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Abstract

Rhodobacter capsulatus is a purple, non-sulfur alpha-proteobacterium that is
studied for different aspects of physiology and its ability to produce the bacteriophage
like particle called gene transfer agent (RcGTA). These particles are capable of
transferring ~4 kb of random host DNA to other R. capsulatus through a process
analogous to transduction. The genes that encode the RcGTA particles are located in a
region of ~15 kb called the RcGTA structural gene cluster. The exact regulatory
mechanisms involved in the production of RcGTA remain elusive. | investigated the
regulation of GTA regulatory genes on a global scale using next generation sequencing
methods. | performed investigations to analyse small RNA (sSRNA) sequences genome-
wide using RNA sequencing. | compared an R. capsulatus wild-type strain to a ctrA null
mutant due to previous studies that suggested the global response regulator CtrA might
controll a SRNA that regulates RcGTA gene expression. Using the latest bioinformatic
approach, 422 putative SRNAs were detected in R. capsulatus during early stationary
phase. To get a more detailed insight into the expression of the RCGTA structural gene
cluster | performed total RNA sequencing on a RcGTA overproducer mutant strain of R.
capsulatus. The previously developed differential RNA sequencing (dRNA-seq) protocol,
which can distinguish between primary and processed transcripts, has been modified to
identify transcription start sites (TSS) and to predict transcription termination sites (TTS).
The combination of total RNA and 5’ -3’ specific sequencing data allowed for the
prediction of transcriptional units and to analyze operon complexity in R. capsulatus. The

analysis revealed a complex operon architecture, similar to other bacterial species, with



operons having multiple TSS and TTS, genomic regions of high transcriptional activity
and novel transcripts. Finally, to gain further insight into how RcGTA-associated genes
affect each other, I performed qPCR experiments on eight RcGTA-associated genes
within and outside of the RcGTA structural gene cluster and within five different R.
capsulatus mutant strains. The results indicate that the absence of any one of the known
and putative GTA regulators investigated can have effects on the transcription of GTA

loci.
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Chapter 1 — Introduction and Overview

1.1 Horizontal gene transfer

Horizontal gene transfer (HGT) is the transfer of genetic material between different genomes
and is considered as one of the most powerful forces in the evolution of bacteria and archaea (de
la Cruz & Davies, 2000, Ochman et al., 2000, Lawrence, 2002). HGT is widely recognized as
the mechanism responsible for the widespread distribution of antibiotic resistance genes, gene
clusters encoding biodegradative pathways, and pathogenicity determinants (de la Cruz &
Davies, 2000). HGT involves different mechanisms and mobile genetic elements, and it is
believed to enable bacteria to quickly adapt to various environments (Hacker & Carniel, 2001,
Burrus & Waldor, 2004, Beiko et al., 2005, Kloesges et al., 2011, Lang et al., 2012). New
techniques in the field of genome sequencing have resulted in the characterization of many
bacterial genomes, the results of which support the concept of bacterial genome plasticity due to
HGT (Sorensen et al., 2005). Three main conditions need to be fulfilled in order for HGT to be
successful: there must be a way for the donor DNA to be delivered into the recipient cell and a
transferred gene has to be stably integrated into a cell’s genome; regulatory or genetic structures
cannot be disturbed; and, a functional protein has to be expressed and produced (Ochman et al.,
2000, Susanna et al., 2006). It has been estimated that ~14% of a bacterium’s open reading
frames (ORFs) could represent recently horizontally transferred genes (Nakamura et al., 2004,

Zhaxybayeva et al., 2006).

There are three canonical mechanisms by which HGT can occur in prokaryotes: conjugation
(direct cell to cell transfer of elements such as plasmids), natural transformation (uptake of free

DNA from the environment), and transduction (transfer by phage particles). Conjugation is the



transfer of genetic material through direct cell to cell contact. In Gram-negative bacteria this is
often achieved using a type IV secretion apparatus that produces an extracellular structure called
a pilus (Lederberg & Tatum, 1946, Thomas & Nielsen, 2005). The conjugative transfer systems
observed in Gram-positive bacteria involve the production of multiple small, hydrophobic
peptides that act as signals for interbacterial communication (Chandler & Dunny, 2004). As a
result of the activation of these transfer genes, the production of a membrane protein that
promotes aggregation of the donors and recipients occurs (Waters & Dunny, 2001). Natural
transformation is the stable uptake and integration of free DNA from the environment by a
bacterial cell (Chen & Dubnau, 2004, Thomas & Nielsen, 2005). For natural transformation to be
operative, cells expressing proteins that are required for DNA uptake enter a physiological
condition known as competence (Chen et al., 2005). Transduction is a bacteriophage (phage)-
facilitated transfer of genetic material from one bacterial host to a recipient cell (Zinder &
Lederberg, 1952, Ochman et al., 2000). Two classes of transduction are recognized, specialized
and generalized, depending on how the phage propagates within the host cell. In specialized
transduction, host DNA that is located adjacent to a temperate phage’s integration site is
packaged into the phage particle, as is the case with phage A that can transduce either bio or gal
operon sequences (Morse et al., 1955, Del Campillo-Campbell et al., 1967). During generalized
transduction, which is more typically carried out by lytic phages, random segments of the
bacterial genome that are approximately the same size as the phage genome can be incorporated
into the phage particle, resulting in phages that carry host genetic material (Fogg et al., 2011,

Lang et al., 2012).



1.2 Bacteriophages and prophages

Bacteriophages (phages) are viruses that exclusively infect bacteria. Phages are highly
diverse, with variations in genome composition, structure and complexity (Krupovic et al.,
2010). They represent the most abundant biological entity on our planet, and they occur at
densities that are on average 10-fold more abundant than their bacterial hosts (Bergh et al., 1989,
Ashelford et al., 2003). Studies have estimated ~10%! phage virions to be present in the biosphere
(Suttle, 2007). Direct counts made with electron and epifluorescence microscopy have shown
phages to be abundant in water from marine (Bergh et al., 1989, Bratbak et al., 1990, Hara et al.,

1991) and freshwater habitats (Hennes & Simon, 1995).

The high abundance of phages can influence microbial communities, as the overall phage
population can determine host cell numbers (Hennes et al., 1995, Winter et al., 2004). However,
despite the high abundance and biological importance of phages, their roles in controlling
microbial community structure and in driving microbial population dynamics are unclear. Most
phages have a narrow host range and are restricted to specific species (Santamaria et al., 2014).
Some phages have a broader host range and can therefore infect multiple species. One example
of a phage with a broad host spectrum is the phage Mu, which can infect bacteria from the
Enterobacteriaceae family, including Citrobacter, Escherichia, Erwinia, Salmonella and

Shigella (Paolozzi & Ghelardini, 2006).

In general, tempered phages have two modes of development for phages. One mode is a
lytic development in which a phage infects a cell, replicates within the cell, and then causes cell
lysis to escape into the environment. The released phages have the potential to infect neighboring
cells and repeat the process of penetration, replication, maturation and lysis. One example of a

lytic phage is enterobacteriophage T4 (Streisinger et al., 1961). Lytic phages specifically



regulate their gene expression. Phage T4, for example, relies heavily on multiple phage-encoded
factors (e.g. MotA, AsiA) for the temporal regulation of early, middle and late phage genes
(Hinton, 2010). The lytic development cycle of a phage appears to be the most efficient means of
genome replication and seems to be favored when the host cells are healthy and numerous (Dodd

et al., 2005).

Another mode of development is lysogeny, which is carried out by temperate phages. In
lysogeny, the temperate phage’s DNA is replicated as a prophage that is integrated into the host
cell genome or maintained as a plasmid, with the expression of most viral genes essentially shut
off. One example of a temperate phage is the enterobacteriophage A (Dodd et al., 2005).
Typically, phage replication is regulated by phage-encoded transcription factors which determine
appropriate timing of phage gene expression. One such transcription factor is the A CI repressor,
which binds the operator sequences and prevents the expression of genes that are required for
Iytic development (Ptashne et al., 1980). The activation of host DNA repair systems can lead to
proteolytic cleavage of Cl, and expression of Iytic genes (Little, 1984). Temperate phages, such

as A, can switch between lysogenic and lytic modes of action.

It is believed that phages play a pivotal role in the evolution of prokaryotic genomes and
microbial diversity (Filée et al., 2003, Pal et al., 2007, Rodriguez-Valera et al., 2009). This is
supported by the abundance of phage-derived genetic information in bacterial genomes
(Canchaya et al., 2003, Casjens, 2003), as well as the detection of high numbers of bacterial
genes in viral metagenome studies (Rosario & Breitbart, 2011). Today we know that most
bacterial genomes contain a number of prophages that can be functional or non-functional phage-
like elements (Stanton, 2007), and that these can account for up to 20% of a bacterial genome

(Casjens, 2003). Some bacteria, like Escherichia coli, Xylella fastidiosa and Shigella flexneri,

-5-



contain between 7 and 20 prophages within their genomes (Blattner et al., 1997, Simpson et al.,
2000, Hayashi et al., 2001, Qi et al., 2002). Functional prophages can be stimulated to enter the
Iytic cycle by a variety of stressors, such as UV light and chemicals (e.g. Mitomycin C). A non-
functional prophage is incapable of self-replication but may still provide some biological
function and serve as an important contributor to genome evolution (Stanton, 2007). The
lysogenic phage cycle is believed to have an important influence on the evolution of both the
phage and the host. The influence on the phage can be through recombination with other phages
that enter the cell, while the influence for the cell can be through the provision of novel genes

(Krupovic et al., 2011).

1.3 Phage-like gene transfer agents (GTAS)

Gene transfer agents (GTASs) were first discovered in 1974 in the bacterium Rhodobacter
capsulatus as virus-sized, DNase-resistant, and protease-sensitive mediators of cell contact-
independent genetic exchange (Marrs, 1974, Solioz et al., 1975). Since the initial discovery of
the R. capsulatus GTA (RcGTA), GTAs have been identified in diverse prokaryotic species such
as Brachyspria hyodysenteriae (Humphrey et al., 1997), Bartonella henselae (Anderson et al.,
1994), Methanococcus voltae (Eiserling et al., 1999) and Desulfovibrio desulfuricans (Rapp &
Wall, 1987). GTAs are tailed phage-like particles that contain DNA from the producing cell’s
genome and which are released into the extracellular environment via lysis of the producing cell

(Figure 1.1) (Stanton et al., 2008, Lang et al., 2012, Lang et al., 2017).



Figure 1.1: Production of gene transfer agents. (A) An array of genes that are typically organized in clusters encode the GTA particles.

(B) Genomic DNA is randomly incorporated into the phage-like particles. (C) The GTAs are then released out of the cell by cell lysis.



GTAs can vary in capsid size and cargo size between different bacterial species. Capsid sizes
vary from 30 to 80 nm and they contain from 4 to 14 kb of DNA packaged in the protein capsid
shell (Yen et al., 1979, Rapp & Wall, 1987, Humphrey et al., 1995, Eiserling et al., 1999,
Barbian & Minnick, 2000, Nagao et al., 2015, Tomasch et al., 2018). Phages usually package
their entire genomes and can replicate in suitable infected host cells. By contrast, GTA particles
do not package sufficient DNA to encode their own production and no GTA-directed replication
occurs in infected cells (Lang & Beatty, 2000, Matson et al., 2005). GTAs contain fragments of
DNA from across the entire genome of the host cell that vary in size and most GTA particles do
not contain any GTA-encoding genes (Lang & Beatty, 2007, Stanton, 2007, Lang et al., 2012).
This means that GTAs are non-replicative. The production of GTA particles is dependent on the
host’s physiology, and the factors controlling their production appear to differ between different
organisms. For example, in R. capsulatus the highest production of GTA particles is observed in
the stationary phase of lab cultures (Solioz et al., 1975) whereas in B. hyodysenteriae production
of the particles is increased in response to certain DNA-damaging antibiotics (Humphrey et al.,

1995, Stanton et al., 2008).

1.4 Rhodobacter capsulatus and RcGTA

R. capsulatus is classified within the Rhodobacterales order in the class of a-proteobacteria.
R. capsulatus is a model organism for the study of GTASs and has also been used previously for
studying photosynthesis, cellular energetics, and nitrogen fixation due to its metabolic diversity
(Imhoff, 1995, Madigan, 1995, Pemberton et al., 1998, Haselkorn et al., 2001). This species can
grow aerobically as well as anaerobically using various sources of organic carbon and terminal

electron acceptors (Imhoff, 1995). It is also capable of growing photoheterotrophically using
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light as an energy source (Pemberton et al., 1998). The R. capsulatus genome is comprised of a
3.7-Mb chromosome as well as a 134-kb circular plasmid. Both the chromosome and the plasmid
have relatively high GC content of 66.6% (Haselkorn et al., 2001, Strnad et al., 2010). Within its
genome there are large regions of functionally clustered genes, including 8 clustered interspaced
short palindromic repeat (CRISPR) regions, a photosynthesis gene cluster of ~45 kb, and 237
phage-like genes, including the RcGTA gene cluster (Strnad et al., 2010). Most of the genes
encoding RCGTA are organized in a ~15 kb cluster (RCAP_rcc01682 to RCAP_rcc01698) (Lang
& Beatty, 2002) comprising 17 ORFs in an operon that encodes most of the GTA particle
proteins (Lang & Beatty, 2000), however at least five additional RcGTA related genes are
encoded at two distant loci (Hynes et al., 2012, Hynes et al., 2016, Westbye et al., 2016) (Figure
1.2). A search for the 15 GTA genes from R. capsulatus in complete and draft bacterial genomes
showed that they are widely present in most a-proteobacteria, with an especially high rate of
complete gene clusters present in the Rhodobacterales order (Lang & Beatty, 2007, Biers et al.,

2008)



rcc00171 rcc00555 rcc00556 rcc01079 rcc01080 rcc01865 rcc01866

- ~390kb ~555kb - ~670kb  |R. capsulatus structural| ~187kb D
: gene cluster o

rcc01682 rcc01699

Figure 1.2: The RcGTA structural gene cluster (bottom) and additional genes involved in RcGTA particle production (top). Individual
ORFs are drawn to scale and the distances between loci are shown. Putative roles of encoded gene products are shown below each
gene. The genes represented in orange were not experimentally found associated with purified RCGTA particles in a previous

proteomic study whereas genes represented in blue encode proteins associated with the purified RcGTA particles (Chen et al., 2008).
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The GTA particles of R. capsulatus resemble small tailed phages and have a head diameter of
~30 nm and a tail length of ~50 nm (Yen et al., 1979). Only approximately 4 kb of genomic
DNA is incorporated into its GTA particles (Lang & Beatty, 2000). This amount of DNA is not
sufficient to contain all the GTA structural genes necessary to encode the production of new
particles inside a recipient cell (Lang & Beatty, 2000, Matson et al., 2005). Transcription levels
of the GTA genes and the amount of GTA particles released into the extracellular milieu are
dependent upon several cellular regulatory systems (Mercer et al., 2012, Lang et al., 2017,

Westbye et al., 2017).

One of the cellular regulatory systems on which the production of RcGTAs is dependent is a
two-component signal transduction pathway that involves the global response regulator protein
CtrA. Two-component signaling systems are bacterial signal transduction pathways that can
mediate rapid alterations in gene expression in response to environmental and intracellular
changes (Galperin & Gomelsky, 2005). The CtrA protein was first characterized in Caulobacter
crescentus (Quon et al., 1996), where it acts as a master regulator of the cell cycle and is
essential for cell viability (Skerker & Laub, 2004). CtrA has also been found to control the
expression of small RNAs (sRNAs) in C. crescentus (Landt et al., 2008). In contrast to C.
crescentus, the CtrA protein is not essential in R. capsulatus and does not seem to be involved in
cell cycle processes. However, it has been found that CtrA is required for the transcription of the
RcGTA gene cluster (Mercer et al., 2010). In the absence of ctrA, a complete loss of RCGTA
expression can be observed (Lang & Beatty, 2002). Although no predicted CtrA binding sites
have been identified upstream of the RCGTA gene cluster, it seems likely that CtrA somehow
directly controls the RcGTA genes or it regulates a binding factor that affects the RcGTA gene

cluster. Since CtrA in C. crescentus was found to be involved in SRNA expression, it is
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conceivable that CtrA in R. capsulatus has a similar mechanism, regulating a SRNA that itself
regulates RcGTA production in the presence of CtrA. To date only a few SRNAs have been
identified that are involved in the regulation of GTA regulating genes, which makes more
research necessary to illuminate the role of SRNAs, and RNAs in general, in the production and

release of RcGTAs.

1.5 Distribution of known gene transfer agents

Over the last decade we have seen an increase in sequenced bacterial genomes, which has
allowed for a more comprehensive search for the distribution of GTAs. The evolutionary
relationships between species that have been identified to possess complete or incomplete GTA
gene clusters have been described in phylogenetic studies using RcGTA as a model (Lang &
Beatty, 2007). It was found that the most highly scoring nucleotide BLAST (Basic Local
Alignment Search Tool) hits corresponding to RcGTA sequences were from a-proteobacteria, in
which most species contained at least some of the genes that are required to encode GTA

particles (Lang & Beatty, 2007).

It is believed that RcGTA-like genes have been transmitted vertically from a GTA-containing
ancestor strain (Lang & Beatty, 2007). The fact that GTAs are evolutionary conserved helps
support the hypothesis that GTAs provide a selective advantage that benefits the host species
(Lang et al., 2012). However, to date, the sole known function for GTAs is to mediate gene

transfer.

More than 25% of marine prokaryotic communities may be represented by the Roseobacter

lineage in the Rhodobacterales, and numerous isolates of these bacteria have been found to
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express GTA capsid proteins (Fu et al., 2010). Studies showed that up to 47% of laboratory
culturable recipient strains can receive genetic material through GTA-mediated transfer, which
suggests that cross-species gene transfer via GTAs may occur in the natural environment
(McDaniel et al., 2010). The fact that many bacterial species have been found to possess the
necessary genes that are required to encode GTAs and the potential that functional particles are
actually produced by many of these species, suggests that GTAs may play a pivotal role in the

overall evolution of bacterial genomes and the shaping of microbial communities in general.

The GTAs produced by different organisms can vary greatly in some aspects of their
molecular biology. The GTA of B. hyodysenteriae for example is encoded in two co-regulated
gene clusters (Matson et al., 2005, Stanton et al., 2009). Unlike R. capsulatus, the B.
hyodysenteriae GTA structural genes show no sequence homology with known phage genes. The
GTAs of B. henselae can encapsulate up to 14 kb of linear DNA (Anderson et al., 1994). In
general, DNA segments from throughout the producing cells’ genomes are incorporated into the
GTA particles in most organisms (Yen et al., 1979, Rapp & Wall, 1987, Humphrey et al., 1997,
Bertani, 1999, Hynes et al., 2012). The first documented clear deviation from random packaging
comes from the bacterium Dinoroseobacter shibae where chromosomal position and GC content
are associated with differences in packaging, and DNA from different replicons in the cells are
packaged at very different rates (Tomasch et al., 2018). DNA packaging into tailed phage
particles is performed by the terminase enzyme (Casjens, 2011), and the Bartonella, R.
capsulatus and D. shibae GTA clusters contain predicted terminase-encoding genes (Lang &
Beatty, 2000, Berglund et al., 2009, Tomasch et al., 2018). The sequence specificity of this
enzyme, or lack thereof, possibly combined with other features of the genomic DNA, are

expected to determine exactly what DNA is packaged into the GTA particles. The organization
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of the GTA structural genes are not yet known for Methanococcus voltae and Desulfovibrio

desulfuricans.

It was recently pointed out that GTAs carrying DNA would mimic viral particles under
epifluorescence microscopy if they contain enough DNA to be detected (Forterre et al., 2013,
Soler et al., 2015). It has been estimated that there are up to a billion virus particles in every
milliliter of seawater (Suttle, 2005). GTAs could potentially represent a portion of these particles
(Lang & Beatty, 2007, Rohwer & Thurber, 2009, Kristensen et al., 2010). Therefore, further
work is needed to specifically quantify GTASs in environmental samples to understand how much
of a contribution they make to what we currently view as the viral fraction within environmental
samples (Forterre 2013). This will then also allow us to understand better the contributions of
GTAs to gene exchange in natural environments. One of the fundamental unanswered questions
regarding GTAs remains if and how they contribute to adaptations and increased fitness of the
organisms in nature. Based on what is known about GTAs today, it appears that they function
solely to mediate gene exchange and therefore act as a driving force in the evolution of bacterial
genomes. Regulation of one GTA by cellular systems, such as quorum-sensing, supports the

possibility that GTA production is purposeful and beneficial.

1.6 RNAs and their involvement in bacterial gene regulation

Bacteria have developed diverse mechanisms of regulation that can act at several
different levels of gene expression. The first level of gene regulation is via controlling the
initiation of transcription, and most transcription-regulating pathways involve proteins that bind

to DNA, which cause genes to be expressed or repressed, depending on a protein’s unique
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interaction with DNA. However, it is now known that RNAs also act as regulatory molecules for

gene expression regulation.

The involvement of SRNAs in gene regulation was first discovered in the early 1980s in
regulation of expression of to the outer membrane proteins OmpF and OmpC in E. coli (Mizuno
et al., 1984). That study identified the interaction of a SRNA encoded by the ompC gene with an
ompF mRNA. It was proposed that the SRNA OmpC inhibits the translation of the ompF mRNA
by means of hybridization, causing premature termination of translation and/or destabilization of
the ompF mRNA. Another study investigated the involvement of a plasmid-derived antisense
SRNA (RNA®) in the regulation of the expression of iron transport genes in Vibrio anguillarum
(Chen & Crosas, 1996). The authors found that synthesis of RNAa was dependent on the ferric
uptake regulator (Fur) at the level of transcription initiation, and independent of the iron status of
the cell. The study was able to show that RNAa plays a role in the negative regulation of the
expression of the iron transport genes under physiological conditions. In the early 2000s, new
computational approaches allowed for systematic genome-wide screenings for regulatory RNA
molecules (Rivas & Eddy, 2001, Rivas et al., 2001). These studies successfully identified many
novel structural RNA genes and SRNAs based on comparative sequence analysis algorithms. In
addition to bioinformatics, traditional cloning-based techniques and microarray experiments have
been used to screen for SRNAs and have played a key role in confirming predictions from

computational approaches.

Bacterial regulatory SRNAs can modulate transcription or translation (Storz, 2002). The
mechanisms by which sSRNAs do this include: changes within RNA conformation, protein

binding, base pairing with other RNAs, and interactions with DNA (Waters & Storz, 2009).
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Regulatory sRNAs can be divided into two major classes with respect to their mechanism
of action. The first class of regulatory SRNAs act post-transcriptionally by binding to proteins
and modifying the protein’s activity. An example of a protein-binding SRNA is CsrB (Romeo,
1998). CsrB is a SRNA involved in the global carbon storage regulator (Csr) system and is
important for growth efficiency in bacteria. The SRNA CsrB is essential to the Csr system as it
works to inactivate the RNA-binding protein, CsrA, which ultimately leads to the translation of
CsrA-targeted mRNASs. The SRNA CsrB is also an example for a group of SRNAs that can have
protein-specific binding sites that allow them to capture several proteins at once. In the case of
CsrB, the SRNA can form a large globular ribonucleoprotein complex with approximately 18

CsrA proteins, which antagonizes the effects of CsrA in vivo (Romeo, 1998).

The second class of regulatory SRNAs act by base-pairing with a target mRNA to modify
the mRNA’s translation or stability. This can be achieved by either cis- or trans-encoded base-

pairing (Figure 1.3).
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Figure 1.3: Gene arrangement and regulatory functions of base-pairing small regulatory RNAs.
(A) Two possible configurations of cis-encoded antisense SRNAs (red) and their target RNAs
(blue), which share extensive complementarity. Left panel: a SRNA encoded opposite to the 5°-
UTR of its target mMRNA. Base pairing inhibits ribosome binding and often leads to target mMRNA
degradation. Right panel: a SRNA encoded opposite to the sequence separating two genes in an
operon. Base pairing of the SRNA can target RNases to the region and cause MRNA cleavage,
with various regulatory effects, or the SRNA can cause transcriptional termination by binding to
the ribosome binding site (RBS), leading to reduced levels of expression of the downstream
genes. (B) Genes encoding trans-encoded sSRNAs (red) are located separately from the genes
encoding their target RNAs (blue) and only have limited complementarity. Trans-encoded
sRNAs can act negatively with the 5’-UTR and block ribosome-binding (left panel) and/or
targeting the SRNA-mRNA duplex for degradation by RNases (middle panel). Trans-encoded
SRNAs can act positively by preventing the formation of an inhibitory structure, which
sequesters the ribosome binding site (right panel) (based on a figure from (Waters & Storz,
2009)).

Cis-encoded anti-sense SRNAs are encoded on the DNA strand opposite the target RNA
and share extended regions of complete complementarity with their target, often 75 nucleotides
or more (Wagner et al., 2002). Cis-encoded anti-sense SRNAs can cause the activation or
inhibition of translation, or the degradation of target mMRNAs. Trans-encoded SRNAs are
encoded in a different locus than their targets and may share only limited complementarity with
their target mMRNA. In some cases, only two or so short (7-9 nucleotides) regions of
complementarity are involved in the interaction between the RNAs. This limited
complementarity has been found to enable trans-encoded sRNA to regulate multiple target
MRNAs (Masse et al., 2007). The majority of known cis- or trans-encoded anti-sense SRNAs
regulate their target mMRNA by inhibiting translation (Gottesman, 2005, Aiba, 2007). In the case

of positive regulation, the SRNA binds to its target MRNA and causes stabilization of the target
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and initiation of translation. Like cis-encoded sSRNAs, trans-encoded SRNAs can regulate the
translation or stability of their target mMRNAs. In most cases in which a SRNA interacts with a
target mMRNA, the chaperone protein Hfq facilitates the association with the mRNA target and, in
some cases, protects the SRNA from ribonuclease cleavage by regulating access of the SRNA to
RNase E (Moller et al., 2002, Zhang et al., 2002, Geissmann & Touati, 2004, Vogel & Luisi,
2011, De Lay et al., 2013). Regulatory sSRNAs have been predicted to play a major role in
improving bacterial adaptation to environmental changes (Guillier et al., 2006, Vogel &

Papenfort, 2006, Valentin-Hansen et al., 2007).

Another group of SRNASs that have regulatory effects on their targets, called sponge
RNAs, have been identified and described in recent years. The first sponge RNAs in prokaryotes
were discovered in 2009 in Salmonella enterica (Figueroa-Bossi et al., 2009) and in E. coli
(Overgaard et al., 2009). Bacterial SRNA promoters can be so powerful that it becomes
challenging for the cell to repress them, even under full repression conditions (Lalaouna et al.,
2015). This can cause transcriptional noise from the SRNA promoters. Therefore, bacterial cells
have developed sponge RNAs that are capable of sequestering SRNAs when they are present in
excess. One example of such a sponge RNA is the tRNA-derived sponge RNA 3’ETS'®“Z of E.
coli (Lalaouna et al., 2015). Bacterial transfer RNAs (tRNAs) are processed from long primary
transcripts containing 5’- and 3’external transcribed spacers (ETS), as well as internal
transcribed spacers (ITS). These spacers separate tRNA genes into polycistronic transcripts. The
maturation of a tRNA involves several endonucleolytic cleavage events that are followed by
exonucleolytic trimming, resulting in the mature tRNA. The ETS and ITS remnants are thought

to undergo rapid degradation (Li & Deutscher, 2002). 3°’ETS""? is derived from the glyW-cysT-
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leuZ operon, which encodes three tRNA genes that are co-transcribed as a tricistronic precursor,
which is subsequently cleaved into the mature forms of the three tRNAs (Li & Deutscher, 2002,
Ow & Kushner, 2002). It was found that 3°ETS'®“Z contains a conserved sequence that is capable
of binding both RybB and RyhB by base pairing of short stretches of RNA. The SRNA RybB is
involved in the regulation of a cell envelope stress response under the control of the alternative
sigma factor of. RybB regulates multiple mRNA targets in the cell that encode some of the
major outer membrane proteins (OMPS), such as porins and transporters, by base pairing with
their 5°-UTR, thus causing repression of their synthesis (Johansen et al., 2006, Gogol et al.,
2011). The sRNA RyhB coordinates bacterial responses to iron starvation (Masse et al., 2005,
Salvail et al., 2010) and is in turn controlled by Fur. In iron-rich conditions, ryhB is repressed by
Fur. Under iron starvation conditions, however, Fur is inactive and ryhB becomes highly
expressed, inducing the rapid degradation of several mMRNAs that produce non-essential Fe-using
proteins (Masse et al., 2005, Jacques et al., 2006). 3’ETS'®? only sequesters rybB and ryhB when
the SRNAs are present in large stochiometric excess. This way 3’ETS"®“Z sets a concentration
threshold that either SRNA must reach to become effective in regulation. Since both rybB and
ryhB sRNAs are competing for the same sponge, the threshold that is being dictated by 3°ETS!®Z
has been predicted to vary depending on the level of expression of RybB to RyhB or vice versa.
At the same time, while 3’ETS'®"Z sequesters its target SRNAs, the levels of the mature tRNA
from the same precursor remain unaffected, which suggests that 3°ETS"®" itself is a functional

RNA.
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1.7 Next-generation sequencing and transcriptomics

Sequencing technologies have applications ranging from genome sequencing, epigenetics
and metagenomics to the discovery of SRNAs and protein binding sites (Hall, 2007, Holt &
Jones, 2008, Marguerat et al., 2008, Snyder et al., 2009). The introduction of next-generation
sequencing technology, which became first available in 2005 (Margulies et al., 2005), initially
aimed to (re)sequence genomes in a shorter time and at a lower cost than traditional Sanger
sequencing (Sanger et al., 1977). The ability of this new technology in the early stages was
limited to short reads of around 36 to 100 nucleotides, which was adequate for resequencing
applications, but too short for de novo assembly (MacLean et al., 2009). In the last decade, new
high-throughput next-generation sequencing technologies, all using different underlying
biochemistries, have been developed that are capable of read lengths of more than 300 bp and of

producing millions of DNA sequence reads in a single run (Mardis, 2008).

Before the commercial application of next-generation sequencing, microarrays were used
to investigate the bacterial transcriptome. Microarrays use probes to simultaneously analyze the
expression of thousands of genes. Each probe thereby targets a unique sequence within a
transcript of interest. The results obtained with this method are a snapshot of actively expressed
genes and transcripts at a given point in time. One of the drawbacks of most microarrays is that
the snapshot of the transcriptome they provide is incomplete. They cannot detect previously
unidentified genes or transcripts. Therefore, microarrays will miss changes in the expression in
those genes, which may be associated with a phenotype of interest. Next-generation sequencing
on the other hand offers a more comprehensive sequence coverage through single-read or paired-

end sequencing, enabling the rapid and deep profiling of the transcriptome.
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The benefits of high-throughput RNA sequencing (RNA-seq) over microarrays include
the ability to detect novel transcripts because of its independence from species- or transcript-
specific probes (Wang et al., 2009, Wilhelm & Landry, 2009). RNA-seq has a wider dynamic
range (>10° for RNA-seq vs. 10° for microarrays) because of its ability to measure gene
expression as discrete, digital sequencing read counts (Zhao et al., 2014). RNA-seq has a higher
specificity and sensitivity for differentially expressed genes, especially those with low
expression, compared to microarrays (Wang et al., 2014, Liu et al., 2015, Li et al., 2016). In the
last decade, RNA-seq methods have been employed to identify RNAs on a genome-wide scale in
numerous bacterial species, e.g. E. coli (Shinhara et al., 2011), Pseudomonas aeruginosa
(Wurtzel et al., 2012), Clostridium difficile (Soutourina et al., 2013), and R. sphaeriodes

(Berghoff et al., 2009, Berghoff et al., 2011).

1.8 Research goals

The initial hypothesis for this thesis research is that CtrA might regulate transcription of a
SRNA that affects expression of the RcGTA genes, which could have previously been missed
using microarray experiments. The possibility of SRNA involvement will be approached by
utilizing a next-generation SRNA-seq approach to perform a comparative analysis of SRNA
expression in wild-type and ctrA mutant strains of R. capsulatus (Chapter 2). | will investigate
the whole transcriptome of R. capsulatus using total RNA-seq to gain insight into the
transcription of all R. capsulatus genes during the early stationary phase of growth. To gain
greater insight into the expression of RcGTA-related genes, | will perform a comparative
analysis of wild-type and RcGTA-overproducer mutant strains for my sequencing experiments. |

will combine these data with a newly developed 5° and 3’ end-targeted sequencing approach to
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define the operon structure in R. capsulatus (Chapter 3), since most of the previous knowledge
about operon structure in this bacterium is based on computational predictions and a limited
amount of experimental data. Lastly, | will perform a study on the transcription of different
RCcGTA loci to investigate the effect that loss of function of RcGTA-regulating genes has on the
different RcGTA loci (Chapter 4). I will utilize the data from Chapter 3 to predict transcripts
from the genes of interest to optimize this analysis. The results of the work presented in this
thesis further elucidate the regulatory complexity involved in controlling the R. capsulatus
transcriptome and provide starting points for future work on the regulation of RcGTA gene

transcription.
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Chapter 2 - Genome-wide identification and characterization of small RNAs in
Rhodobacter capsulatus and identification of small RNAs affected by loss of the response

regulator CtrA

Abstract

Small non-coding RNAS (sRNAs) are involved in the control of numerous cellular
processes through various regulatory mechanisms, and in the past decade many studies have
identified SRNAs in a multitude of bacterial species using RNA sequencing (RNA-seq). Here,
we present the first genome-wide analysis of SRNA sequencing data in Rhodobacter capsulatus,
a purple non-sulfur photosynthetic alpha proteobacterium. Using a recently developed
bioinformatics approach, SRNA-Detect, we detected 422 putative SRNAs from R. capsulatus
RNA-seq data. Based on their sequence similarity to SRNAs in a SRNAs collection, consisting of
published putative SRNAs from 23 additional bacterial species, and RNA databases, the
sequences of 124 putative SRNAs were conserved in at least one other bacterial species; and, 19
putative SRNAs were assigned a predicted function. We bioinformatically characterized all
putative SRNAs and applied machine learning approaches to calculate the probability of a
nucleotide sequence to be a bona fide SRNA. The resulting quantitative model was able to
correctly classify 95.2% of sequences in a validation set. We found that putative cis-targets for
antisense and partially overlapping SRNAs were enriched with protein-coding genes involved in
primary metabolic processes, photosynthesis, compound binding, and with genes forming part of
macromolecular complexes. We performed differential expression analysis to compare the wild-

type strain to a mutant lacking the response regulator CtrA, an important regulator of gene
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expression in R. capsulatus, and identified 18 putative SRNAs with differing levels in the two
strains. Finally, we validated the existence and expression patterns of four novel SRNAs by

Northern blot analysis.

