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Comparative transcriptomics of two environmentally
relevant cyanobacteria reveals unexpected
transcriptome diversity
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Prochlorococcus is a genus of abundant and ecologically important marine cyanobacteria. Here, we
present a comprehensive comparison of the structure and composition of the transcriptomes of two
Prochlorococcus strains, which, despite their similarities, have adapted their gene pool to specific
environmental constraints. We present genome-wide maps of transcriptional start sites (TSS) for
both organisms, which are representatives of the two most diverse clades within the two major
ecotypes adapted to high- and low-light conditions, respectively. Our data suggest antisense
transcription for three-quarters of all genes, which is substantially more than that observed in other
bacteria. We discovered hundreds of TSS within genes, most notably within 16 of the 29
prochlorosin genes, in strain MIT9313. A direct comparison revealed very little conservation in the
location of TSS and the nature of non-coding transcripts between both strains. We detected
extremely short 50 untranslated regions with a median length of only 27 and 29 nt for MED4 and
MIT9313, respectively, and for 8% of all protein-coding genes the median distance to the start codon
is only 10 nt or even shorter. These findings and the absence of an obvious Shine–Dalgarno motif
suggest that leaderless translation and ribosomal protein S1-dependent translation constitute
alternative mechanisms for translation initiation in Prochlorococcus. We conclude that genome-
wide antisense transcription is a major component of the transcriptional output from these relatively
small genomes and that a hitherto unrecognized high degree of complexity and variability of gene
expression exists in their transcriptional architecture.
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Introduction

Prochlorococcus is a marine and unicellular cyano-
bacterium that populates the oligotrophic open
oceans between 401N and 401S (Partensky et al.,
1999). In these areas, Prochlorococcus numerically
dominates the phytoplankton with up to 5� 105

cells per ml, contributing a significant fraction
of the photosynthetic biomass (Goericke and
Welschmeyer, 1993;Vaulot et al., 1995). The oceanic
ecosystem is strongly affected by the interplay
between Prochlorococcus, cyanophage that infect
Prochlorococcus and alphaproteobacteria of the
SAR11 clade. Whereas the latter is dependent on
organic matter produced by primary producers such
as Prochlorococcus, cyanophage contribute to this

interaction by lysing Prochlorococcus, hence mak-
ing the organic matter available (Thompson et al.,
2013). Two distinct ecotypes have been defined
according to their adaptation to high-light (HL; for
example, strain MED4) or low-light regimes (LL; for
example, strain MIT9313) (Moore et al., 1995).
However, other environmental factors, such as
temperature, nutrients and competitor abundance,
also affect the distribution of ecotypes (Johnson
et al., 2006). The HL and LL ecotypes can be further
divided into six distinct subclades, two within the
high-light ecotype (HLI and HLII) and four within
the low-light ecotype (LLI-LLIV) (Kettler et al.,
2007). Within this classification, MED4 and
MIT9313 represent the two most distantly related
Prochlorococcus clades (HLI vs LLIV). Although
their 16S rRNA is 97.5% identical, their protein-
coding potential differs, with 1955 annotated
protein-coding genes for MED4, 2843 for MIT9313
and a shared number of only 1447 genes
(as determined by BLAST search using an e-value
of 10� 8). The suite of strain-specific open reading
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frames (ORFs) includes genes encoding photosyn-
thetic proteins and also genes that are involved in
nutrient uptake, assimilation and metabolic func-
tions (Rocap et al., 2003; Kettler et al., 2007).
This suggests that there could be ecotype-specific
regulatory elements that specifically control these
functions and therefore can be expected to differ
between the two strains.

The genomes of 12 isolates of Prochlorococcus
have been completely sequenced, revealing a trend
toward compact and streamlined genomes (Dufresne
et al., 2003; Rocap et al., 2003; Kettler et al., 2007).
Such genomic streamlining has been recognized to
be important in many other open ocean marine
bacteria, such as representatives of the SAR11 clade
of alphaproteobacteria (Grote et al., 2012), and has
been interpreted as a typical adaptation of the
marine bacterioplankton to oligotrophy (Swan
et al., 2013). Due to this streamlining, Prochloro-
coccus genomes are depleted in guanine and
cytosine residues, are densely packed with small
intergenic regions, and contain only a few genes
encoding proteins involved in transcription, signal
transduction and the regulation of gene expression
(Dufresne et al., 2003; Rocap et al., 2003; Kettler
et al., 2007). Such genomic features have also been
recognized for many other bacterioplankton species
(Swan et al., 2013).

Despite their densely packed genomes and rela-
tively low number of transcriptional protein regula-
tors (only five- and eight-sigma factors, six and seven
response regulators as well as six and 10 histidine
kinases in MED4 and MIT9313, respectively (Scanlan
et al., 2009)), Prochlorococcus is capable of adapting
to environmental perturbations. The identification of
relatively high numbers of non-coding RNAs
(ncRNAs) in MED4 (17 small RNAs and 24 antisense
RNAs (asRNAs)) suggested that regulatory RNAs may
play an important role in the regulation of gene
expression in Prochlorococcus (Steglich et al., 2008).
For the ncRNA Yfr1, a function in the control of
major outer-membrane proteins PMM1119 and
PMM121 was shown (Richter et al., 2010). More
recently, antisense transcripts were detected for 73%
of all genes in MED4 at some point in time over the
diel cycle (Waldbauer et al., 2012). This percentage is
substantially higher than the previously reported
fraction of genes associated with asRNAmolecules in
any bacterium, which was at 46% the highest in
Helicobacter pylori and less in other bacteria (Georg
et al., 2009). Moreover, the abundance of asRNAs was
reported to be relatively high in MED4 with an
average of 35% of the corresponding mRNA concen-
tration (Waldbauer et al., 2012). However, despite the
wealth of available genome information, insight into
the transcriptional architecture and the numbers and
types of potentially regulatory RNA molecules
remains largely fragmentary and limited to MED4.

