinity purification 

with supernatant from 250 ml MED4 lysate. Overall, 99.8 % of the bulk RNA, which 

is equivalent to 77 µg RNA dissolved in the supernatant, is depleted from the J2 

elution fraction (150 ng RNA in J2 elution fraction) (Figure S1B left panel), yet 65 % 

of spiked in in vitro dsRNA is recovered (Figure S1B middle panel). This is in good 

agreement with the results from J2 cross reactivity assays described previously (2).  

 

Partial asRNA coverage in MED4 dsRNA complexes  
In order to clarify the read coverage bias towards the MED4 sense strand in the 

dsRNA library (Table S2, LIB 1), we compared cognate MED4 genome loci in 

different RNAseq libraries (Table S2, LIB 3, 4, 5, 6), encompassing approximately 80 

ORFs, and explicitly checked for the presence of antisense TSS and functionally 



related structures, such as overlapping 5’/ 3’UTRs. The libraries were grouped into 

following two sets: (i) cDNA libraries with RNA longer than 100 nt (ii) cDNA 

libraries with RNA shorter than 100 nt. 

Consistent with the higher read coverage for the sense strand of MED4 ORFs in the 

dsRNA library we identified 47 antisense TSS exclusively in the libraries that were 

enriched in 100 nt RNA species (Figure S3A). Furthermore, overlapping 5’/3’UTRs 

could be assigned to 28 adjacent ORFs (Figure S3B and S3C). Several examples of 

overlapping 5’UTRs and 3’UTRs that mimic asRNA functionality are described in the 

literature (Lybecker et al. 2014, Sesto et al. 2013, Lasa et al. 2011, Hernández et al. 

2006).  

 

Calculation of cellular rne stability 

Both the amount of rne primary transcripts and rne cleavage fragments were 

quantified densitrometically with Quantity One software (Bio-Rad, Germany) for P-

SSP7 infected MED4 cells (2h after infection) and non-infected MED4 cells, 

respectively. For calculation of rne primary transcripts we used data from 

ribonuclease protection assays (Figure 4B; see also Experimental Procedures). Signal 

intensities of all unprocessed full-length rne mRNAs ((bands 1 and 2 corresponding 

to the two “full-length” mRNAs and band 5 corresponding to the short mRNA); 

Figure 4B) were merged to calculate the amount of total rne primary transcripts 

(combined full-length rne and short rne) and the accumulated values were normalized 

to equal raw signal intensities between P-SSP7 infected and non-infected MED4 cells. 

For calculation of rne cleavage fragments we used data from northern blot 

experiments with total RNA (Figure S7; see also Experimental Procedures). Northern 

hybridizations were performed with 3 different rne probes, binding to 5’UTR, 5’CDS 

and 3’CDS of rne, respectively. For each northern probe, signals of bands that were 

smaller than 1817 bp (minimal length of unprocessed short rne mRNA) were merged 

to calculate the total of rne cleavage fragments (combined full-length rne and short 

rne). The average of the 3 merged signals was used for further calculations. We used 

the normalization factor from total rne primary transcripts calculation to normalize 

the amount of total rne cleavage fragments.  



In order to estimate the cellular rne stability before and after phage infection, we 

calculated the normalized ratio of rne cleavage fragments to rne primary transcripts. 

The higher the value, the less stable is the rne transcript (Figure S8). 
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Figure S1 

J2-imunoaffinity purification of RNA. Protein-A/G affinity purification of in vitro-

transcribed PMM0685 ssRNA and dsRNA (A) and of the supernatant of the MED4 

lysate supplemented with or without in vitro-transcribed PMM0685 dsRNA and 

incubated in the presence (+J2) or absence (-J2) of the J2-antibody (B). 8 M urea-6% 

polyacrilamide gel of 1:20 dilutions of lysate flow through (L-FT) and lysate wash 

fraction 1 (L-W1) and of undiluted flow through (FT), wash fraction 1 (W1), eluted 

fraction (E) and protein-A column beads (Bd). Equal amounts of PMM0685 dsRNA 

were PGTX-extracted and separated by PAGE (PMM0685 dsRNA control) and served 

as a concentration reference for quantification of recovered spiked in in vitro dsRNA. 

 

Figure S2 

Expression of P-SSP7 genes in the course of infection. Distribution of reads from 

total RNA libraries mapped to the sense (+) and antisense (-) strand of the P-SSP7 

genome after 2 h and 4 h of MED4 infection. Genes are grouped into expression cluster 

1, 2 and 3, represented by dark-grey, light-grey and white boxes, respectively. Genomic 

coordinates are given in bases on the x axis. The number of reads is given on the y-axis. 