2.1 Introduction

Bacterial small non-coding RNAs (SRNAs) are regulatory RNAs that are heterogeneous
in size (generally approximately 50 to 250 nucleotides) and structure. SRNAs are known to
function in a number of regulatory processes such as inhibition and activation of translation,
degradation and stabilization of mRNA, transcriptional interference, and control of protein
activity. SRNAs are usually classified into five categories based on their regulatory mechanisms.
Cis-encoded base-pairing RNAs are those that bind to their mMRNA target with the highest degree
of complementarity. An example of this type of SRNA is GadY, which is involved in the
regulation of the acid response system of Escherichia coli (Castanie-Cornet et al., 1999, De
Biase et al., 1999). Riboswitches are cis-regulatory elements that directly bind a metabolite when
abundance of this metabolite exceeds a threshold level. This binding induces a conformational
change in the RNA to form a structure that affects transcription termination or translation
initiation (Serganov & Nudler, 2013).Some riboswitches also function as SRNAs and are able to
act in trans, such as the S-adenosylmethionine (SAM) riboswitches SreA and SreB of Listeria
monocytogenes (Loh et al., 2009).These two riboswitches regulate the expression of the
virulence regulator PrfA by pairing with the 5 untranslated region (UTR) of its mRNA (Loh et
al., 2009). Trans-encoded base-pairing small RNAs have limited complementarity to their target
MRNA(s) and can, in some cases, regulate more than one target. A well-characterized example

of a trans-encoded regulatory SRNA is RyhB, which is involved in the regulation of intracellular
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iron usage in bacteria such as E. coli (Hantke, 2001). Protein modulator SRNAs are ones that
counter the activities of mMRNA-binding proteins. An example is CsrB, which is part of the
carbon storage regulator (Csr) system in E. coli (Romeo, 1998). The final category consists of
the clustered regularly interspaced short palindromic repeat (CRISPR) RNAs (crRNASs), which
are palindromes interspaced with short unique spacer sequences that act as a defence mechanism

against homologous foreign DNA, such as that from viruses (Storz et al., 2011).

Numerous cellular processes, such as metabolic reactions, quorum sensing, biofilm
formation, stress responses, and pathogenesis, are controlled by SRNAs in various species of
bacteria (Michaux et al., 2014). In the last decade, high-throughput RNA sequencing (RNA-seq)
methods have been employed to identify SRNAs on a genome-wide scale in numerous bacterial
species (see Table 2.1 for some examples). In this work, we used SRNA-Detect (Pena-Castillo et
al., 2016) to perform the first genome-wide detection of SRNAs from RNA-seq data in the purple
non-sulfur alpha proteobacterium Rhodobacter capsulatus. This is an organism of interest for its
metabolic versatility (Imhoff, 2005) and production of a gene transfer agent (Lang et al.,
2012).We performed comparative RNA-seq targeting SRNAs in the R. capsulatus wild-type
strain, SB1003, and a mutant strain, SBRM1, lacking the histidyl-aspartyl phosphorelay response
regulator CtrA, and identified 422 putative SRNAs expressed in R. capsulatus in the early
stationary growth phase when growing in photoheterotrophic conditions. Among these 422
putative SRNAs, we identified 18 SRNAs with differing levels in the two strains. Based on
significant matches to sequences in the Rfam database (Burge et al., 2013), in the RNAcentral
database (Consortium, 2015), and in the bacterial small regulatory RNA database (BSRD) (L.i et
al., 2013), 19 of the 422 putative SRNAs were assigned a predicted function. The transcript

levels for selected SRNA candidates were validated by Northern blot analysis.
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Table 2.1: List of bacterial species and SRNAs used for comparative analysis.

H37Rv

Species Phylum or class Genome Number Reference
assembly of
accession number  sRNAs
Chlamydia trachomatis Chlamydiae NC_010280.2 46 (Albrecht et al.,
L2b/UCH-1/proctitis 2010)
Clostridium difficile 630 Firmicutes NC_009089.1 253 (Soutourina et al.,
2013)

Streptococcus pneumoniae Firmicutes NC_003028.3 88
TIGR4
Bacillus subtilis subsp. Firmicutes NC_000964.3 84 (Rasmussen et al.,
subtilis str. 168 2009)
Corynebacterium glutamicum Actinobacteria NC_003450.3 805 (Mentz et al., 2013)
ATCC 13032
Mycobacterium tuberculosis  Actinobacteria NC_000962.3 258 (Miotto et al., 2012)
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Propionibacterium acnes Actinobacteria AE017283.1 79 (Linetal., 2013)
KPA171202
Streptomyces venezuelae Actinobacteria NC_018750.1 175 (Moody et al.,
ATCC 10712 2013)
Streptomyces avermitilis MA- Actinobacteria NC_003155.4 199 (Moody et al.,
4680 2013)
Streptomyces coelicolor A3 Actinobacteria NC_003888.3 92 (Moody et al.,
2013)
Campylobacter jejuni Epsilonproteobact NC_003912.7, 102 (Dugar et al., 2013)
RM1221, 81-176, 81116, and eria NC _008787.1,
NCTC11168 NC_009839.1,
NC_002163.1
Helicobacter pylori 26695 Epsilonproteobact NC_000915.1 276 (Sharma et al.,
eria 2010)
Neisseria gonorrhoeae FA Betaproteobacteria NC_002946.2 231 (McClure et al.,
1090 2014)
Caulobacter crescentus sp.  Alphaproteobacter NC_010338.1 29 (Landt et al., 2008)

K31

ia
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Rhodobacter capsulatus Alphaproteobacter NC_014034.1 422 This work

SB1003 ia
NC_014035.1
Agrobacterium tumefaciens  Alphaproteobacter NC_003062.2, 187 (Wilms et al., 2012)
ia NC_003063.2
Rhodobacter sphaeroides Alphaproteobacter NC_007493.2, 28 (Berghoff et al.,
2.4.1 ia NC_007494.2 2009, Berghoff et

al., 2011)

Sinorhizobium meliloti 1021  Alphaproteobacter NC _003047.1 150 (Schluter et al.,

ia 2010)
Vibrio cholerae O1 biovar EI Gammaproteobact NC_002505.1, 480 (Bradley et al.,
Tor str. N16961 eria NC_002506.1 2011)
Pseudomonas aeruginosa Gammaproteobact NC_008463.1 165 (Wurtzel et al.,
UCBPP-PA14 eria 2012)
Escherichia coli str. K-12 Gammaproteobact NC_000913.2 309 (Shinhara et al.,
substr. MG1655 eria 2011)
Erwinia amylovora ATCC Gammaproteobact NC_013971.1 40 (Zeng & Sundin,
49946 eria 2014)
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Yersinia pestis KIM10+ Gammaproteobact NC_004088.1 31 (Beauregard et al.,

eria 2013)
Salmonella enterica subsp. Gammaproteobact NC _016810.1 113 (Kroger et al.,
enterica serovar eria 2012)

Typhimurium str. SL1344

We collected genome sequences and published putative SRNAs from 23 additional
bacterial species, which included representatives from the phyla Chlamydiae, Firmicutes, and
Actinobacteria, and the Alpha-, Beta-, Gamma-, and Epsilonproteobacteria classes of the
phylum Proteobacteria. This yielded a collection of 4,725 predicted SRNAs. Based on sequence
comparisons, 124 of the 422 putative R. capsulatus SRNAs were conserved in at least one other

bacterial species.

Finally, we characterized all putative SRNAs for four bioinformatics characteristics and
then applied machine learning approaches to develop a quantitative model to calculate the
probability of a given RNA sequence to be a bona fide SRNA. The model was able to correctly

classify 95.2% of sequences in a validation set.

2.2 Materials and Methods

2.2.1 R. capsulatus growth and RNA isolation
R. capsulatus cultures were grown under anaerobic phototrophic conditions at 35°C in

complex YPS medium (Weaver et al., 1975) until four hours after reaching stationary phase. The
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culture was mixed 5:1 with 95% ethanol and 5% saturated phenol (Jahn et al., 2008), the cells
were pelleted by centrifugation, the supernatant was removed, and the cell pellets were frozen in
dry ice/ethanol and stored at -80°C until RNA isolations were performed. SRNA purification was
performed with the NucleoSpin® miRNA kit (MACHEREY-NAGEL) following the

manufacturer’s protocol for purification of the small RNA fraction (<200 nts).

2.2.2 Library preparation and sequencing

The isolated small RNA fraction was used for RNA library preparation for sequencing
using an lon Torrent Personal Genome Machine (PGM; Thermo-Fisher). The RNA quality was
checked prior to library preparation using an Agilent Bioanalyzer (Agilent Technologies).
Library preparation followed the manufacturer’s recommendations for small RNA libraries with
the RNA-seq Kit v2 (Thermo-Fisher). The library was amplified using an lon Torrent One Touch
2 system. The samples were loaded individually on 316 v2 chips and sequenced with the number

of flows set to 550.

2.2.3 Processing of RNA-seq data

The RNA-seq data quality was verified using the FastQC tool (version 0.10.0) and reads
were filtered and trimmed using the fastq_quality _trimmer available in the FASTX Toolkit
(version 0.0.13.2) with a quality threshold of 22 and minimum read length of 28 nucleotides.
Filtered and trimmed reads were mapped to the R. capsulatus genome using the Torrent mapper
tmap (version 3.0.1), executed with the parameters: -B 18 -a 2 -v stagel mapl map2 map3.

Mapping statistics were obtained using samtools (Li et al., 2009).
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2.2.4 Detection of SRNAs from RNA-seq data

SRNAs were predicted from mapped RNA-seq data using SRNA-Detect (Pena-Castillo et
al., 2016). sSRNA-Detect constructs a coverage vector using the function GenomicArray available
in HTSeq (Anders et al., 2015) (version 0.5.4p5) and then goes through the genomic intervals in
the coverage vector and finds continuous segments between 20 and 250 nucleotides long with
similar numbers of reads, with a maximum percentage change of 3% allowed in the average
number of reads. A minimum of 10 reads across all samples was required to consider a transcript

as expressed. SRNA-Detect is available at www.cs.mun.ca/~lourdes. Predicted transcripts

overlapping to tRNAs and rRNAs were removed from the putative SRNA set using the tool

intersectBed available in BEDtools (Quinlan & Hall, 2010) (version 2.25).

2.2.5 Collection and analysis of SRNAs from other bacterial species

Published studies performing genome-wide identification of SRNAs using RNA-seq data
were identified (Table 2.1), genomic coordinates of the putative SRNAs were collected, and the
corresponding SRNA sequences were obtained using the tool fastaFromBed available in

BEDtools.

2.2.6 Bioinformatic analysis of SRNAs
Sequence conservation of putative SRNAs was determined by identifying reciprocal best
BLAST matches between pairs of species (Table S1). The program blastn (version 2.2.30+) was

executed with an E-value cut-off of 1E-4, a best_hit overhang of 0.1 and task mode of “blastn”.
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Rfam matches were obtained using the batch search functionality in the Rfam database (version
12.1). If a SRNA had multiple Rfam matches only the most significant match was considered. All
30581 sRNA sequences in BSRD were downloaded (May 2015) and a BLAST database was
created with these sequences. BSRD matches per SRNA were obtained using blastn with the
same settings as for the homology search. If a SRNA had multiple BSRD matches only the match
with the lowest E-value was considered. The RNAcentral database (release 5) was downloaded
(May 2016) and nhmmer (Wheeler & Eddy, 2013) (version 3.1b2) with an E-value cutoff of 1E-
3 was used to identify RNAcentral matches for each putative SRNA. If a SRNA had multiple
RNAcentral matches only the most significant match was considered. CentroidFold with
parameters -¢ “CONTRAfold” and -g 4 was used to predict the secondary structure of putative
sRNAs and random genomic sequences. Sequences of the SRNAs including 150 nts upstream of
the predicted 5’ end were obtained using slopBed and fastaFromBed and promoter sites were
predicted using BPROM with default values. Rho-independent terminators in R. capsulatus
genome were predicted using TransTermHP with default values and providing an annotation file
with the coordinates of the protein-coding genes. The numbers of reads mapped to the putative
SRNAs per strain were calculated using htseq-count available in HTSEQ. Normalized log2 fold
changes between the two R. capsulatus strains were obtained using edgeR (Robinson et al.,
2010) (version 3.12.1). All results were compiled, processed and visualized using R (version

3.2.4).

To apply machine learning approaches, we represented a putative SRNA or a random
genomic sequence as a numerical vector X consisting of seven numerical predictors (input
variables); namely, free energy of the secondary structure, distance ranging from [-150, 20] nts

to the -10 predicted promoter site (if no promoter site was predicted in that range a value of -
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1000 was used), distance to terminator ranging from [0,500] nts (if no terminator was predicted
within this distance range a value of 1000 was used), distance (-co, 0] nts to closest left ORF, a
binary number indicating whether the RNA is transcribed on same strand as its left ORF (1 if
transcribed on same strand), distance [0, +o) to closest right ORF, and a binary number
indicating whether the RNA is transcribed on same strand as its right ORF. For training the
classifiers, 33 of the 41 putative SRNAs deemed as bona fide SRNAs were randomly selected as
positive instances, and 98 of the 4420 random genomic sequences were randomly selected as
negative instances. The remaining sequences were used for testing. Logistic regression was
applied using the R function glm (with family = binomial), and cross-validation was performed
using the function cv.glm from the R package boot (version 1.3-18). LDA and QDA were
applied using the lda and qda functions from the R package MASS (version 7.3-45).
Performance measurements were calculated using the R package ROCR (Sing et al., 2005)
(version 1.0-7). For the classifiers’ performance comparison, we used recall and false positive
rates. Recall indicates the proportion of testing positive instances that are predicted to be bona
fide SRNAs by a given approach at a certain probability threshold (i.e., true positives (TP)
divided by the total number of positive instances (P)). The false positive rate is the proportion of
negative instances that are predicted to be bona fide SRNAs by a given approach at a certain
probability threshold (i.e., false positives (FP) divided by the total number of negative instances
(N)). The logistic regression estimates the parameter 8 to model p(X) = e 60+ 81X1+ ... +
OpXp) /(1 + e 00 + 01X+ ... + pXp)) where X is the vector of attributes representing an
instance, e is the base of the natural logarithm, p is the number of attributes in X, and Xi is the
value of attribute i. The parameter # was chosen to maximize the likelihood function. The value

of the estimated parameters was 0 = [-2.02, -0.037, -5.8e-4, -2.1e-3, -0.011, 0.25, 5e-3, 0.38].
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Intuitively, the model learnt makes sense; for instance, decreasing the free energy increases the
probability of being a bona fide SRNA, and decreasing the distance to a terminator increases the
probability of being a bona fide SRNA. We used these parameters’ values to calculate the
probability of being a bona fide SRNA for all putative SRNAs. A probability cut-off of 0.6 was

chosen as the optimal cut-off to have high recall while maintaining the false positive rate low.

2.2.7 Detection of SRNAs by Northern blotting

Purified SRNA was eluted in 30 pl of nuclease free water. The water was subsequently
evaporated using a vacuum centrifuge (Thermo Scientific, Savant DNA120 SpeedVac
Concentrator) for 30 minutes at high vacuum setting. The RNA was then dissolved in 20 ul of

nuclease free water to increase the initial concentration.

A denaturing 15% polyacrylamide gel containing 7 M urea was used to separate the
SRNAs. The gel was pre-run for 30 minutes at 18 mA (100 V) in 1X TBE buffer (89mM Tris, 89
mM boric acid, 20 MM EDTA,; pH 8.0). A total of 10 pg of RNA was prepared in a 10 pl sample
for electrophoresis and mixed with 5 pl of 3X loading buffer (95% (v/v) formamide, 20 mM
EDTA, some Bromphenole blue and Cyanol xylene) such that paired wild-type and mutant
samples contained the same amount of RNA. The low-range single stranded RNA ladder (NEB;
NO0364S) was included for size reference. The gels were run for 80 minutes at 18 mA (100 V) in
1X TBE buffer. After electrophoresis, the lanes containing one set of samples with a
corresponding ladder were cut from the gel and stained in ethidium bromide for 15 minutes
before taking an image. The remaining gel was cut into pieces containing paired wild-type and

mutant SRNA samples and each pair transferred to a Hybond-N* nylon membrane (Amersham)
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by electro-blotting in 1X SSC buffer (3M NaCl, 30 mM Sodium Citrate) for 2 hours at 250 mA
(4 V). The RNA was cross-linked to the membranes by exposing them to 120000 pJ/ cm

(UVC500 UV Crosslinker; Hoefer) and the membranes were then dried at 50 °C for 30 minutes.

The membranes were rolled with hybridization mesh and pre-hybridized for 3 hours in 10
ml pre-hybridization solution containing 10 pug ml™ of salmon sperm DNA at 40 °C in a
hybridization oven (Model 5420; VWR). After the pre-hybridization step, 50 ug ml™ of biotin-
labelled probe (Huang et al., 2014) was added directly to the pre-hybridization solution and the
membranes were hybridized with the probe for 16 hours at 40 °C. Probe sequences are given in
Table 2.2. After hybridization, the membranes were washed twice in 2X SSC/0.1% SDS for 15
minutes at 40 °C, with a final wash in 0.1X SSC for 15 minutes at room temperature (Rio, 2014).
The Chemiluminescent Nucleic Acid Detection Module (catalog # 89880; Thermo-Fisher) was
used for probe detection following the manufacturer’s recommendations. Images were captured
using an ImageQuant LAS4000 (General Electric Canada). The resulting images were adjusted
for brightness and contrast using Adobe Photoshop CC 2017. The images of the ethidium
bromide-stained portions of the corresponding gels were used to construct standard curves to

allow estimation of the sizes of bands detected on the blots.

Table 2.2: Biotin-labeled probes for detection of selected SRNAs on Northern blots.

SRNA Oligo sequence (5’ to 3°)
SRNAO00385 BIO-GCGCAGTTGACGCGCCGTCT
SRNA01029 BIO-GGAAACCGGGCGCGGGAACC
SRNA00848 BIO-TCAAGCCTCTGAGGAAGGTC
SRNA01129 BIO-GGGGCTGTTGACCGCCCGCC
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2.3 Results and discussion

2.3.1 Sequencing and detection of R. capsulatus SRNAs

We grew cultures under photoheterotrophic conditions to early in the stationary phase of
growth so that the data collected would match with our most comprehensive collection of
transcriptomic data from previous microarray studies (Mercer et al., 2010, Pena-Castillo et al.,
2014). Sequencing of size-selected RNA, <200 nucleotides, from the genome-sequenced strain,
SB1003, and its derived ctrA mutant strain, SBRM1 (Lang & Beatty, 2002), generated a total of
4.45 million reads. From these reads, 93.5% were uniquely mapped to the R. capsulatus genome.
These sequence data have been submitted to the NCBI Gene Expression Omnibus (GEO) under

accession number GSE82056.

Recently, we showed that SRNA-Detect, a new computational program for the detection
of bacterial small transcripts from RNA-seq data, exhibits higher recall rates at comparable
specificity levels than other standalone computational approaches (Pena-Castillo et al., 2016).
We used sRNA-Detect on our sequence data, and after removal of detected small transcripts
located within annotated transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), we detected

422 potential SRNAs in R. capsulatus.

2.3.2 sSRNAs with predicted functions or homologs

To annotate R. capsulatus putative SRNAs with predicted functions, we retrieved
significant matches to R. capsulatus SRNAs from the Rfam, RNAcentral and BSRD databases.
Based on these matches, we annotated 19 sSRNAs with predicted functions (Table 2.3 and Table

S2). There were six riboswitches (including those binding thiamine pyrophosphate and
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cobalamin), three segments of transfer-messenger RNA (tmRNA), three segments of the

catalytic RNA of ribonuclease P (RNase P RNA), the signal recognition particle (SRP) RNA

(ffs), 6S RNA, an a-operon ribosome binding site, the cspA thermoregulator, the upstream sSRNA

of mraZ (UpsM) (Weber et al., 2016) and an SRNA homologous to a validated Rhodobacter

sphaeroides SRNA (RSs1386) (Berghoff et al., 2009). We detected several SRNAs

corresponding to fragments of the tmRNA and the RNase P RNA due to differences in read

depth coverage across the full length of these transcripts.

Table 2.3: List of functionally annotated SRNAs.

SRNA00627

SRNA00822

Identifier(s)

Inferred Annotation
TPP riboswitch

Signal recognition particle (SRP) RNA (ffs)

SRNAQ00687, SRNA00526, SRNA0068S,

Cobalamin riboswitch

SRNAQ0123

SRNA00598

SRNA01208

a-operon ribosome binding site
Bacterial small signal recognition particle RNA

cspA thermoregulator

SRNA01158, sRNA01157, sSRNA01156

Transfer-messenger mRNA (fragment of)

SRNA01077

SRNA00648

SRNA00470

Upstream sSRNA of mraZ, UpsM
6S RNA

Homologous sRNA to the Rhodobacter sphaeroides

SRNA01141, sRNA01140, sSRNA01139

Catalytic RNA ribonuclease P (P RNA) (fragment of)

- 46 -



To investigate the extent of sequence conservation of putative R. capsulatus SRNAS in
different bacterial species, we obtained SRNA sequences identified in recent studies of 23 other
bacterial species (Table 2.1) and used BLAST (version 2.2.30+) (Shiryev et al., 2007) to search
for pairwise reciprocal best matches between the SRNAs of each of the other 23 bacterial species
and the R. capsulatus SRNAs from this study. As differences in the characteristics of each study,
including but not limited to differences in sequencing platforms, growth conditions, RNA
extraction methods, and SRNA identification methods, lead to limitations in this analysis, we also
searched for sequence conservation of R. capsulatus SRNAs in the genomes of these 23 other
bacterial species. In total 124 (or 29%) of the 422 putative SRNAs had homologous SRNAs or
were found to be conserved in the genome of at least one other bacterial species (Figure 2.1). We
organized these 124 sSRNAs based on our level of confidence in their conservation. We referred
to SRNAs with matches in at least one of the three RNA databases (Rfam, RNAcentral and
BSRD) as hypothetical equivalogs, which represented 24 sRNAs that likely belong to a set of
SRNAs conserved with respect to function. This category includes the 19 sSRNAs for which we
inferred a function. We classified SRNAs with homologs found in bacterial species belonging to
other genera as inter-taxa homologs, which represented 40 SRNASs that are likely to be true
functional sSRNAs. The sSRNAs whose sequences were only present in the genome of the related
bacterial species R. sphaeroides were classified as intra-genus homologs, which represented 60
SRNAs. The remaining 298 putative R. capsulatus SRNAs appear to be species-specific. Not
surprisingly, there are more intra-genus than inter-taxa homologs and, as already pointed out by
Gomez-Lozano et al. (Gomez-Lozano et al., 2015), there is limited SRNA sequence conservation

across different species.
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Figure 2.1: Map of 124 sRNAs in R. capsulatus with sequence conservation in other bacterial

species. Sequence similarity searches were performed for all putative R. capsulatus SRNAs

against three RNA databases and a panel of 23 bacterial species including representatives from

the Chlamydiae, Firmicutes, and Actinobacteria phyla and the Alpha-, Beta-, Gamma-, and

Epsilonproteobacteria classes of the phylum Proteobacteria. From right to left, three classes

(hypothetical equivalogs, 24 SRNAs; inter-taxa homologs, 40 SRNAs; and intra-genus homologs,

60 sRNAs) proceed from nearly complete certainty about a putative SRNA’s function to no

functional information. Gray indicates no homologs (matches) were found for the SRNA in that

organism or database.
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2.3.3 Bioinformatic characterization of putative SRNAs in R. capsulatus

We characterized all 422 putative SRNAs in terms of their predicted secondary structures,
their proximities to predicted promoter sites, their proximities to predicted Rho-independent
terminators and their genomic contexts. To be able to compare the features of the putative
sRNAs with a null distribution, we randomly extracted sequences matching the length and strand
of putative SRNAs from the R. capsulatus genome. There were at least 10 random sequences for
each putative SRNA sequence. We used CentroidFold (Hamada et al., 2009) to predict the
secondary structures of both the SRNA sequences and the random sequences, and to calculate the
free energies of the folded structures. We found that the distribution of free energies of the
sRNAs’ secondary structures was shifted towards lower values than the distribution of free
energies of the random sequences’ secondary structures (Figure 2.2A). The difference between
the free energies of the SRNAs' secondary structures and the free energies of the random
sequences’ secondary structures was statistically significant (p=5.9E-12, Mann-Whitney test).
This indicates that our putative SRNAs tend to adopt more stable conformations than random

genomic sequences.

Using the BPROM program (Solovjev & Salamov, 2011), we searched for putative
promoters in the region spanning 150 nucleotides (nts) upstream to 20 nts downstream from the
predicted 5” ends of both the putative sSRNAs and the random genomic sequences. Of the 422
putative SRNAs, 183 (43%) had predicted promoter sites, in contrast to 18.6% of the random
sequences. Furthermore, there was a distinct peak at position -21.5 in the probability density
function for the -10 promoter positions of putative SRNAs, whereas the random sequences had a
uniform probability distribution for the -10 promoter positions (Figure 2.2B). As SRNA-Detect

tends to predict transcripts that lie within the boundaries of the actual SRNA (i.e., it misses some
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nucleotides at the 5* and 3’ ends of the SRNAs) (Pena-Castillo et al., 2016), the average distance
to the -10 and -35 promoter sites from the actual 5* end of the SRNAs would be less than as
estimated above. Our data indicates that many of the putative SRNAs have proximal promoter

sites and supports the notion that they are independently transcribed.

Next, we used TransTermHP (Kingsford et al., 2007), a computational method to detect
Rho-independent transcription terminators, to predict the locations of terminators in the R.
capsulatus genome. We associated a terminator to a putative SRNA if the terminator was within
500 nts downstream from the predicted 3’ end of the SRNA as described by Kingsford et al.
(Kingsford et al., 2007). Of the 422 putative SRNAs, 130 (31%) had an associated predicted
Rho-independent transcription terminator, whereas only 8.15% of the random genomic
sequences did. Moreover, as depicted in Figure 2.2C, there was a distinct peak in the probability
that the 3’ ends of the SRNAs were located 7 nts from the closest downstream terminator,

whereas the random sequences’ density function had a uniform distribution.
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Figure 2.2: Characteristics of putative SRNAs in comparison with the null distribution. A)
Probability distribution of the free energy of the predicted secondary structures for the putative
SRNAs (red line) and 4,400 random genomic sequences of matching length and orientation
(black line). The average free energy of the sSRNAs’ predicted secondary structures is statistically
significantly lower than the average free energy of the random sequences’ secondary structures
(p=5.902E-12, Mann-Whitney test). B) Density function of the number of nucleotides (nts)
upstream from the predicted 5’ end of the putative sSRNAs to -10 (solid red line) and -35 (dashed
red line) predicted promoter sites in comparison with the number of nts from 5’ end of random
genomic sequences to -10 predicted promoter sites (solid black line). C) As B, but number of nts
downstream from the predicted 3’ end of the candidate SRNAs (red line) and of random genomic
sequences (black line) to predicted Rho-independent terminators. D) Proportion of SRNAs (left)
and random genomic sequences (right) in a specific class of genomic context (antisense (AS), 28
SRNAs; intergenic (1), 150 sSRNAs; partial overlapping (PO), 186 sSRNAs; partial overlapping on
both ends (POb), 46 SRNAs; and sense (S), 12 SRNAS).
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Based on the putative SRNAs’ genomic contexts, we classified the SRNAs as either
“intergenic” if located in intergenic regions (IGRs), “antisense” if located within an annotated
gene and transcribed on the strand opposite to this gene, “partially overlapping” if the 5° or 3’
end of the SRNA overlaps the 5’ or 3’ end of an annotated gene, “partially overlapping on both
ends” if the 5° end of the SRNA overlaps an annotated gene and the 3’ end of the SRNA overlaps
another annotated gene, or “sense” if located within an annotated gene and transcribed on the
same strand as this gene (Figure 2.3). 150 SRNAs were intergenic, 186 were partially
overlapping and 46 were partially overlapping on both ends. These amounts were 6.6, 5.2 and
2.6 times more than expected, respectively, if the locations were randomly distributed over the
genome (Figure 2.2D). In contrast, 28 antisense SRNAs (asRNAs) and 12 sense SRNAs were

detected, which is 6.3 and 14.1 times less than expected, respectively (Figure 2.2D).
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Figure 2.3: Schematic illustration of the different classes of genomic contexts of SRNAs. Genes
are depicted as thick arrows with open reading frames (ORFs) shown in grey and sSRNAs shown
in red. Only a subset of all possible direction of transcription combinations are shown. Antisense
RNAs (asRNAs) are within an ORF that is transcribed on the strand opposite to the asRNAs.
Sense sSRNAs are within an ORF that is transcribed on the same strand as the SRNA. Intergenic
SRNAs are found in intergenic regions (IGRs) between ORFs. Partial overlapping SRNAs occur
when the 5° or 3’ end of the SRNA overlaps with the 5’ or 3” end of an ORF. Partial overlapping
on both ends sSRNAs occur when the 5° of the SRNA overlaps the 5’ or 3’ end of an ORF and the
3’ of the SRNA with the 5’ or 3’ end of another ORF.

As putative SRNAs had clearly distinct characteristics from random sequences, we
decided to apply machine learning approaches (classifiers) to obtain a model to quantify the
probability of a sequence being a bona fide SRNA. To derive the model, we selected as
predictors (attributes) the free energy of the predicted secondary structure of the SRNA, the
distance to a predicted promoter site, the distance to a Rho-independent terminator, and the

SRNA genomic context. The genomic context included distance to the closest “left”
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neighbouring ORF, distance to the closest “right” neighbouring ORF, and whether the SRNA
was on the same strand as the closest neighbouring annotated ORFs. We refer to an annotated
ORF located at the 5 end of a SRNA on the forward strand or an annotated ORF located at the 3’
end of a SRNA on the reverse strand as “left”, and an annotated ORF located at the 3’ end of a
sRNA on the forward strand or an annotated ORF located at the 5’ end of a SRNA on the reverse
strand as “right” (illustrated in Figure S1). To create the model, we considered those SRNAs with
inter-taxa homologs in the SRNAs collection or conserved in the genome of at least two other
bacterial species, and SRNAs with hypothetical equivalogs (Figure 2.1) as “bona fide SRNAs”.
We randomly chose 33 of these 41 bona fide SRNAs as positive instances and 98 random
sequences as negative instances to train the classifiers. We then evaluated the classifiers’
performances on the remaining 8 bona fide SRNAs and 4322 random sequences. We applied
three machine learning approaches, namely, logistic regression, linear discriminant analysis
(LDA) and quadratic discriminant analysis (QDA) (James et al., 2014). Among these three
methods, logistic regression had the highest recall rates at the lowest false positive rate (Figure
S2A-C). Details about the logistic regression model obtained are given in the Materials and
Methods section. At a probability cut-off of 0.6, the logistic regression model retrieved 66.25%
of the positive test instances and only 4.7% of the random sequences. We then calculated the
probability of being a bona fide SRNA using the logistic regression model for all 422 putative
SRNAs. Of the 422 putative SRNAs, 109 (26%) scored a probability >0.6 (Figure S2D). At the
estimated false positive rate, only five of these 109 sSRNAs would be expected to be false
positives. We expect that assigning a confidence estimate for being a bona fide SRNA to a given
putative SRNA will help prioritize SRNAs for experimental validation. A limitation of this

analysis is that, as the majority of positive instances used to learn the logistic regression model
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were intergenic or partially overlapping SRNAs, the logistic regression model underestimates the
probability of asRNAs being bona fide SRNAs. These analyses need to be replicated in other
bacterial species with a larger number of confirmed sRNAs to corroborate these findings and
obtain better performance estimates. Table S2 contains the full description of all putative SRNAs,

including their estimated probabilities of being bona fide SRNAs.

2.3.4 ldentification of a putative tRNA-derived sSRNA locus

We observed a putative intergenic SRNA (SRNA00295) found to be conserved in the
genomes of 16 other bacterial species without a homologous SRNA in the SRNAs collection or
the RNA databases. As this SRNA lacked a homologous SRNA, its function could not be
inferred. Nevertheless, we decided to inspect it. The sequence of SRNA00295 was identical to
the 3’ region of the four tRNA-Met genes found in the R. capsulatus chromosome. The
homology with the tRNAs makes interpreting the RNA-seq read data somewhat challenging, as
reads originating from the tRNAs could be mapping onto this putative SRNA locus, and vice
versa. However, a promoter site and Rho-independent terminator were predicted to flank this
putative SRNA. We also checked this region in an additional unpublished dataset based on
differential RNA-seq (ARNA-seq), which identifies 5* ends of RNAs that originate from
transcription initiation as opposed to RNA processing (Sharma & Vogel, 2014), and a 5’ end was
identified at this location (Grull et al., unpublished). There have been recent discoveries of
tRNA-derived sSRNAs, which have been implicated in different regulatory processes (Lee et al.,
2009, Raina & Ibba, 2014). If genuine, this SRNA would instead represent an independent
tRNA-derived fragment locus, and this warrants future investigation. Figure 2.4 depicts

sRNA00295’s genomic context and predicted secondary structure.