On the basis of high-density microarray hybridi-
zations, several studies have provided valuable
transcriptomic information on genes of MED4 and

to some extent on genes of MIT9313 that are
differentially expressed under environmentally rele-
vant perturbations such as light stress, phosphorus,
nitrogen and iron starvation and phage infection
(Martiny et al., 2006; Steglich et al., 2006; Tolonen
et al., 2006; Lindell et al., 2007; Thompson et al.,
2011) and hence are involved in the adaptation to
those conditions. However, except for the experi-
mental determination of 25 transcriptional start sites
(TSS) in MED4 (Vogel et al., 2003) and the mapping
of the TSS of cpeB (Steglich et al., 2005), psbA,
psbC, psbD and pcbA genes (Garczarek et al., 2001),
there is no information on promoters that are
actually utilized in Prochlorococcus. The combina-
tion of our study with previous microarray analyses
will promote the targeted search for new regulatory
promoter elements in Prochlorococcus, which so far
is restricted on the knowledge of the NtcA regulon
(Tolonen et al., 2006) and computational modeling
studies of the cyanobacterial Pho, LexA and cAMP
receptor protein regulons (Su et al., 2007; Li et al.,
2010; Xu and Su, 2009).

Here, we present a comparative analysis of the
transcriptomes of two Prochlorococcus strains
representing the two most diverse clades within
the two major ecotypes adapted to high- and low-
light conditions, respectively. We used three differ-
ent high-throughput methodologies (454 and Solexa
sequencing platforms) in combination with a differ-
ential RNA-seq approach selective for the analysis of
primary transcriptomes and global mapping of TSS
(Sharma et al., 2010), as well as Affymetrix high-
density microarrays for the independent verification
of antisense transcripts. We complemented these
with computational and experimental validation of
the selected genes. We present genome-wide TSS
maps for both strains at a single nucleotide resolu-
tion that enables the interrogation of transcriptional
activity in a comparative fashion. We found a high
degree of antisense transcription and identified new
ncRNAs. With the exception of photosynthesis-
related genes, the TSS of protein-coding genes and
asRNAs are not conserved, suggesting a high degree
of variability in their transcriptional architecture.

Materials and methods

Culture growth conditions, RNA isolation and northern
blot analysis
Cells were grown at 22 1C in AMP1 medium (Moore
et al., 2007) under 10–30 mmol quanta m� 2 s�1

continuous white cool light and harvested in an
exponential growth phase. For microarray analysis
and northern verifications, the cells were subjected
to several stress conditions for 30min: light stress
(light shifts from 10 to 100 mE or darkness, respec-
tively, or from 30 to 300 mE) and temperature stress
(shifts from 22 to 12 or 32 1C, respectively). For
nitrogen and iron starvation, the cells were washed
twice in nitrogen- or iron-free medium and grown in

Comparative transcriptomics in Prochlorococcus
K Voigt et al

2057

The ISME Journal



minus N or minus Fe medium for 2, 3 or 6 days.
Alternatively, iron depletion was induced via the
addition of 0.6 mM DFB for 24–48h. Total RNA was
extracted from the cells via filtration following the
hot phenol method (Steglich et al., 2006) or a
modified protocol using PGTX buffer, which
consists of 4.2M phenol amended with 6.9%
v/v glycerol, 5mM 8-hydroxyquinoline, 15.6mM

Na-EDTA, 0.1M sodium acetate, 0.8M guanidine
thiocyanate and 0.48M guanidine hydrochloride
(Pinto et al., 2009). The MIT9313 cells were lysed
prior to RNA extraction using a cell disruption
device (Precellys, PeqLab, Erlangen, Germany)
applying 6 cycles at power level of 6.5 for 20 s.
Northern hybridizations were performed as
described (Stazic et al., 2011).

454 and Solexa dRNA sequencing and computational
analysis
Details for the 454 differential RNA-seq approach
protocol are described in Sharma et al. (2010) and
Mitschke et al. (2011). For both strains, a (þ ) cDNA
library synthesized from a primary RNA pool
of exponentially grown cells (total RNA treated
with Terminator 50 P-dependent exonuclease,
Epicenter, San Diego, CA, USA) and a (–) cDNA
library synthesized from total RNA were generated.
To produce the RNA 50-monophosphates necessary
for RNA linker ligation, the samples were treated
with tobacco acid pyrophosphatase (after exonu-
clease treatment if applied). Each RNA sample was
ligated to an RNA oligonucleotide containing a
unique sequence tag (see Supplementary Table S1).
cDNA libraries were sequenced on a Roche FLX
sequencer (Basel, Switzerland) and the resulting
data were analyzed as described (Sittka et al., 2008).
For MED4 (NCBI accession number BX548174.1), a
total of 60 457 and 61 633 sequence reads and for
MIT9313 (NCBI accession number BX548175.1) a
total of 104 037 and 113 994 sequence reads were
obtained for the (� ) and (þ ) libraries, respectively.
From these, 47 339 and 46 555 sequence reads for
MED4 as well as 72 988 and 74 389 sequence reads
for MIT913 were X18 nt in length. After filtering out
ribosomal RNA matches, 40 291 and 40 739 reads
remained in the MED (� ) and (þ ) libraries,
respectively, and 53287 and 59761 reads remained
in the MIT9313 (� ) and (þ ) libraries, respectively.