 

Figure S3 

MED4 dsRNA loci. cDNA reads representative of different MED4 genomic regions 

from different libraries mapped to the forward (+) and reverse strand (-) of MED4 ORFs 

with overlapping asRNAs (A), ORFs with overlapping 5’ UTR (B) and ORFs with 

overlapping 3’ UTR (C). The representative MED4 genes are shown between the Fw 

(upper) and Rev (lower) strands. Black rectangles and arrows represent promoters and 

TSS for mRNA (Pm) and asRNA (Pa) transcripts, respectively. Identification of TSS 

is based on sequence information from +TEX libraries. Four different libraries were 

used: (i) J2-purified MED4 dsRNA fraction 4 h after infection (Phage duplex; Table 

S2, LIB 1); (ii) MED4 RNA enriched in 100 nt primary transcripts 2 h after infection 

(Phage +TEX >100 nt; Table S2, LIB 3); (iii) MED4 RNA enriched in 100 nt primary 

transcripts 1, 2 and 4 h after infection (Phage +TEX <100 nt; Table S2, LIB 4); (iv) 

MED4 non-infected total RNA ((Control -TEX <100 nt); dark grey; Table S2, LIB 5) 

and RNA enriched in primary transcripts ((Control +TEX <100 nt; Table S2, LIB 6); 



light grey), both with a 100 nt size cut-off. For further information about the libraries 

refer to Experimental Procedures and Supplemental Data. 

Figure S4 

Analysis of mRNA read coverage in total RNA libraries. Number of bases covered 

by sense reads for all annotated ORFs in P-SSP7 (black line) and MED4 (red line) after 

2 h and 4 h of P-SSP7 infection. Blue and red dashed lines represent mean and median 

coverage respectively. 

Figure S5 

Analysis of the short rne mRNA transcription initiation site by 5’RACE. The rne 

CDS (White box) and the RNA-linker (Black box) sequence, respectively, is shown for 

three 5’RACE clones.  The reference rne sequence is shown in comparison (Grey box; 

blue letters) .The red box depicts the mapped 5’end of the short  rne mRNA.  

Figure S6 

Stability of in vitro rne transcripts. Analysis of the half-lives of in vitro rne full-length 

(A) and short (B) transcripts as a function of RNase E activity. Each 1 pmol of transcript 

was incubated with 7 pmol of recombinant full-length MED4 RNase E for different 

time intervals. Reactions were quenched and subjected to electrophoretic separation on 

7 M urea-6% polyacrylamide gels. Transcript levels were quantified by densitometry 

and half-lives were calculated by fitting an exponential decay function to all time 

points. 

Figure S7 

Expression analysis of rne. Northern hybridization experiments of total RNA from 

infected (+) and non-infected (-) MED4 cultures using probes against 5’UTR, 5’CDS 

and 3’CDS of the rne mRNA, respectively. A and B denote biological replicates. In the 

lower panel ethidium bromide-stained gels are shown as a loading control. 



Figure S8 

Stability of cellular rne transcripts. Analysis of cellular rne stability before (grey bar; 

MED4 control) and 2 h after phage infection (red bar; MED4 + P-SSP7). The bars 

represent the average amount of rne cleavage fragments (full-length and short rne) 

normalized to equal amount of rne primary transcripts (full-length and short rne) for 

biological replicates A (blue line) and B (green line).  

Figure S9 

Differences in cleavage properties of the full-length and short MED4 RNase E.  

(A) End-point cleavage assay of six in vitro transcripts with recombinant full-length 

(EFULL) and short (ESHORT) MED4 RNase E, respectively. The rne full-length and rne 

short transcripts and the PMM0684 genes are from Prochlorococcus MED4 and the 

isiA 5’UTR transcript is from Synechocystis PCC6803. Cleavage fragments were 

separated on 7 M urea-6% polyacrylamide gels and visualized by ethidium bromide 

staining. (B) Continuous cleavage assay using a synthetic, fluorogenic RNA 

oligonucleotide with 1 pmol of recombinant short MED4 RNase E and 1 pmol or 35 

pmol of recombinant full-length MED4 RNase E or without RNase E (-control).  

Figure S10 

Expression of exemplary MED4 genes related to RNA-turnover during infection 

with P-SSP7. Reads from RNA libraries enriched in primary transcripts after 1, 2 and 

4 h of phage infection, respectively, mapping to the gene loci coding for DEAD-box 

helicase (PMM1501; upper panel), RNase J (rnj; middle panel) and RNase II (rnb; 

lower panel). 
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