-B5 -



ATPase AAA Transposase

(RCAP_rcc00955) 4040 isRNA00295 i578 i(RCAP_rccOO%O)
_ nt nts, -

Chromosome
L

137 bp
1,053,;_90 bp ‘ ) 1,053,230 bp

ctrA mutant read coverage
SB1003 read coverage

TGCTTGAAATCTAAGGGICCGATGTITCICCTTTTIGGICCGCCTCATAACCIGAAGGCCGCAGGT ICAAATCCTGCCCCCGCAACCAAAGTICACAAAGCGTITATCAAGAGCTTGCACCCCGCCGACCGGICGGGETT

Promoter site
TTGAAA TGTTCTCCT sRNAQ0295

A g g Af‘_li_l gs

Terminator

I T B I (P ))I))) et
. amylovora GGUUGCGGGGGECGEBAUUUGAACCGACBGACBUUCGGGUUAU
. aeruginosa GGUUGCGGGGGCUG UUGAACCAACGACCUUCGGGUUAU
. crescentus GGGUGCGGGGACAGBAUUUGARCCUGUGACCUUCAGGUUAU
. pneumoniae --UUGCGGGAGCAG UUGAACCUACGACCUUCGGGUUAU
. tuberculosis GGUCGGGGUGACAGEAUUUGAACCUGCEGGECLUUC—-—————
. venezuelae AUAACCCAGAGGUCECAGGUUCARAUCCUGUCCCCGCUACC

E 41
P 41
c 41
S 39
M 34
s 41
P. acnes AUAACCCGGAGGUCACAGGUUCAAAUCCUGUCCCCGCUACC 41
S. meliloti AUAACCUGAAGGCCICAGGUUCAAAUCCUG CCCCGCAACC 41
1 fmestcians ansflcugechBenealidecciones 4
R. sphaeroides AUAACCUGARA UUCAAAU AL

R. capsulatus AUAACCUGAAGGCCICAGGUUCAAAUCCUG CCCCGCAACC 41
B. subtilis AUAACCCGAAGGUCBCAGGUUCRAAUCCUGECCCCGCAACC 41
V. cholerae AUAACCCGAAGGUCBUCGGUUCAAAUCCGGECCCCGCAACC 41
E. coli AUAACCCGAAGGUCBUCGGUUCAAAUCCGGECCCCGCAACC 41
Y. pestis AUAACCCGAAGGUCGUEGGUUCARAUCECGGECCCCGCAACC 41
S. enterica AUAACCCGAAGGUCGUCGGUUCAAAUCCGGECCCCGCAACC 41
C. glutamicum AUAACCCAGAGGUCGUAGGUUCGAAUCCUGECCCCGCUA-C 40

......... 10ieieeaaa20iiiieaa30iaiaaaa40

Figure 2.4: Genomic context and predicted secondary structure of a putative tRNA-derived
SRNA locus (SRNA00295). The top panel shows SRNA00295’s genomic context indicating
distance to the closest protein-coding genes. The middle panel illustrates read depth coverage,
location of predicted promoter site, and location of Rho-independent terminator (panel generated
using Integrative Genomics Viewer version 2.3.72). The numbers of reads mapped for the
SB1003 and the ctrA mutant strain are 472 and 462, respectively, as calculated by htseg-count.
The bottom panel shows a multiple sequence alignment and predicted consensus secondary
structure obtained using LocARNA. Coloured nucleotides indicate correspondence between

positions in the alignment and the RNA structure.

To gain insight into the likely functional role of this putative SRNA, we used the
CopraRNA web server (Wright et al., 2013) to predict SRNA00295’s targets. Despite recent

advances, most SRNA target prediction programs have a high false positive rate; CopraRNA,
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which requires at least three homologous sequences to predict targets, has twice the prediction
accuracy of other SRNA target prediction programs (Pain et al., 2015). Table 2.4 shows the top
10 sSRNA00295 targets predicted by CopraRNA (the complete CopraRNA results, which
includes all 76 predicted targets are listed in Table S3). To quantify protein interactions among
sRNA00295’s 76 predicted targets, we used the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING, version 10.0) database of physical and functional interactions
(Szklarczyk et al., 2015). Compared with similarly sized randomly selected protein sets,
sRNA00295’s 76 predicted targets have significantly more interactions among themselves (PPI
enrichment p=1.13E-08), with 28 interactions as compared with eight for random protein sets.
We also tested for functional enrichment among sSRNA00295’s 76 predicted targets using

STRING, but no functional enrichment was found.

Table 2.4: Top 10 targets predicted by CopraRNA for SRNA00295 a putative tRNA-derived
SRNA locus.

Gene ID Description

RCAP_rcc01474 amino acid permease
RCAP_rcp00009 Lacl family transcriptional regulator

RCAP_rcc00101 ABC transporter permease

RCAP_rcc02606 mammalian cell entry domain-containing protein

RCAP_rcc00024 glutaryl-CoA dehydrogenase
RCAP_rcc01400 signal transduction histidine kinase

RCAP_rcc00616 acriflavine resistance protein B

RCAP_rcc00505 type Il secretion system protein E
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RCAP_rcc01291 kinetochore Spc7 domain-containing protein

RCAP_rcc02771 TetR family transcriptional regulator

2.3.5 Functional and protein-interaction enrichment of potential cis-targets of putative
antisense and partially overlapping SRNAs

To obtain insight into the biological processes potentially regulated by the antisense and
partially overlapping putative SRNAs, we assumed that they were cis-acting and examined the
265 overlapping protein-coding mRNAs for functional and protein interaction enrichment using
STRING. As antisense and partially overlapping SRNAs have been shown to also regulate gene
expression in trans (Caldelari et al., 2013), this approach likely missed additional regulatory
targets of these putative SRNAs. Nevertheless, the set of cis-targets showed a significant
enrichment of genes involved in primary metabolic process (28 genes, FDR-corrected p=1.97E-
5), photosynthesis (16 genes, FDR-corrected p=3.98E-5), compound binding (24 genes, FDR-
corrected p=0.004), and of genes encoding parts of macromolecular complexes (17 genes, FDR-
corrected p=3.2E-7). The complete functional enrichment results are provided in Table S4. We
also investigated whether putative cis-targets were co-expressed based on previously determined
R. capsulatus gene co-expression modules (Pena-Castillo et al., 2014), and found that cis-targets
showed a significant accumulation in two gene co-expression modules (13 genes in the
midnightblue module, FDR-corrected p=0.002; and 7 genes in the salmon4 module, FDR-
corrected p=0.003). Additionally, there were significantly higher interactions among the network
of cis-targets (PPI enrichment p=0), with 528 interactions as compared to 204 for random protein
sets. This indicates that several of the likely cis-targets interact and are co-expressed and

supports the notion that SRNAs play a regulatory role in these processes.
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2.3.6 Effects of loss of ctrA on SRNA expression

We investigated whether putative SRNAs were differentially expressed between two R.
capsulatus strains: the genome-sequenced strain, SB1003, and its ctrA null mutant derivative,
SBRML1. CtrA is a two-component/histidyl-aspartyl phosphorelay response regulator that affects
many processes in R. capsulatus such as motility and gene transfer agent production (Mercer et
al., 2012). In Caulobacter crescentus, where it is an essential protein and controls many cell
cycle-related processes, CtrA was shown to regulate expression of SRNAs as part of its regulon
(Landt et al., 2008). Figure S3 illustrates the distribution of the normalized log2 fold change of
the SRNAs’ read counts between the two strains. Although more samples are required to have
enough statistical power to identify statistically differentially expressed SRNAs, the vast majority
of SRNAs do not appear to be differentially expressed. However, 18 SRNAs had an absolute log2
fold change >3, suggesting possible differential expression between the strains. Among these 18
SRNAs, there are 2 asRNAs, 7 intergenic, 8 partially overlapping, and 2 partially overlapping on
both ends SRNAs. Nine of the 14 ORFs overlapped by the antisense and partially overlapping
SRNAs were previously identified as affected by the loss of CtrA (Mercer et al., 2010) (p=4.14E-
10, Hypergeometric test), including genes encoding the flagellar protein MotB (rcc00006), the
flagellar hook-associated protein FIgK (rcc00008), the Hpt domain-containing protein
(rcc00180), and the DNA protecting protein DprA (rcc03098). We investigated whether these 14
OREFs overlapped by potential differentially expressed SRNAs were co-expressed based on
previously determined R. capsulatus gene co-expression modules and, indeed, they were
significantly over-represented in two modules: pink (6 genes, FDR-corrected p=1.05E-5) and

orange (3 genes, FDR-corrected p=2.9E-4). The orange module was identified as associated with
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the production of RcGTA (Pena-Castillo et al., 2014) and the DprA protein is required for uptake
of DNA from RcGTA particles by recipient cells (Brimacombe et al., 2014), thereby adding
SRNAs as another regulatory mechanism involved in controlling RcGTA-mediated gene
exchange in R. capsulatus (Lang et al., 2012). As all of the potentially differentially expressed
SRNAs are R. capsulatus-specific, we were unable to use CopraRNA to predict potential targets

of the intergenic SRNAs.

2.3.7 Experimental validation of putative SRNAs using Northern blot analysis

We chose four putative SRNAs to evaluate by Northern blotting. These were
SRNAO00385, sSRNA01029, sSRNA00848, and SRNA01129, representing four intergenic R.
capsulatus-specific SRNAs, three of which showed differential expression between the wild-type
and ctrA mutant strains, as evaluated by read counts in the RNA-seq data. We purposefully chose
three of the targets due to their predicted differential expression to help with interpretation of the
Northern blots as previous studies have detected multiple bands on Northern blots probed for
SRNA detection (Thomason et al., 2015). These differentially expressed SRNASs are candidates
for future investigation for potential roles in the regulation of CtrA-affected processes, such as
the production of RcGTA. As expected due to the program’s limitation with respect to correctly
identifying the 5* and 3’ boundaries of SRNAs (Pena-Castillo et al., 2016), the bands detected for
each of the SRNAs were larger than predicted by SRNA-Detect. Manual inspection of the
sequence read data allowed us to estimate the boundaries and sizes of these SRNAs more
accurately (Figure 2.5) to match the sizes estimated on the Northern blots, and we identified
putative promoter sequences for these SRNAs (Figure 2.6) that agree with a previously identified

R. capsulatus consensus promoter sequence (Leung et al., 2013).
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Figure 2.5: Read depth coverage plots and genomic locations for the experimentally confirmed sRNAs. Parts of the neighboring genes
are shown with green arrows indicating their direction in the genome. Their relative distance to the coverage plots is not to scale.
Predicted promoter -10 and -35 elements are depicted as black boxes with white arrows inside, and the sequences are given in Figure
2.6 and below. The distance of the promoter relative to the 5’ end of the corresponding SRNA is also not to scale. The SRNA
sequencing reads are presented as purple plots with an indication of the SRNA’s predicted size on top. Blue bars mark the predicted 50
ends and orange bars the predicted 3’ ends of the SRNAs. The SRNAs’ 50 and 30 end sequences and the -10/-35 elements are shown
underneath the plots in their respective 5°-3’ orientations.

-61 -



-35 -10

SRNA00385 TTGTCG -N14- CATCAT
A sRNA01029 TTCCGC -N22- CAAGAC
SRNA00848 GCGCAA -N22- CAAGCT

sRNA0O1129 TTGCGC -N13- CAAAGT
B GCGC O N - ! ; GA
S oo F ===
1 2 3 4 5 6 1 2 3 4 5 6
C GGQG‘E - N15—17 - = ===
12 3 45 6 123 456

Figure 2.6: Identification of putative promoter -10 and -35 sequences for four experimentally
confirmed sRNAs. A) Predicted promoter sites upstream of each of the SRNAs. The nucleotide
spacing between the motifs is indicated. B) The frequency of bases found at each position is
indicated by the size of the colored letters, created with Weblogo 3.0 (Crooks et al., 2004). C)
Consensus promoter sequence based on promoters identified in a previous study (Leung et al.,
2013).

SRNAO00385 was predicted to have a size of 189 nts based on SRNA-Detect. Examination
of the sequence reads for this region suggested an actual size of 249 nts (Figure 2.5). A putative
promoter site was found upstream of the predicted 5’ end (Figure 2.5 andFigure 2.6) although in
this case the -10 site was centered 18 nts upstream of the predicted 5 end, possibly indicating
either poor read coverage at the 5° end as frequently found in RNA-seq (Wang et al., 2011), or
variable length spacing in the promoter elements (Hook-Barnard & Hinton, 2007, Guzina &
Djordjevic, 2016). This putative SRNA showed similar, high levels of expression in the RNA-seq

data from both strains. The Northern blot showed a major band at approximately 230 nts (Figure
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2.7). There were several additional bands detected on this blot, most of which were present in

both strains. These presumably result from non-specific hybridization of the probe to additional

RNAs, as has been observed in previous studies detecting SRNAs by this method (Thomason et

al., 2015).
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Figure 2.7: Northern blot images of the experimentally confirmed SRNAs. RNA from the

genome-sequenced strain, SB1003, and the ctrA mutant strain were run in the left and right lane,

respectively, of each gel. The sequences of the biotin-labelled probes are given in Table 2.2. The

sizes for the corresponding ladder bands are indicated on the left of each blot image, and the

number on top of each image identifies the corresponding SRNA probe.
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SRNAO01029 was predicted to have a size of 52 nts by SRNA-Detect. Inspection of the
sequencing data for this SRNA suggested a size of 68 nts and a -10 element was identified
centered 12 nts upstream of the predicted SRNA’s 5° end (Figure 2.5 andFigure 2.6). The SRNA
was predicted to be more highly expressed in the wild-type strain based on read count data
(approximately 3:1, Table S2). The Northern blot showed several bands in both strains, with one
band at approximately 65 nts that was present at higher levels in the wild-type strain in

comparison to the ctrA mutant (Figure 2.7).

SRNAO00848 was predicted to have a size of 71 nts by SRNA-Detect, with inspection of
the sequencing data suggesting a size of 91 nts. A putative promoter sequence was identified
upstream of the predicted 5 end (Figure 2.5 andFigure 2.6) but, as with SRNA00385, the -10
sequence was centered more than 10 nts upstream (25 nts). This SRNA was only detected in the
RNA-seq data from the wild-type strain and the Northern blot showed a band at approximately

78 nts only in RNA from the wild-type strain (Figure 2.7).

SRNAO01129 was predicted to have a size of 69 nts based on SRNA-Detect, and this
matched the predicted size from manual inspection of the sequencing data. We found a putative
promoter with a -10 element centered 7 nts upstream of the predicted 5’ end (Figure 2.5
andFigure 2.6). This SRNA was detected at a much higher level in the wild-type strain RNA-seq
data compared to the ctrA mutant (28:1, Table S2). The Northern blot showed a band at
approximately 60 nts that was present in the wild-type strain but not detected in the ctrA mutant

(Figure 2.7).
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2.4 Conclusion

Using RNA-seq data we have identified 422 putative SRNAs in R. capsulatus: 24 SRNAs
with hypothetical equivalogs, 40 SRNAs with putative inter-taxa homologs, 60 SRNAs with
putative intra-genus homologs and 298 potential R. capsulatus-specific SRNAs. To help
prioritize further investigations into these SRNAs, we have bioinformatically characterized these
SRNAs and used logistic regression to quantify the probability of a putative SRNA being a bona
fide SRNA. Using the logistic regression model, 109 (or 26%) of the 422 putative SRNAs were
assigned a probability greater than 0.6 of being a bona fide SRNA; at the estimated false positive
rate of 4.8%, only five out of these 109 SRNAs are expected to be false positives. Analysis of a
strain lacking the important response regulator CtrA identified 18 putative SRNAs that were
differentially expressed relative to the wild-type strain. This indicates that effects on the levels of
SRNAs is another means by which the CtrA phosphorelay regulates processes in R. capsulatus.
We experimentally confirmed the existence of four of the putative SRNAs by Northern blot
analysis and validated the differential expression that was predicted from the RNA-seq data
analysis for three of these. The abundance of SRNAs detected in R. capsulatus indicates that a
potential extra layer of regulatory complexity exists in this species. Revealing the functional
roles of these SRNAs will improve our understanding of the mechanisms R. capsulatus employs

to regulate its physiology.
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Chapter 3 - Operon complexity in Rhodobacter capsulatus revealed by integration of total

and end-targeted RNA-seq data

Abstract

RNA sequencing (RNA-seq) has been used as a powerful tool to examine the genome-
wide expression of genes in bacteria for many years. In recent years new protocols have been
developed that enable us to describe the full transcriptome of prokaryotic organisms. Here, we
present an analysis of the transcriptome of two strains of the alpha-proteobacterium Rhodobacter
capsulatus by strand-specific, single-nucleotide resolution, RNA-seq. We modified the protocol
of the previously developed differential RNA-seq (dARNA-seq) method, which can distinguish
between primary and processed transcripts, to use it on an lon Torrent PGM sequencing
machine. This allowed the identification of transcription start sites (TSS) and, by making
alterations to the protocol, we were able to use dRNA-seq for 3’ end-targeted sequencing to
predict transcription termination sites (TTS). We integrated these dRNA-seq data with total
RNA-seq data to predict transcriptional units and to analyze operon complexity in R. capsulatus.
Our analyses revealed a complex operon architecture, where some operons have multiple TTS

and TTS, genomic regions of high transcriptional activity, and novel transcripts.

3.1 Introduction

As a purple non-sulfur alpha-proteobacterium, Rhodobacter capsulatus is metabolically
versatile and many aspects of its physiology, such as phototrophy and hydrogen production, are

actively studied. R. capsulatus is of interest because it is one of the organisms known to produce
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bacteriophage-like particles called gene transfer agents (GTASs), which package small pieces of
the cell’s genomic DNA that can be transferred to other cells in the population. Like the

photosynthesis genes, the GTA genes are under complex regulation in this bacterium.

Advances in high-throughput sequencing technologies enabled the development of RNA
sequencing (RNA-seq) and its application to transcriptomic studies (Hor et al., 2018). RNA-seq
has been used successfully in recent years to define the transcriptomes of many bacteria such as
Escherichia coli (Ettwiller et al., 2016), Helicobacter pylori (Sharma et al., 2010, Bischler et al.,
2014), Synechocystis sp. PCC6803 (Mitschke et al., 2011), and Campylobacter jejuni (Dugar et
al., 2013). Advantages of RNA-seq over microarrays, the previous predominant transcriptomic
tool, are the possibilities for obtaining higher-resolution data with respect to transcript
boundaries and the discovery of unexpected transcripts. In terms of resolving transcript
boundaries and processing sites, different RNA-seq methods have been developed to identify 5’
ends. These include strand-specific cDNA sequencing (SSRNA-seq) (Perkins et al., 2009),
Cappable-seq (Ettwiller et al., 2016), and differential RNA-seq (ARNA-seq) (Borries et al.,
2012). dRNA-seq takes advantage of the presence of a triphosphate at the 5 end of unprocessed
RNAs and uses enzymatic treatment to degrade processed RNAs, followed by sequencing of the
remaining RNAs for the detection of transcription start sites. Based on the high throughput and
increased read length of the latest generation of sequencing machines it is possible to identify the
3’ end of a given RNA, but no distinction can be made between original and processed
transcripts. A previous transcriptomic study in R. capsulatus based on microarray data resulted in
the identification of 40 gene co-expression modules that lead to new information for functional
annotation in R. capsulatus (Mercer et al., 2010, Pena-Castillo et al., 2014). A recent study using

an RNA-seq approach investigated the presence of small RNAs (SRNAs) genome-wide in R.
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capsulatus, resulting in the identification of a total of 422 putative SRNAs (Grdll et al., 2017).
Despite these previous studies and what was learned therein, more whole-transcriptome
investigations and analyses are necessary to get a better understanding of the regulation of gene

expression and cellular processes in R. capsulatus.

We combined the results from 5’ and 3” end-targeted sequencing with data from total
RNA-seq to identify putative transcriptional units, including their start sites (TSS, 5 ends) and
termination sites (TTS, 3’ ends). This involved development of customized dRNA-seq protocols
for 5” and 3’ end-targeted sequencing using the lon Torrent Personal Genome Machine. The
cellular RNA pool in bacteria contains both primary transcripts that carry a 5’-triphosphate (5°-
PPP) as well as processed RNAs that can either have a 5’-monophosphate (5’-P) ora 5°-
hydroxyl (5’-OH) group. For 5’ targeted sequencing, only transcripts that have an intact 5’-
triphosphate end are of interest. Therefore, RNA 5’ ends that originate from processing of a
longer transcript need to be depleted. For 3’ targeted sequencing, only original transcripts are of
interest as well, and we developed a new workflow for characterizing these ends by RNA-seq.
Our analyses were performed with the standard model strain, SB1003, along with a GTA-

overproducing strain, DE442.

3.2 Materials and Methods

3.2.1 R. capsulatus growth and RNA isolation
R. capsulatus strains SB1003 and DE442 were grown under anaerobic phototrophic
conditions at 35°C in complex YPS medium (Weaver et al., 1975) until four hours after reaching

stationary phase. Cultures were mixed 5:1 with a mixture of 95% ethanol and 5% saturated
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phenol (Jahn et al., 2008), cells were pelleted by centrifugation and pellets were frozen on dry
ice/ethanol and stored at -80°C. Total RNA isolation was performed with the DNA, RNA, and
protein purification kit (MACHEREY-NAGEL) following the manufacturer’s protocol for

purification of total RNA.

3.2.2 Library preparation for differential RNA sequencing (dRNA-seq)

To detect transcription initiation and termination sites in the R. capsulatus genome,
dRNA-seq was performed to sequence 5’ and 3’ RNA ends using an lon Torrent Personal
Genome Machine (PGM; Thermo-Fisher). dRNA-seq was originally developed for 5’ end-
targeted sequencing using the Illumina sequencing platform (Borries et al., 2012, Sharma &
Vogel, 2014) and therefore had to be modified for the lon Torrent platform, as described below.
To perform 5’ targeted dRNA-seq, the total cellular RNA pool was treated with 7 U of
Terminator 5 -Phosphate-Dependent Exonuclease (TEX) (1 U/ul, Epicentre). A TEX- sample
that did not receive the TEX treatment was used as a negative control. After the TEX treatment,
the TEX+ samples were treated with 2.5 U of RNA 5' Pyrophosphohydrolase (RppH) (5000
U/ml, NEB) to convert the original 5’-triphosphate (5’-PPP) to 5’-monophosphate (5’-P) for lon
Torrent adaptor ligation. Both TEX+ and TEX- samples then underwent a 5° adaptor ligation
step, followed by a fragmentation step to reduce the size of RNAs to lon Torrent sequencing
specifications. 3’ adaptors were subsequently ligated. Reverse transcription and the remaining
library preparation steps were performed according to the manufacturer’s recommendations for
total RNA sequencing using the RNA-seq Kit v2 (Thermo Fisher). Libraries were amplified

using an lon Torrent One Touch 2 system (OT2, Life Technologies), loaded individually on 316
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v2 chips (Life Technologies) and sequenced with the number of flows set to 550 on an lon

Torrent Personal Genome Machine (PGM; Thermo Fisher) (Figure 3.1).
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Figure 3.1: Workflow for a 5' targeted sequencing experiment. For dRNA-seq library

construction the cellular RNA pool is split into two parts. The pool that is not treated with TEX

functions as a negative control. The positive pool gets treated with TEX to deplete processed

RNAs. Both samples are then treated with RppH to convert 5’-PPP to 5°-P. Subsequently, 5° and

3’ sequencing adaptors are ligated to the RNAs to construct the sequencing libraries.
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To perform 3’ targeted dRNA-seq, the initial TEX treatment was still performed to deplete
processed transcripts. After the TEX treatment the 3” adaptors were ligated to the TEX+ and
TEX- RNA samples. Adaptor ligation was followed by a fragmentation step. Because the 5” ends
of fragmented RNAs have a 5’-P, no RppH treatment was necessary, and 5’ adaptors were
directly ligated. Reverse transcription and the remaining library preparation steps were
performed according to the manufacturers’ recommendations for total RNA sequencing using the

RNA-seq Kit v2 (Thermo Fisher) (Figure 3.2).
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followed by fragmentation. Fragmented RNA 5’ ends have 5°-P, therefore no RppH treatment is

necessary. Subsequently, 5’ adaptors are ligated to the RNAs and the sequencing library is

constructed.
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3.2.3 Processing of RNA-seq data

The RNA-seq data quality was verified using the FastQC tool (version 0.10.0) and reads
were filtered and trimmed using the fastq_quality _trimmer available in FASTX Toolkit (version
0.0.13.2) with a quality threshold of 22 and minimum read length of 28 nucleotides. Filtered and
trimmed reads were mapped to the R. capsulatus genome using the Torrent mapper tmap
(version 3.0.1), executed with the parameters: -B 18 -a 2 -v stagel mapl map2 map3. Mapping

statistics were obtained using samtools (Li et al., 2009).

3.2.4 Operon detection pipeline

Our Python (version 3.5) operon detection pipeline to determine bacterial operon
structure requires as input the candidate positions for transcriptional start sites (TSS), candidate
positions for transcriptional termination sites (TTS), and a single-nucleotide resolution whole-
genome read-depth coverage vector. The candidate positions for the TSS are used as seeds to
search for putative transcriptional units. To obtain candidate TSS and TTS, we used the program
TSSAR (Amman et al., 2014) with the dRNA-seq data. We set TSSAR parameters as follows: p-
value to 0.1, noise threshold to 2, and maximum range to merge to 1. As TSSAR is designed to
detect the 5° end location of sequencing reads, we reversed the strand of the reads of the 3’ end
data prior to giving it as input to TSSAR. Once we received the analyzed data from TSSAR, we
then reversed back the strand of the locations detected to be able to use the data to map the 3’
ends. From the total RNA-seq data, we obtained a whole-genome read-depth coverage vector
with a single nucleotide resolution using the GenomicArray collection available in HTSeq

(Anders et al., 2015).
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As proposed in a previous publication (Conway et al., 2014), we used three features to
define a transcriptional unit: the TSS (5’ end), the TTS (3’ end), and the read-depth coverage
between both ends. We defined a set of criteria to deem a detected transcriptional unit as bona
fide. The set of criteria includes the level of promoter efficiency, the terminator efficiency, the
mean read-depth coverage and the percentage of sequence between the TSS and the TTS with
read coverage. Promoter efficiency is calculated as the log2 of the ratio of the average read count
of the 10 bases upstream of the 5’ end and the average read count of the 10 bases downstream of
the 5” end (Creecy & Conway, 2015). We required at least a 20% increase in read counts to deem
a promoter as active. Likewise, terminator efficiency is calculated as the log2 of the ratio of the
average read count of the 25 bases upstream of the 3° end and the average read count of the 25
bases downstream of the 3° end (Creecy & Conway, 2015). We required at least a 15% decrease
in read counts to deem a terminator as active. 70% of the length of a detected transcriptional unit
must be covered by reads to be considered as likely real. The value of these parameters was set
based on inspection of the sequencing data for annotated transcripts. A nucleotide is considered
to be covered if this nucleotide is contained in at least three reads. Detected transcriptional units
with a length of less than 20 nts were discarded. If a 3° end was not detected near a
transcriptional unit, the TTS of this transcriptional unit was considered to be at the start of an at
least 10 nts long segment with a read coverage of less than 3. Overlapping transcriptional units
transcribed on the same strand were considered to form an operon. As output, our pipeline
generates a table with the transcriptional units detected, a file with the genomic location of the

predicted TSS, and a file with the genomic location of the predicted TTS.

To find the closest 5' end of an annotated gene or putative SRNA to each predicted TSS,

and the closest 3' end of an annotated gene or putative SRNA to each predicted TTS, first we
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obtained the location of the 5" and 3' ends of annotated genes and putative SRNAs using the

BEDTools (version 2.27) flank command (Quinlan & Hall, 2010) and then used the BEDTools
closestBed command with parameters -s -D "b" -k 1 -t "first" given as file -a the BED file with
the TSS (TTS) and as file -b the BED file with the 5' (3") ends. Further analyses were done in R

(version 3.3.2).

3.2.5 Prediction of conserved promoter motifs

To identify conserved promoter sequence motifs, we extracted the genomic sequence 40
nts upstream of a predicted TSS. Sequences on the same strand within 10 nts of each other were
merged using the merge command available in BEDtools. We selected 40 nts upstream of a
predicted TSS (as done by (Wittchen et al., 2018)). The merged sequences were used as input for
the GLAM2 software (version 4.11.1) (Frith et al., 2008). We ran GLAM2 with the parameters -

z2-a2-b50-w6-r5-n10000-D0.1-E2.0-10.02-J1.0.

3.2.6 5° Rapid Amplification of cDNA Ends (RACE)

5’ RACE experiments were performed with the 5 RACE System (Invitrogen). Total
RNA was isolated from the R. capsulatus RcGTA overproducer strain DE442 with the
NucleoSpin® miRNA kit (Macherey-Nagel). All total RNA samples for use in 5’ RACE
experiments were prepared in the same way as samples that were used in dRNA-seq
experiments. Total RNA was then reverse transcribed using a gene-specific primer. RACE
experiments followed the manufacturer’s protocol for 5° RACE using custom gene-specific

primers (Table 3.1).
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Table 3.1: Primers used in 5° RACE experiments

Primer name Primer sequence (5’ - 3°)
250 GSP1 TAATTGCGGAACAGA
250 GSP2 GGACGACACATGGCCGAAGCTCAG
250 GSP3 CTTCAGATGCGAGGTGACGGTGATC
493 GSP1 GTTGTGGTAATGCAG
493 GSP2 GCGAGACGACGGATGAGATCGATCT
493 GSP3 GGCGACAAGGTTCTGGATCACCATT
1682 GSP1 CGAAGTTTTTCAACAC
1682 GSP2 CACCCTTTCTTCCATCACCATCTGGAA
1682 GSP3 GAACCCCTTTCATCGCCAGGGCCAGTT
1874 GSP1 GGAATAGATCTGCCC
1874 GSP2 ATCTGCCCGACCGAGCGCGATTTC
1874 GSP3 TAGCCCGACAGCAGCATATAGGGTTC

Primers for 5> RACE experiments were designed to confirm predicted TSS located at the 5° end

of transcripts.

3.3 Results and discussion

3.3.1 Integrative analysis reveals complex operon structure in R. capsulatus

Total RNA was extracted and used for different versions of RNA-seq on the lon Torrent

platform: total RNA-seq, dRNA-seq targeting 5’ ends, and dRNA-seq targeting 3’ ends

(described in Methods). A recent study investigated the potential of the lon Torrent instrument
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for transcriptomic analysis in comparison to the Illumina platform and concluded that the
platforms are equally suited for transcriptional analyses (Lahens et al., 2017). Duplicate
sequencing runs were performed for each strain and RNA-seq method, generating the numbers of

reads indicated in Table 3.2.

Table 3.2: Number of reads generated for each strain. 85.65 % of all 5° and 3’ reads were
uniquely mapped to the R. capsulatus chromosome (NCBI accession number NC _014034.1).

95.7% of all total RNA reads mapped uniquely to the R. capsulatus chromosome.

SB1003 DE442
5’ TEX+ 5.847 4,737
5 TEX— 4.687 4,717
3> TEX+ 4,087 3.847
3’ TEX— 4.66" 408"
Total RNA 2.0 2.8

"Data values represent millions of reads.

All sequence data have been submitted to the NCBI Gene Expression Omnibus (GEO)

under accession number GSE117537.

We developed a Python-based pipeline (described in Methods) to integrate the 5° and 3’
dRNA-seq data and total RNA-seq data for each strain. This Operon Detection Pipeline (ODP)
identified putative TSS, TTS, and transcriptional units. Putative transcriptional units have (i) a
TSS and a TTS with an efficiency above the minimum efficiency score, and (ii) a minimum read

depth coverage between the TSS and the TTS (see Methods).

Overlapping transcriptional units were grouped in operons. Our ODP identified 4045 TSS,

2906 TTS and 2141 operons for SB1003, and 5374 TSS, 3279 TTS and 2286 operons for
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DE442. Putative transcriptional units were described in terms of their length, percentage of

length covered by reads, promoter efficiency, terminator efficiency, and average read count.

We classified the operons detected in four complexity classes: those with a single TSS
and a single TTS, those with multiple TSS and multiple TTS, those with a single TSS and
multiple TTS, and those with multiple TSS and a single TTS. Table 3.3 shows the number of

operons per class for each strain.

Table 3.3: Number of operons per complexity class for each strain.

Operon class SB1003 DE442

Single TSS, single TTS 1059 (49.46%) | 1162 (50.83%)

Multiple TSS, multiple TTS | 562 (26.25%) | 671 (29.35%)

Single TSS, multiple TTS 518 (24.19%) | 452 (19.77%)

Multiple TSS, single TTS 2 (0.09%) 1 (0.04%)

Total 2141 (100%) | 2286 (100%)

Simple operons with a single TSS and a single TTS constitute approximately half of the
operons for each strain. We hypothesized that more complex operons were likely to be longer
and more highly expressed than those with fewer TSS and/or TTS, and indeed both the
expression level (as reflected in read coverage) and the length of the operon correlated positively

with the number of TSS and TTS detected (Figures 3.3 and 3.4).

-83-



DE442 5'ends DE442 3'ends

S ] S
g I o ©
O 2 4 o
=] =]
3 ] 3
X © - 4
(9] 1 9]
=] =]
S o 4 S
T T T T T T |
0 20 40 60 80 100 120 0 10 20 30 40 50
Number of Ends Number of Ends
Pearson's r=0.56 Pearson's r=0.63
SB1003 5'ends SB1003 3'ends
18] 18]
o (=)]
® o] ® o]
g 2 o
8 5 o0 O 8 0
o o o
(1] (1]
18] [05]
o o
ol o
{=)] ()]
o o
- -
T T | |
30 40 0 5 10 15 20 25 30
Number of Ends Number of Ends
Pearson's r=0.57 Pearson's r=0.6

Figure 3.3: Operon read-depth coverage as a function of the number of TSS (TTS) predicted.
Each scatterplot shows the log2 read-depth coverage of each operon as a function of the number
of TSS predicted (green) and as a function of the number of TTS predicted (red) for that operon.
Data is shown for each strain. Below each plot the Pearson correlation coefficient between the
log2 read-depth coverage and the number of TSS (TTS) is provided. The grey line is the Locally
Weighted Scatterplot Smoothing (LOWESS) line with a smoother span of 0.05.
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Figure 3.4: Operon length as a function of the number of ends predicted. Each scatterplot shows
the log2 length in nucleotides (nts) of each operon as a function of the number of TSS predicted
(green) and as a function of the number of TTS predicted (red) for that operon. Data is shown for
each strain. Below each plot the Pearson correlation coefficient between the log2 operon length
and the number of TSS (TTS) is provided. The grey line is the Locally Weighted Scatterplot
Smoothing (LOWESS) line with a smoother span of 0.05.