TSS were determined from (þ ) libraries following
the same work flow as described in Mitschke et al.
(2011). An individual position-specific scoring
matrix for the � 10 element of MED4 or MIT9313
was derived, taking the putative TSS of all expressed
protein-coding genes of the respective transcriptome
into account (Supplementary Tables S2 and S3).
Subsequently, a minimum � 10 element score of 2.0
followed by at least two sequences was set for the
TSS minimum threshold. TSS were classified into
four groups: gTSS (start sites of annotated protein-
coding genes within a range of 0 to 100 nt upstream

of the ORF), iTSS (start sites within annotated genes),
aTSS (start sites opposite to annotated genes or
within 30 nt of its 50 and 30 untranslated regions
(UTR) giving rise to asRNAs) or nTSS (all remaining
TSS giving rise to potential ncRNAs) (Supplementary
Tables S4 and S5). For classification, gTSS were
prioritized over aTSS and iTSS.

cDNA libraries for Solexa sequencing were pre-
pared in the same manner as for 454 sequencing with
one modification: the RNA for the (� ) cDNA library
preparation was neither treated with terminator-
dependent exonuclease nor treated with tobacco acid
pyrophosphatase, resulting in a (� ) cDNA library
entirely depleted of the primary RNA pool (because
triphosphate 50-termini cannot be ligated to the RNA
linker oligonucleotide). For cDNA synthesis and the
amplification, Solexa-specific TrueSeq sequencing
primers with a unique sequence tag for each library
were used. The cDNA libraries were analyzed on
an Illumina GA IIx sequencer (San Diego, CA, USA).
Sequence data have been deposited in NCBI’s
Sequence Read Archive under accession number
SRR1045147 for MED4 and SRR1045146 for
MIT9313. Sequence lengths of 72 nt were obtained
for both MED4 libraries and for the (� ) MIT9313
library, and sequence lengths of 26 nt were obtained
for the (þ ) MIT9313 library. For MED4 totals of
8278893 and 6324321 sequence reads, and for
MIT9313 totals of 10689054 and 8245154 sequence
reads, were obtained for the (� ) and (þ ) libraries,
respectively. The sequences were mapped to the
respective genome with segemehl (Hoffmann et al.,
2009), resulting in 7429557 and 5750991 redundant
read mappings for MED4 and 14945219 and
4663103 redundant read mappings for MIT9313.
After filtering out ribosomal RNA matches, 6 389217
and 6389217 reads remained in the MED4 (� ) and
(þ ) libraries and 4251797 and 3423681 reads
remained in the MIT9313 (� ) and (þ ) libraries.
The (þ ) libraries of MED4 and MIT9313 were
normalized to a read value per million bp and
million Solexa reads. A minimum � 10 element
score of 2.0 followed by at least 27 reads for MED4
and 25 reads for MIT9313 starting within a window
of five to seven nucleotides (three sequence reads
each after normalization) were set as minimum
thresholds for the definition of a TSS. The same
criteria as above for the 454 data sets were applied to
classify TSS into gTSS, iTSS, aTSS or nTSS. TSS
with the same � 10 element were clustered to one
entry. The entries were subsequently clustered when
� 10 elements were located within a 6-nt window
(Supplementary Tables S4 and S5).

Prediction of transcriptional units
Transcriptional units are genomic segments with
uniform read coverage from the (� ) cDNA library.
Segmentation of the data into transcriptional units
with RNASeg (to be published elsewhere) was
performed based on the (� ) cDNA library and the
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previously defined gTSS, aTSS and nTSS. For this,
primary read starts were normalized to 1 for starts and
to 0 for non-starts to assure that only previously
defined TSS were used. A maximum segment length
of 7000 nt and 10000 nt was defined for MED4 and
MIT9313, respectively. If the distance between two
subsequent TSS exceeded this length, this distance
was used for the corresponding genomic region. The
minimum segment length was set to 45 for both
strains to cover small transcripts. For transcript
segments, the maximum distance to a TSS was set
to 10 for both strains and the mean secondary read
coverage was set to 1 for MED4 and to 0.5 for
MIT9313. Segments with lower coverage were defined
as non-transcripts. If the transcript segment exceeded
70% coverage of an already classified region, the
segment was assigned to the appropriate class.

Determination of conserved TSS and functional
enrichment
TSS were considered as conserved between MED4
and MIT9313 if their distance from the respective
start codon differed no more than 10 nt (gTSS) or if
their relative distance with respect to a protein
alignment was not more than 10 nt (iTSS and aTSS).

Conserved TSS between MED4 and MIT9313 of
each TSS class were inspected for functional
enrichment using the DAVID web interface (http://
david.abcc.ncifcrf.gov/). Functional classes with an
enrichment score above 1.3, corresponding to a
P-value below 0.05, were considered as true enriched
functional categories.

Microarray labeling, hybridization, normalization and
segmentation
For the detection of asRNA expression signals on
microarrays, RNA was first treated with TURBO
DNase (Life Technologies, Carlsbad, CA, USA). In
total, 6 units of DNase were added to the RNA
samples and digestion of DNA was carried out in
three consecutive incubation steps, each at 37 1C for
10min. RNA was either directly labeled (without
cDNA synthesis) with the Kreatech (Amsterdam,
The Netherlands) ‘ULS labeling kit for Affymetrix
arrays’ with Cy3 according to the manufacturer’s
protocol or previously depleted of rRNA using
Ambion’s (Carlsbad, CA, USA) MICROBExpress
kit. Of note, probes for the Affymetrix gene
expression arrays were designed for hybridization
with cDNA. Therefore, direct hybridization with
RNA results in signals for the respective asRNA
strand. Fragmentation was performed at 70 1C
for 15min using fragmentation buffer (Ambion).
Hybridization and scanning were performed accord-
ing to Affymetrix protocols for E. coli (http://
www.affymetrix.com/support/technical/manual/expre-
ssion_manual.affx and Steglich et al., 2006) using 2.5mg
of total RNA (or 1 mg rRNA depleted RNA) on an
Affymetrix high density array MD4-9313, which

contains probes for Prochlorococcus MED4 and
MIT9313. The custom array covers all gene-coding
regions with a probe pair (match and mismatch)
every 80 bases and every 45 bases in the intergenic
regions in both the sense and antisense orientations.
For both strains, one microarray each was hybri-
dized with RNA extracted from cells grown under
standard conditions. A second microarray was
hybridized with pooled RNA of cells subjected to
different stress conditions (light and temperature
stress, nitrogen and iron starvation). Microarray data
have been deposited in NCBI’s Gene Expression
Omnibus under accession number GSE17075.
Microarray expression data of single probes were
quantile-normalized using the R package LIMMA
(Smyth, 2005). The expression threshold value was
individually evaluated for MED4 and MIT9313 and
was set to 250 and 400, respectively. Consecutively
expressed probes (in at least one condition, stress or
standard) were combined into segments allowing
one probe below the threshold within the segment if
the following probe showed expression above the
set threshold.

