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ilarities but also some specific differences in
regulation of gene expression (tables S21 to S23).
For example, we observed an increase in mRNA
and protein expression of glycolytic enzymes
concomitant with the increase of glycolytic rate
upon medium acidification (Fig. 3, C and D, fig.
S20, and table S15), very similar to what has
been described in L. lactis cultures (29). Re-
sponse to glucose starvation was also similar to
that of L. lactis (Fig. 4, C and E, and table S21)
(30). Part of the stringent response, such as the
induction of peptide and amino acid transporters
and down-regulation of carbohydrate catabo-
lism (31), was conserved in M. pneumoniae (table
S22); other mechanisms, such as the repression
of ribosomal protein operons or rRNA synthe-
sis, were not observed (Fig. 4D and fig. S22).
This is in agreement with the proposed involve-
ment of the RNA polymerase omega subunit
(missing in M. pneumoniae) in sensing guano-
sine pentaphosphate/tetraphosphate [(p)ppGpp]
and thus arresting rRNA biosynthesis (32).

We believe it unlikely that the conserved re-
sponses, and the specific differences in regula-
tion, can be caused only by combinations of the
few TFs that regulate operons and suboperons,
even if one includes regulation through antisense
RNA (6). The presence of genes for synthesis or
degradation of a number of chemical messengers,
such as (p)ppGpp (mpn397|spoT), AppppA
(mpn273|hitl), or c-di-AMP (mpn244|dis4) (fig.
S2 and table S1) (33), implies that signaling
mechanisms have been preserved despite ge-
nome reduction. For example, overexpression of
the spoT gene that regulates (p)ppGpp levels
(31) results in substantial changes in gene ex-
pression, mainly related to the stringent response
(table S24). The presence of genes coding for a
Ser/Thr phosphatase (mpn247|ptcl), two protein
kinases (Ser/Thr/Tyr kinase mpn248|prkC and
mpn223|hrpK, an HPr kinase), and the differen-
tial phosphorylation of key metabolic enzymes
under various growth conditions (33) suggest
posttranslational control. Also, metabolites such
as glycerol regulate gene expression at the base
of the fermentation branches in M. pneumoniae
(34) as well as glucose import (35). This explains
why glycerol is essential in the minimal medium
in a concentration-independent manner (Fig. 4F).

Our results suggest that complex metabolic
regulation can be achieved in a streamlined ge-
nome despite the absence of the respective TFs
probably because of a combination of transcrip-
tional regulators, posttranslational modifications,
and small molecules, including chemical mes-
sengers and metabolites.

Taken together, our newly established M.
pneumoniae resource, containing a manually an-
notated metabolic map, full annotations, reactome,
consistently measured growth curves, and gene
expression profiles corresponding to an exten-
sive list of metabolites, should facilitate integra-
tive systems biology studies at a high resolution.
Comparison with more complex bacteria revealed
systemic features associated with genome stream-

lining, which should be examined in other small
bacteria. Despite its apparent simplicity, we have
shown that M. pneumoniae shows metabolic re-
sponses and adaptation similar to more complex
bacteria, providing hints that other, unknown
regulatory mechanisms might exist.
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Transcriptome Complexity in a
Genome-Reduced Bacterium
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To study basic principles of transcriptome organization in bacteria, we analyzed one of the smallest
self-replicating organisms, Mycoplasma pneumoniae. We combined strand-specific tiling arrays,
complemented by transcriptome sequencing, with more than 252 spotted arrays. We detected
117 previously undescribed, mostly noncoding transcripts, 89 of them in antisense configuration to
known genes. We identified 341 operons, of which 139 are polycistronic; almost half of the
latter show decaying expression in a staircase-like manner. Under various conditions, operons
could be divided into 447 smaller transcriptional units, resulting in many alternative transcripts.
Frequent antisense transcripts, alternative transcripts, and multiple regulators per gene imply a
highly dynamic transcriptome, more similar to that of eukaryotes than previously thought.