One example of a complex operon is operon r5, which contains genes encoding flagellar
proteins (RCAP_rcc03514-RCAP_rcc03520). We detected high expression levels of this

genomic region in both strains. High expression of motility genes during anaerobic growth in
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rich medium has previously been reported by Schindel et al. (Schindel & Bauer, 2016). We
detected one predicted TSS at the start of this operon and a total of 3 additional TSS in SB1003
and 8 additional TSS in DE442. We detected a total of 6 TTS in SB1003 and 4 TTS in DE442.
Visual inspection of the organization of the predicted TSS and TTS reveals that their locations
are spaced out in a way that would allow part of the operon to be transcribed from an internally

located TSS after termination at an upstream TTS.

Another example of a complex operon includes genes RCAP_rcc01822-RCAP_rcc01834.
This genomic region is highly expressed in both sequenced strains. We detected a total of 15
TSS and 18 TTS in SB1003 and 29 TSS and 23 TTS in DE442. The presence of this
unexpectedly high number of predicted TSS and TTS sites could be attributed to pervasive
transcription. Pervasive transcription refers to the idea that transcription is not restricted by the
position of annotated protein-coding genes but can initiate in almost any genomic context (Wade
& Grainger, 2014). Such pervasive transcripts rarely have an assigned function and often occur
within genes, resulting in non-coding RNAs (Kapranov et al., 2007). However, it has been
proposed that pervasive transcripts could be more than transcriptional noise, with important

functions in gene regulation and genome evolution (Wade & Grainger, 2014).

In addition to highly complex operons we looked at operons with >30 predicted TSS or
TTS and found that they correspond to genomic regions of high transcriptional activity (Table

3.4).
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Table 3.4. Identified genomic regions with high transcriptional activity in R. capsulatus.

Start End Strand Strain Genes in region
159,978 | 161,744 + SB1003 RCAP_rcc00001
219,691 | 222,710 - DE442 RCAP_rcc00184 - RCAP_rcc00185
722,065 | 729,261 - DE442 RCAP_rcc00656 - RCAP_rcc00663
755,175 | 767,657 + DE442, SB1003 | RCAP_rcc00684 - RCAP_rcc00697
1,003,719 | 1,005,510 + SB1003 RCAP_rcr00004
1,003,894 | 1,009,459 + DE442 RCAP_rcr00004 - RCAP_rct00014
1,110,924 | 1,115,279 - DE442 RCAP_rcc01034 - 01036
1,513,758 | 1,515,535 + SB1003 RCAP_rcr00007
1,969,972 | 1,981,866 - DE442 RCAP _rcc01822 - RCAP_rcc01834
3,580,302 | 3,582,473 - DE442, SB1003 RCAP_rct00050 - RCAP_rcr00012
3,627,685 | 3,635,871 + SB1003 RCAP_rcc03426 - RCAP_rcc03433
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3.3.2 Features of identified TSS and TTS

To compare predicted TSS and TTS with the current genome annotation of R. capsulatus
(NCBI genome build accession GCF_000021865.1) and with a set of putative SRNAs (Grull et
al., 2017), we calculated the distance from each predicted TSS/TTS to the closest 5'/3' end,
respectively, of an annotated gene or putative SRNA transcribed on the same strand. Figure 3.5
shows the density distribution of the distances within £500 nts of TSS and TTS from the 5" and

3’ ends, respectively, of genes and sSRNAs.
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Figure 3.5: Density distribution of the distance in nucleotides of predicted TSS (green) and
predicted TTS (red) to the closest 5' and 3' end, respectively, of an annotated gene or putative
SRNA. The vertical grey line indicates the location of the 5' (or 3') ends. The mean distance is
provided below each plot. A negative distance indicates that the TSS (or TTS) is upstream of the
closest 5' (or 3") end of an annotated gene or putative SRNA.
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There is a clear peak in the TSS and TTS distance distributions close to the annotated 5'
and 3’ ends, respectively, of the genes or SRNAs. TSS with an absolute distance of more than
500 nts from the closest 5' end of an annotated gene or putative SRNA were statistically
significantly less efficient than those within 500 nts of the closest 5' end (Mann-Whitney test; p =
7.5e-34 and 8.9e-45 for SB1003 and DE442, respectively). Similarly, TTS with an absolute
distance of more than 500 nts from the closest 3' end of an annotated gene or putative SRNA
were significantly less efficient than those within 500 nts of the closest 3' end (Mann-Whitney
test; p = 4.3e-6 and 9.7e-10 for SB1003 and DE442, respectively). The vast majority of TSS and
TTS were within 500 nts of the 5" and 3' end, respectively, of an annotated gene or putative

SRNA (Table 3.5).

Table 3.5: Number of TSS and TTS in various genomic contexts relative to annotated genes or

detected SRNAs for each strain.

Genomic context SB1003 DE442

TSS TTS TSS TTS

[-500, 500] 3310 (81.83%) | 2221 (76.43%) | 4379 (81.48%) | 2570 (78.38%)

absolute (distance) <500 | 672 (16.61%) | 649 (22.33%) | 917 (17.06%) | 658 (20.07%)
and intragenic (internal)

absolute (distance) > 500 63 (1.56%) 36 (1.24%) 78 (1.45%) 51 (1.56%)
and intergenic

Total 4045 (100%) | 2906 (100%) | 5374 (100%) | 3279 (100%)

We investigated the relationship between the TSS/TTS efficiency and their absolute

distance to the closest 5' or 3' end, respectively, of an annotated gene or putative SRNA. There
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are negative correlations between TSS and TTS efficiency (Pearson's correlation coefficients of -
0.3 and -0.2, respectively) and absolute distance to the closest 5' or 3” end of an annotated gene

or putative SRNA, respectively (Figure 3.6).
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Figure 3.6: Efficiency of predictions as a function of distance to the nearest TSS or TTS. Top:
Efficiency of predicted TSS as a function of distance to the closest 5' end of an annotated gene or
putative SRNA for each strain. Bottom: Minus efficiency of predicted TTS as a function of their
distance to the closest 3' end of an annotated gene or putative SRNA for each strain. Efficiency is
the log2 of the ratio of the number of reads upstream of the TSS (or TTS) and the number of
reads downstream of the TSS (or TTS). The grey lines are the Locally Weighted Scatterplot
Smoothing (LOWESS) lines with a smoother span of 0.05. The Pearson correlation coefficients
between the efficiency (or — efficiency for TTS) and the absolute distance are provided below

each plot.

TSS upstream of the closest 5' end of an annotated gene or putative SRNA are significantly
more efficient than those located downstream of the closest 5' end of an annotated gene or
putative SRNA (Mann-Whitney test; p = 1.90e-71 and 2.33e-81 for SB1003 and DE442,
respectively). Fitting a local linear polynomial to the distance versus efficiency data points
(Figure 3.6) allowed visualization of an accumulation in the TSS efficiency upstream of the
closest 5' end of an annotated gene or putative SRNA with a sudden drop in efficiency at distance
zero. We did not observe this phenomenon for the TTS (Figure 3.6), but TTS downstream of the
closest 3' end of annotated gene or putative SRNA were significantly more efficient than those
located upstream of the closest 3' end (Mann-Whitney test; p = 0.0009 and 0.0003 for SB1003

and DE442, respectively).

Out of 415 putative SRNAs encoded on the R. capsulatus chromosome (Grdll et al.,
2017), 307 (74%) have either a TSS or a TTS within 50 nts of their 5 or 3' end, respectively, in
at least one of the strains sequenced, 124 (30%) have both a TSS and a TTS within 50 nts of their
5'and 3' end, respectively, in at least one of the strains sequenced, and 50 (12%) have both a TSS

and a TTS within 50 nts of their 5" and 3' end, respectively, in both strains. We explored whether
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there were differences between TSS and TTS associated with the putative SRNAs and those
associated with annotated genes, which showed that SRNAs have fewer internal TSS and TTS

than annotated genes (Supplementary Figures S4, S5).

3.3.3 Novel transcripts

As there were intergenic TSS and TTS not associated with any annotated gene or putative
SRNA, we wondered whether we could confidently identify novel transcripts in R. capsulatus.
To do that, we selected transcriptional units flanked by intergenic TSS and TTS with a minimum
read depth coverage of 10 reads in both SB1003 and DE442 and with <10% sequence overlap
with annotated genes or putative SRNAs. We found four transcriptional units meeting these

criteria (Figure 3.7).
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Figure 3.7: Example of an identified novel transcript. The first four rows on the left show the total RNA coverage, predicted 5’ and 3’
ends and the total RNA read coverage for the wild-type strain SB1003. Rows five to eight show the same data for the DE442 mutant
strain. The last three rows show the predicted novel transcript for SB1003 and DE442, respectively, with the neighboring annotated

genes.
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All four transcripts were investigated using the basic local alignment search tool
(BLAST) (Altschul et al., 1990) to find conservation in other bacterial species. Based on these
results, transcript T933787 is conserved in the chromosomes of at least four other bacterial
species, transcript T1025900 showed conservation in the chromosomes of at least nine other
bacterial species, transcript T1805883 was found to be conserved in the chromosomes of at least
nine other bacterial species and transcript T2265248 was found to be conserved in the
chromosomes of more than 20 bacterial species. None of the search results revealed possible
functions for the predicted transcripts. All predicted transcripts were then used as input for a
search using Rfam (Kalvari et al., 2018, Kalvari et al., 2018), which returned no matches to any
known transcripts. Using the HMMER software (Finn et al., 2011) to search for protein sequence
similarity resulted in no known matches for any of the predicted transcripts. The reason for the
lack of known RNAs or protein sequences could be that no study has previously identified or
characterized these intergenic RNAs. Further experimentation would be required to begin to

identify possible functions for these transcripts.

3.3.4 Genome-wide prediction of conserved promoter motifs

For each identified TSS, we extracted the sequence corresponding to 40 nts upstream of
the TSS. We merged overlapping sequences to obtain a total of 3172 sequences for SB1003 and
3877 sequences for DE442. Using the GMAL2 software (Frith et al., 2008) on the upstream

sequences of each strain, we identified a single strong motif (Figure 3.8).
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Figure 3.8: Promoter DNA sequence motif identified. The frequency of bases found at each
position is indicated by the size of the colored letters, created with GLAM2 (Frith et al., 2008).

3.3.5 Experimental validation of predicted TSS using 5° RACE

We chose four predicted locations for validation of TSS using 5° RACE. These were
RCAP_rcc00250, RCAP_rcc00493, RCAP_rcc01682 and RCAP_rcc01874. We purposefully
chose these targets because of their high expression in the DE442 GTA-overproducer strain.
Promoter predictions were made based on the motifs identified in this study as well as motifs that

have previously been identified (Leung et al., 2013).

RCAP_rcc00250 was predicted to have several TSS. We identified a TSS using RACE at
position 286,242 with a potential promoter starting at position 286,283. The closest predicted
RNA-seq-based TSS was at position 286,215, 27 bp upstream of the site identified with RACE,
with a predicted promoter at position 286,289 (Figure 3.9 A). Based on the sequencing coverage

data the 5° end of this gene was expected to be located closer to the start of the gene.
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Figure 3.9: Read depth coverage plots and genomic locations for the experimentally confirmed
TSS. Parts of the neighboring genes are shown with green arrows indicating their direction in the
genome. Their relative distance to the coverage plots is not to scale. Predicted promoters are
depicted as black boxes with white arrows inside, and the sequences are given below. The
distance of the promoter relative to the TSS is also not to scale. The total RNA-seq reads are
presented as purple plots. Blue bars mark the predicted TSS and orange bars the experimentally
validated TSS. The start sequences of TSS locations and the promoters are shown underneath the
plots in their respective 5’3’ orientations. Panel (A) shows the predicted and experimental
results for gene RCAP_rcc00250, panel (B) shows results for gene RCAP_rcc0493, panel (C)
shows results for gene RCAP_rcc01682 and panel (D) represents gene RCAP_rcc01874.

RCAP_rcc00493 was predicted to have a primary TSS at position 526,319 with a
predicted promoter starting at position 526,371. We were able to confirm the position of a TSS at

position 526,309 with RACE, 10 bp upstream of the RNA-seq-based site (Figure 3.9 B).

A previous study predicted a promoter site for RCAP_rcc01682 at position 1,818,559
(also referred to as orfgl for the RcGTA gene cluster), 129 bp upstream of its predicted start
codon at position 1,818,688. Initial RACE experiments identified a 5 end at position 1,818,643,
five nts downstream of a predicted stem-loop structure at position 1,818,615-1,818,637 (Mercer
& Lang, 2014). It is likely that this stem-loop structure interfered with the reverse transcription at
the beginning of the 5 RACE procedure. A subsequent 5 RACE experiment with added DMSO
resulted in reverse transcription to pass the predicted stem-loop structure, resulting in a 5* end at
position 1,818,595, 35 bp downstream of the previously predicted promoter sequence. This
position agrees with a previous prediction (Mercer & Lang, 2014) The closest predicted RNA-
seg-based TSS was at position 1,818,593, 2 bp upstream of the site identified with RACE (Figure
3.9 C). Although the location of the predicted 5’ end agrees with previous predictions, the
identified site using 5> RACE does not match with the sequencing coverage data.
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RCAP_rcc01874 was predicted to have a primary TSS at position 2,027,818 with a
predicted promoter at position 2,027,767. We were able to confirm the position of the TSS with
RACE, identifying a TSS at position 2,027,819, 1 bp downstream of the predicted site (Figure

3.9D).

With the exception of RCAP_rcc00250, the remaining three RACE-detected 5° TSS were
in accordance with the sequencing coverage data. The TSS detected for RCAP_rcc00250 could
have been caused by RNA processing prior to sequencing, despite the TEX treatment, or the

RACE reaction could have been prematurely terminated.

3.4 Conclusion

Integrating the sequencing data obtained by an altered protocol of dRNA-seq for 5° and
3’ end-targeted sequencing and total RNA-seq data, we were able to get an insight into the whole
transcriptome of two strains of R. capsulatus during early stationary phase of growth. Similar to
recent studies in other bacterial species (Sharma et al., 2010, Thomason et al., 2015, Ettwiller et

al., 2016), we found a high level of complexity in the R. capsulatus transcriptome.

Approximately half of the R. capsulatus operons were simple operons with one identified
TSS and one identified TTS, but most of the remaining operons have multiple TSS and multiple
TTS, or asingle TSS and multiple TTS. Approximately 80% of the TSS and TTS identified are
within 500 nts of the 5 and 3' end, respectively, of an annotated gene or putative SRNA. The
majority of the remaining TSS and TTS are internal to an annotated gene. We identified a single
strong promoter motif. Additionally, we were able to identify four novel transcripts and a

number of genomic regions of high transcriptional activity. Experimental validation of predicted
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TSS using 5° RACE showed that we were able to confirm TSS in close proximity to the RNA-

seg-predicted sites.
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Chapter 4 - Relative expression analysis of Rhodobacter capsulatus gene transfer agent-

associated genes and investigation of their potential genetic interactions

Abstract

The purple non-sulfur alpha-proteobacterium Rhodobacter capsulatus produces phage-
like particles called gene transfer agents (RCGTA). These particles package random ~4-kb pieces
of the cell’s genome, which can then be transferred to other cells and lead to gene exchange.
Most of the genes encoding proteins found in RcGTA particles are encoded by a structural gene
cluster comprising 17 annotated open reading frames. Transcriptomic and proteomic analyses led
to the discovery of additional genes, located outside of the structural gene cluster, that were
found to be involved in regulation and/or functionality and/or release of RCGTA particles. Here |
use real-time quantitative polymerase chain reaction analysis to examine the relative gene
expression of eight RcGTA-associated genes in R. capsulatus. The goal of this study was to
determine the effects of loss of various RCGTA regulators on transcript levels from the different
RCcGTA loci. Our results show that loss of rcc01865 or rcc01749 (cckA) had the strongest effect
on the expression of genes encoding RcGTA head-spikes and tail-fibers. Loss of gene rcc01663
(ctrA) affected the head-spike and tail-fiber genes as well as the GTA structural gene cluster.

Loss of any GTA-associated gene always affected the GTA-associated lysis gene rcc00555.

4.1 Introduction

The purple non-sulfur alpha-proteobacterium Rhodobacter capsulatus is studied for

different aspects of physiology, such as anoxygenic photosynthesis, and for its ability to produce
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a bacteriophage-like particle called a gene transfer agent, RCGTA (Marrs, 1974). These RcGTA
particles contain ~4 kb of random host genomic DNA sequences (Solioz & Marrs, 1977, Yen et
al., 1979). It is known that RcGTA structural proteins are mostly encoded by a ~15-kb cluster of
genes in the R. capsulatus chromosome (RCAP_rcc01682-RCAP_rcc01698) (Lang & Beatty,
2000, Chen et al., 2008). This cluster comprises 17 open reading frames (ORFs) arranged in an

apparent operon in a phage head-to-tail organization (Casjens et al., 1992, Lang et al., 2002).

Results from sRNA sequencing comparing two R. capsulatus strains (Chapter 2) and
investigation of operon complexity (Chapter 3), including the gene expression patterns of a
RcGTA overproducer mutant, showed that mutations in the R. capsulatus genome can affect the
expression of RcGTA-associated genes. Additional genes that are located outside of the GTA
structural gene cluster are known to be involved in the regulation, production and release of
RCcGTA. CtrA, a response regulator, ChpT, a histidine phosphotransferase, and CckA, a histidine
kinase, are part of a phosphorelay that is involved in the regulation of GTA particle production
and release (Lang & Beatty, 2000, Mercer et al., 2012, Westbye et al., 2013). CtrA has been
thoroughly studied for its role as a master regulator of the cell cycle in Caulobacter crescentus
(Quon et al. 1996, Skerker and Laub 2004) and, although CtrA has a very different role in R.
capsulatus (Mercer et al., 2010), it is essential for the production of RcGTA as transcription of
RCcGTA structural cluster genes is absent in a ctrA knock-out mutant (Lang and Beatty 2000). It
was also found that phosphorylated as well as unphosphorylated CtrA can activate RCGTA gene
expression, while phosphorylated CtrA is required for the release of the GTA particles from the
cell (Mercer et al., 2012). CckA appears to be required for maximal expression of another GTA-
associated gene located outside of the GTA structural gene cluster that encodes an endolysin

(rcc00555) for the release of GTA particles (Westbye et al., 2013 Hynes et al., 2012).
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Since GTA gene expression and production in R. capsulatus differ dependent on growth
phases, the transcriptomes during different growth phases and comparisons of the wild-type
strain to different mutant strains affected for RcGTA production were used to generate a list of
ORFs with differential transcript levels that matched the pattern of the RcGTA structural gene
cluster (Hynes et al 2016). This identified 4 additional loci that are involved in RcGTA function:
rcc00171, rcc00555-rcc00556, rcc01079-rcc01080, and rcc01865-rcc01866. rcc00555 was
previously shown to be involved in GTA particle release by encoding an endolysin (Hynes et al.,
2012, Westbye et al., 2013). The remaining ORFs were investigated further for a possible
connection with respect to RcGTA production (Hynes et al 2016), with mutant strains
constructed to evaluate the effect of loss of each candidate gene on RCGTA gene transfer
activity. Loss of rcc00171 abolished RcGTA gene transfer, but not production, and this gene was
predicted to encode a tail-spike protein based on the presence of a conserved domain (DUF2793)
(Schulz & Ficner, 2011, Hynes et al., 2016). Another locus, rcc01079-rcc01080, was previously
predicted to encode tail fibre proteins (Lang et al 2012) and loss of these genes affected RCGTA
binding to cells (Hynes et al, 2016), but it was found that the proteins made up head spikes on
the particles (Westbye et al., 2016). rcc01865, a putative DNA-binding protein, and rcc01866,
with no predicted function, were hypothesized to be non-structural contributors to RCGTA
function based on the phenotypes of the knockout strains (Hynes et al., 2016). rcc01865 was
found to be required for the expression of the RcGTA structural gene cluster whereas rcc01866

appears to be important for the maturation of functional RcGTA and its release from cells.

It has been proposed that Rcc01866 and the sensor kinase CckA might act in a common
regulatory pathway, based on almost identical RcGTA phenotypes obtained by the disruption of

either gene (Mercer et al., 2012, Westbye et al., 2013, Hynes et al., 2016). While strains with
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disruptions of rcc01079, and rcc01866 exhibited impaired RcGTA transfer activity, disruption of
rcc00171 or rcc01865 completely abolished gene transfer activity (Hynes et al., 2016). GTA
binding activity assays showed that GTAs produced by the rcc00171 knock-out strain had about
the same binding activity as GTASs released from wild-type cells but, according to activity data,
were not able to transmit their genetic content. GTAs produced by the rcc01079 knock-out strain

were found to have poor GTA binding activity and reduced GTA transfer ability.

It is still unclear how these different RcGTA loci are interconnected in terms of
their regulation. In this study | evaluate the effects of the loss of individual RcGTA regulatory
genes on expression of the different RcGTA loci. For this purpose, a quantitative polymerase
chain reaction (qPCR) assay was developed to measure the expression of eight RCGTA-
associated genes. The relative transcript levels of these genes in five strains of R. capsulatus
were compared with data on RcGTA gene transfer activity and capsid protein levels within and

outside of cells. For a list of all genes investigated in this study, see Table 4.1.

Table 4.1: Genes used in this study and their predicted functions.

Gene Predicted function Reference
rcc00171 Putative tail-spike protein Schulz & Ficner, 2011, Hynes et
al., 2016
rcc00555 endolysin Fogg et al., 2012, Hynes et al.,
2012, Westbye et al., 2013
rcc01079 Head-spike protein Lang et al, 2012
rcc01683 Terminase (large subunit) Lang & Beatty, 2000
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rcc01684

Portal

Lang & Beatty, 2000

rcc01686 Prohead protease Lang & Beatty, 2000
rcc01865 Putative DNA-binding protein Hynes et al., 2016
rcc01866 - Hynes et al., 2016

4.2 Materials and Methods

4.2.1 Strains and growth conditions

All cultures were grown under anaerobic, phototrophic conditions at 35°C in complex

YPS medium (Weaver et al., 1975) until four hours after reaching stationary phase, as measured

by cell culture turbidity. Cultures were mixed at a ratio of 5:1 with a mixture of 95% ethanol and

5% saturated phenol (Jahn et al., 2008). Cells were then pelleted by centrifugation and pellets

were frozen on dry ice/ethanol and stored at -80°C as described in Grdll et al. (2017). For a list of

R. capsulatus strains used in gPCR experiments, see Table 4.2.

Table 4.2: Strains used in gPCR experiments

Strain Mutated gene Reference
SB1003 None, parental strain Strnad et al., 2010
SBRM1 rcc01663 (ctrA) Mercer et al., 2010
SBcckA rcc01749 (cckA) Lang et al., 2002
SB1865 rcc01865 Hynes et al., 2016
SB1866 rcc01866 Hynes et al., 2016
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4.2.2 Design of primers for g°PCR

Primers were designed to target the genes of interest (rcc00171, rcc00555, rcc01079,
rcc01683, rcc01684, rcc01686, rcc01865, and rccl866) using the Primer3 software (Koressaar
& Remm, 2007, Untergasser et al., 2012). Primer sets were also designed specific to the DNA-
directed RNA polymerase omega subunit gene, rpoZ, and the DNA-directed RNA polymerase
alpha subunit gene, rpoA, which were used as reference genes to normalize expression values for
all other genes. rpoZ was chosen as a reference gene because its expression has been shown to be
invariable across growth conditions in microarray experiments performed on Rhodobacter
sphaeroides (Gomelsky et al., 2003), a close relative of R. capsulatus. rpoA was chosen as a
second reference gene because it has been used as a reference housekeeping gene in several other
gPCR studies in bacteria, such as Campylobacter jejuni (Ritz et al., 2009), Clostridium
ljungdahlii (Tremblay et al., 2012) and Escherichia coli (Wagner et al., 2009). Primers were
designed to amplify approximately 120 bp of the target gene with primer lengths varying

between 20 and 24 nt. Primer sequences are provided in Table 4.3.

Table 4.3: Primers used in qPCR experiment

ORF Primer pair sequences (5°-3°)
TCTGGGTCTGGTTGCTTTCGATCA
rcc03318 (rpoZz)
ACCACCGGGTTCTTGTCATTGTCA
TGAACACCGGCAAGGGCTATGT
rcc00326 (rpoA)
ATTCGCCGGTGAAGAAGGTCGC
CAACACCACGCATGACACCACG
rcc00171
CCTGCCCACCGATACCGCAAG
GCCAGTATTTCAAGGCGCCGAA
rcc00555
CCGCATTCTGCAGGAGCTGTT
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ATTACGAGATCACGCCCAGCGA
rcc01079

GACCGGCATCACCGTGACCTAT

GGGCCTATCTGGCGGAAAGCTT
rcc01683

TCTGCTGGAGGATGTCGAGGGG

TCAAGAGCTTCCATCCGACCGA
rcc01684

AAGGCGCTTTTGGACAATGCCG

CGCGGGCTTTGGGTCAAGGG
rcc01686

ATCGGATATCGCACCATCGCCG

TCAAGGCCTCCGCTTCCAACAG
rcc01865

TGCACCAAGATCCAGCCGTTCA

ATCTGCGCCGACTTTTGGCGA
rcc01866

CGGAGAGGCCGGCTACAGTTT

4.2.3 RNA Sample preparation and gPCR analysis

Total RNA was extracted using the NucleoSpin® miRNA kit (MACHEREY-NAGEL)
following the manufacturer’s protocol. Residual DNA in all samples was depleted using DNase |
(NEB). Total RNA integrity before and after DNase | treatment was confirmed by gel
electrophoresis, and the quality of the RNA after DNase | treatment was checked using a
NanoDrop ND-1000 spectrophotometer. DNase I-treated total RNA was then converted to
cDNA using the ProtoScript® 11 Reverse Transcriptase (NEB) following the manufacturer’s
standard protocol for first strand cDNA synthesis using the random primer mix. All cDNA
samples were then used as template for amplification using all primer pair sets designed for
gPCR experiments, and the products were examined by agarose gel electrophoresis to confirm

that the correctly sized product was amplified.
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PowerUp™ SYBR® Green Master Mix (Thermo Fisher) was used to monitor
amplification and to quantify the amount of PCR products using the StepOnePlus™ Real-Time
PCR System (Thermo Fisher) with software version 2.1. The threshold cycle (Cq) was
determined manually by selecting the beginning of exponential amplification of each sample.
gPCR reactions (10 pL) were made according to the StepOnePlus protocol and contained
PowerUp Master mix, 1 mM of each primer, and 5 ng cDNA. The thermal cycler protocol was as
follows: initial UDG activation at 50°C for 2 min, activation of Dual-Lock™ DNA polymerase
at 95°C for 2 min, followed by 40 cycles of 95°C for 3 s and 60°C for 30 s. The fluorescence
signal was measured at the end of each extension step. After the amplification, a melting curve
analysis was performed with the following settings: 95°C for 15 s (ramp speed 1.6°C/s), 60°C for
1 min (ramp speed 1.6°C/s) and 95°C for 15 s (ramp speed 0.15°C/s) to confirm that only one

product was amplified. Each gPCR experiment was performed in triplicate.

4.2.4 Relative gene expression analysis

Relative quantification was performed using the AACq method as described (Livak &
Schmittgen, 2001). In this method, ACq = Cq (target gene) — Cq (reference gene), and AACq =
ACq (target strain) — ACq (reference strain). The target genes were rcc00171, rcc00555,
rcc01079, rcc01683, rcc01684, rcc01686, rcc01865, and rcc01866. The reference genes were
rpoZ and rpoA. The experimental strains were R. capsulatus SBRM1, SBcckA, SB1865, and

SB1866, with the parental strain for these knock-out strains, SB1003, as the reference.
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4.2.5 Statistical analysis

All statistical analysis was performed using GraphPad Prism software 7.04 (GraphPad
software, 2018). The data were logio-transformed to test for normal distribution and to confirm
that the assumptions for a parametric test were met. Analysis of variance (ANOVA) and
Dunnett's multiple comparisons test were performed to test for significance of differences in
mean expression of target genes in the different R. capsulatus strains (for full list of results see

Supplementary Table S5).

4.3 Results

4.3.1 Quality control

Extracted and DNase I-treated RNA, which was used for g°PCR experiments, were run on
agarose gels to verify RNA integrity. The gel images showed good quality RNA for all samples
based on the strong signal for the 16S and 14S rRNA bands. In R. capsulatus, the 23S rRNA is
cleaved into 16S and 14S rRNA molecules at a predicted hairpin-loop structure that is removed
from the 23S rRNA during a processing step (Kordes et al., 1994). Another indicator for good
RNA quality was intense smearing representing the variably sized other RNAs present inside

cells (Figure 4.1).

-111 -



untreated treated

1 2 3 4 5 6 7 8 9 10 11

1.5 kb
1 kb 65
14S
500 bp
sRNAs
100 bp

Figure 4.1: Agarose gel image showing extracted RNA samples before (untreated) and after
(treated) DNase | treatment. Total RNA samples from the same strain before (2-6; loaded in
order: SB1003, SB1865, SB1866, SBcckA, SBRM1) and after DNase | treatment (7-11; loaded
in order SB1003, SB1865, SB1866, SBcckA, SBRM1) showed good quality based on a strong
signal for 16S and 14S rRNAs, a visible smear and the presence of SRNAs. RNA sizes are

indicated on the left.
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NanoDrop readings were taken to verify the RNA quality after DNase | treatment. All
readings presented positive for good quality RNA with 260/280 and 260/230 readings of

approximately 2.0.

4.3.2 Standard and melting curves
The cDNA from all 5 strains was pooled and amplified with each set of primer pairs
separately to generate standard and melt curves. This was done to verify that each set of primer

pairs amplified their target specifically and efficiently.

Sample runs for the creation of standard curves were performed in triplicate. Replicates
for each primer set showed similar amplification curves (see Figure 4.2) and confirmed the

reaction efficiency for all primer pairs.
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Figure 4.2: Representative amplification plots for three different primer sets. Data are plotted as normalized intensity of the reporter
dye (ARn) over number of PCR cycles. Pooled cDNAs, generated from DNase I-treated total RNA from all R. capsulatus strains used
in these experiments, were tested for reaction efficiency. Three replicate amplification curves are shown for genes rcc00171 (left),

1684 (middle) and 1865 (right). Similar results were obtained for the other 7 primer pair sets used (not shown).
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To achieve exact quantification of specific PCR products, the generation of non-specific
products must be avoided (Wilhelm et al., 2003). To rule out non-specific binding, a melting
curve analysis is frequently performed (Ririe et al., 1997). The process of melting double-
stranded DNA causes a sharp drop in the fluorescence signal from the SYBR Green dye around
the melting temperature (Tm) of the PCR product, resulting in a clear peak in the negative
derivative of the melting curve (-dF/dT). Fragments with different melting temperatures,
including primer-dimers, will therefore appear as separate peaks (Ririe et al., 1997). No

amplification of non-specific products was observed (Figure 4.3).
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Figure 4.3: Representative melting curves for three different primer sets/ -genes. Pooled cDNA,
generated from DNase I-treated total RNA from all R. capsulatus strains used in these
experiments, was tested for non-specific amplification of targets. Three replicate melt curves are
shown for the amplification products for genes rcc00171 (left), rcc01684 (middle) and rcc01865

(right). Similar results were obtained for the other 7 primer pairs used (not shown).

4.3.5 Effect of loss of rcc01865

Analysis of transcript levels for the different genes by gPCR in the SB1865 strain
revealed that most of the GTA-associated genes are down-regulated in the absence of rcc01865
(Figure 4.4). The greatest effect was observed for rcc01686, which encodes the RcGTA major
capsid protein, whose transcript levels were reduced approximately 700-fold. The transcript
levels of genes rcc00171, rcc00555, rcc01079, rcc01683 and rcc01684 were reduced 5-80-fold.
There was minimal or no effect on expression of rcc01866. All changes in gene expression, with

the exception of rcc01866, were statistically significant.

-117 -



Relative expression in A1865 strain
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Figure 4.4: Effect of loss of gene rcc01865 on expression of other GTA-associated genes within
and outside the RcGTA structural gene cluster. The fold change of gene expression is shown
relative to the wild-type (SB1003). Error bars represent standard deviations. Asterisks (*)
indicate statistically significant differences from the wild-type (** p < 0.0001, * p<0.005;

Dunnett's multiple comparisons test).

4.3.6 Effect of loss of rcc01866
Analysis of the SB1866 strain revealed up-regulation of most investigated genes in the
absence of rcc01866 (Figure 4.5). The highest up-regulation was observed on rcc01865, which

was increased ~14 fold. Expression of gene rcc00171 increased ~2.5-fold. Expression of all
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other genes did not increase by more than ~1.7-fold. All changes in gene expression, with the

exception of rcc01079, rcc01683 and rcc01686, were statistically significant.
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Figure 4.5: Effect of loss of gene rcc01866 on expression of other GTA-associated genes within
and outside the RcGTA structural gene cluster. The fold change of gene expression is shown
relative to the wild-type. Error bars represent standard deviation. Asterisks (*) indicate
statistically significant differences from the wild-type (** p < 0.0001, * p<0.005; Dunnett's

multiple comparisons test).
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4.3.7 Effect of loss of CckA

gPCR analysis of the SBcckA strain revealed that all of the GTA-associated genes are
down-regulated in the absence of cckA (Figure 4.6). The greatest effect was seen on gene
rcc01079, which was decreased ~100-fold. Expression of genes rcc00171, rcc00555, rcc01683,
rcc1684, rcc01686, rcc01865 and rcc01866 was reduced 5-80-fold. All changes in gene

expression, with the exception of rcc01865, were statistically significant.
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Figure 4.6: Effect of loss of gene rcc01749 on expression of other GTA-associated genes within
and outside the RcGTA structural gene cluster. The fold change of gene expression is shown
relative to the wild-type. Error bars represent standard deviation. Asterisks (*) indicate
statistically significant differences from the wild-type (** p < 0.0001, * p<0.005 ; Dunnett's

multiple comparisons test).