Verification of potential ncRNAs via secondary
structure prediction using RANDfold
For the computational prediction of ncRNAs, we
extracted candidate sequences based on nTSS reads
and analyzed their thermodynamic structural stabi-
lity with RANDfold (Bonnet et al., 2004). We used
two different approaches to identify promising
ncRNA candidates: a sliding window approach
and an expanding window approach. In the expand-
ing window approach, all possible lengths between
30 and 200 nt were folded one by one; in the sliding
approach, windows of 100 nt beginning at the start
of the predicted nTSS were shuffled in a range of
0–300 nt in 10-nt increments. For both approaches,
P-values below 0.05 were counted and summarized
in a hit list (Supplementary Tables S9 and S10).

Results and discussion

The primary transcriptomes of two Prochlorococcus
strains are highly diverse
To characterize the transcriptomes of the two
Prochlorococcus strains, total RNA samples of
MED4 and MIT9313 cultures grown under standard
conditions were used to generate two strand-
specific cDNA libraries that allow for a differential
sequencing of primary transcripts and processed
transcripts. In bacteria, most primary transcripts
carry a triphosphate at their 50 ends resulting from
initiation of transcription, whereas processed or
degraded RNA fragments possess a 50 mono-phos-
phate or 50 hydroxyl. These differences were
employed here by synthesizing two cDNA libraries
for each strain: one from the original, untreated RNA
pool containing both primary and processed
transcripts ((� ) cDNA library), and one from RNA
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that was enriched in primary transcripts by selective
degradation of RNAs containing mono-phosphates
using Terminator 50 P-dependent exonuclease ((þ )
cDNA library) (Sharma et al., 2010; Mitschke et al.,
2011). After sequencing of these differential libraries
of both strains, reads were mapped to the genomes
of MED4 and MIT9313 (Table 1), and two separate
position-specific scoring matrixes (Supplementary
Tables S2 and S3) were generated for the � 10
elements of both strains. These position-specific
scoring matrixes were based on the nucleotides at
positions � 7 to � 12 of all mapped gTSS with a
minimum of 11 reads (9927 50 ends for MED4 and
13 626 for MIT9313). Subsequently, a position-
specific scoring matrix minimum score of 2.0 for
the � 10 element served as a filter criterion for the
identification of TSS. For the same sequence motif
of the � 10 element, different score values were
obtained for MED4 and MIT9313 due to the
difference in GC content (30.8% for the MED4
genome and 47.5% for MIT9313). Of the 26
previously characterized gTSS (TSS of protein-
coding genes) (Vogel et al., 2003; Steglich et al.,
2005), 18 were identified directly. Two of the eight
missing gTSS had a score below 2.0 for the new � 10
element, and four failed the read number criterion,
indicating that there is an even higher number of
active TSS in MED4. Consistent with previous
results (Vogel et al., 2003), the targeted search for
the � 35 promoter element ‘TTGACA’ yielded a very
small subset of 3.3% (MED4) or 2.1% (MIT9313)
TSS with a conserved E. coli-like � 35 element.

In total, 4126 and 8587 TSS were defined for
MED4 and MIT9313, resulting from Solexa and 454
sequencing data that were further classified into
gTSS (protein-coding genes), aTSS (asRNAs), nTSS
(potential ncRNAs) or iTSS (within genes) (for more

details, see Material and methods) (Supplementary
Tables S4 and S5 and Supplementary Files S1–S6).
For approximately half of all protein-coding genes
(MED4, 49% and MIT9313, 41%), a gTSS could be
assigned. Surprisingly, there was no good correla-
tion between highly expressed genes in MED4 and
those in MIT9313 (Supplementary Table S6). Highly
expressed TSS are dominated by gTSS, followed by
nTSS, including transfer-messenger RNA— the only
nTSS shared between both strains among the top
20—and the newly verified ncRNAs Yfr23 (MED4),
Yfr102 and Yfr103 (MIT9313) (Supplementary Table
S6). For more details, see the section on ncRNAs.
The only gTSS in the top 20 list that occurs in both
strains is driving transcription of the psbEFLJ
operon, encoding the cytochrome b559 alpha and
beta subunits and the L and J proteins of PSII
(Supplementary Table S6). Other examples of the
top 20 list provide a clear connection of gene
expression to the physiology of Prochlorococcus –
for example, as illustrated by the gTSS for genes
such as pcb or hli10 in MED4, which encode
the single light harvesting protein and one of the
high-light-inducible proteins. Another difference
between both transcriptomes is the density of TSS.
The median distance between two consecutive TSS
is 353 nt and 563 nt for MIT9313 and MED4,
respectively. The functional relevance of the higher
TSS density in MIT9313 remains unclear.