Ithough large-scale gene expression
studies have been reported for various
bacteria (/—7), comprehensive strand-
specific data sets are still missing, limiting our
understanding of operon structure and regulation.
Similarly, the number of classified noncoding

RNAs in bacteria has recently been expanded (8),
but a complete and unbiased repertoire is still not
available. To obtain a blueprint of bacterial tran-
scription, we combined the robustness and versa-
tility of spotted arrays [62 independent conditions
and 252 array experiments (9)], the superior res-
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olution of strand-specific tiling arrays (Fig. 1A)
(designed after genome resequencing, table S1),
and the mapping capacity of RNA deep sequenc-
ing [direct strand-specific sequencing (DSSS)]
(Fig. 1A and fig. S1) to analyze one of the smallest
bacteria that can live outside a host cell, Myco-
plasma pneumoniae, with 689 annotated protein-
coding genes and 44 noncoding RNAs (ncRNAs).

Considering DSSS under reference condi-
tions (9) and 43 tiling arrays from four time se-
ries (growth curve, heat shock, DNA damage,
and cell cycle arrest) (table S8), we observed the
expression of all genes. Using a segmentation
algorithm for the tiling arrays (/0), we identified
an additional 117 regions with no previous anno-
tation (table S2) (9). These regions were further
confirmed by DSSS (Fig. 1B and fig. S1) and in
four cases by quantitative polymerase chain re-
action (table S3). Sequence similarity with known
proteins revealed the presence of two previously
undescribed protein-coding genes, one pseudogene,
one N-terminal truncation, and five 5" extensions
of known genes (table S2). The remaining 108
transcripts are probably regulatory rather than
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structural RNAs, because comparison of their
predicted secondary structures with the ones of
coding genes does not show any substantial dif-
ference (9). Eighty-nine of them are antisense with
respect to previously annotated genes. Out of
the nonoverlapping ones, two of them (NEW87
and NEWS) are conserved in M. genitalium and
could be involved in DNA replication and repair,
and in peptide transport, respectively (9) (figs.
S3 to S5). In total, 13% of the coding genes are
covered by antisense; this is twice more than in
yeast (7%) (/1) and about half of what was re-
ported for plants (22.2%) (12, 13) or humans
(22.6%) (14). Antisense transcripts may affect
expression of the overlapping functional sense
transcripts through several mechanisms (75):
Double-stranded RNA-dependent mechanisms
require coexpression with their targets (/6),
whereas transcriptional interference implies the
mutual exclusion of sense and antisense tran-
scripts (17, 18). In M. pneumoniae, we observed
a predominance of double-stranded RNA mech-
anisms as in mammals (/9) (47% positive correla-
tion versus 2% negative correlation). In addition,
we detected a reduced expression level of genes
targeted by antisense transcripts, as reported in
some prokaryotes (9, 18) (fig. S6).

We identified operon boundaries through
sharp transcription changes in the tiling reference
condition by using local convolution methods
(Fig. 1A) (9, 20). More than 90% of the operons
(139 polycistronic and 202 monocistronic oper-
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Fig. 1. Transcriptome feature in the reference condition. (A) The first operon in
the genome on the forward strand has a staircase behavior, meaning that the
consecutive genes have lower and steady expression levels. (B) Example of an
antisense RNA transcript. (C) Analysis of staircase operons. (Left) All reference
operons subdivided by the number of protein-coding genes they contain. (Right)
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ons, table S4) were well supported by DSSS
reads [DSSS alone was not sufficient to unam-
biguously characterize operons (fig. S2) (9)].
Most polycistronic operons contain two or three
genes (Fig. 1C, fig. S7, and table S4); the largest
one is the ribosomal operon containing 20 genes.
For the majority of operons, we observed a ca-
nonical or slightly altered version of a standard
sigma 70 promoter region (fig. S8), with transcrip-
tion starts located within 60 base pairs (fig. S9)
upstream of the translation start (6). In contrast to
previous suggestions (27), we observed, as pro-
posed by others (22), a preferential use of ter-
mination hairpins for the tight regulation of gene
expression (Fig. 1, A and D, and table S5).
Moreover, we found that almost half of the con-
secutive genes within polycistronic operons show
a decay behavior (Fig. 1A and fig. S1), indicating
that such staircase-like expression is a widespread
phenomenon in bacteria (9).