4.3.8 Effect of loss of CtrA

The expression pattern of the SBRNL1 strain revealed that all of the GTA-associated genes
are down-regulated in the absence of ctrA (Figure 4.7). The greatest effect was seen on gene
rcc01686, which encodes the major capsid protein and whose expression was reduced ~600-fold.
Expression of genes rcc00171, rcc00555, rcc01079, rcc01683, rccl684, rcc01865 and rcc01686
was reduced ~9-90-fold. All changes in gene expression, with the exception of rcc01865, were

statistically significant.
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Figure 4.7: Effect of loss of gene rcc01490 on expression of other GTA-associated genes within
and outside the RcGTA structural gene cluster. The fold change of gene expression is shown
relative to the wild-type. Error bars represent standard deviation. Asterisks (*) indicate
statistically significant differences from the wild-type (** p < 0.0001, * p<0.005 ; Dunnett's
multiple comparisons test).
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4.4 Discussion

Our results show that losses of the putative and known GTA regulator genes studied here lead to
decreased transcript levels of multiple GTA loci that | investigated in this study (Figure 4.8).

Loss of rcc01866 lead to increased transcript levels of some of the genes.
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Figure 4.8: Comparison of relative expression of all genes in all strains used in this study. The
fold change of gene expression is shown relative to the parental strain, SB1003. Error bars
represent standard deviation. Asterisks (*) indicate statistically significant differences from the
wild-type (p < 0.001; Dunnett's multiple comparisons test).

Loss of rcc01865 and ctrA had the greatest effect on the RcGTA structural gene cluster,

whereas loss of cckA had the largest effect on genes involved in RcGTA particle release and

maturation.
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4.4.1 Loss of rcc01865

Our results show that the GTA structural gene cluster genes are differentially expressed
compared to each other in the absence of expression of rcc01865. | detected only slight down-
regulation of rcc01683, the second gene of the GTA structural cluster, but there was a much
greater (90-700 fold) down-regulation of gene rcc01684 and rcc01686, the third and fifth genes
of the GTA cluster. Considering the gPCR results and the predicted role of Rcc01865 as a DNA
binding protein, it is possible that it acts as an upstream activator for the GTA structural cluster
genes. However, it is not clear why the downstream genes are more affected by its absence.
Inspection of the nucleic acid sequence between rcc01683 and rcc01684 reveals that a potential
Rho-independent transcription terminator stem loop structure is present in this region. One
possible explanation for the gPCR data is that Rcc01865 could be required for transcription anti-
termination at this structure, thereby allowing transcription to continue into the downstream
genes. Another explanation is that Rcc01865 also acts as a transcriptional activator between
rcc01683 and rcc01684, but none of my RNA-seq data (Chapter 3) support the initiation of
transcription in this location. All the other GTA-associated loci were negatively affected by the

loss of rcc01865, indicating that Rcc01865 plays an important role in GTA gene expression.

A previous study on the rcc01865 knockout strain detected no GTA capsid protein within
cells or in culture supernatants (Hynes et al., 2016), which is consistent with the large down-

regulation of the capsid gene | observed by gPCR.
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4.4.2 Loss of rcc01866

Genes rcc01865 and rcc01866 are neighboring but divergent genes in the R. capsulatus
genome. Although I observed a minimal change in the expression of gene rcc01866 in the
absence of rcc01865, the absence of rcc01866 has a much greater effect on gene rcc01865 with
an up-regulation of rcc01865 by ~14-fold. The rcc01866 gene product has no predicted function
but based on our results it seems likely that rcc01866 functions as a negative regulator of
rcc01865. Rcc01866 also has an effect on genes rcc00171 and rcc00555, indicating that it could
be involved in the regulation of maturation and release of GTA particles. The slight up-
regulation of gene rcc01684 could have been caused by the up-regulation of gene rcc01865. As |
observed, in the absence of rcc01865, gene rcc01684 was down-regulated ~90-fold. An up-
regulation of rcc01865 in the absence of rcc01866 is therefore likely to cause an up-regulation of
gene rcc01864. Overall, the loss of Rcc01866 had mostly modest effects on the transcript levels

of the different genes.

Previous experiments with this strain showed the presence of GTA capsid proteins within
cells, but not in culture supernatants, and the capsid protein observed inside the cells did not
represent the presence of functional GTAs (Hynes et al., 2016). Based on this, | expected to
observe a decrease in lysis gene expression in this strain, and possibly for the head-spike and/or
tail-spike genes. However, this was not observed in the gPCR results. Fitting with expectation,

the capsid gene was not affected in this strain.
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4.4.3 Loss of CckA

The decrease of genes rcc00171 (~80-fold) and rcc01079 (~100-fold), encoding the
predicted tail- (Hynes et al., 2016) and documented head-spike proteins (Westbye et al., 2016),
respectively, fits with previous data showing the GTA particles made by this strain are largely
defective (Mercer et al., 2012; Westbye et al., 2013). Expression of the endolysin-encoding gene
rcc00555 was ~10-fold lower than in the R. capsulatus wild-type strain, which is consistent with
previous findings that GTA particles are not released out of the cckA mutant (Mercer et al., 2012;

Westbye et al., 2013).

4.4.4 Loss of CtrA

CtrA is a global response regulator that affects expression of more than 200 genes in R.
capsulatus (Mercer et al., 2010). Loss of CtrA seems to affect the expression of the three GTA
structural genes somewhat differently. I observed a higher down-regulation of gene rcc01686
compared to the other two GTA structural genes. This is similar to the effect seen in the
rcc01865 mutant strain, and it is possible that CtrA is also somehow involved in anti-termination
between rcc01683 and rcc01684. | observed a decrease in transcript levels for rcc01865 in the

ctrA mutant, which further indicates a connection between rcc01865 and CtrA.

The rcc00171, rcc00555 and rcc01079 genes are greatly affected by the loss of CtrA,

with a reduction of between ~20 and 90-fold in expression.
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4.5 Conclusion

Production and release of fully functional RcGTA particles requires structural proteins
from three loci and lysis genes at an additional locus. From previous studies it appeared that
these loci were differentially regulated by rcc01865, rcc01866, CckA and CtrA. Using gPCR
analysis, 1 was able to examine the effects of loss of these different regulators of RCGTA

production on transcript levels for the different RcGTA-associated loci.

In the absence of rcc01865 | saw the greatest effect on the expression of genes rcc00171,
rcc01079, rcc01684 and rcc01686. These results show that the absence of Rcc01865 affects
genes regulating the production of RcGTA particles and the formation of tail- and head-spikes,
which are needed for successful attachment of GTAs to bacterial cells. The absence of gene
rcc01866 had the least effect compared to the loss of other investigated GTA-associated genes in
this study. The greatest effects were observed on genes rcc00171, rcc00555, rcc01864 and
rcc01865. The absence of CckA had the greatest effect on genes rcc00171, rcc00555 and
rcc01079, which are not essential for the production of RcGTA. This suggests that CckA may be
more strongly involved in the regulation of RCGTA particle maturation and release. In the
absence of the global response regulator CtrA, | saw the greatest effect on the RCGTA structural
genes rcc01683, rcc01684 and rcc01686, as well as genes rcc00171, rcc00555 and rcc01079.
Based on our results it is not clear if CtrA is directly responsible for the down-regulation of the
genes outside of the RCGTA structural gene cluster, or if the down-regulation of these genes is a

secondary effect caused by the stop of RcGTA particle production.

| was able to demonstrate that the loss of one GTA-associated gene can have a great

effect on the expression of other GTA-associated genes. The expression patterns of the
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investigated genes are in accordance with predictions based on the RcGTA production

phenotypes of the mutant strains.

Future studies might repeat these gPCR assays with cultures grown under different
conditions to gain additional insight into RCGTA production in R. capsulatus. Since the overall
expression of GTA-associated genes is low in wild-type R. capsulatus, the overproducer mutant

(DE442) could be used for further investigation.
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5. Summary

Currently, our understanding of the global regulation of gene expression in R. capsulatus
is limited to a few studies. The first study to investigate this on a genome-wide scale was
performed in 2010 using microarrays based on a preliminary version of the complete genome
sequence of R. capsulatus (Mercer et al., 2010). The microarrays contained oligonucleotide
probes for 3,635 ORFs and 1,452 intergenic regions greater than 90 bps. Because of the size
restrictions on microarrays, in terms of the number of genes that can be investigated, the results
gave an insight into gene expression patterns in R. capsulatus but were not able to capture a
complete transcription profile of all genes in the genome. Mercer’s studies focused on the
response regulator CtrA, and the resulting hypothesis was that CtrA might exert some of its
effects through SRNAs. No sSRNA work had previously been done for R. capsulatus, so | decided
to characterize SRNASs in this organism and to investigate the possibility that CtrA regulated the

expression of some sSRNAs.

To identify and characterize SRNAs in R. capsulatus, I had to selectively isolate SRNAs
from a pool of total RNAs. | performed the sequencing on the high-throughput instrument that
was available in our group, an lon Torrent PGM, which generated a total of 3,966,797 reads for
the wild-type strain that were successfully mapped to the reference genome. For the ctrA mutant
strain, | was able to generate a total of 3,461,348 mapped reads. After data processing using
bioinformatic tools that were developed in-house, my study yielded a total of 422 putative
SRNAs from the RNA-seq data. Of these, 124 were conserved in at least one out of 23 bacterial
species that were investigated, but only 19 out of the 422 putative SRNAs were assigned a
predicted function, reflecting a general lack of knowledge regarding SRNA functions in bacteria.

Putative cis-targets for antisense and partially overlapping SRNAs were found to be enriched
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with protein-coding genes involved in primary metabolic processes, photosynthesis, compound
binding, and with genes forming part of macromolecular complexes. A differential expression
analysis was performed to compare the wild-type strain to the strain lacking CtrA. This resulted
in the discovery of 18 putative SRNAs with differing expression levels in the two strains. The use
of Northern blot analysis on several predicted putative SRNAs validated these SRNAs as true
sRNAs with differential expression between the strains. Further experimental work will be
required to determine the potential role of these SRNAs in affecting CtrA-regulated processes.
Based on my results, there are still 298 putative SRNAs remaining for which we have no
indication of possible function in R. capsulatus. More work is needed to validate the existence
and investigate the potential function of these putative SRNAs in R. capsulatus, including those

regulated by CtrA.

After conducting the SRNA sequencing experiments, the next step was to investigate the
overall transcriptome, especially the remaining RNAs that were excluded from the SRNA
analysis. To be able to investigate the full array of RNAs expressed by R. capsulatus, |
performed total RNA sequencing experiments with the wild-type strain SB1003. These resulted
in good coverage for parts of the R. capsulatus genome, but this did not include the GTA
structural gene cluster region. Because the RCGTA genes are only expressed in a sub-population
(~3%) of cells in stationary phase cultures (Hynes et al., 2012), the amount of sequencing reads
generated in wild-type cultures were presumably not high enough for the GTA cluster region to
surpass the signal threshold in this analysis. Therefore, | decided to use an RCGTA overproducer
mutant (DE442) to obtain more GTA gene cluster reads to enable investigation of transcription
in this region. I implemented techniques that allowed for the prediction of TSS and TTS genome-

wide using RNA-seq. | was able to alter an existing protocol designed for the Illumina
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sequencing platform, dRNA-seq, for use on the lon Torrent sequencing platform. I used this for
not only the traditional 5’ end-targeted sequencing, but also developed a custom workflow for

targeting RNA 3’ ends.

This work revealed a high complexity in the R. capsulatus transcriptome, as has been
observed in other bacterial species (Sharma et al., 2010, Thomason et al., 2015, Ettwiller et al.,
2016). The hypothesis is that more complex operons, in terms of numbers of TSS and TTS, are
likely to be longer and more highly expressed than those with less TSS and TTS. | found that
approximately half of the operons in the R. capsulatus genome are simple, with one identified
TSS and one identified TTS. Most of the remaining operons were found to have multiple TSS
and multiple TTS, or a single TSS and multiple TTS. Approximately 80% of all identified TSS
and TTS were within 500 nt of the 5* and 3’ end of an annotated gene or putative SRNA. For the
415 putative SRNAs that we had previously identified, 307 (74%) had eithera TSSora TTS
within 50 nts of their 5’ or 3” end in at least one of the studied strains. Out of all putative SRNAs,
124 (30%) have both a TSS and a TTS in at least one of the sequenced strains and 50 (12%) of
all putative SRNAs have both a TSS and TTS in both sequenced strains. From the data it became
apparent that, when comparing putative SRNAs to the remaining sequencing reads, putative
SRNAs have fewer internal TSS and TTS than annotated genes. These results provided
confidence in the predicted putative SRNAs from the previous study because the majority of
these putative SRNAs were found to have predicted TSS or TTS. Using 5° RACE for
experimental validation of predicted TSS, | was able to validate transcript ends in close
proximity to the predicted sites. Utilizing all the data obtained from this study it was then
possible to predict a conserved promoter motif in R. capsulatus. Only one study had previously

attempted to identify a promoter motif in R. capsulatus, but that prediction was based on only 14
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promoter sequences from nine different studies (Leung et al., 2013). Based on my results, it was

possible to identify a single strong motif in R. capsulatus promoter sequences (Figure 5.1).

CC=
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Figure 5.1: DNA sequence promoter motif identified in R. capsulatus based on predicted TSS

and total RNA sequencing data.

In this study | was able to successfully integrate dRNA-seq and total RNA-seq data to
describe the operon complexity in R. capsulatus and to identify a single conserved promoter
motif. Using sequencing data from an RcGTA overproducer mutant | was able to gain an insight
into the expression patterns of the genes within the RCGTA gene cluster and experimentally
validate the promoter location upstream of the gene cluster. The limited number of 5 RACE
results that | was able to obtain do confirm the predicted TSS locations for the chosen genes, but
it is hard to make a prediction about the overall accuracy of all the predictions made. Comparing

my results to those of other studies (Sharma et al., 2010, Thomason et al., 2015, Ettwiller et al.,

-135-



2016), the number of predicted TSS and TTS are similar. However, more experimental
validation is necessary to verify predicted sites. Overall this study gives confident suggestions
about the presence and location of potential TSS and TTS. The predicted operon structures and

promoter motif can be of value for other investigators in future investigations.

After identifying total RNAs and sSRNAs present during early stationary phase in R.
capsulatus and gaining more insight into the gene expression of the RcGTA gene cluster, based
on the results from total RNA-seq using an RcGTA overproducer, | studied the transcript levels
of different GTA-associated in different mutant strains. | chose eight genes to investigate in my
study using qPCR and the goal was to determine the relative expression of these genes in strains
lacking genes known or predicted to affect RcGTA production at a regulatory level. Three of the
genes that | chose to investigate are part of the GTA structural cluster and the remaining five are
located elsewhere in the genome. The genes outside of the GTA gene cluster had been identified
and given predicted functions in previous studies (Hynes et al., 2012, Westbye et al., 2013,
Hynes et al., 2016). | used existing RcGTA production phenotypes from the previous studies to
compare to my results. | was able to demonstrate that the loss of known and putative GTA
regulators can have a great effect on the transcription of GTA loci, with the expression patterns
of the investigated genes being in accordance with the predictions from previous studies. Loss of
gene rcc01865 showed similar effects to the loss of ctrA, therefore the mechanism of Rc01865

regulation of GTA genes needs to be investigated further.

It might be of value to repeat the experiments presented in this work to investigate
different growth conditions to get a better coverage of additional regions of the R. capsulatus
genome. The expression of genes varies under different growth conditions, therefore further

investigation will give us a more detailed view of the whole transcriptome of this organism.

- 136 -



While there are still many important questions unanswered, the work elaborated here has
helped to gain a greater insight into the whole transcriptome and operon complexity of R.
capsulatus. The discovery of novel SRNAs and the identification of a conserved promoter motif

will serve as starting point for new studies to further investigate the R. capsulatus transcriptome

and cellular processes.
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Appendix 1 — Supplementary Figures and Tables for Chapter 2

Table S1:: Homologous sSRNAs in other bacterial species (pink marks in Figure 1). References to corresponding studies are given in

Table 2.1.

A. tumefaciens

4750083(+)

Query Subject PID | Length | QLen | Mismatch | Gaps | QStart | QEnd | SStart | SEnd | Evalue Score

SRNA00598 | NC_003062.2|:101444- | 80.77 | 52 52 9 1 1 51 49 100 | 0.00000001 |50
101546(-)

SRNA01156 | NC_003062.2|:2007230- | 88.71 | 62 121 |7 0 60 121 | 270 331 | 2E-18 88
2007565(+)

N. gonorrhoeae

Query Subject PID | Length | QLen | Mismatch | Gaps | QStart | QEnd | SStart | SEnd | Evalue Score

SRNA01158 | NC_002946.2|:863130- | 90.62 | 32 65 3 0 32 63 149 180 | 0.00000002 | 48
863310(+)

P_acnes

Query Subject PID | Length | QLen | Mismatch | Gaps | QStart | QEnd | SStart | SEnd | Evalue Score

SRNA01140 | AE017283.1|:718284- 81.82 | 55 52 5 2 1 52 104 156 | 5E-10 54
718670(+)

P. aeruginosa

Query Subject PID | Length | QLen | Mismatch | Gaps | QStart | QEnd | SStart | SEnd | Evalue Score

SRNA01158 | NC_008463.1|:4749730- | 85 40 65 4 1 26 65 316 353 | 0.0000002 46
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R. sphaeroides

Query Subject PID | Length | QLen | Mismatch | Gaps | QStart | QEnd | SStart | SEnd | Evalue Score

SRNA00470 | NC_007493.2|:1444045- | 100 | 20 68 0 0 1 20 55 74 0.000001 40
1444119(-)

SRNA00648 | NC_007493.2|:2495804- | 82.19 | 73 160 |11 2 87 158 |5 76 6E-15 72
2495967(+)

SRNAO01077 | NC_007493.2|:694642- | 84.03 | 144 194 | 17 6 53 192 |53 194 | 2E-35 148
694848(+)

S. avermitilis

Query Subject PID | Length | QLen | Mismatch | Gaps | QStart | QEnd | SStart | SEnd | Evalue Score

SRNA00627 | NC_003155.4:8583426- | 81.03 | 58 79 8 2 19 73 21 78 0.000000001 | 54
8583516(-)

S. meliloti

Query Subject PID | Length | QLen | Mismatch | Gaps | QStart | QEnd | SStart | SEnd | Evalue Score

SRNA00197 | NC_003047.1|:3473144- | 100 | 19 145 |0 0 61 79 47 29 0.00004 38
3473210(+)

SRNA00598 | NC_003047.1|:259927- | 81.13 | 53 52 8 2 1 51 48 100 | 0.00000002 | 48
260032(+)

SRNA00822 | NC_003047.1]:3522269- | 86.21 | 29 85 4 0 51 79 75 103 | 0.00002 38
3522383(+)

SRNA01156 | NC_003047.1]:2291226- | 79.03 | 62 121 |13 0 60 121 174 235 | 1E-10 58
2291466(+)

V. cholerae
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Query Subject PID | Length | QLen | Mismatch | Gaps | QStart | QEnd | SStart | SEnd | Evalue Score

SRNA00237 | NC_002505.1|:603874- | 86.67 | 30 180 |4 0 148 177 | 62 91 0.00004 40
603969(+)

SRNA00627 | NC_002505.1[:2722409- | 96.77 | 31 79 1 0 41 71 83 113 | 7E-10 56
2722532(-)

SRNA01158 | NC_002505.1|:914289- | 88.24 | 34 65 4 0 32 65 104 137 | 0.00000008 | 48
914427(-)

SRNA01158 | NC_002505.1]:914290- | 88.24 | 34 65 4 0 32 65 48 81 0.00000008 | 48
914371(-)

SRNA01158 | NC_002505.1]:914290- | 88.24 | 34 65 4 0 32 65 59 92 0.00000008 | 48
914382(-)

SRNAO01158 | NC_002505.1|:914290- | 88.24 | 34 65 4 0 32 65 82 115 | 0.00000008 | 48

914405(-)
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Table S2: List of putative SRNAs and their features.

SRNA Features
SRNA ID | Replicon Start End Read Depth | Stra | Free Predict | Predicted - Predicte | Predict | Distance Type (I = Probabilit
Coverage nd Energ | ed-10 10 Promoter | d -35 ed -35 (nt) to Intergenic, y of being
y SS Promo | Sequence Promote | Promo | closest AS = asRNA
ter r ter predicted | antisense, S (logistic
Positio Position | Sequen | Rho- =sense, PO = | regression
n ce independe | Partial )
nt overlap, POb
terminato | = Partial
r overlap both
ends)
SRNAQOO | Chromoso | 30407 | 304083 | 84.4131438 | + -25.8 | 0.4503239
627 me 56 4 6 72
SRNAOO | Chromoso | 39755 | 397640 | 9.92096705 | - -43.8 -36 ACGTTGA | -56 TTGC | 0.2653731
822 me 6 6 CT GG 75
SRNAQOO | Chromoso | 35527 | 355282 | 18.8819435 | + -35.2 | 0.9703809
687 me 25 7 1 53
SRNAQOO | Chromoso | 25473 | 254738 | 10.1335294 | + -36.2 19 GGGTCGG | -6 TTGA | 0.7200778
526 me 01 4 6 AT CG 33
SRNAQOO | Chromoso | 35540 | 355413 | 9.86075414 | + -304 42 | 0.7094116
688 me 54 5 3 66
SRNAQOO | Chromoso | 22744 | 227454 | 19.2333712 | + -33.2 | 0.5123076
508 me 56 5 1 18
SRNAO1 | Chromoso | 21972 | 219730 | 12.8390625 | - -13.8 | 0.2511746
035 me 41 1 71
sRNAO1 | Chromoso | 31617 | 316188 | 19.4658549 | - -45.5 POb 0.0856299
179 me 32 1 9 43
SRNAOO | Chromoso | 26022 | 260433 | 149.010432 | - -78.5 0 PO 0.7620346
798 me 9 9 84
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SRNAO1 | Chromoso | 29392 | 293947 | 58.3216969 -75.1 0 PO 0.6639624
135 me 79 9 08
SRNAO1 | Chromoso | 27970 | 279713 | 9.85399701 -22.5 PO 0.0687987
109 me 53 7 49
SRNAOO | Chromoso | 35447 | 354612 | 12.6197304 -34.1 PO 0.1241613
123 me 0 2 17
SRNAOO | Chromoso | 29453 | 294542 | 146.682789 -9.3 | 0.4851766
598 me 75 6 6 36
SRNAO1 | Chromoso | 33385 | 333876 | 18.8522787 -72.4 -102 GGCTACA -126 TTTTC | 15 PO 0.9518854
208 me 81 6 3 GT G 83
SRNAO1 | Chromoso | 30176 | 301767 | 261.656804 -18.7 | 0.8416338
158 me 06 0 2 09
SRNAO1 | Chromoso | 30174 | 301758 | 5886.19703 -6.7 | 0.6180713
157 me 96 2 6 6

SRNAO1 | Chromoso | 30173 | 301749 | 21880.0309 -42.6 -18 TGCTCAA -35 TGGA | 0.8214363
156 me 75 5 AT CG 35
sRNAO1 | Chromoso | 25551 | 255537 | 57.0450755 -68.9 -95 AGTTAAC -112 TTAT 0 | 0.9855396
077 me 80 3 5 AT CcC 84
SRNAOO | Chromoso | 32659 | 326608 | 265.302244 -38.3 -19 GCCTATCT | -39 TTGC 33 | 0.6475100
648 me 30 9 6 T CG 61
SRNAOO | Chromoso | 19643 | 196437 | 42.2296527 -21.3 -20 GGCTATA -40 TTGG | 0.2246655
470 me 12 9 9 AA AA 06
sRNAO1 | Chromoso | 29407 | 294079 | 12.5316763 -10.5 | 0.8990982
140 me 45 6 1 22
SRNAO1 | Chromoso | 29405 | 294061 | 24.3512333 -22.1 | 0.7423557
139 me 15 0 7 97
SRNAO1 | Chromoso | 29408 | 294092 | 23.7482572 -37.4 | 0.9736041
141 me 43 1 5 08
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SRNAOO | Chromoso | 20667 | 206698 | 30.6141197 -79.1 PO 0.2751144
489 me 79 2 9 03
SRNAOO | Chromoso | 114 198 16.1858068 -34.1 -73 TGCTAGC -94 TTGC | 3.89E-006
001 me 8 GT AG

SRNAOO | Chromoso | 8074 8126 9.75319348 -8.8 PO 0.0370095
004 me 5 4

SRNAOO | Chromoso | 9590 9689 10.8104469 -42.4 PO 0.0895031
005 me 4 45
SRNAQOO | Chromoso | 38487 | 38588 41.7939569 -44.6 POb 0.0830777
007 me 6 41
SRNAQOO | Chromoso | 56827 | 56878 17.6483118 -5.9 -50 TGGAAAA | -68 TAGC | 0.0652843
011 me 7 AT CT 31
SRNAQOO | Chromoso | 56957 | 57063 47.0916288 -57 AS 0.0709383
012 me 4 73
SRNAQOO | Chromoso | 91337 | 91431 9.90970544 -28.2 -18 GGGCAAT -38 TTGC PO 0.3955195
014 me 5 TT CA 97
sRNAOO | Chromoso | 97656 | 97770 72.6041861 -49.8 -51 CCATACTA | -73 TTGA PO 0.4431413
017 me T CG 24
SRNAOO | Chromoso | 97846 | 97958 10.5960877 -27.3 POb 0.0458058
019 me 9 79
SRNAOO | Chromoso | 10079 | 100872 | 116.068554 -23.1 AS 0.0215187
029 me 0 2 06
SRNAOO | Chromoso | 11608 | 116140 | 10.0613140 -6.6 PO 0.0154975
030 me 9 7 88
SRNAOO | Chromoso | 12348 | 123578 | 9.79167829 -36.2 -72 CGTTCTGA | -92 CTGA PO 0.2790438
031 me 7 T AA 02
SRNAOO | Chromoso | 12376 | 123860 | 12.7408986 -17.7 PO 0.2051046
032 me 4 9 38
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SRNAOO | Chromoso | 23114 | 231244 | 12.7207215 -50.9 0 PO 0.4169759
069 me 2 7 78
SRNAOO | Chromoso | 24552 | 245569 | 49.7331409 -145 -14 GCCTATAT | -34 TTGC 4 | 0.4722402
071 me 4 3 G AA 04
SRNAOO | Chromoso | 26540 | 265515 | 40.6122537 -43.2 POb 0.0557643
081 me 8 4 61
SRNAOO | Chromoso | 27680 | 276942 | 21.3864047 -42.2 -39 CGTTATCA | -60 TTTCC PO 0.2642395
082 me 8 C C 24
SRNAOO | Chromoso | 28548 | 285602 | 13.8057150 -45.4 -99 CTGCACA -116 TTGC AS 0.0869447
084 me 2 9 AT GA 84
SRNAOO | Chromoso | 29743 | 297476 | 9.71951219 -14.4 -31 CGCCAAC -50 TGGA | 0 | 0.3623966
090 me 5 5 AT CG

SRNAOO | Chromoso | 30070 | 300780 | 15.0058274 -29.4 -20 TGGGATA -40 TTCA | 0.1182012
091 me 9 2 TT CA 05
SRNAOO | Chromoso | 31781 | 317991 | 9.60023888 -32.1 403 PO 0.2558434
093 me 9 4 92
SRNAOO | Chromoso | 34267 | 342749 | 9.80974456 -34.7 -16 TGATAGA -36 TCGA |0 | 0.5847599
105 me 7 4 AG CG 16
SRNAOO | Chromoso | 34627 | 346346 | 10.7186166 -39 PO 0.1140929
110 me 0 4 88
SRNAOO | Chromoso | 34637 | 346444 | 38.8418503 -23.5 434 | 0.2879032
111 me 6 6 28
SRNAOO | Chromoso | 34687 | 346990 | 41.5557049 -48.1 0 PO 0.4509165
112 me 4 29
SRNAOO | Chromoso | 35140 | 351489 | 10.1483272 -5 -35 CTGTAGA -56 TTGC | 0.6733938
118 me 7 8 AT CT 8

SRNAOO | Chromoso | 36965 | 369731 | 33.5653539 -25.9 -27 TGATTACA | -45 TTGC PO 0.1957309
129 me 5 6 T CA 95
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SRNAOO | Chromoso | 37740 | 377527 | 32.6174390 -36 -92 AAGTCAA | -112 TTTA PO 0.4413113
131 me 4 3 TT GG 86
SRNAOO | Chromoso | 39870 | 398755 | 11.6533436 -11.7 16 | 0.2954077
133 me 8 1 04
SRNAOO | Chromoso | 42605 | 426127 | 9.74747980 -12.7 -42 TGGGATT -63 GTGC POb 0.0343598
137 me 0 2 AT TG 93
SRNAOO | Chromoso | 44368 | 443797 | 17.7099556 -54 POb 0.0807133
139 me 7 4 31
SRNAOO | Chromoso | 44566 | 445750 | 40.9018917 -51 51 PO 0.5674003
141 me 5 9 34
SRNAOO | Chromoso | 45057 | 450717 | 14.7492654 -28.1 PO 0.1463305
142 me 3 3 8

SRNAOO | Chromoso | 45185 | 451989 | 10.2722910 -53.8 -48 CGGAAAT -65 TTTCC POb 0.1905100
143 me 9 7 AT G 1

SRNAOO | Chromoso | 46618 | 466255 | 24.7265271 -34 0 | 0.4502564
145 me 2 81
sRNAOO | Chromoso | 46911 | 469200 | 13.0002769 -28.2 PO 0.2150544
146 me 3 7 1

SRNAOO | Chromoso | 53398 | 534024 | 22.8575135 -9.6 0 CGTTCTGA | -24 TCGA PO 0.3190057
153 me 7 1 T CT 91
SRNAOO | Chromoso | 53431 | 534404 | 10.0452450 -35.7 | 0.7683005
154 me 6 1 46
SRNAOO | Chromoso | 54312 | 543311 | 10.6518883 -62 -23 GCCTATG -43 TCGC POb 0.2386072
156 me 9 7 AT AA 32
SRNAOO | Chromoso | 57703 | 577100 | 13.8782961 -31.1 -61 TGGTCCA -82 TAGC | 0.3869055
160 me 2 5 AT CG 51
SRNAOO | Chromoso | 58112 | 581205 | 21.3995382 -32.1 -14 AGTTTTCC | -34 TGGT | 0.6437829
161 me 2 7 T CG 2
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SRNAOO | Chromoso | 59140 | 591466 | 9.72324633 -13.4 POb 0.0193900
164 me 6 4 36
SRNAOO | Chromoso | 59382 | 593876 | 9.78169171 -11.8 -4 CGTTAACC | -25 CTGA PO 0.0591978
165 me 4 3 T GC 31
SRNAOO | Chromoso | 64674 | 646850 | 20.9865655 -48.5 24 PO 0.5148417
172 me 9 4

SRNAOO | Chromoso | 66098 | 661058 | 71.4326752 -38.3 PO 0.1171111
173 me 8 3 45
SRNAOO | Chromoso | 73533 | 735389 | 10.1519475 -145 -90 GGCTAAA | -111 TTGA | 0.6073051
175 me 4 3 CcC TG 91
SRNAOO | Chromoso | 73629 | 736413 | 31.2608977 -39.6 -70 TGGTATG -91 TCGT PO 0.2205219
178 me 9 4 AC CA 66
SRNAOO | Chromoso | 73759 | 737791 | 10.7266283 -74.9 83 PO 0.9546047
182 me 8 1 42
SRNAOO | Chromoso | 74000 | 740126 | 72.8401151 -48.3 PO 0.0968320
187 me 8 9 46
SRNAOO | Chromoso | 75191 | 751936 | 9.96 -0.2 | 0.0248180
196 me 1 98
sRNAOO | Chromoso | 75235 | 752503 | 26.8488658 -56.1 32 PO 0.6359685
197 me 9 5 08
SRNAOO | Chromoso | 75519 | 755355 | 37.3532646 -63.6 -48 GTGTAAG -65 TTGT PO 0.4796323
198 me 7 4 TT CcC 22
SRNAOO | Chromoso | 75714 | 757311 | 10.0340690 -79.4 0 PO 0.8255958
201 me 4 5 96
SRNAOO | Chromoso | 76267 | 762796 | 496.711228 -38.1 PO 0.1236600
213 me 9 8 41
SRNAOO | Chromoso | 76292 | 762944 | 43.9459259 0 -27 GGTCATG -44 GTGC PO 0.0315651
215 me 3 3 AT TC 71
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SRNAOO | Chromoso | 76303 | 763142 | 136.248077 -45.3 -87 CTACAAA -104 CTGA PO 0.2281575
217 me 5 4 AT AA 98
SRNAOO | Chromoso | 76501 | 765166 | 61.3099919 -30.1 -87 CGGCATC -107 GTGA | 100 PO 0.4100959
223 me 6 4 CT CG 47
SRNAOO | Chromoso | 76521 | 765260 | 9.83759009 -6.8 6 PO 0.3010789
225 me 5 9 34
SRNAOO | Chromoso | 76530 | 765409 | 87.3182334 -48.9 0 | 0.6169255
226 me 5 8 42
SRNAOO | Chromoso | 76729 | 767382 | 30.2690137 -37.6 4 PO 0.5029263
231 me 9 6 71
SRNAOO | Chromoso | 79330 | 793403 | 11.1941302 -45.1 PO 0.1283093
234 me 6 4 97
SRNAOO | Chromoso | 81291 | 813089 | 10.7619370 -64 0 PO 0.6003340
237 me 0 6 76
SRNAOO | Chromoso | 82808 | 828153 | 13.6798678 -33.3 -100 GATCACA -121 CTGA | 0.1450577
241 me 5 1 AT CG 79
SRNAOO | Chromoso | 83414 | 834298 | 64.0527127 -70.6 | 0.9995114
242 me 8 27
SRNAOO | Chromoso | 84274 | 842850 | 12.9749904 -30.2 -91 AGGAAAA | -112 ATCA PO 0.3820392
243 me 3 AT CA 48
SRNAOO | Chromoso | 90601 | 906091 | 56.9768975 -27.7 -34 CGTTAGA -53 TTGC PO 0.0908904
245 me 0 9 AT AG 53
SRNAOO | Chromoso | 91226 | 912392 | 10.7029894 -60.1 0 PO 0.6771398
251 me 4 7 67
SRNAOO | Chromoso | 93553 | 935619 | 14.4790241 -33.5 -15 GGTTAAG -39 TTTTC | 0.2719677
254 me 1 5 AT G 56
SRNAOO | Chromoso | 99537 | 995440 | 30.1577797 -24.2 -44 GGGTAGG -68 TTGC 159 | 0.8683522
256 me 9 9 TT TT 22
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SRNAOO | Chromoso | 99552 | 995630 | 71.1684242 -54.5 0 | 0.9660718
257 me 6 7 85
SRNAOO | Chromoso | 99617 | 996275 | 11.2802685 -54.2 0 | 0.8570675
258 me 1 5 91
SRNAOO | Chromoso | 99651 | 996609 | 10.9515122 -39.1 -27 GGCGATC -46 TTGC 32 PO 0.6701488
260 me 7 6 AT CG 15
SRNAOO | Chromoso | 10094 | 100943 | 150.183156 0 -19 AACCATA -37 TTCA 0 | 0.6121527
291 me 17 8 AT AA 12
SRNAOO | Chromoso | 10110 | 101112 | 9.70876450 -22.4 -75 GCGTATTG | -100 TTGC | 0.9988572
292 me 51 3 8 T TT 4