Conservation of distinct TSS of photosynthesis-related
genes
We searched for gTSS conserved between both
strains (defined by an identical distance to the
translational start site ±10 nt). Of the 1447 MED4-
MIT9313 shared protein-coding genes, 436 were

Table 1 Summary of genome and transcriptome information. Sequencing numbers are given for primary libraries only

MED4 MIT9313 Reference

Ecotype adapted to High light Low light Moore et al., 1995
Hfq No Yes Axmann et al., 2005
Genome size 1.66Mbp 2.41Mbp Rocap et al., 2003
Annotated protein-coding genes 1974 2.894 Kettler et al., 2007

454 sequencing Solexa sequencing 454 sequencing Solexa sequencing

Total number of mapped reads 61 633 5 750991 113994 4663 103
Number of reads w/o ribosome 40 739 5 425895 59761 3712 862
Total number of TSSa 1643 3459 3402 7410
gTSS 608 1059 801 1284
iTSS 423 658 928 2256
aTSS 520 1566 1372 3231
nTSS 92 176 300 639
aTSS with most reads asPMED4_06291

(clpB, 52 reads)
asPMED4_04671

(cons. hyp., 21 506 reads)
asP9313_16021
(priA, 184 reads)

asP9313_06941
(recG, 3542 reads)

This work

gTSS with most reads PMED4_11782
(cons. hyp., 482 reads)

PMED4_16461
(groES, 93 670 reads)

P9313_14931
(psbD, 263 reads)

P9313_20011
(smc, 124 649 reads)

nTSS with most reads Yfr11 (1700 reads) Yfr16 (1 184 303 reads) Yfr103 (413 reads) Yfr2-5 (48 227 reads)
Filter criteria for TSS mapping X2 reads, scoreX2.0 X26 reads, scoreX2.0 X2 reads, scoreX2.0 X24 reads, scoreX2.0

Abbreviation: w/o, without.
aTotal number of TSS after clustering of neighboring TSS that start±10 nt of each other or have a similar ±3 nt � 10 element (as described above)
and removal of potential processing sites (primary coverage is lower than secondary coverage).

9>>>>>>>>>>>>>=
>>>>>>>>>>>>>;
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associated with one or more gTSS. From these, 214
possess a conserved gTSS (Supplementary Table S7).
A functional enrichment analysis revealed that
photosynthesis-related genes were highly overrepre-
sented in this group (enrichment score 7.54). Among
the photosynthesis-related genes, those encoding
proteins of both photosystem I (psaC, psaD, psaE
and psaF) and photosystem II (psbA, psbB, psbE,
psbH, psbO and psb28) are found. Other genes in
this category encode electron transfer proteins (petE,
petH) and cytochrome b6/f complex components
(petB). As many of these genes are located in
operons, an even higher number of photosynthesis-
related genes belong to this class, illustrated by the
conserved gTSS upstream of psbE, in fact driving
the transcription of psbEFLJ. For other functional
classes, the enrichment was not as pronounced as
for the photosynthesis genes; however, this enrich-
ment had good statistical support. These classes
include histidine metabolism, aminoacyl-tRNA bio-
synthesis, genes encoding subunits of the NAD(P)H-
quinone oxidoreductase, ribosomal proteins and
terpenoid backbone biosynthesis, which reached
enrichment scores between 3.5 and 1.4. Especially
for the ribosomal proteins, the number of genes with
similar transcript initiation is even higher because
many of these genes are organized in huge operons.
These data suggest that the gene regulation of many
housekeeping processes underlies a conserved
regulation.

50UTRs in Prochlorococcus
The median distance from the gTSS to the start
codon of protein-coding genes in Prochlorococcus
turned out to be very short, with 26 and 28 nt for
MED4 and MIT9313 (Figure 1), respectively, com-
pared with 42 nt in Synechocystis PCC6803
(Mitschke et al., 2011) or 43 nt in H. pylori
(Sharma et al., 2010). Half of all MED4 (56%) and
MIT9313 (53%) protein-coding genes have a 50UTR
length between 10 and 40 nt with a maximum
frequency at 17 and 15 nt, respectively (Figure 1).
We searched for the Shine–Dalgarno sequence
‘RGGRGG’ in all MED4 and MIT9313 50UTRs
excluding those shorter than 17 or 15 nt and
allowing one mismatch. Of the 905 MED4 50UTRs
and the 1202 MIT9313 50UTRs, 29 MED4 genes
and 156 MIT9313 genes possess a possible
Shine–Dalgarno sequence in the � 4 to � 23 region.
This frequency equals that of a randomly chosen
6-nt-long motif. When searching for the comple-
mentary ‘YCCYCC’ sequence, we detected very
similar numbers of 23 MED4 and 161 MIT9313
50UTRs with that motif in the same search region.
These findings point to a little if any functional role
of a Shine–Dalgarno sequence in Prochlorococcus.
In E. coli, the Shine–Dalgarno sequence is bound by
the anti-Shine–Dalgarno sequence of the 16S rRNA,
anchoring the 30S ribosomal subunit around the
start codon to form an initiation complex that covers

the � 35 to þ 19 region (Hüttenhofer and Noller,
1994). Although the 16S rRNA sequence of
Prochlorococcus carries the same anti-SD sequence
as described for E. coli, the absence of a
Shine–Dalgarno sequence and the high number of
protein-coding genes with relatively short 50UTRs
suggest alternative modes of translation initiation
preferentially used in Prochlorococcus. Other
mechanisms for translation initiation in E. coli such
as the binding of ribosomal protein S1 to the 50UTR
in mRNAs are also known (Boni et al., 1991) and
could be the preferred mechanism for translation
initiation used in Prochlorococcus. In many cyano-
bacteria, two homologous ribosomal S1 proteins
Rps1a and Rps1b exist (Figure 2). Rps1a proteins are
more closely related to their orthologs than to their
paralogous Rps1b protein. Furthermore, orthologous
Rps1b proteins seem to be more diverse than
orthologous Rps1a proteins. The conservation of
duplicated S1 proteins among cyanobacteria indi-
cates an important role of Rps1b; however, whether
it is also involved in translation remains enigmatic.
The two homologs in MED4 and MIT9313 are
predicted to be 40.8 and 45.1 kDa (34% sequence
identity) and 40.5 and 45.2 kDa (29% sequence
identity) in size. Mutsuda and Sugiura (Mutsuda
and Sugiura, 2006) showed that the 38 kDa S1
protein (Rps1a) of Synechococcus elongatus PCC
6301 is involved in the efficient initiation of
translation via the association with pyrimidine-rich
sequences, regardless of the presence or absence of
the Shine–Dalgarno sequence. S. elongatus Rps1a
exhibits a sequence identity of 75% to the Prochlor-
ococcus homologs (40.8 kDa in MED4 and 40.5 kDa
in MIT9313), whereas the identity of S. elongatus
Rps1b within the central-to-C terminal region is
only 34% and 38%, respectively (45.1 kDa in MED4
and 45.2 kDa in MIT9313).