Analysis of the 43 tiling arrays and integration
with 252 spotted arrays representing 173 indepen-
dent conditions, some of them from time series,
revealed context-dependent modulation of operon
structures involving repression or activation of
operon internal genes, as well as of genes located
at the beginning or end (Fig. 2, A and B, fig. S10,
and table S5). In some cases this modulation can
be assigned to specific environmental changes.
Down-regulation of the first four genes of the fisZ
operon involved in the initiation of cell division
corresponds to entry into stationary phase (Fig.
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(D) (Left) Overlap of operon starts and single-gene starts with previously identified
—10 promoter sequence motifs in M. pneumoniae (29) and predicted promoters
based on hexamers. (Right) Overlap of operon ends and single-gene ends with
predicted transcription termination hairpins.
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Fig. 2. Alternative operon structure. The continuous
lines in (A) and (B) indicate expression level mea-
sured with tiling arrays. (A) Alternative transcripts
discovery pipeline (9). Reference operon 001 is split
into three suboperons. (Top) Tiling and DSSS under
reference conditions. (Middle) Specific expression
changes for genes dNAa and xdjI involved in DNA
repair and replication. (Bottom) The coexpression
matrices correspond to the final conditional operon
splitting by 252 arrays. (B) Two examples of condi-
tional operons are presented. (Top) Specific induc-
tion of the middle genes in operon 126 when the
cells reach stationary phase. (Bottom) Repression of
the first four genes of the operon 129 involved in
cell division, when the cells reach stationary phase.
(C), Example of heat shock—induced genes sharing
the known CIRCE element. The calculated consensus
sequence is represented below.
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2B, lower panel). An increase in the expression of
arginine fermentation genes (arcA, arcl, and arcC)

heat shock—induced genes containing a regulatory
CIRCE (controlling inverted repeat of chaperone
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suggest that transcriptional regulation in bacteria
resemble that of eukaryotes more than previously
thought.
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with the class I RNA ligase ribozyme (2—4). This
ribozyme was originally isolated from a large
pool of random sequences (5, 6). It has since
been improved by mutation and selection and has
served as a platform for modeling ribozyme evo-
lution in vitro (6-8). Because it rapidly promotes
a reaction with chemistry identical to that cata-
lyzed by proteinaceous enzymes that replicate
RNA (Fig. 1A) (6), the ligase has provided the
catalytic engine for more sophisticated RNA en-
zymes that use nucleoside triphosphates and the
information from an external RNA template to
synthesize short strands of RNA (2, 3, 9). Al-
though more efficient with some templates than
with others, this primer-extension reaction is gen-
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Primordial organisms of the putative RNA world would have required polymerase ribozymes

able to replicate RNA. Known ribozymes with polymerase activity best approximating that needed
for RNA replication contain at their catalytic core the class | RNA ligase, an artificial ribozyme
with a catalytic rate among the fastest of known ribozymes. Here we present the 3.0 angstrom
crystal structure of this ligase. The architecture resembles a tripod, its three legs converging
near the ligation junction. Interacting with this tripod scaffold through a series of 10 minor-groove
interactions (including two A-minor triads) is the unpaired segment that contributes to

and organizes the active site. A cytosine nucleobase and two backbone phosphates abut

the ligation junction; their location suggests a model for catalysis resembling that of
proteinaceous polymerases.
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(7). Central to this RNA world would have been
polymerase ribozymes able to replicate RNA.
Among the efforts to generate ribozymes with
such ability, the most productive have started

early life forms lacked DNA and coded
proteins, depending instead on RNA for
both chemical catalysis and information storage

The RNA world hypothesis proposes that
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