SRNAOO | Chromoso | 10300 | 103018 | 9.90803596 -44.5 -7 ATCGAAA | -27 CTGA AS 0.0802680
293 me 90 7 5 AT CG 51
SRNAOO | Chromoso | 10408 | 104090 | 15.8278095 -20.7 -32 TATGACA -49 TTGA PO 0.3680078
294 me 51 1 2 AT TT 26
SRNAOO | Chromoso | 10531 | 105323 | 889.838585 -9.9 -21 TGTTCTCC | -40 TTGA | 31 | 0.9999709
295 me 92 2 6 T AA 57
SRNAOO | Chromoso | 10907 | 109092 | 47.8092090 -61 -59 TTTTTTCC | -79 TTGT AS 0.1415745
296 me 55 3 3 T CA 2

SRNAQOO | Chromoso | 11236 | 112373 | 24.7803146 -28.6 AS 0.0262079
304 me 60 4 4 74
SRNAQOO | Chromoso | 11510 | 115111 | 26.2153367 -33.2 -20 TGCTAAAT | -40 TTGTT | 0.6416368
306 me 33 5 5 G T 77
SRNAQOO | Chromoso | 11512 | 115132 | 13.7134311 -35 -89 GCTGAAA -111 TTGG PO 0.8818166
307 me 20 1 7 AT TA 65
SRNAOO | Chromoso | 11855 | 118562 | 15.5185827 -18 0 | 0.9777897
310 me 94 8 4 73
SRNAOO | Chromoso | 12266 | 122669 | 190.416255 -18.2 -30 GGGTGTC -47 TTGA | 0.2579747
320 me 23 1 2 AT TC 82

- 149 -



SRNAOO | Chromoso | 12291 | 122927 | 9.72126308 -33.6 POb 0.0570472
324 me 93 8 1 73
SRNAOO | Chromoso | 12625 | 126264 | 13.5929056 -26.9 | 0.0509386
325 me 89 3 8 29
SRNAOO | Chromoso | 12852 | 128534 | 304.383510 -41.5 -80 ACGCAAA | -105 TTCT | 0.3597850
326 me 70 9 6 AT GG 49
SRNAOO | Chromoso | 13170 | 131710 | 31.8138382 -32.2 | 0.0773650
331 me 44 6 8 9

SRNAOO | Chromoso | 13171 | 131720 | 9.79431223 -18.4 PO 0.0865162
332 me 16 3 2 18
SRNAOO | Chromoso | 13182 | 131829 | 36.2302083 -44.7 | 0.1029395
336 me 24 7 4 48
SRNAOO | Chromoso | 13409 | 134104 | 365.277924 -25.4 | 0.9999948
338 me 49 5 8 31
SRNAOO | Chromoso | 13493 | 134943 | 30.7737678 -21.1 -14 TGCCAATC | -34 TGGA | 445 | 0.8562593
339 me 61 9 5 T CA 51
SRNAOO | Chromoso | 13497 | 134986 | 23.3530853 -64.2 24 | 0.9957769
340 me 25 0 3 36
SRNAOO | Chromoso | 13562 | 135636 | 23.4968686 -26.6 | 0.6896918
342 me 92 5 4 56
SRNAOO | Chromoso | 13564 | 135653 | 9.79463008 -20.4 PO 0.8277505
343 me 59 1 2 01
SRNAOO | Chromoso | 14180 | 141817 | 12.6898691 -28.6 -38 TCTTACAA | -57 TTGA | 359 | 0.9919372
347 me 92 4 6 T CcC 81
SRNAOO | Chromoso | 14896 | 148978 | 11.0214880 -51.7 -5 CTATATCG | -22 TTCA 7 PO 0.7002601
352 me 72 5 9 T CG 49
SRNAOO | Chromoso | 15735 | 157373 | 182.222082 -46.3 -51 TGTCATCA | -68 TTGT 33 | 0.9342275
385 me 42 1 3 T CG 26
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SRNAOO | Chromoso | 15737 | 157379 | 51.2420876 -29.4 0 | 0.9639806
386 me 38 4 7 9

SRNAOO | Chromoso | 15790 | 157918 | 11.8905754 -43.3 POb 0.0795132
389 me 65 2 7 93
SRNAOO | Chromoso | 15844 | 158459 | 14.9312764 -72.7 0 | 0.9097760
390 me 28 9 1 06
SRNAOO | Chromoso | 15851 | 158528 | 327.413176 -55.34 0 | 0.4857418
392 me 64 6 5 14
SRNAOO | Chromoso | 16167 | 161684 | 21.2584388 -26.9 8 GGGTATTC | -14 GTGC | 438 PO 0.3906584
394 me 25 3 2 T AA 95
SRNAOO | Chromoso | 16174 | 161748 | 13.1854364 -34.2 AS 0.0319993
395 me 06 6 6 45
SRNAOO | Chromoso | 16459 | 164607 | 14.9726186 -53.9 PO 0.1213776
397 me 30 4 1 02
SRNAOO | Chromoso | 16485 | 164865 | 10.7612245 -43.5 -3 CGGAATA -24 AAGA | 0.1730748
402 me 08 6 1 CT CA 27
SRNAOO | Chromoso | 16490 | 164917 | 12.5923567 -43.1 | 0.1620471
403 me 88 1 1 93
sRNAOO | Chromoso | 16660 | 166613 | 56.1613822 -50.1 0 PO 0.6362768
411 me 39 0 7 43
SRNAOO | Chromoso | 17105 | 171066 | 10.8213390 -36.8 -15 GCCTATAT | -35 TTGT 164 PO 0.6713913
414 me 46 3 9 C CG 09
SRNAQOO | Chromoso | 17213 | 172141 | 30.5778268 -6.3 20 | 0.7586011
418 me 69 1 3 27
SRNAQOO | Chromoso | 17230 | 172316 | 44.2277083 -31.6 -59 GGCGATA -79 TTTCC | 0.8181218
419 me 69 0 7 GT T 97
SRNAOO | Chromoso | 17234 | 172352 | 10.2571809 -9 S 0.0239304
420 me 74 1 82
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SRNAOO Chromoso | 17237 | 172378 | 9.95452315 -24.1 289 S 0.1559352
421 me 33 9 5 99
SRNAOO Chromoso | 17516 | 175170 | 11.8393770 -27.7 PO 0.1969924
424 me 14 7 7 18
SRNAOO Chromoso | 17520 | 175204 | 10.0731944 4.5 PO 0.3972597
425 me 21 5 4 87
SRNAOO Chromoso | 17535 | 175358 | 40.6885694 -7 0 PO 0.3116674
427 me 36 2 8 66
SRNAOO Chromoso | 17927 | 179282 | 20.0488871 -48.9 PO 0.3030894
437 me 19 8 3 33
SRNAOO Chromoso | 17930 | 179315 | 11.1530162 -115 PO 0.4535108
438 me 68 3 6 29
SRNAOO Chromoso | 17948 | 179491 | 15.3753585 -35.1 0 PO 0.4845539
443 me 20 0 4 32
SRNAOO Chromoso | 17957 | 179584 | 9.79600286 -25.9 -40 CCGTAGG -61 TTGC PO 0.1104372
445 me 90 5 1 AT CG 81
sRNAOO Chromoso | 18014 | 180162 | 43.4340816 -60.9 PO 0.1421271
446 me 70 0 7 32
sRNAOO Chromoso | 18129 | 181298 | 53.0982217 -18.7 19 CGGTCGA -5 ATGC 0 PO 0.5571580
450 me 07 6 5 AT CT 2

sRNAOO Chromoso | 18460 | 184605 | 15.7718608 -23.2 | 0.0882967
452 me 01 9 8 19
sRNAOO Chromoso | 18916 | 189172 | 9.67996931 -46.1 POb 0.0616435
458 me 32 7 4 84
sRNAOO Chromoso | 18918 | 189188 | 9.91159763 -19.5 AS 0.0189046
459 me 20 5 8 59
sRNAOO Chromoso | 18975 | 189769 | 23.1594830 -59.9 POb 0.1371137
463 me 09 3 8 93
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SRNAOO | Chromoso | 19681 | 196822 | 12.7804096 -14.4 -47 GTCTATAG | -67 TTGC | 0.3660515
471 me 56 8 6 G CA 29
SRNAQOO | Chromoso | 19980 | 199807 | 9.95681818 0 -67 GGAAACG | -86 TTGA | 0.0923676
472 me 51 3 2 AT CccC

SRNAOO | Chromoso | 20055 | 200562 | 10.0839266 -30.7 0 PO 0.3659372
476 me 69 5 3 76
SRNAOO | Chromoso | 20224 | 202255 | 12.8396929 -25.2 -75 GACCAAA | -100 TTTTC | 0.6799216
477 me 93 0 8 AT G 01
SRNAOO | Chromoso | 20278 | 202790 | 33.6864186 -15.2 -25 CCATAAG -47 TTGA PO 0.4999439
478 me 32 0 3 AT AA 59
SRNAOO | Chromoso | 20279 | 202810 | 17.6985573 -65.2 -104 CCATAAG -126 TTGA | 377 S 0.5716663
479 me 11 3 8 AT AA 41
SRNAOO | Chromoso | 20282 | 202845 | 11.2852663 -62.52 25 PO 0.6598143
480 me 55 5 5 22
SRNAOO | Chromoso | 20489 | 204905 | 343.087898 -33.6 0 | 0.2534913
485 me 84 0 5 14
SRNAOO | Chromoso | 20642 | 206444 | 15.8100245 -62.9 15 PO 0.6180335
487 me 74 7 9 58
SRNAOO | Chromoso | 20669 | 206702 | 11.8379953 -4.6 -44 ATGCAAA -69 ATGA PO 0.0533110
490 me 94 0 4 AT AG 68
SRNAQOO | Chromoso | 21624 | 216249 | 87.2822561 -13.3 -25 TGGTAAA -45 TTGA | 0.5640212
505 me 56 3 7 GG TT 83
sRNAOO | Chromoso | 21807 | 218076 | 10.0645842 -27.4 0 | 0.5157780
506 me 10 2 8 28
SRNAOO | Chromoso | 22097 | 220985 | 12.0060579 -31.8 | 0.2286449
507 me 82 5 5 16
SRNAQOO | Chromoso | 22797 | 227984 | 13.2805518 -24.4 -20 ACTTGTTA | -39 GTGA | 0.3803931
509 me 72 6 1 T TT 14
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SRNAOO | Chromoso | 23225 | 232267 | 10.5758659 -53.4 -94 GGCTATG -115 TTGC AS 0.1129729
515 me 39 9 1 AC GG 13
SRNAOO | Chromoso | 23897 | 238984 | 9.93173404 -38.7 -42 TGCCACG -62 TTGA PO 0.5209106
517 me 41 1 1 CT AG 01
SRNAOO | Chromoso | 24689 | 246902 | 14.7251271 -41.9 3 | 0.8161832
518 me 38 6 8 17
SRNAOO | Chromoso | 24973 | 249749 | 128.758999 -57.3 -77 CTGAACA -97 ATGC |0 | 0.9219197
519 me 53 0 7 CT GA 54
SRNAOO | Chromoso | 24975 | 249760 | 10.4543596 -22.4 -4 AAGGAAA | -25 ATGA PO 0.6532995
520 me 38 7 4 CT CG 68
SRNAOO | Chromoso | 24987 | 249892 | 46.9875873 -43.6 -25 TCCTATAC | -45 TTGT 216 PO 0.5449408
521 me 88 6 7 T CG 6

SRNAOO | Chromoso | 24989 | 249917 | 14.3124445 -68.6 0 PO 0.7374339
522 me 75 4 2 49
SRNAOO | Chromoso | 25759 | 257603 | 11.1629946 -34.2 0 PO 0.2508714
534 me 17 2 74
SRNAOO | Chromoso | 25919 | 259196 | 9.77500935 -18.8 | 0.1929833
539 me 33 6 3 84
SRNAOO | Chromoso | 26460 | 264612 | 9.91044776 -43.7 0 | 0.9457945
540 me 61 8 1 7

SRNAOO | Chromoso | 26502 | 265034 | 15.3486743 -55.3 POb 0.1183268
541 me 34 9 8 1

SRNAOO | Chromoso | 26601 | 266025 | 21.4976466 -46.7 PO 0.0971980
544 me 25 0 6 97
SRNAOO | Chromoso | 26714 | 267157 | 10.9020288 -51.9 -66 GCGGACA | -86 TTAA PO 0.4374189
547 me 17 8 7 AT CcC 3

SRNAOO | Chromoso | 26774 | 267764 | 18.1917595 -67.7 0 PO 0.8163224
554 me 69 1 5 29
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SRNAOO | Chromoso | 26776 | 267781 | 105.975964 -55 -21 GCGTAAA | -40 TGGT | 0.4788661
555 me 99 7 3 CT AT 8

SRNAOO | Chromoso | 27162 | 271638 | 9.82425806 -27.4 -85 GGCTAGC -105 TTGA | 304 PO 0.8706217
558 me 88 5 5 CT TC 59
SRNAOO | Chromoso | 27202 | 272037 | 165.547599 -52.7 -58 CTTTACAC | -78 TTGC 318 PO 0.9995080
559 me 29 7 7 T CG 34
SRNAOO | Chromoso | 27206 | 272070 | 96.9357545 -24.6 0 PO 0.3277372
561 me 25 8 4 82
SRNAOO | Chromoso | 27220 | 272219 | 40.7184301 -46.4 -6 CCTTATAA | -28 TTTC PO 0.1733039
567 me 85 4 9 T GG 59
SRNAOO | Chromoso | 27222 | 272236 | 30.3077492 -39.3 PO 0.1071923
568 me 11 1 5 48
SRNAOO | Chromoso | 27708 | 277098 | 13.0143485 -28.9 | 0.8642337
575 me 66 9 9 34
SRNAOO | Chromoso | 27896 | 278975 | 11.7185992 -26.6 -80 GGGTAAA | -105 TTGC 459 PO 0.6188014
582 me 70 2 1 AC CG 75
SRNAOO | Chromoso | 28251 | 282530 | 26.0309358 -62.5 -40 AGCCATG -56 TTGTT PO 0.3890690
586 me 49 3 2 AT A 23
SRNAOO | Chromoso | 28486 | 284882 | 10.0993917 -53.07 | 9 GGCGCAG | -11 CTGC PO 0.2106032
589 me 52 5 3 AT AA 64
SRNAQOO | Chromoso | 28787 | 287877 | 13.9181467 -9.1 | 0.1812862
592 me 42 9 2 89
SRNAOO | Chromoso | 28931 | 289334 | 9.93158743 -44 284 POb 0.2793253
593 me 90 0 2 11
SRNAOO | Chromoso | 29532 | 295331 | 114.093581 -29.2 0 | 0.6930605
599 me 25 7 2 78
SRNAOO | Chromoso | 29578 | 295788 | 12.8715994 -28.4 POb 0.0476039
603 me 00 2 4 29
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SRNAOO | Chromoso | 29585 | 295868 | 50.2925590 -42.1 12 PO 0.4239667
604 me 53 5 6 81
SRNAOO | Chromoso | 29616 | 296176 | 39.0797787 -51 | 0.1092279
606 me 85 6 1 95
SRNAOO | Chromoso | 29869 | 298709 | 16.5061271 -52.4 -99 ATTCATCA | -116 TTTTC POb 0.1872330
614 me 73 6 6 T G 41
SRNAOO | Chromoso | 29941 | 299427 | 11.0966937 -24.47 PO 0.0445717
616 me 24 0 1 87
SRNAOO | Chromoso | 29954 | 299549 | 10.2834733 -16.3 -34 CGGCAAC -54 GTGA PO 0.0911449
617 me 53 9 2 AT TC 43
SRNAOO | Chromoso | 30002 | 300032 | 10.1825201 -19.6 -18 AAGTAAG -35 TCGA |0 | 0.5708377
619 me 78 7 1 CT CG 42
SRNAOO | Chromoso | 30029 | 300299 | 23.1754093 -40.4 POb 0.0720606
621 me 07 8 7 38
SRNAOO | Chromoso | 30057 | 300584 | 13.2662498 -45.4 0 PO 0.3442356
623 me 60 4 1 94
SRNAOO | Chromoso | 31249 | 312500 | 24.4494814 -34.7 -14 GGGTATA -35 ATAC PO 0.9542536
630 me 14 2 3 TT CA 92
SRNAOO | Chromoso | 32329 | 323302 | 11.6123348 -32.7 POb 0.0552954
641 me 55 0 6

SRNAOO | Chromoso | 32709 | 327107 | 25.4634029 -26.7 -31 CGCTATTC | -51 TGGA PO 0.1402356
649 me 94 4 5 T AA 79
SRNAOO | Chromoso | 32923 | 329235 | 22.4581380 -5.5 -28 TGTTAAG -48 TCGC PO 0.2261595
650 me 07 1 9 AT AC 45
SRNAOO | Chromoso | 32967 | 329678 | 10.9015151 0 -14 TGCCAAG -34 TTGA PO 0.0559706
652 me 61 3 5 CT CT 15
SRNAOO | Chromoso | 33079 | 330808 | 29.8606605 -41.6 329 | 0.6816497
653 me 74 7 9 97
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SRNAOO | Chromoso | 33080 | 330820 | 27.3949115 -29.2 215 PO 0.8554597
654 me 99 1 2 62
SRNAOO | Chromoso | 33083 | 330845 | 10.0896561 -26.6 0 PO 0.2826760
656 me 91 4 7 8

SRNAOO | Chromoso | 33212 | 332133 | 83.0212067 -52.9 PO 0.1288979
659 me 35 0 7 95
SRNAOO | Chromoso | 33216 | 332177 | 12.7892547 -145 -25 CGGTCAA -46 TTGT PO 0.1979467
661 me 94 9 5 AT CG 15
SRNAOO | Chromoso | 33220 | 332209 | 10.4425908 -40.9 -45 GATGAAG -62 TTTCC POb 0.0912299
663 me 00 5 3 AT G 64
SRNAOO | Chromoso | 33232 | 332328 | 9.76405312 -27.8 -20 CCCTATTC | -40 TTGA | 330 | 0.3826330
664 me 21 8 3 C CG 59
SRNAOO | Chromoso | 33235 | 332359 | 9.72302663 -22.6 20 PO 0.2167033
665 me 20 8 7 24
SRNAOO | Chromoso | 33799 | 338001 | 11.4820174 -54.5 -83 CGGTAGG -106 TGGC PO 0.8257379
670 me 02 5 4 AT AG 24
SRNAOO | Chromoso | 34282 | 342844 | 10.9595695 -83.8 PO 0.2896661
673 me 33 2 6 6

SRNAOO | Chromoso | 34293 | 342942 | 26.1951766 -39.3 POb 0.0694061
677 me 29 2 4 52
SRNAOO | Chromoso | 34361 | 343628 | 35.1050445 -56.3 PO 0.1981069
678 me 46 5 6 26
SRNAOO | Chromoso | 34439 | 344406 | 9.97954377 -25.6 -31 CGTCATGC | -51 TTGA PO 0.2799312
679 me 89 0 9 T CcC 74
SRNAOO | Chromoso | 34991 | 349929 | 10.6484140 -30.9 -22 ACTTACG -43 TTTCC | 0.3244617
680 me 92 0 6 GT A 15
SRNAOO | Chromoso | 35159 | 351604 | 10.5149423 -21.8 -16 CCTTAAAC | -36 TTTC PO 0.2468010
684 me 45 6 1 T GT 81
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SRNAQOO | Chromoso | 35164 | 351659 | 18.8192312 -45.5 -9 AGCTACA | -34 GGGC POb 0.1042382
686 me 59 2 9 AT CG 62
SRNAOO | Chromoso | 35831 | 358329 | 11.0058203 -53.5 PO 0.1331203
690 me 52 7 6 94
SRNAQOO | Chromoso | 35838 | 358387 | 11 0 -14 GTCTAAG -34 TTGC PO 0.0505204
691 me 57 8 CA cc 75
SRNAOO | Chromoso | 35990 | 359912 | 10.8823529 -13.3 -54 TGTTGAA -72 TCAC AS 0.0277431
693 me 72 3 4 AT CA 79
SRNAOO | Chromoso | 36063 | 360650 | 122.578001 -41.8 18 TGCCATG -6 TTGC PO 0.3380665
696 me 80 7 5 GT AG 51
SRNAOO | Chromoso | 36116 | 361179 | 13.0740500 -52.7 -53 TGGTTCGA | -72 TTGA S 0.6388503
702 me 16 7 7 T CA 28
SRNAQOO | Chromoso | 36315 | 363172 | 9.80012287 -39.8 PO 0.1341687
714 me 89 7 1 18
SRNAOO | Chromoso | 36317 | 363185 | 20.5723815 -21.6 -71 GTGTAAA | -94 TCGG | 0.1406185
715 me 72 3 1 CT CG 79
SRNAOO | Chromoso | 36320 | 363219 | 12.9253171 -28.4 PO 0.0653368
717 me 85 0 6 01
SRNAOO | Chromoso | 36705 | 367057 | 43.5378079 -28.2 -71 GTCTAGA | -91 ATGA | 0.8749139
726 me 00 6 3 GT AA 69
SRNAOO | Chromoso | 37064 | 370652 | 18.9242979 -41.3 -24 TGCCACA -44 GTGC PO 0.1377098
732 me 49 8 2 GT AG 67
SRNAOO | Chromoso | 37145 | 371457 | 9.64927444 -35 -35 GGCCAGT | -56 TTCA | 0.3764506
733 me 09 4 8 AT CG 47
SRNAOO | Chromoso | 37181 | 371818 | 13.5862762 -95 -13 CAATAGA | -33 TTGA | 0.1117261
734 me 46 8 3 CT GC 92
SRNAOO | Chromoso | 28297 | 28384 | 9.87074411 -27.7 AS 0.0253776
741 me 5 89
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SRNAOO | Chromoso | 36613 | 36687 18.8664809 -7.2 8 TGATATTT | -16 TTGG | 0.0589103
745 me 8 T TG 96
SRNAOO | Chromoso | 40221 | 40387 15.2512228 -56.6 -4 CTTTATAC | -27 TTGA PO 0.2359494
747 me 9 G AA 01
SRNAOO | Chromoso | 42203 | 42293 10.0238798 -35.2 14 PO 0.6038704
752 me 2 32
SRNAOO | Chromoso | 74642 | 74688 9.83296961 -7.9 -21 AGGTATC -40 TCGA PO 0.0457618
754 me 6 GT TT 24
SRNAQOO | Chromoso | 83200 | 83260 26.9628132 -16.6 AS 0.0170276
755 me 7

SRNAQOO | Chromoso | 88327 | 88405 10.2578827 -31.8 POb 0.0535943
756 me 8 84
SRNAOO | Chromoso | 11195 | 112044 | 10.2624877 -15.1 | 0.1247890
762 me 9 9 76
SRNAOO | Chromoso | 13011 | 130238 | 11.5392662 -32.4 POb 0.0547228
763 me 9 4 61
SRNAOO | Chromoso | 14093 | 141037 | 17.1302620 -32.2 4 PO 0.3847128
769 me 9 6 03
SRNAOO | Chromoso | 14147 | 141500 | 10.0894179 -19.2 | 0.0659335
771 me 0 9 55
SRNAOO | Chromoso | 18271 | 182788 | 9.94970422 -30.5 -32 CGGTAGT -52 TAGA S 0.0901644
778 me 6 7 CT CA 96
SRNAOO | Chromoso | 19137 | 191447 | 9.93505391 -24.6 -17 ATCTGAA -36 ATCC PO 0.0760740
780 me 4 9 AT AG 82
SRNAOO | Chromoso | 21328 | 213404 | 11.0851935 -49.8 POb 0.0787003
782 me 7 4 89
SRNAOO | Chromoso | 21988 | 219975 | 20.8434625 -26.5 POb 0.0445390
783 me 0 8 1
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SRNAOO | Chromoso | 22262 | 222708 | 89.9059560 -22 2 AGTTAGA -19 TTGA PO 0.1079772
786 me 0 5 AG GG 15
SRNAOO | Chromoso | 23513 | 235262 | 10.1279814 -54 -18 CGGCAAT -38 TTGC AS 0.1107184
788 me 6 4 AT GC 87
SRNAOO | Chromoso | 23570 | 235768 | 12.8766503 -37 0 | 0.6449044
789 me 0 6 57
SRNAOO | Chromoso | 25104 | 251125 | 10.0638067 -27.5 -105 AGCTGTA -128 TTAA 18 PO 0.5272540
790 me 4 1 AT GT 69
SRNAOO | Chromoso | 25478 | 254868 | 10.9720488 -27.7 -87 TGATACAT | -108 ATGG AS 0.0470442
794 me 0 5 T CG 06
SRNAOO | Chromoso | 25904 | 259168 | 12.7598505 -42.3 19 PO 0.6570930
795 me 9 7 35
SRNAOO | Chromoso | 26223 | 262262 | 13.9650961 -8.9 -90 TCGCAAA -110 TTGG | 0.0762700
802 me 1 5 CT CG 28
SRNAOO | Chromoso | 26226 | 262295 | 12.0322580 -15.9 -57 TCGCAAA =77 TTGG | 0.1125318
803 me 4 6 CT CG 16
SRNAOO | Chromoso | 29613 | 296228 | 9.78000868 -32.3 -23 GGCTAGA | -43 TTGT 460 PO 0.4416567
806 me 2 7 GA CG 53
SRNAOO | Chromoso | 30420 | 304370 | 16.3698209 -67.5 -56 CGGCAAC -73 TTGC PO 0.3080782
808 me 7 7 AT GT 01
SRNAOO | Chromoso | 37724 | 377278 | 11 -6.4 | 0.0601875
813 me 5 28
sRNAOO | Chromoso | 40368 | 403770 | 10.2868750 -22.3 -45 ACGCAAA | -59 TTGA | 0.2319970
827 me 2 2 CT CA 67
SRNAOO | Chromoso | 45384 | 453967 | 10.1929387 -37.3 AS 0.0357192
828 me 2 4 13
SRNAOO | Chromoso | 45400 | 454098 | 17.4695219 -48.5 AS 0.0529271
829 me 2 9 11
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SRNAOO | Chromoso | 45411 | 454140 | 10.0865384 -5.3 AS 0.0113105
830 me 4 6 26
SRNAOO | Chromoso | 46057 | 460655 | 10.4073650 -34.3 -42 TGGCATG -62 TTGC | 0.3631793
833 me 4 2 CT CA 95
SRNAOO | Chromoso | 49590 | 496012 | 10.3850349 -31.8 POb 0.0535943
838 me 7 6 84
SRNAOO | Chromoso | 49730 | 497366 | 11 -21.8 | 0.0365769
839 me 7 61
SRNAOO | Chromoso | 51994 | 520023 | 10.0250199 -16.02 PO 0.0376962
840 me 2 2 8

SRNAOO | Chromoso | 52496 | 525088 | 38.6125076 -40.9 385 PO 0.3326374
841 me 9 2 83
SRNAOO | Chromoso | 52617 | 526314 | 170.037602 -48.7 -31 GGTGAAA | -48 TTTCT PO 0.1849189
845 me 3 AT A 2

SRNAOO | Chromoso | 53335 | 533411 | 9.71093347 -6.2 PO 0.0962273
846 me 4 1 21
SRNAOO | Chromoso | 55262 | 552700 | 27.1723545 -26.1 | 0.1558582
848 me 9 8 91
SRNAOO | Chromoso | 57912 | 579223 | 14.6983887 -32.7 AS 0.0303366
850 me 3 9 25
SRNAOO | Chromoso | 57991 | 579945 | 10.9333333 -0.2 POb 0.0174383
852 me 5 3 25
SRNAOO | Chromoso | 58612 | 586279 | 11.0451740 -16.8 11 PO 0.2470541
853 me 4 3 34
SRNAOO | Chromoso | 58932 | 589387 | 9.75525755 -20.1 -12 TCTTATTC | -31 ATGA |9 | 0.8983338
855 me 9 6 T TT 23
SRNAOO | Chromoso | 59697 | 597078 | 12.8815373 -46 AS 0.0485102
856 me 8 6 62
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SRNAOO | Chromoso | 64452 | 644612 | 33.0276587 -25.8 15 ATTTAAA -7 CTGC 0 | 0.8012507
857 me 6 3 AA AA 92
SRNAOO | Chromoso | 64471 | 644832 | 42.6351748 -41.07 163 | 0.8809502
858 me 7 2 52
SRNAOO | Chromoso | 64854 | 648673 | 89.3466465 -62.4 -5 AGGCATC -22 TTCG 0 PO 0.8531203
863 me 9 4 CT CG 82
SRNAOO | Chromoso | 64959 | 649720 | 102.626618 -55 -47 GCCCAAA | -66 TTGA | 0.4188452
866 me 7 8 AT AC 9

SRNAOO | Chromoso | 70205 | 702206 | 9.53400144 -42.6 -28 GTATATCT | -49 TTTA PO 0.3014250
868 me 3 9 T CA 55
SRNAOO | Chromoso | 72297 | 723033 | 105.546650 -33.4 | 0.1134364
871 me 7 6 03
SRNAOO | Chromoso | 72304 | 723116 | 22.8538400 -21.1 | 0.1047664
872 me 9 4

SRNAOO | Chromoso | 72428 | 724384 | 17.4712640 -46.9 PO 0.1200262
873 me 9 1 34
SRNAOO | Chromoso | 72508 | 725165 | 39.9946356 -27.8 POb 0.0466150
876 me 1 4 17
SRNAOO | Chromoso | 72811 | 728145 | 10.4584564 -6.7 -24 CGGCAGA | -48 TCGA PO 0.0424967
880 me 3 7 AT AG 66
SRNAOO | Chromoso | 73320 | 733331 | 39.0734196 -36.2 POb 0.0624051
888 me 1 4 01
SRNAOO | Chromoso | 74562 | 745682 | 20.3729519 -33.4 -72 CATTACAT | -92 TTGC PO 0.1023329
891 me 1 T CcC 78
SRNAOO | Chromoso | 77842 | 778504 | 10.2628147 -22.1 -38 TCTAACA -58 TTGC PO 0.1072098
898 me 1 7 AT AC 68
SRNAOO | Chromoso | 81435 | 814502 | 10.2628073 -46.4 -14 CCCTATCC | -34 TTGT PO 0.1224516
900 me 2 T CA 75
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SRNAOO | Chromoso | 82308 | 823187 | 108.06487 -47.7 4 PO 0.4681172
901 me 7 1

SRNAOO | Chromoso | 82530 | 825512 | 12.5240983 -75.8 -72 CGCTAAA -90 AAGC PO 0.3979534
902 me 6 7 AT CA 8

SRNAOO | Chromoso | 93552 | 935619 | 13.9847637 -34.9 -89 CGCGATG -113 TTTCT | 0.4292436
911 me 9 1 AT T 21
SRNAOO | Chromoso | 93562 | 935768 | 14.2926005 -49.7 PO 0.6075510
912 me 7 75
SRNAOO | Chromoso | 95436 | 954467 | 14.3201769 -36.6 AS 0.0348444
913 me 9 4 34
SRNAOO | Chromoso | 96123 | 961279 | 87.7139566 -6.7 -104 CGGCAAG -124 TTGC | 0.0624880
916 me 9 5 AT GC 57
SRNAOO | Chromoso | 10537 | 105378 | 179.938522 -4.5 -49 AAGTATG -74 ATGC | 463 | 0.1692745
918 me 44 1 5 CT CT 27
SRNAOO | Chromoso | 11116 | 111177 | 22.8293174 -35.4 PO 0.0780938
922 me 20 5 2 03
SRNAOO | Chromoso | 11160 | 111611 | 9.77397540 -34.4 115 S 0.2784753
929 me 43 7 4 01
SRNAOO | Chromoso | 12174 | 121754 | 9.99089604 -20.2 60 PO 0.6173813
936 me 70 0 6 02
SRNAQOO | Chromoso | 12226 | 122270 | 14.2716177 -45.9 POb 0.0689241
938 me 26 4 7 22
SRNAOO | Chromoso | 12301 | 123020 | 106.181790 -52.8 -55 AGATATG =77 TTGA PO 0.2837541
939 me 06 5 8 TT TC 6

SRNAOO | Chromoso | 13051 | 130527 | 26.1093396 -48.1 -11 GGGCATG -31 CTGA POb 0.1573919
944 me 59 8 4 CT TG 66
SRNAOO | Chromoso | 13060 | 130614 | 10.7348095 -19.2 -103 GGTTAAA -127 CTGT 179 S 0.2703376
945 me 68 3 1 AT CT 51
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SRNAOO | Chromoso | 13300 | 133017 | 15.4403216 -35.7 0 | 0.9989995
947 me 43 5 1 37
SRNAOO | Chromoso | 13461 | 134633 | 141.584857 -30.6 0 | 0.9686072
948 me 94 0 8 75
SRNAOO | Chromoso | 13463 | 134636 | 56.2573358 0 -106 CGTTCCAA | -123 TTGA 123 | 0.9826206
949 me 31 0 8 T AT 74
SRNAOO | Chromoso | 14455 | 144556 | 9.79736842 -14.9 AS 0.0160138
950 me 20 0 1 05
SRNAOO | Chromoso | 14697 | 146987 | 10.2227133 -35 -69 CGGTAGA | -90 TTGG S 0.1067262
952 me 53 7 6 AT CA 56
SRNAOO | Chromoso | 14738 | 147400 | 16.9699405 -48.5 470 PO 0.2610797
953 me 99 6 6