Another mechanism of translation initiation
exists for leaderless mRNAs that lack a 50UTR and
directly bind a 70S ribosome complemented with
N-formyl-methionyl-transfer RNA (Moll et al., 2002).
Here we found in both strains B8% of all gTSS to be
located within the first 10 nt to the initiation codon
of translation, suggesting that leaderless translation
occurs in Prochlorococcus. This is in agreement
with computational predictions based on 953
bacterial and 72 archaeal genomes, which suggested
that leaderless transcription is widespread among
bacteria (207 of the 953 genomes) although not
dominant (Zheng et al., 2011). Transcription starts
for 30 MED4 ORFs and 41 MIT9313 ORFs on the
first nucleotide of the start codon. For 21 MED4 and
34 MIT9313 genes, this is the only detectable TSS
under standard growth conditions. Except for three
homologs, leaderless transcripts are not conserved
between MED4 and MIT9313 and are distributed
evenly over the entire genome. The only exceptions
are the ruvB, degT and the PMED4_05961/P9313_
15281 homologs, encoding the Holliday junction
DNA helicase RuvB, a DegT/DnrJ/EryC1/StrS
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aminotransferase family protein and the previously
undetected carboxysome shell protein CsoS1d
(Klein et al., 2009). All of these three proteins are
highly conserved throughout the cyanobacterial
phylum; therefore, their leaderless translation might
be conserved beyond the two strains studied here.
Together, our data indicate that S1 protein-mediated
and leaderless translation constitute mechanisms
for translation initiation, whereas Shine–Dalgarno
sequence-dependent translation initiation plays a
secondary role (if at all) in Prochlorococcus. Zheng
et al. (2011) determined cyanobacterial-specific
sequence signatures in the 50UTR and suggested
that other so far unknown mechanisms of trans-
lation initiation must exist, which is in total
agreement with our results.

Alternative TSS in prochlorosin genes
Our data show a high number of TSS located within
the coding region of protein-coding genes, of which
only 14 iTSS (transcripts that initiate within a gene)
are conserved among the 377 shared MED4-MIT9313
genes associated with an iTSS. Some of the iTSS are
actually gTSS of incorrectly annotated start codons
due to automatic ORF calling that usually defines the
longest possible ORF as a CDS region. Of the 22 MED4
and 155 MIT9313 iTSS within the first 50 nt of an
annotated CDS, which do not possess an additional
gTSS, 3 MED4 and 61 MIT9313 iTSS were wrongly
classified because of incorrect annotation of the start
codon. We have corrected these and reclassified them
as gTSS (Supplementary Tables S4 and S5). The iTSS
located in the 30 regions of ORFs that are in the

vicinity of a downstream following ORF could give
rise to UTRs of the downstream ORF of at least 101 nt.
However, there is evidence for a subclass of iTSS that
gives rise to shorter, very likely functionally relevant
transcripts. Among those are TSS that are located
within prochlorosin (procA) genes, of which 29
homologs exist in MIT9313 (Li et al., 2010). Prochlor-
osins are lantipeptides, which are ribosomally trans-
lated and posttranslationally modified in the
C-terminal core region of the precursor peptide and
are distinguishable by the thioether amino acids
lanthionine and methyllanthionine (Willey and
Van der Donk, 2007). Maturation of the procA is
completed by the proteolytic removal of the N-terminal
leader sequence, which itself is not modified,
resulting in an active metabolite (Willey and Van
der Donk, 2007). All 29 homologs are expressed
under standard growth conditions, although at a low
level of expression (Supplementary Table S10). For
11 of the 29 procA genes, transcription starts
exclusively upstream of the annotated gene,
whereas 16 procA homologs possess a gTSS and at
least one additional iTSS (Supplementary Table S8).
Interestingly, the median distance of the iTSS to the
C-terminal core peptide is 26 nt, which is very
similar to the median 50UTR length of 28 nt that was
determined for all MIT9313 gTSS.

Northern hybridizations with specific probes that
target either the 50UTR plus the N-terminal region of
procA1.4 or the C-terminus including the iTSS gave
distinct signals that could be assigned to the full-
length transcripts of the precursor peptide and also to
transcripts that start at the mapped iTSS and cover
the entire core peptide (Figure 3). The functional

Figure 1 Promoter as well as 50UTR characteristics of MED4 (a) and MIT9313 (b) gTSS. Based on 1182 MED4 and 1383 MIT9313 gTSS, a
minus �10 element motif 6–8 nt upstream of the transcription initiation site was detected, followed by an upstream periodic AT-stretch
signal in MED4. Extremely short 50UTRs with a median length of 26 nt (MED4) and 28 nt (MIT9313) and the absence of a conserved
Shine–Dalgarno sequence suggest alternative modes of action for translation initiation independent of 16S rRNA-mediated ribosome
binding. The common 50UTR length of MED4 is 17 nt and of MIT9313 is 15 nt. The majority of protein-coding genes have a 50UTR length
between 10 and 40 nt.
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relevance of these 30 transcripts remains enigmatic as
the core peptide does not start with a methionine or
an alternative start codon. There are two procA
genes—procA2.3 and procA4.1—that are transcribed
from an iTSS only. Intriguingly, the core peptide of
procA2.3 starts with a methionine and shows distinct
signals of 70-, 90-, 200- and B400-nt length when
probing against the 30UTR region of the core peptide
(Figure 3). The 200-nt fragment is the most abundant
of all detected and could encompass the entire core
peptide plus a 30UTR of 80 nt. In agreement with
sequencing data, when probing against the 50UTR
region, signals were observed neither under standard
growth conditions (Figure 3) nor during adaptation to
various stress conditions (data not shown). The
transcription of only the procA2.3 core peptide raises
the question of whether a translated core peptide
without the leader peptide could be transformed into
a bioactive form at all; the common maturation
pathway starts with the posttranslational modifica-
tion of the precursor peptide by the bifunctional
lanthionine synthetase and requires at least certain
parts of the leader peptide for substrate binding of the
enzyme (Xie et al., 2004), or if the core peptide
cannot be modified, thus fulfilling another function.
If the prochlorosin could be converted into a

bioactive compound by an alternative pathway, a
completely new tool set for the synthesis of lantipep-
tides would become available—a group of small
peptides that are already routinely used by the food
industry as a preservative and in the clinical field for
the eradication of infections caused by multi-drug-
resistant pathogens (Piper et al., 2009).

High incidence of short cis-encoded asRNAs
The ubiquitous occurrence of cis-encoded asRNAs
has been reported for various bacteria (reviewed in
Georg and Hess, 2011), and every new transcriptome
data set published reveals new examples of anti-
sense transcription. However, we were surprised by
the high number of genes that were associated with
at least one asRNA. In total, 1117 and 1789 genes
with an asRNA within the 454 data set as well as
1600 and 2280 genes within the Solexa data set were
determined for MED4 and MIT9313, respectively.
The shared number of genes with an asRNA in both the
Solexa and 454 data sets was 1008 (54% of all genes)
and 1625 (57% of all genes) for MED4 and MIT9313,
respectively (Figure 3). We furthermore applied an
alternative approach to the differential RNA-seq
method and hybridized Prochlorococcus-specific

Figure 2 Bayesian inference of phylogeny (Huelsenbeck & Ronquist 2001) for ribosomal S1 proteins in cyanobacteria, gram-positive
bacteria and gram-negative bacteria based on the alignment in Supplementary File S7. We used a poisson rate matrix, gamma distributed
rate variation, Oscillochloris trichoides DG-6 as an outgroup and stopped after the average s.d. of split frequencies of 0.016 was reached.
Numbers at the nodes represent the posterior probability. The grouping of cyanobacteria is according to Schirrmeister et al., 2011.
Cyanobacteria marked with an asterisk (Gloeobacter violaceus PCC 7421 and Cyanobacterium UCYN-A) are devoid of the Rps1b homolog.
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Affymetrix microarrays with directly Cy3-labeled
RNA from cultures grown under standard condi-
tions or several stress conditions (for more details
see Material and Methods) (Supplementary Files S8
and S9). Because probes of these microarrays were
initially designed for hybridization with cDNA,
signal intensities above the threshold would provide
information on the existence and expression of
asRNAs when hybridizing with directly labeled
RNA. In total, we found 1875 and 2613 genes with
an associated asRNA for MED4 and MIT9313,
respectively, confirming a potentially global anti-
sense transcription in Prochlorococcus. A high
degree of antisense transcription has been pre-
viously reported for MED4 (Waldbauer et al., 2012)
and appears to be a common feature not only for
high-light-adapted ecotypes but also for low-light-
adapted strains according to the presented data.
Notably, the overlap between the three methods
used for the identification of asRNAs was smaller
than expected, which can be explained by distinct
biases of the different technologies (Harismendy
et al., 2009; Raabe et al., 2014). To ensure the
validity of our analysis, we considered only those
asRNAs that were confirmed by at least two methods
(Supplementary Figure S1). As a result, for both

MED4 and MIT9313, approximately three-quarters
of all genes possess an asRNA.

To obtain a better understanding of the character-
istics of asRNAs in Prochlorococcus, we determined
the average transcript length and the relative
abundance of asRNAs in comparison with mRNAs.
For that analysis, aTSS and gTSS reads were
assembled to longer transcripts using the segmenta-
tion algorithm of RNASeg (to be published elsewhere).
The stoichiometric mean ratio of mRNA to asRNA
reads was 19 and 15, and the average asRNA length
was 242 and 408 nt for MIT9313 and MED4,
respectively. Of 616 shared genes with an associated
asRNA, only 52 asRNAs were conserved with
respect to position. Because we noticed a very dense
promoter occurrence in general for both MIT9313
(every 353 nt) and MED4 (every 563 nt), these
short asRNAs could solely be stable non-functional
by-products – for example, in the form of double-
stranded RNA.

However, the sheer abundance of asRNAs spurred
us to investigate the functional relevance of this class
of molecules in more detail. We chose putative
asRNAs of MED4 and MIT9313 and tested their
possible differential expression under various stress
conditions. All tested asRNAs showed an altered

Figure 3 Overview on procA genes procA1.4 (a) and procA2.3 (b) read distribution based on mapped Solexa reads of the [þ ] (dark gray
lines) and [� ] (light gray lines) cDNA libraries and northern blot hybridizations with probes (red boxes) recognizing either the 50 region
or the 30 region. Regions of mapped reads that give rise to a TSS are marked with blue (gTSS) and orange (iTSS) boxes. The � 10 element
is marked with a green box. Transcript lengths as determined by northern hybridization are given as light blue boxes. A total of 10mg of
total RNA was loaded on 10% PAA gels and blotted onto nitrocellulose membranes.
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expression behavior in one or more conditions
compared with standard growth conditions (Figure 4).
CynS (PMM0373) encodes a cyanase that converts
cyanate to carbon dioxide and ammonia and appears
to have a role in cyanate utilization rather than in
detoxification in MED4 (Kamennaya and Post,
2011). Intriguingly, under nitrogen-limiting condi-
tions, an asRNA of B300 nt is induced that may
have an important role in the regulation of cynS
(Figure 4a). YocE (PMM1378, desA) encodes a fatty
acid desaturase, type II, and its expression is
induced during low temperature and high light in
Synechococcus PCC7002 (Sakamoto et al., 1997,
1998). Our data suggest a potential yocE asRNA-
mediated regulation of yocE during stationary phase
and iron-limiting conditions (Figure 4a). The mRNA
of the manganese-binding photosystem II protein Y,
encoded by psbY, is covered by a 120-nt-long asRNA
(Figure 4b). PsbY and the gene immediately down-
stream, gidA (PMT1049, containing a NAD-binding
domain), appear to be organized in a dicistron
(Figure 4b), and the asRNA of psbY may enable the
decoupling of the gene expression regulation of psbY