SRNAOO | Chromoso | 14898 | 148998 | 41.5986217 -49.7 0 PO 0.7032647
955 me 76 6 7 87
SRNAOO | Chromoso | 14900 | 149016 | 11.8337550 -14.1 -18 TCATATGC | -39 TTCC 196 PO 0.4252234
956 me 99 3 9 T CcC 52
SRNAOO | Chromoso | 15019 | 150199 | 10.9768412 -14.7 -57 TGCCAAA -76 GTGC PO 0.0737378
958 me 16 0 4 GT CA 63
SRNAOO | Chromoso | 15844 | 158450 | 49.0775487 -37.8 0 | 0.7182218
959 me 35 8 1

SRNAOO | Chromoso | 15865 | 158660 | 10.3496143 -32.1 | 0.3310000
960 me 16 7 95
SRNAOO | Chromoso | 16140 | 161411 | 11.9504610 -30.5 63 PO 0.7140991
961 me 36 7 1 12
SRNAOO | Chromoso | 16172 | 161738 | 36.9711847 -50.4 PO 0.0949913
962 me 91 6 5

sRNAOO Chromoso | 17241 172427 | 10.7477643 -34.9 11 POb 0.2750427
970 me 68 4 1 2
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SRNAOO | Chromoso | 17305 | 173068 | 12.4567534 -37.71 POb 0.0657289
973 me 22 0 7 04
SRNAOO | Chromoso | 17440 | 174417 | 10.2763552 -47.6 0 PO 0.4641057
977 me 99 9 4 96
SRNAOO | Chromoso | 18397 | 183989 | 9.94405476 -32.7 -32 GGGCATG -54 ATGC 11 PO 0.7389894
984 me 88 2 8 AT GA 67
SRNAOO | Chromoso | 18545 | 185465 | 82.8955040 -27 PO 0.0556406
986 me 82 0 4 53
SRNAOO | Chromoso | 18546 | 185480 | 83.1141910 -52.2 PO 0.2569679
987 me 82 0 1 97
SRNAOO | Chromoso | 18612 | 186135 | 10.3103622 -17.7 PO 0.0455343
988 me 69 1 8 3

SRNAOO | Chromoso | 18687 | 186885 | 9.56620788 -2.3 PO 0.0193739
991 me 86 6 1 07
SRNAOO | Chromoso | 19062 | 190639 | 10.6657647 -38.3 18 PO 0.6411482
993 me 94 6 48
SRNAOO | Chromoso | 19529 | 195308 | 12.0162071 -27.3 -13 CGCTAATC | -33 GTGA PO 0.1092020
995 me 92 0 5 T CA 67
SRNAOO | Chromoso | 19701 | 197019 | 35.2548448 -22.5 52 | 0.6509152
996 me 15 2 2 51
SRNAOO | Chromoso | 19709 | 197108 | 50.3397641 -19.1 PO 0.0678863
998 me 96 8 93
SRNAQOO | Chromoso | 19743 | 197444 | 10.4016146 -45 PO 0.1075468
999 me 32 4 3 96
sRNAO1 | Chromoso | 20351 | 203530 | 10.2208253 -34.2 POb 0.0582439
010 me 98 4 1 79
sRNAO1 | Chromoso | 20403 | 204050 | 13.1472039 -49.7 -25 GTGCATTT | -45 TTGG 390 | 0.7374829
012 me 74 0 T CG 76
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SRNAO1 Chromoso | 20574 | 205754 | 22.2081887 -14.5 -19 TGGTATCA | -39 TTCC | 0.9107744
014 me 77 3 7 C ccC 93
SRNAO1 Chromoso | 20835 | 208363 | 10.8997077 -30.3 -66 GCTTATTC | -86 GTCA | 0.9810028
015 me 65 6 7 T TA 02
SRNAO1 Chromoso | 21168 | 211694 | 12.0936826 -20.9 -64 CGTCAGC -84 TTGA AS 0.0365551
018 me 47 4 9 AT GC 3

SRNAO1 Chromoso | 21170 | 211711 | 17.3102267 -40.6 0 PO 0.3956948
019 me 36 7 7 01
sRNAO1 | Chromoso | 21361 | 213626 | 10.1941118 -25.3 -75 TGCGATG -95 TTTTC | 0.8191972
023 me 62 5 4 CT G 51
SRNAO1 | Chromoso | 21568 | 215691 | 46.9917819 -37.2 | 0.0768128
024 me 49 5 4 36
sRNAO1 | Chromoso | 21577 | 215781 | 9.88301282 -1.1 -36 TGGTATGC | -55 CTGA | 0.7180647
025 me 84 0 1 T TG 78
sRNAO1 | Chromoso | 21578 | 215793 | 114.072326 -23.7 | 0.7299359
026 me 29 9 3 1

sRNAO1 | Chromoso | 21579 | 215802 | 10.2940698 0.5 | 0.8096540
027 me 92 3 6 92
SRNAO1 | Chromoso | 21580 | 215814 | 11.7661013 -28.3 | 0.9140871
028 me 37 8 9 99
SRNAO1 | Chromoso | 21677 | 216777 | 35.6515843 -26 -83 GCACAAA | -101 TTGC 269 | 0.9549983
029 me 26 8 8 AT GC 9

SRNAO1 | Chromoso | 21691 | 216929 | 10.1151401 -43.5 -23 GGCTATC -43 TTGC PO 0.4125190
030 me 55 7 2 AG AT 11
sRNAO1 Chromoso | 21826 | 218273 | 10.0161290 -33.6 -22 GCATAAG -46 TTCA AS 0.0557190
034 me 69 1 3 AT cC 65
sRNAO1 Chromoso | 22460 | 224616 | 11.4867807 -64.6 POb 0.1588378
039 me 36 6 5 65
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SRNAO1 | Chromoso | 22586 | 225870 | 178.938522 -4.5 -49 AAGTATG -74 ATGC | 0.0509504
040 me 69 6 5 CT CT 81
SRNAO1 | Chromoso | 22686 | 226873 | 11.4233425 -52.5 63 PO 0.9942580
042 me 22 3 55
SRNAO1 | Chromoso | 22875 | 228762 | 10.7137533 -23.9 PO 0.1108678
050 me 27 3 3 06
SRNAO1 | Chromoso | 22960 | 229610 | 9.67565500 -31 -97 CTTTATGA | -118 TTGA PO 0.2114407
052 me 13 2 8 G AA 3

SRNAO1 | Chromoso | 23166 | 231674 | 12.2936324 -30.1 | 0.5096909
053 me 56 9 2 08
SRNAO1 | Chromoso | 23370 | 233709 | 15.2362290 -29.2 | 0.4182978
060 me 39 9 9 68
SRNAO1 | Chromoso | 23526 | 235269 | 10.9438137 -26.8 -8 CGTTGAA -29 TCGA PO 0.0635787
062 me 21 9 3 AT CA 51
SRNAO1 | Chromoso | 24729 | 247311 | 13.1208855 -61.7 -2 CAAGAAA | -22 GTGC POb 0.2343868
064 me 87 9 CT CG 26
sRNAO1 | Chromoso | 24735 | 247368 | 15.8021588 -48.9 PO 0.2059144
067 me 27 1 3 53
SRNAO1 | Chromoso | 24745 | 247468 | 52.7739808 -37.6 -54 CCGCATA -74 TTGA | 0.3861820
069 me 98 6 AG CA 6

SRNAO1 | Chromoso | 24864 | 248647 | 9.89527458 -8.8 8 | 0.4021459
070 me 49 8 5 33
sSRNAO1 | Chromoso | 24953 | 249541 | 10.0534255 -13.9 -94 GCGTAGA -116 TTGA PO 0.0896918
071 me 70 9 2 AT TC 47
sSRNAO1 | Chromoso | 25161 | 251622 | 10.5371527 -26.2 -34 TGCTATGA | -59 TTGTT | 0.0688300
072 me 72 6 3 G G 18
sRNAO1 | Chromoso | 25348 | 253493 | 39.9887568 -30.8 101 AS 0.1568597
074 me 47 0 9 31
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SRNAO1 | Chromoso | 26292 | 262939 | 10.8647200 -49.3 -58 CGACAAC -78 ATGA PO 0.2100357
078 me 96 2 6 AT AG 55
SRNAO1 | Chromoso | 26374 | 263758 | 681.725962 -53.9 0 PO 0.4864728
079 me a7 0 5 69
SRNAO1 | Chromoso | 26377 | 263772 | 20.7704545 -5.1 -102 TGGCACG -121 TTGA | 233 | 0.5441725
082 me 04 6 5 CT TT 38
SRNAO1 | Chromoso | 26377 | 263780 | 44.9992779 -25.2 -92 TGCAAAA | -112 TTCC 263 | 0.6857848
083 me 34 4 9 AT AT 85
SRNAO1 | Chromoso | 26412 | 264128 | 10.1034935 -11.2 126 PO 0.7652259
084 me 07 2 9 88
SRNAO1 | Chromoso | 27550 | 275519 | 38.6169180 -39.7 -72 TGCCAAT -91 TTGA | 311 | 0.8626514
094 me 99 7 8 AT CA 47
SRNAO1 | Chromoso | 27614 | 276154 | 10.9962774 -17.6 AS 0.0176532
095 me 80 6 6 57
SRNAO1 | Chromoso | 27799 | 278006 | 47.5809959 -31.1 PO 0.0723914
100 me 45 4 5 62
sRNAO1 | Chromoso | 27864 | 278648 | 10.1263515 -275 | 0.3502997
102 me 03 7 5 35
SRNAO1 | Chromoso | 27873 | 278743 | 57.4118945 -37 -66 AGGCATC -86 TTCCT PO 0.2024152
103 me 56 8 8 CT G 88
sRNAO1 | Chromoso | 28084 | 280855 | 16.0258487 -55 | 0.1317901
110 me 61 7 7 12
SRNAO1 | Chromoso | 28271 | 282722 | 14.8369071 -18.1 PO 0.0357801
114 me 55 7 6 11
sRNAO1 | Chromoso | 28275 | 282762 | 10.1999086 -35.2 S 0.0602909
115 me 41 7 7 53
sRNAO1 | Chromoso | 28419 | 284205 | 43.0858750 -24.4 -45 AGGGAAC | -66 TTGA | 0.4524373
119 me 83 8 8 CT CA 1
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SRNAO1 | Chromoso | 28727 | 287278 | 21.5453786 -36.5 POb 0.0630527
125 me 05 5 8 22
SRNAO1 | Chromoso | 28773 | 287742 | 10.0309551 -33.4 AS 0.0311018
128 me 20 6 9 81
SRNAO1 | Chromoso | 28942 | 289428 | 24.7350629 -35.8 -87 ATTCATCC | -106 TTGA | 0.4621724
129 me 20 9 4 T AA 27
SRNAO1 | Chromoso | 29108 | 291091 | 12.5206671 -10.1 15 TGGGAAA | -6 TTCC PO 0.9999862
131 me 36 7 4 CT CT 54
SRNAO1 | Chromoso | 29110 | 291110 | 10.8325890 -8.5 -13 TGGTGCA -31 TCGA PO 0.0739087
132 me 27 8 6 CT CA 52
SRNAO1 | Chromoso | 29395 | 293964 | 20.7817993 -36.7 0 PO 0.4214527
136 me 25 8 5 87
SRNAO1 | Chromoso | 29402 | 294039 | 10.0850608 -35.7 PO 0.1052088
138 me 80 7 3 63
SRNAO1 | Chromoso | 29704 | 297048 | 115.378311 -34.3 -56 CGGGAAT -76 ATCA |0 | 0.6499542
143 me 00 9 7 CT CG 53
sRNAO1 | Chromoso | 29818 | 298198 | 58.0387603 -34.8 -74 CGCGAAG -94 TTCA 0 | 0.8301995
147 me 97 5 7 CT CG 18
sRNAO1 | Chromoso | 29821 | 298218 | 9.96103896 -33.5 0 | 0.8990127
149 me 08 5 1 07
sRNAO1 | Chromoso | 29920 | 299219 | 10.1868912 -24.3 PO 0.0731554
150 me 95 5 6 81
sRNAO1 | Chromoso | 30058 | 300596 | 15.8425485 -66.7 10 PO 0.6629760
151 me 00 8 4 27
sRNAO1 | Chromoso | 30171 | 301725 | 16.9102785 -25.09 | -13 CCCTATGC | -32 TTTTC PO 0.1246488
155 me 33 4 7 T T 67
sRNAO1 | Chromoso | 30200 | 302015 | 13.1007535 -22.1 POb 0.0381481
159 me 72 4 2 02
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sRNAO1 | Chromoso | 30729 | 307303 | 18.3006912 -22.7 23 PO 0.5020197
162 me 14 1 9 06
SRNAO1 | Chromoso | 30906 | 309077 | 19.3338911 -29.2 -58 TTGCAAA -79 TTGA | 227 | 0.5494480
164 me 87 8 6 AT AA 42
sRNAO1 | Chromoso | 31130 | 311315 | 10 -27.9 | 0.0614916
165 me 69 8 67
SRNAO1 | Chromoso | 31164 | 311653 | 12.9358985 -43.4 POb 0.0797824
166 me 35 3 6 46
SRNAO1 | Chromoso | 31167 | 311683 | 10.9077104 -30 PO 0.0520461
167 me 14 7 2 38
SRNAO1 | Chromoso | 31356 | 313575 | 17.5074503 -29.1 | 0.8459534
168 me 79 5 8 02
SRNAO1 | Chromoso | 31593 | 315951 | 10.1898223 -62.2 305 POb 0.4199859
175 me 86 8 6 09
SRNAO1 | Chromoso | 31795 | 317964 | 50.3401741 -21.5 -24 TGTTAGGT | -44 TTCA PO 0.1024905
183 me 46 4 3 T CA 09
sRNAO1 | Chromoso | 31926 | 319271 | 10.0264653 -37.7 136 PO 0.4280432
188 me 17 8 1 49
sRNAO1 | Chromoso | 33102 | 331038 | 16.5439211 -32.9 -72 AGGTAGC -93 TTTC PO 0.2909677
206 me 80 7 AT GG 56
sSRNAO1 | Chromoso | 33116 | 331174 | 19.9440450 -48.8 -19 GGCTCAT -39 TTGC PO 0.1913106
207 me 32 9 7 AT CT 82
sRNAO1 | Chromoso | 33388 | 333887 | 9.92163424 -30.4 -45 TCATATCC | -67 TTGC 239 | 0.4795902
209 me 05 4 7 T AA 02
sRNAO1 | Chromoso | 33606 | 336070 | 13.1000034 -6.9 PO 0.0290469
214 me 64 3 1 39
sRNAO1 | Chromoso | 33795 | 337957 | 222.670663 -29.7 AS 0.0272587
215 me 03 6 1
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SRNAO1 | Chromoso | 33795 | 337967 | 34.8214779 -18.6 -95 CGCTGAA -120 CTGC | 0.1527580
216 me 98 9 5 CT CA 13
SRNAO1 | Chromoso | 34215 | 342164 | 14.7447500 -23.4 PO 0.0463497
224 me 54 4 3 84
SRNAO1 | Chromoso | 34243 | 342445 | 15.4648175 -52.8 -37 GGCTATG -56 TTGA PO 0.2968505
226 me 23 9 1 CT CccC 99
SRNAO1 | Chromoso | 35078 | 350792 | 10.0475692 -29.9 PO 0.0573066
228 me 26 4 2 95
SRNAO1 | Chromoso | 35118 | 351192 | 54.0003622 -39.3 PO 0.3948580
231 me 24 0 8 76
SRNAO1 | Chromoso | 35154 | 351552 | 10.4293830 -21.8 POb 0.0296492
232 me 51 6 2 5

SRNAO1 | Chromoso | 35250 | 352525 | 12.8951074 -57.2 POb 0.1258008
234 me 98 5 8 32
SRNAO1 | Chromoso | 35332 | 353329 | 10.9827751 -8 | 0.8762705
237 me 38 5 2 54
sRNAO1 | Chromoso | 35334 | 353347 | 9.91666666 -17.4 -16 TGCTTTCA | -33 TTTA | 0.9847240
238 me 38 4 7 T CA 19
sRNAO1 | Chromoso | 35947 | 359484 | 16.0329697 -38.3 PO 0.1240231
280 me 31 0 1 55
sRNAO1 | Chromoso | 36013 | 360145 | 25.8693539 -58.3 POb 0.1303101
281 me 31 6 1 51
sRNAO1 | Chromoso | 36508 | 365098 | 10.2401235 -27 AS 0.0247496
285 me 81 2 9 78
sRNAO1 | Chromoso | 36555 | 365566 | 11.2856773 -72.8 POb 0.2032962
286 me 25 9 4 16
sRNAO01 | Chromoso | 37358 | 373593 | 17.2193372 -41 18 GTGTAAT 1 TGCA POb 0.1239525
297 me 39 2 AT CT 21
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SRNAO1 | pRCB133 | 10479 | 104945 | 75.9254302 -42.6 -63 GGCGACA | -81 TTGC PO 0.2166554
299 8 1 AT AA 01
sRNAO1 | pRCB133 | 12082 | 120980 | 23.1982153 -49.8 S 0.0988279
300 7 9 19
sRNAO1 | pRCB133 | 12112 | 121195 | 10.8407711 -24.4 S 0.0413705
301 9 6 72
SRNAO1 | pRCB133 | 32125 | 32146 10 -3.7 -86 GGGTAAC | -106 TTGC | 0.6777669
302 CA CG 45
SRNAO1 | pRCB133 | 46729 | 46791 17.7401151 -20.5 | 0.3639078
303 3 7

sRNAO1 | pRCB133 | 72168 | 72233 30.8200484 -17.5 S 0.0324118
304 1 03
SRNAO1 | pRCB133 | 99509 | 99547 11.0578512 -135 -18 TGATACAT | -37 TTGA | 0.0901443
306 4 C CT 57
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Left ORF sRNA Right ORF

Figure S1: Neighboring ORFs. Left ORFs are located at the 5° end of a SRNA on the forward strand or at the 3” end of a SRNA on the
reverse strand. Right ORFs are located at the 3” end of a SRNA on the forward strand or at the 5’ end of a SRNA on the reverse strand.
The first base in a replicon is numbered 1.
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Figure S2: Performance comparison of three classifiers to quantify the probability of a genomic
sequence being a SRNA. A. Classifiers' recall as a function of their false positive rate. B.
Classifiers' false positive rate as a function of the probability threshold used to classify genomic
sequences as "actual SRNAs". C. as b but showing the classifiers' recall. D. Distribution of the

probabilities assigned to random genomic sequences and putative SRNAs.
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Table S3: CopraRNA's predicted targets of SRNA00295.

FD | p- | NC_014034 NC_000913 NC_000962 NC_000964 NC_002505 NC_003028 NC_003047 NC_003062 NC_003450
R val
ue
0.3 | 0.0 | rcap_rcc01474 | b0112(aroP|- rv2127(ansP1j- | bsu09460(ctrA | vcal062(potE|- | sp_1001(N/A| | smc02616(N/A | atu2143(N/Al- ncgl1062(N/A|
73 | 00 | (N/AJ- 10.28490]0.057 | 8.50468/0.157 | |- 11.45910/0.017 | - - 10.56380|0.053 | -
02 | 48 | 1.90736|0.9445 | 33184|282|298| | 0987[240[273| | 8.42508|0.062 | 08510|62|87|15 | 4.55148|0.576 | 7.35686|0.2290 | 08207|278|287| | 10.58690/0.035
07 | 78 | 494/43|60]21[3 | 24|37|GenelD: | 2|33|GenelD:8 | 74043|234260 | |39|GenelD:26 | 9226|105|116| | 62|16|52|10|37] | 29[38|GenelD:1 | 40691|224|251|
29 | 39 | 6/GenelD:9004 | 946018) 87715) |5[30/GenelD:9 | 12040) 13]22|GenelD | GenelD:12317 | 134181) 9|35|GenelD:1
297) 39746) :931514) 24) 019092)
0.3 | 0.0 | rcap_rcp00009 | b1320(ycjW|- rv3575¢(N/A|- | bsu30260(ms vcl1557(N/A|- sp_1854(N/A| | sm_b20967(N/ | atuS5078(N/A[- ncgl1203(N/A|
73 | 00 | (N/AJ- 11.14130]0.039 | 0.75462[0.990 | mR|- 9.64276/0.0427 | - Al- 10.78360|0.047 | -
02 | 54 | 4.75044|0.6774 | 37623|101|110| | 5982[202|208| | 7.59708|0.086 | 8154(173|187|4 | 9.25142[0.070 | 13.73650/0.010 | 91822|66|74|33| | 5.29413|0.3115
07 | 61 | 198|1[7|2|8|Gen | 29|38|GenelD: | 14]20|GenelD: | 72543|288[295 | |18|GenelD:26 | 08954|250[26 | 77097|91|113|5 | 41|GenelD:113 | 785|100]106|31
29 | 75 | elD:9006433) | 945875) 888084) [33/40|GenelD: | 13936) 1[2|]13|GenelD | [37|GenelD:12 | 6851) [37|GenelD:10
937257) :930980) 37423) 19233)
0.3 | 0.0 | rcap_rcc00101 | b3542(dppC|- rv3664c(dppC| | bsull450(opp | vca0589(N/AJ- | sp_1889(N/A| | smal374(N/AJ- | atu6075(dfpCl- | ncgl2240(N/A|
73 | 00 | (N/AJ- 7.90360/0.1543 | - Cl- 8.23460(0.0846 | - 10.90040|0.047 | 9.14242|0.1006 | -
02 | 77 | 10.00750]0.167 | 839|232|251|11 | 5.79043|0.426 | 3.20011/0.494 | 3534/128|136[1 | 9.98262[0.045 | 84883|45|73|5] | 535|33|41|6|14| | 3.71286/0.5338
07 | 95 | 3472217]229]1 | |37|GenelD:94 | 0534]230[236] | 876/12]20/5/13] | |9|GenelD:261 | 57807|74|99]1 | 37|GenelD:123 | GenelD:113739 | 234|288|295|19
29 | 15 | 1|23|GenelD:9 | 8064) 10|16|GenelD: | GenelD:93639 | 2571) 3|39|GenelD: | 5789) 8) |26|GenelD:10
002930) 885483) 6) 930933) 20273)
0.3 | 00 b2587(kgtP|- rv3331(sugl|- bsu40840(yyal | vca0669(N/A|- smc04362(N/A | atu2154(tphAJ- | ncgl2922(N/A|
73 | 00 12.37750]0.022 | 12.97340[0.02 | |- 5.76582|0.2544 - 11.03980|0.042 | -
02 |83 56852|271|281| | 310004/92|119 | 10.29380|0.03 | 4[249|2732|31] 8.52886|0.1421 | 48412|244|273| | 7.05200(0.1564
o7 | 87 29|39|GenelD: | |2|31|GenelD:8 | 109372[19021 | GenelD:26124 740[70]78]26]3 | 5|37|GenelD:11 | 781|116/124[30
29 |2 947069) 87504) 5|8|35|GenelD: | 71) 4|GenelD:1233 | 34192) [38|GenelD:10
937884) 743) 20966)
0.4 | 0.0 | rcap_rcc02606 | b3193(mlaDJ- rv3498c(mce4 vc2518(N/AJ-
13 |01 | (N/AJ- 18.88780]0.000 | BJ- 13.24550)0.006
94 | 16 | 13.68460]0.046 | 9497701|149|1 | 11.36850|0.04 696776|157|19
42 | 34 | 53805|273|283| | 90J5/40|Genel 696510|23/48| 2|5/33|GenelD:
71 | 18 | 26|37|GenelD: | D:947712) 1{30|GenelD:8 2615182)
9005425) 88349)
0.4 | 0.0 | rcap_rcc00024 | b0039(caiAl|- rv0400c(fadE7 | bsu24150(mm smc01639(N/A | atu4418(gcdH|- | ncgl0283(N/A|
47 1 01 | (gcdHJ- 10.14600]0.060 | |- gCl- |- 15.17480/0.005 | -
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32 | 50 | 9.90725|0.1728 | 88265|240|263| | 13.16770]|0.02 | 3.41599|0.457 10.72170]0.052 | 247319|70|82|2 | 3.66556]0.5414

59 | 86 | 917/93]10725] | 11|31|GenelD: | 117566[18821 | 7109]187|195 21026]97]107]2 | 6|37|GenelD:11 | 947|285|291|6|

27 | 88 | 37|GenelD:900 | 949064) 4|2|27|GenelD: | 28|36|GenelD: 8|37|GenelD:1 | 36292) 12|GenelD:102
2853) 886427) 938664) 233917) 1351)

0.5 | 0.0 | rcap_rcc01400 | b2469(narQ|- rv0845(N/A|- bsu08290(yfiJ| | vca0675(N/AJ- | sp_0386(N/A| | sma0204(N/A|- | atu5266(N/AJ- ncgl1935(N/A|

60 | 02 | (N/AJ- 1.75975|0.8775 | 7.75491/0.211 | - 4.76034/0.3768 | - 7.25296|0.2384 | 4.43126/0.5608 | -

61 | 20 | 16.16440|0.018 | 566|66(73|152 | 1492|173]200| | 7.71947|0.082 | 172|125/147|18 | 6.47416[0.285 | 100[135|170[2| | 73|32|38|2|8|Ge | 10.88550[0.031

45 | 59 | 35227|172|196| | 2|GenelD:9469 | 2|30|GenelD:8 | 63623|59/66]2| | [35|GenelD:26 | 0912|220|233| | 37|GenelD:123 | nelD:1137039) | 17655/109|116|

58 | 03 | 14/40|GenelD: | 48) 85218) 9|GenelD:936 | 12440) 5|19|GenelD: | 5333) 30|37|GenelD:
9004223) 171) 930303) 1019967)

0.7 | 0.0 | rcap_rcc00616 | b0462(acrB|- vc0914(N/AJ- smc01457(N/A | atu2483(mexF|-

24 | 03 | (acrBJ- 8.07576|0.1441 7.02303]0.1480 - 8.30737|0.1436

02 | 38 | 10.56890)0.139 | 835|268|276|27 470[57|64/2|9|G 13.31760]0.013 | 961|125|136|8]2

62 | 39 | 0497|260[289|1 | |35|GenelD:94 enelD:2614134 59738|232|249| | 2|GenelD:1139

24 | 22 | 0/41|GenelD:9 | 5108) ) 20|37|GenelD: | 913)
003445) 1233806)

0.7 | 0.0 | rcap_rcc00505 | b0107(hofB|- rv3659c(N/AJ- vc2424(N/A|- sp_2053(N/A| | smc02820(cpa | atu6177(virB11 | ncgl0297(N/A|

24 | 04 | (N/AJ- 10.15960]0.060 | 4.73086|0.582 7.97107|0.0958 | - F1j- - -

02 | 23 | 5.31645|0.6074 | 52614|279|291| | 8222|140|146] 2078|286[292|5 | 6.66222|0.262 | 7.43872|0.2218 | 18.50620/0.000 | 10.00350[0.045

62 | 80 | 442|34/44]11]2 | 28|40|GenelD: | 14|20|GenelD: |11|GenelD:26 | 6085|199|210| | 944/95|105|26] | 7912066|136[14 | 39199|26]45]19

24 | 48 | 2|GenelD:9003 | 947481) 885627) 12966) 15[25|GenelD | 37|GenelD:123 | 8|25|37|GenelD | |37|GenelD:10
334) :930328) 1775) :1137500) 21365)

0.7 | 0.0 | rcap_rcc01291 | b1372(stfR|- rv1452c(PE_P vcl764(N/A|- smc01910(N/A | atul348(N/A[-

24 | 05 | (N/AJ- 8.40210/0.1264 | GRS28|- 5.37767]0.2975 - 3.10835/0.7553

02 | 89 | 1.65701|0.9565 | 592|188|195|32 | 5.44425|0.474 771]195|215(9] 11.96470]0.027 | 027|12|31|5]25]|

62 | 67 | 823]203]209]7] | |39|GenelD:94 | 9327]233]240] 26|GenelD:261 99426|138|144| | GenelD:113883

24 | 51 | 13|GenelD:900 | 5207) 24|31|GenelD: 3644) 32|38|GenelD: | 6)
4118) 886595) 1232907)

0.7 | 0.0 | rcap_rcc02771 | b1618(uidR|- rv0144(N/AJ- bsu08370(yfiR | vc1746(N/AJ- smc04348(N/A | atul624(N/Af- ncgl1483(N/A|

24 | 07 | (N/AJ- 4.74701]0.4684 | 13.44270/0.01 | |- 5.74020/0.2571 - 5.03222(0.4735 | -

02 | 51 | 11.96320|0.086 | 992|229|245|6] | 87162920322 | 7.94145|0.075 | 288|153]182|13 5.05769|0.4993 | 046|26|46|4|34| | 6.56217|0.1907

62 | 47 | 25916/89/97]29 | 21|GenelD:946 | 4|130|GenelD: | 73423|150/157 | |37|GenelD:26 243)44]53|26|3 | GenelD:113366 | 272|113]121[32

24 | 94 | |37|GenelD:90 | 150) 886854) [2|9|GenelD:93 | 13751) 7|GenelD:1233 | 2) |40|GenelD:10
05590) 6176) 735) 19513)

0.7 | 0.0 | rcap_rcc00194 | b1990(IdtAl- bsu23940(yqj vca0058(N/A[- smc01575(N/A | atu3331(N/AJ-