and gidA. An B130-nt asRNA covers the 30 region of
P9313_10131—a gene with homology to the thiol
oxidoreductase of Synechococcus CC9311 (Figure 4b).
The specific decrease in the asRNA abundance under
nitrogen starvation suggests its involvement in the
gene expression regulation of P9313_10131.

These few examples point to a very complex
regulatory network through asRNAs and emphasize
the important role of functional RNAs in the gene
regulation of Prochlorococcus.

Non-coding RNAs are light clade-specific in
Prochlorococcus
Gene expression control through ncRNAs constitu-
tes an important regulatory pathway in MED4
(Axmann et al., 2005; Steglich et al., 2008). How-
ever, until now, there has been little information on
the ncRNA content in other Prochlorococcus strains.
Of the 20 previously described ncRNAs in MED4
(Axmann et al., 2005; Steglich et al., 2008), 16 were
also detected here using the differential RNA-seq
approach approach. Additionally, we found six new

Figure 4 Verification of selected asRNAs of MED4 (a) and MIT9313 (b), and determination of expressional changes during several stress
conditions (D—darkness, -Fe—iron depletion, HL—high light, HS—heat shock, CS—cold shock, -N—nitrogen deprivation, C—standard
growth conditions and SP—stationary phase) by northern blots. 5S RNA was used as a loading control. The gene arrangement and
coverage with reads of the primary (black) or secondary (gray) library are shown at the bottom. Arrows indicate positions of TSS.
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ncRNAs either through manual inspection of nTSS
or via computational prediction using RANDfold
(Bonnet et al., 2004) (Figure 5 and Supplementary
Figure S2 and Supplementary Table S9). For
MIT9313, only five ncRNAs that are all homologs
of MED4 ncRNAs have been previously identified.
Applying the same search criteria as for MED4, we
detected five additional ncRNAs in MIT9313 and
some potential ncRNA candidates, however with
ambiguous hybridization results (Supplementary
Figure S3). From sequencing results (300 nTSS in
the 454 data set and 639 in the Solexa data) we can
expect more ncRNAs to be detected in MIT9313.
The five new identified ncRNAs in MIT9313 only
occur (in contrast to the known ncRNAs) in low-
light-adapted ecotypes (Figure 5 and Supplementary
Figure S4 and Supplementary Table S10). The only
exception is Yfr103, which also exists in Synecho-
coccus strains CC9311, CC9605 and CC9902. In the
same manner, homologs of the newly detected
MED4 ncRNAs are restricted to the high-light clade
or exclusively occur in MED4—for example, Yfr26
and Yfr27. From this, we conclude that most
ncRNAs of Prochlorococcus are high-light- and
low-light-clade specific, which indicates the func-
tional importance of these regulators for the adapta-
tion to clade-specific niches. It is well documented
that ncRNAs are frequently coregulated with the
environmental conditions in which they have a role.
Therefore, it is consistent that the gross of tested
ncRNAs responded during the adaptation to light,
nutrient and temperature fluctuations (Figure 5).
The strongest response of ncRNA expression was
detectable during nitrogen deprivation and the
stationary phase. The adaptation to nitrogen-limiting
conditions and stationary phase through regulatory
circuits involving ncRNAs has been previously

reported for other bacteria (Jäger et al., 2009;
Fröhlich et al., 2012).

In summary, our data support the previously
suggested importance of ncRNAs in the regulatory
network of MED4, a view that now can be expanded
to the low-light-adapted strain MIT9313 and prob-
ably Prochlorococcus in general.

Conclusions and possible implications

We discovered a dense promoter activity in both
strains and very diverse transcriptome architectures
between MED4 and MIT9313. A major fraction of
newly identified transcripts is represented by
asRNAs, which infers that the transcript pool is
nearly twice as complex as the annotated gene
content in both MED4 and MIT9313. The accumula-
tion of short asRNAs may be a factor contributing to
the reported short global RNA half-life times
(2.4 minutes) (Steglich et al., 2010) despite Pro-
chlorococcus’ slow doubling times of usually one
per day (Partensky et al., 1999). Not only are these
short asRNAs upon pairing to mRNA perfect sub-
strates for ribonuclease III, which recognizes dou-
ble-stranded RNA, but the partial overlap of
mRNA� asRNA duplexes could also generate addi-
tional entry sites in single-stranded regions for
ribonuclease E (Stazic et al., 2011), which is the
major ribonuclease in regulated mRNA ribolysis.
Thus, a high substrate availability for ribonuclease
might lead to enhanced RNA turnover rates. The
high number of asRNAs compared protein regula-
tors in Prochlorococcus could explain the short
length of the 50UTRs; these regions are essential for
gene regulation through protein regulators (and
trans-acting ncRNAs) but are less important for
asRNA-mediated gene regulation.

Figure 5 Verification of ncRNA candidates by northern blot hybridization. Different stress conditions have been applied for MED4 and
MIT9313 and 5 mg of extracted total RNAwas separated on PAA gels and blotted onto nitrocellulose membranes. The size of RNAs was
estimated by RNA ladder interpolation and from sequencing data. Fold changes (normalized against the internal standard 5S rRNA) of
seven different stresses in comparison with the control hybridization are given in log2.
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