24 | 08 | (N/AJ 5.99481/0.3139 Bl- 7.28365|0.1316 - 9.27758|0.0948

02 | 27 | 10.33290]0.150 | 91|122]|130]19] 4.82760]0.264 | 158|202|242|11 11.36800]0.037 | 7738|243|274[5]|
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62 | 82 | 3922/127|147|]1 | 27|GenelD:945 7284)27|35|11] | |38|GenelD:26 93983|73|89]25 | 37|GenelD:113
24 |2 2|32|GenelD:9 | 273) 19|GenelD:93 | 12134) |40|GenelD:12 | 5205)
003023) 8684) 33874)
0.7 | 0.0 rv0938(ligD|- bsu20500(ligB | vc1542(N/AJ- sm_b21044(N/ | atu5055(ligD|-
24 | 09 10.178300.07 | |- 7.07337(0.1447 Al- 7.18237|0.2256
02 | 26 847485|7|35|1| | 3.95748|0.373 | 390|33|39}4|10]| 7.84377|0.1889 | 674|167|186|22
62 | 41 31|GenelD:88 | 2528|160|166] | GenelD:26139 37415|13|6|14|G | 41|GenelD:113
24 | 76 5561) 7|13|GenelD:9 | 21) enelD:1236947 | 6828)
39992) )
0.7 | 0.0 | rcap_rcc02677 | b0600(ybdL|- rv0858c(dapC| | bsu31400(alaT sp_0035(N/A| | smc02262(N/A | atu0529(aspB|- | ncgl0780(N/A|
24 | 09 | (aspC2|- 15.20900/0.005 | - - - - 14.33550/0.008 | -
02 | 55 | 5.24831|0.6158 | 965756|55|75/6 | 6.09945/0.384 | 1.84573|0.753 11.39660/0.01 | 7.74648|0.1964 | 202494|279|289 | 5.97130]0.2408
62 | 12 | 966|178]209|8] | |31|GenelD:94 | 9553|162|187| | 8462|155|161| 851741|13|31| | 785|157|165|6] | |26/36|GenelD: | 359]|116|122]29
24 | 94 | 37|GenelD:900 | 5211) 2|30|GenelD:8 | 20J26|GenelD: 6|23|GenelD: | 14|GenelD:123 | 1132567) |35|GenelD:10
5496) 85784) 938846) 929782) 2203) 18809)
0.7 | 0.0 | rcap_rcc01546 | b1701(fadK|- rv0119(fadD7| | bsul0270(yhf | vc1985(N/AJ- sm_b20650(N/ | atu0405(fadD|- | ncgl0279(N/A|
24 | 09 | (N/AJ- 8.25193/0.1343 | - L|- 4.60078|0.3993 Al- 9.41820(0.0891 | -
02 | 91 | 4.87232|0.6624 | 610[255|261|1] | 8.72169|0.143 | 9.72661|0.038 | 573|284[291|19 12.73250|0.018 | 8285|278|285|6] | 4.10685]0.4717
62 | 50 | 453|72/82/8]18] | 7|GenelD:9462 | 919|231[239|]1 | 30910/190208 | |26|GenelD:26 68688|184|192| | 13|GenelD:113 | 496|30/36/30|3
24 |2 GenelD:90043 | 13) 0]18|GenelD:8 | |17|34|GenelD: | 13489) 29|37|GenelD: | 2443) 6/GenelD:1021
69) 86896) 939308) 1237690) 346)
0.7 | 0.0 b2128(yehW|- bsu33720(opu sp_1860(N/A| | sm_b21147(N/ | atu0198(N/AJ-
24 |10 5.16499|0.4126 BBJ- - Al- 14.29700)0.008
02 |78 237]104/134|13 5.66891/|0.188 7.54209]0.174 | 6.98592|0.2637 | 370022|168|183
62 | 73 |40|GenelD:94 3557|286]299| 1185|126[164] | 349|251|262|4| | |21|35|GenelD:
24 |9 9028) 4]18|GenelD:9 1|23|GenelD: | 14|GenelD:123 | 1132236)
36225) 930974) 7144)
0.7 | 00 b1175(minD|- bsu27990(min | vc1960(N/AJ- sm_b21523(mi | atu3248(minD|-
24 |11 9.19911|0.0910 DI 8.70306]0.0676 nD|- 6.91663|0.2496
02 | 69 7019/4|25|5[37| 9.37503|0.043 | 7636|253|262|2 12.52980]0.020 | 795|229|241|25]|
62 | 95 GenelD:94574 68393|235|271 | 7|37|GenelD:2 82082|107|123| | 37|GenelD:113
24 | 66 1) |6[37|GenelD:9 | 613464) 23]41|GenelD: | 5122)
37499) 1237685)
0.7 | 0.0 | rcap_rcc02781 | b1301(puuB|- smc00761(ord | atu0601(ordL|-
24 | 11 | (N/A- 10.21240)0.059 L2J- 7.45027|0.2033
02 | 72 | 7.31137|0.3767 | 1604|18]42|10]| 8.62127|0.1366 | 373[294(300|2|8|
248|11|33|7]33] 696/70[78|6]14]
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62 | 23 | GenelD:90056 | 37|GenelD:945 GenelD:12323 | GenelD:113263
24 | 48 | 00) 072) 44) 9)
0.7 | 0.0 | rcap_rcc03109 vc0392(N/A[- smal495(N/AJ- | atu3217(aspCl-
24 | 11 | (N/A- 11.68530]0.015 13.65330|0.011 | 7.30703|0.2150
02 | 88 | 12.27370)0.077 20107|227|258| 28528|1|26|11| | 459|109|115|30|
62 | 70 | 33092/23/30[28 6[37|GenelD:2 37|GenelD:123 | 36|GenelD:113
24 | 35 | |35|GenelD:90 614989) 5850) 5091)
05925)
0.7 | 0.0 | rcap_rcc02197 | b0064(araCl- bsu07010(yes | vcl825(N/AJ- atu4297(N/A|-
24 | 12 | (N/AJ- 8.18847|0.1378 S| 7.86523|0.1006 3.32630(0.7247
02 | 80 | 2.70047|0.8927 | 292|101|108|2| 12.07380]0.01 | 823|262|271|33 146|45|51]19]25|
62 | 20 | 805/128|141|12 | 9|GenelD:9447 656096/111|12 | |41|GenelD:26 GenelD:113617
24 | 55 | |32|GenelD:90 | 80) 0|26/35|Genel | 13579) 1)
05016) D:936075)
0.7 | 0.0 | rcap_rcc00228 rv2969c(N/A|- | bsu33480(bdb smc01342(N/A | atul333(N/AJ-
24 | 12 | (N/A- 8.26990/0.172 | D|- - 9.55701/0.0838
02 | 88 | 5.94546|0.5302 5522|209]215| | 5.39041/0.210 3.28956|0.7533 | 6322|162|187|6|
62 | 99 | 069[9]27|8|36|G 14]20|GenelD: | 8953|248|255| 96]127|133|7|1 | 27|GenelD:113
24 | 77 | enelD:9003057 888481) 34]41|GenelD: 3|GenelD:1232 | 3371)
) 936031) 970)
0.7 | 0.0 rv3370c(dnakE sma0892(dnakE | atu3228(dnaE|- | ncgl0611(dnakE
24 |13 2J- 3 6.12010|0.3331 | 2J-
02 | 50 6.13339|0.380 6.02564/0.3702 | 186[225232|4|1 | 8.92122|0.0718
62 |71 5987|12|18|14| 496(72[79|34|4 | 1|GenelD:1135 | 4476[227|235|3
24 | 28 20|GenelD:88 1|GenelD:1235 | 102) 1|39|GenelD:1
7259) 525) 018640)
0.7 | 0.0 | rcap_rcc03388 | b0149(mrcBJ- rv3682(ponA2| | bsu37510(pbp | vc0602(N/A|- sp_2010(N/A| | smc02856(N/A | atu0103(pbpC|- | ncglo274(N/A|
24 | 13 | (N/AJ- 8.33779|0.1297 | - G- 3.64661|0.5486 | - - 7.20345|0.2238 | -
02 | 90 | 11.20220j0.112 | 912|186|214[21 | 10.74210[0.06 | 4.85423|0.261 | 637|284/300[20 | 7.30166]0.195 | 6.83663|0.2787 | 427|223|248|5[]3 | 5.21777]0.3205
62 | 43 | 2585[192209]2 | |39|GenelD:94 | 163442[90[116 | 9108|105|144| | |37|GenelD:26 | 6258|292|300] | 140[246|286|6] | 7|GenelD:1132 | 015|179|185|1]|
24 | 03 | 6]40|/GenelD:9 | 4843) [1|30|GenelD:8 | 8/37|GenelD:9 | 15390) 2|10|GenelD: | 37|GenelD:123 | 141) 7|GenelD:1021
006204) 85751) 37200) 932011) 1812) 340)
0.7 | 0.0 | rcap_rcc02182 rv3329(N/A|- bsu19740(yod sm_b20277(N/ | atu3407(N/AJ- ncgl2355(N/A|
24 | 14 | (N/A- 3.81202/0.725 | T|- Al- 5.18804/0.4517 | -
02 | 03 | 11.10080]0.116 4407|102|115] | 8.72159/0.055 8.48847|0.1446 | 698|73[84[922] | 3.40459|0.5844
2111)2835[34] 97393]132|139 370[282]290)27 472|245]251]20
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62 | 51 | 41|GenelD:900 8|21|GenelD:8 | |32|39|GenelD: [35|GenelD:12 | GenelD:113528 | |26|GenelD:10
24 | 63 | 5001) 88028) 940050) 36598) 1) 20388)
0.7 | 0.0 | rcap_rcc01573 | b3194(mlaE|- rv1964(yrbE3 vc2519(N/AJ- smcO00174(N/A | atul647(N/Al-
24 | 14 | (N/A- 7.97343|0.1501 | Al 6.53141/0.1839 - 4.75962|0.5125
02 | 75 | 5.64099|0.5673 | 731|265|274|24 | 8.66950|0.146 766|25[31[3|9|G 7.82987|0.1900 | 399|14(47|4|37|
62 | 04 | 371J250[256[33 | |33|GenelD:94 | 9951|176|183 enelD:2615183 005]47|78|11|]3 | GenelD:113368
24 | 02 | |39|GenelD:90 | 7732) 14]21|GenelD: ) 7|GenelD:1233 | 5)
04396) 885948) 498)
0.7 | 0.0 | rcap_rcc01904 | b3743(asnC|- rv3291c(IrpAl- | bsu06540(yez | vcOO71(N/AJ- smc00425(N/A
24 | 15 | (N/AJ- 3.28663|0.6814 | 8.45225/0.160 | CJ- 1.96640|0.8204 -
02 | 45 | 10.95510/0.122 | 874|93|99|15]2 | 4395|60|69|1|1 | 6.66064/0.126 | 871|228|235|17 8.23505|0.1609
62 | 00 | 1088/85/97|27] | 1|GenelD:9482 | 0|GenelD:888 | 0488|213|219| | |24|GenelD:26 094]101]118|5]
24 | 35 | 37|GenelD:900 | 59) 728) 8|14|GenelD:9 | 12951) 23|GenelD:123
4727) 36047) 1978)
0.7 | 0.0 b2131(osmF|- rv3759c(proX| | bsu33810(opu sp_1860(N/A| | smald62(N/AJ- | atu0199(N/A|-
24 | 15 8.02516/0.1471 | - CCl- - 4.24165|0.6180 | 10.42810|0.056
02 | 52 186|22|34|25[3 | 2.96739/0.842 | 12.47280/0.01 7.54209|0.174 | 148|290|300|26 | 51982|218[254|
62 | 09 9|GenelD:9466 | 4065|269|284| | 445316(4|22|5| 1185|126[164| | |36|GenelD:12 | 3|40|GenelD:11
24 | 85 81) 7|31|GenelD:8 | 36|GenelD:93 1]23|GenelD: | 35834) 32237)
86270) 6248) 930974)
0.7 | 0.0 vcl1416(N/AJ- atu4348(vgrGl-
24 |15 11.57230)0.016 7.41724/0.2059
02 |80 11580|228|248| 906/39/46|7|14|
62 | 09 20|37|GenelD: GenelD:113622
24 |9 2614048) 2)
0.7 | 0.0 | rcap_rcc02456 | b1116(lolCJ- vc1882(N/A|- smc01935(N/A | atul289(N/AJ- ncglO606(N/A|
24 | 15 | (lolEJ 11.50290)0.033 11.58780/0.015 - 4.14838|0.6031 | -
02 | 87 | 5.07166|0.6378 | 51574/94|123|1 98727(1|31|5]2 9.01401/0.1152 | 837|259|265(8|1 | 5.49405|0.2891
62 | 30 | 056|256[266|11 | 1|36|GenelD:9 9|GenelD:2613 284]283|296]26 | 4|GenelD:1133 | 364/189[214|15
24 | 22 | |20|GenelD:90 | 45673) 636) [38|GenelD:12 | 327) [38|GenelD:10
05275) 32935) 18635)
0.7 | 0.0 | rcap_rcc02494 | b3867(hemN|- vc0116(N/A|- smal266(hem | atu1601(hemN]|
24 | 16 | (hemN2J- 10.02790|0.064 1.11025]0.9199 NJ- -
02 | 75 | 0.17775]0.9935 | 06165|2|34/8|3 528|228|234|16 8.58874/0.1385 | 4.75080]0.5138
62 | 27 | 564/143|161|20 | 4|GenelD:9483 |22|GenelD:26 866|16|32|22|3 | 217|227|2334|1
24 |71 62) 14871)
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|39|GenelD:90 7|GenelD:1235 | 0|GenelD:1133

05313) 727) 639)
0.7 | 0.0 b4124(dcuR]- bsu04460(dct | vc1604(N/A- sp_0156(N/A| ncglO068(N/A|
24 | 16 7.04936/0.2146 RJ- 5.79658(0.2512 | - -
02 | 82 487|183|206|11 10.05070|0.03 | 41[7|14|34/41|G | 7.65695|0.164 6.11306|0.2278
62 | 48 [36|GenelD:94 398685|142|15 | enelD:2613860 | 5206(284[292 723|125|137/4|
24 | 63 8640) 3|26/38|Genel | ) 24|32|GenelD 16|GenelD:102

D:940148) :929947) 1127)
0.7 | 0.0 b3437(gntK|- vc0287(N/A- sm_b21119(gn | atu0195(gntK]-
24 | 17 17.50690|0.001 4.21339|0.4572 tK|- 4.36449|0.5708
02 |23 920926]185|21 776[223|233]29 10.29290]0.064 | 234|240|273|7]3
62 | 63 6/11|39|Genel |38|GenelD:26 15433|109]115| | 7|GenelD:1132
24 | 45 D:947937) 15010) 29|35|GenelD: | 233)
1237029)

0.7 | 0.0 | rcap_rcc00532 | b1866(aspS|- rv2572c(aspS|- | bsu27550(asp | vcll166(aspS|- | sp_2114(aspS| | smc01756(asp | atull53(N/AJ- ncgl1573(aspS|
24 | 17 | (aspS}|- 5.98191|0.3153 | 6.24656/0.366 | S|- 7.45983/0.1214 | - S| 7.78221/0.1781 | -
02 | 58 | 17.98950|0.009 | 88|259|293|4|3 | 3050[222|232| | 4.51083|0.300 | 473|267]273|2| | 2.70793]0.860 | 7.76298|0.1951 | 824|20|26|33|39| | 3.55392|0.5597
62 | 78 | 011323]96]120| | 8|GenelD:9463 | 20[30|GenelD: | 4623|42|73/4]3 | 8|GenelD:2614 | 6541|54|61|15| | 831|171|180|7| | GenelD:113319 | 508|72|78|33|3
24 | 16 | 11|37|GenelD: | 85) 888532) 7|GenelD:937 | 599) 22|GenelD:93 | 16|GenelD:123 | 1) 9|GenelD:1019

9003361) 549) 1956) 2838) 604)
0.7 | 0.0 | rcap_rcc00831 | b2979(glcD|- rv3353c(N/Al- | bsu08800(yga | vca0985(N/A|- sm_b21415(N/ | atu0665(glcD|- | ncgl0865(N/A|
24 | 18 | (did}- 1.78631|0.8748 | 11.57130[0.04 | K|- 5.596480.2726 Al- 7.91121/0.1691 | -
02 | 55 | 10.70950]0.132 | 529|70|76|16|2 | 297927|74|89] | 3.86015|0.387 | 253|32|38[2|8|G 10.99780]0.045 | 267|195[204|26| | 8.17019]|0.0985
62 | 09 | 6557/534]7|32] | 2|GenelD:9473 | 15/30|GenelD: | 4716J2|13|3|13| | enelD:2612794 61163|54/67|26 | 34|GenelD:113 | 388|211|232|9|
24 | 99 | GenelD:90036 | 53) 888095) GenelD:93924 | ) [39|GenelD:12 | 2703) 30|GenelD:101

60) 5) 37574) 8894)
0.7 | 0.0 b2064(asmA[- smc01454(N/A | atu2052(N/Af-
24 |19 7.67271|0.1690 - 6.85875|0.2551
02 |01 424)252)258|1] 8.49460(0.1442 | 606|16/22|26|32]
62 | 13 7|GenelD:9465 610]129|139]29 | GenelD:113950
24 | 93 82) [38|GenelD:12 | 0)

33803)
0.7 | 0.0 b4284(insl1|- rv0678(N/A|- sp_0915(N/A| | smc01195(N/A | atul488(tnp|- ncgl0179(N/A|
24 |19 8.18771/0.1378 | 10.74770/0.06 - - 9.90116/0.0718 | -
02 | 38 712|182|209|13 | 148577|92|127 10.23870]0.03 | 3.13220|0.7741 | 827|31|45|26|40| | 4.92569|0.3564
898005|18|37] | 542|125|138|25 3|83|90[32|39|G
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62 | 44 |[41|GenelD:94 | |1|32|GenelD:8 3|19|GenelD: | |39|GenelD:12 | GenelD:113352 | enelD:1021244

24 | 32 8815) 88235) 930868) 33252) 6) )

0.7 | 0.0 | rcap_rcc02432 | b2119(yehL|- rv0370c(N/AJ- smcO00515(N/A

24 |19 | (N/A- 4.14793|0.5540 | 4.24058]0.659 -

02 | 44 | 4.79299|0.6722 | 143|252|265|15 | 5247|86|106|1] 11.47100|0.036

62 | 11 | 021]172/180i6] | |31|GenelD:94 | 31|GenelD:88 02295|256|273|

24 | 99 | 14|GenelD:900 | 6656) 6465) 24|38|GenelD:
5251) 1233417)

0.7 | 0.0 | rcap_rcc01091 | b1486(ddpB|- rv3665c(dppB| | bsul2930(dpp | vca0590(N/AJ- | sp_1890(N/A| | smc02831(N/A | atu6l42(accD|- | ncgl2239(N/A|

24 |19 | (gsiC|- 10.67040]0.048 | - B|- 7.98385/0.0952 | - - 9.33195/0.0926 | -

02 | 56 | 11.37000]0.105 | 46384[231|243| | 10.30030|0.07 | 6.17291|0.153 | 485/286/300[29 | 1.05124]0.980 | 7.51601|0.2152 | 3828|280[287|2| | 3.34126/0.5949

62 | 34 | 9823]188J2195 | 27|38|GenelD: | 449869|65[75] | 5147]154]169] | |39]|GenelD:26 | 5382|3|9|14]|20 | 854|104|125[20 | 9|GenelD:1137 | 964]|279]285]20

24 | 02 | |38|GenelD:90 | 946044) 10|20|GenelD: | 6[23|GenelD:9 | 12563) |GenelD:9309 | |37|GenelD:12 | 465) |26]GenelD:10
03920) 885474) 39881) 41) 31786) 20272)

0.7 | 0.0 | rcap_rcc00711 | b0607(uspG|- rv2028c(N/A|- | bsu09690(nha | vcO076(N/A|- sp_1996(N/A| | smcO0048(N/A | atu0496(N/A|- ncgl2842(N/A|

24 |19 | (N/A- 14.53410]0.008 | 8.45691]0.160 | X|- 5.47440(0.2863 | - - 3.17216/0.7464 | -

02 | 65 | 6.56426|0.4574 | 246858|35|66/5 | 1401]153|180| | 7.51225|0.089 | 434|221]228|34 | 10.89350[0.02 | 9.07156/0.1123 | 604|170|176|35| | 5.57325/0.2806

62 | 87 | 694/151]188[7| | |37|GenelD:94 | 1]27|GenelD:8 | 68547|158|164 | |41|GenelD:26 | 578304|55|70| | 402|3|18|28|41| | 41|GenelD:113 | 113|167|175]23

24 | 89 | 39|GenelD:900 | 5229) 88494) |4/10|GenelD:9 | 15765) 5|20|GenelD: | GenelD:12326 | 2534) [31|GenelD:10
3540) 39286) 931917) 30) 20885)

0.7 | 0.0 | rcap_rcc03465 | b2372(yfdV|- bsu37040(ywk | vca0024(N/A|- smc01358(N/A | atuO080O(N/AJ- ncgl2303(N/A|

24 |20 | (N/AJ- 6.56245|0.2569 Bl- 3.24077|0.6169 - 10.35030/0.058 | -

02 | 39 | 5.70060]0.5600 | 025|252|260|1]| 7.04671/0.107 | 663|51/58|20]2 4.84023|0.5304 | 58141]11|31]12] | 6.49042|0.1962

62 | 07 | 19]261]269]28] | 9|GenelD:9491 9482|256|262| | 7|GenelD:2612 75|224)23618|1 | 34|GenelD:113 | 757|197|224(9|

24 | 67 | 37|GenelD:900 | 10) 2|8|GenelD:93 | 525) 9|GenelD:1232 | 2118) 40|GenelD:102
6281) 6875) 954) 0336)

0.7 | 0.0 | rcap_rcc01180 | b0484(copAl- rv0092(ctpAl- vc2215(N/A- sp_0729(N/A| | smal013(actP|- | atul195(N/A[- ncglo375(N/A|

24 | 20 | (copA2l- 3.64996/0.6277 | 8.19558|0.177 4.44209(0.4225 | - 5.14215|0.4873 | 6.55077]0.2858 | -

02 | 54 | 11.77430|0.092 | 578|79|85|16|2 | 7143]166|178| 585|119|129|6| | 7.51860/0.176 | 876[266[282|10 | 564|60]66|7|13| | 3.88111]0.5068

62 | 36 | 1431J282|289I3 | 2|GenelD:9461 | 22|34|GenelD: 16|GenelD:261 | 1345|255|266| | |29|GenelD:12 | GenelD:113323 | 885|267|284(8|

24 | 41 | 0|37|GenelD:9 | 06) 886946) 3254) 1]13|GenelD: | 35584) 3) 32|GenelD:102
004009) 930679) 1421)

0.7 | 0.0 | rcap_rcc02138 | b4363(yjjB|- rv3737(N/A|- vc0439(N/A|- sp_1730(N/A| ncgl2533(N/A|

24 | 20 | (N/AJ- 7.90987|0.1540 | 6.00176|0.397 10.40500/0.029 | - -

02 | 90 | 8.37729]|0.2783 | 017|263|284|8] | 6718|166[172 23940J271|285| | 8.60056/0.100 6.00079|0.2380
162]272]283]25 7381]130]145] 883|123]163]7|
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62 | 94 | |35/GenelD:90 | 32|GenelD:948 | 14|20|GenelD: 22|36|GenelD: | 7|21|GenelD: 34|GenelD:102
24 | 51 | 04957) 811) 885794) 2615700) 931102) 0569)
0.7 | 0.0 b1657(ydhP|- bsu29040(ytb sm_b20071(N/ | atud292(N/A|-
24 |21 8.37257|0.1279 DJ- Al- 5.54904/0.4033
02 | 62 797)218|24716| 8.31729|0.065 12.50490|0.021 | 441|270]276|8|1
62 | 11 40|GenelD:947 41402|114/130 09774|181|212| | 4|GenelD:1136
24 |71 340) |15[32|GenelD: 11|37|GenelD: | 166)
936655) 1236362)
0.7 | 0.0 | rcap_rcc00502 | b3391(hofQ|- vc2630(N/A[- smc04111(cpa | atu0221(ctpD|-
24 | 22 | (N/A- 6.33657|0.2785 13.35690]0.006 Ci|- 6.73320/0.2673
02 | 20 | 8.82616|0.2431 | 946|53|75]4/33| 3103876/13|30 6.29580|0.3378 | 618|149|155}4/1
62 | 34 | 306/178]196[25 | GenelD:94790 |37|GenelD:26 89|121|130/4|1 | 0|GenelD:1132
24 | 05 | |40|GenelD:90 | 1) 15647) 3|GenelD:1231 | 259)
03331) 772)
0.7 | 0.0 | rcap_rcc02024 | b4032(malG|- rv1237(sugB|- | bsu34590(mdx | vca0943(malG| | sp_2110(N/A| | smc01626(N/A | atuS081(N/AJ- ncgl0694(N/A|
24 | 22 | (N/A- 12.87690]0.017 | 10.02360[0.08 | G|- - - - 6.41689(0.3000 | -
02 | 23 | 3.94483|0.7725 | 94513|77|104|1 | 380386[269]29 | 6.35336/0.142 | 7.87976|0.1000 | 7.74724[0.157 | 9.60562|0.0883 | 079|3|10|7|14|G | 5.41713|0.2976
62 | 49 | 342|191]206/11 | 2|37|GenelD:9 | 6|632|GenelD: | 6978|99|108|3 | 019]26|32|28|G | 2745|35|57|5]2 | 6898|3|41|4|37| | enelD:1136854 | 141|237|264(5|
24 | 89 | |27|GenelD:90 | 48530) 887121) 2]40|GenelD:9 | enelD:2612568 | 2|GenelD:930 | GenelD:12339 | ) 37|GenelD:101
04847) 36499) ) 236) 04) 8723)
0.7 | 0.0 | rcap_rcc02199 | b3952(pfIC|- rv3138(pflA- vca0512(nrdG| | sp_1976(N/A|
24 | 22 | (pflALl- 8.42369|0.1253 | 1.90938|0.944 - -
02 | 61 | 4.77292|0.6746 | 577|100|107|33 | 0093]255[261] 7.76922|0.1052 | 9.04652(0.078
62 | 60 | 646]233]240[7| | |40|GenelD:94 | 14J20|GenelD: 857|231|247|26 | 73258|6/22|1|1
24 | 45 | 14|GenelD:900 | 8453) 887973) |37|GenelD:26 | 9|GenelD:929
5018) 12588) 784)
0.7 | 0.0 | rcap_rcc02243 | b0934(ssuCl- sm_b20571(N/ | atuO158(N/A[- ncgl1174(N/A|
24 | 23 | (tauC|- 5.54052|0.3658 Al- 6.85180(0.2558 | -
02 | 17 | 9.81718|0.1780 | 239|61|68|2|9|G 7.73092|0.1977 | 248|84/90]|32|38| | 5.61881|0.2758
62 | 08 | 061]238]259/10 | enelD:947216) 062|95|112|13| | GenelD:113219 | 004[36/42|1|7|G
24 | 19 | |37|GenelD:90 35|GenelD:123 | 6) enelD:1019204
05062) 7815) )
0.7 | 0.0 | rcap_rcc02394 | b2797(sdaBj- rv0069c(sdaA| vc1300(N/A- sp_0105(N/A| | smc01256(sda| | atul759(sdaA|- | ncgl1583(N/A|
24 | 23 | (sdaAl- 10.38300]0.054 | - 11.17830/0.019 | - - 6.52643(0.2883 | -
02 | 37 | 6.87971|0.4223 | 94145|273|298| | 8.96082|0.130 73734|256|278| | 6.39585/0.294 | 7.43166]0.2225 | 928|186]218|8|3 | 4.06996|0.4774
032]276]282|31 5516]14}41)2]2 8271|33|39|3|9 | 058|184/196/26 059]227]244]18
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62 | 59 | |37|GenelD:90 | 10/37|GenelD: | 9|GenelD:886 4|29|GenelD:2 | |GenelD:9298 | [37|GenelD:12 | 8|GenelD:1133 | |39|GenelD:10
24 | 91 | 05213) 947262) 986) 614754) 82) 33061) 797) 19614)
0.7 | 0.0 b2286(nuoC|- rv3147(nuoCl- smc01914(nuo
24 | 24 8.89519|0.1033 | 7.46089|0.236 Ci|-
02 | 00 44228329625 | 2969|75/81|12] 8.26877|0.1586
62 | 18 [37|GenelD:94 | 18|GenelD:88 613|177]191)26
24 | 65 6759) 8816) [37|GenelD:12
32914)
0.7 | 0.0 | rcap_rcc00139 rv3394c(N/AJ- sma0890(N/AJ- | atuS099(N/A[- ncglo591(N/A|
24 | 24 | (N/A- 6.19280(0.373 5.93318/0.3817 | 10.70850/0.049 | -
02 | 27 | 10.30470)0.151 0501/119|129| 318|243|273|8| | 62826[19|33|27| | 5.01637|0.3449
62 | 90 | 8001|32/42|27| 1|11|GenelD:8 37|GenelD:123 | 41|GenelD:113 | 71}44]51(33/40|
24 | 12 | 37|GenelD:900 87945) 5524) 6872) GenelD:10186
2968) 20)
0.7 | 0.0 | rcap_rcc03529 | b1075(flgD|- bsu16280(flgD | vc2198(flgD|- smc03052(flg atu0579(flgD|-
24 | 24 | (flgD|- 5.13480|0.4165 - 6.86533|0.1588 DJ- 7.32984/0.2131
02 | 94 | 9.02334/0.2288 | 323|18|25|16|2 4.41530[0.312 | 428|278|290|18 8.30318|0.1563 | 461|255/282|10|
62 | 23 | 261/160/182|14 | 3|GenelD:9458 0668|111|120| | |31|GenelD:26 938|112|118|30 | 37|GenelD:113
24 | 8 |37|GenelD:90 | 13) 26|34|GenelD: | 13238) [36|GenelD:12 | 2617)
06345) 936501) 32323)
0.7 | 0.0 | rcap_rcc02184 | b1125(potB|- vcl427(potB|- | sp_1388(N/A| | smc01633(N/A | atu0611(potB|-
24 | 24 | (potH2J- 9.38824/0.0841 8.59743/0.0711 | - - 5.29932|0.4365
02 | 94 | 9.93134|0.1715 | 1842|28|50]16| 9858|172|179]2 | 7.60469|0.168 | 10.94220]|0.046 | 412|252|258|34|
62 | 99 | 452/5[12[30[37| | 37|GenelD:945 |9|GenelD:261 | 8343|52(82|13| | 87695|147|161| | 40|GenelD:113
24 | 59 | GenelD:90050 | 692) 4059) 37|GenelD:93 | 24|38|GenelD: | 2649)
03) 1436) 1233911)
0.7 | 0.0 | rcap_rcc02545 rv2435c(N/AJ- vcal056(N/A|- smc01104(mcp | atu0387(mcpA|
24 | 25 | (N/A- 5.39453|0.482 9.32997|0.0499 X|- -
02 | 79 | 8.42387|0.2744 1738|245(254| 0632[33]45|25| 10.44080]0.059 | 11.18440[0.039
62 | 21 | 932/6/19]15[28| 1/10|GenelD:8 35|GenelD:261 78564|159|186| | 67393[229|255|
24 | 15 | GenelD:90053 85891) 2073) 6|37|GenelD:1 | 10[39|GenelD:1
64) 232050) 132425)
0.7 | 0.0 | rcap_rcc01948 | b0981(etk|- bsu34360(eps | vc0937(N/A|- smc01795(N/A | atul239(exoP|- | ncgl0337(N/A|
24 | 25 | (N/AJ- 4.78393|0.4634 BJ- 5.97864(0.2329 - 10.17430|0.063 | -
02 | 96 | 9.42803|0.2015 | 193|174|187|20 5.88206/0.172 | 55|93|116]11|3 12.36460]0.022 | 50074|274|284| | 5.95941]0.2419
984/54/63[24[3 7395(170]211] 72171[214[232] 513(87/1017]2
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62 | 26 | 3|GenelD:9004 | |31|GenelD:94 6/37|GenelD:9 | 0|GenelD:2614 20[37|GenelD: | 28|37|GenelD:1 | 2|GenelD:1021
24 |94 | 771) 7409) 38640) 157) 1232879) 133277) 402)
0.7 | 0.0 b3020(ygiS|- rv3666¢(dppA| | bsul2960(dpp sp_0366(N/A| | sm_b21196(op | atud259(N/A[- ncgl2294(N/A|
24 | 26 8.90408/0.1029 | - E|- - pAJ- 5.28304/0.4387 | -
02 | 25 649|80|87|30|3 | 14.84800/0.00 | 7.18582|0.102 7.45408|0.181 | 2.25627/0.8747 | 531[49]59|11[22| | 5.28904/0.3121
62 |71 7|GenelD:9471 | 9901222|276|2 | 1122|236|269| 7661|281|289| | 954|119|134|14 | GenelD:113613 | 672|64(71|28|3
24 | 37 40) 99|2|31|Genel | 7|37|GenelD:9 1523|GenelD | |33|GenelD:12 | 3) 5|GenelD:1020
D:885315) 38099) :930256) 37192) 327)
0.7 | 0.0 b1234(rssAl- rv3728(N/AJ- bsu15040(ylb | vc0603(N/AJ- smc00930(N/A | atul751(N/A[-
24 | 27 8.23508|0.1352 | 7.81362/0.206 | K|- 3.75036/|0.5314 - 20.77250|0.000
02 |38 743|190[196|33 | 4064|124|130] | 9.96087]0.035 | 795/293]|299|10 3.86267|0.6732 | 1934701|156|18
62 | 48 [39|GenelD:94 | 14|20|GenelD: | 12907|217|224 | |16|GenelD:26 859|189|195|25 | 9|5/36|GenelD:
24 | 04 5725) 885271) [2]9/GenelD:93 | 15391) [31|GenelD:12 | 1133789)
6382) 32444)
0.7 | 0.0 | rcap_rcc01535 | b2278(nuoL|- rv3156(nuolL|- smc01925(nuo | atul281(nuol |-
24 | 27 | (nuoL|- 12.80850|0.018 | 3.72067|0.739 L|- 5.27705|0.4395
02 | 62 | 6.22877|0.4963 | 52014|265/300] | 1084[26|32|6|1 5.78410/0.4006 | 683|40(46/8|14
62 | 74 | 655278]284/29 | 7|37|GenelD:9 | 2|GenelD:888 629]258|264/8| | GenelD:113331
24 | 03 | [35|GenelD:90 | 45540) 063) 14|GenelD:123 | 9)
04358) 2925)
0.7 | 0.0 | rcap_rcc02555 | b4212(ytfH|- bsu03470(hxI smc01493(N/A | atu5151(attZ|- ncgl2034(N/A|
24 | 27 | (N/AJ- 7.48226|0.1820 R|- - 10.27030|0.060 | -
02 | 72 | 9.40370|0.2031 | 158]6/19|19|31| 8.42584/0.062 12.27120]0.023 | 77269|142|151| | 2.46106]0.7412
62 | 30 | 562/4957|6|14| | GenelD:94873 722(187]207|1 86505[233|254| | 5/14|GenelD:11 | 052[32|38|32|3
24 | 68 | GenelD:90053 | 0) 8|34|GenelD:9 12|37|GenelD: | 36924) 8|GenelD:1020
74) 38311) 1233748) 066)
0.7 | 0.0 | rcap_rcc03382 | b4054(tyrB|- vca0513(N/A[- smc00387(tatA
24 | 29 | (tyrBJ- 8.08096/|0.1438 6.07909|0.2233 -
02 | 12 | 9.54832|0.1940 | 847|101]143]7| 341|187|193|1] 5.21572|0.4770
62 | 56 | 414|61[74/520] | 40|GenelD:948 7|GenelD:2612 752|82|105|5|3
24 | 94 | GenelD:90061 | 563) 575) 7|GenelD:1231
98) 941)
0.7 | 0.0 | rcap_rcc03119 bsu31322(yug | vca0194(N/AJ- sm_b20361(N/
24 |29 | (N/A- O 5.87855|0.2428 Al-
02 | 96 | 8.78495|0.2462 6.78630[0.119 | 714|164]202|1] 8.44127|0.1475
081]154(163|5| 8328|259|265| 602|273]284]25
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62 | 78 | 14|GenelD:900 1|7|GenelD:93 | 37|GenelD:261 [36/GenelD:12
24 | 53 | 5935) 8842) 2372) 36678)
0.7 | 0.0 vc1584(N/AJ- smc01158(N/A | atul798(N/Af- ncgl2263(N/A|
24 | 30 8.51027|0.0742 - 11.56130/0.033 | -
02 |29 3254|125|142|1 3.21187|0.7637 | 13691|102|109| | 7.50447|0.1299
62 |91 5[32|GenelD:2 268|121|141J12 | 30/37|GenelD:1 | 656|234(262|6|
24 | 97 613838) [36|GenelD:12 | 133836) 33|GenelD:102
31995) 0296)
0.7 | 0.0 | rcap_rcc02524 | b0366(tauB|- bsu08830(ssu sp_2196(N/A| | sm_b20569(N/ | atul047(N/A[- ncgl1175(N/A|
24 |30 | (N/AJ- 9.16244/0.0924 B|- - Al- 9.07349(0.1037 | -
02 | 67 | 10.81930]0.127 | 7728|17|24]27| 12.41360]0.01 4.26416[0.625 | 6.34226|0.3325 | 177|244|264|5]2 | 6.33341]0.2089
62 | 32 | 84452322606 | 34|GenelD:945 47463817221 8802|38/44|13| | 077|108|125|12 | 3|GenelD:1133 | 207|63|87]9]31]|
24 | 57 | |39|GenelD:90 | 027) 2|11|37|Genel 19|GenelD:93 | |37|GenelD:12 | 085) GenelD:10192
05343) D:939730) 0180) 37813) 05)
0.7 | 0.0 | rcap_rcc01902 | b3963(fabR|- rvO681(N/A|- bsu19070(yob | vc0152(N/A|- atu4199(N/A|-
24 |30 | (N/AJ- 8.20341/0.1370 | 13.23610/0.02 | S}- 13.19520]0.006 4.03067|0.6208
02 | 94 | 11.38810]0.105 | 057|15|35(|8|28| | 053607/93]119 | 7.39549|0.093 | 878643|89|128| 505|54/60]3|9|G
62 | 56 | 3246/179/1882 | GenelD:94846 | |1]27|GenelD:8 | 93598|124|152 | 7|41|GenelD:2 enelD:1136073
24 | 66 | 938/GenelD:9 | 0) 88239) |8[32|GenelD:9 | 614851) )
004725) 39639)
0.7 | 0.0 b1840(yebz|- rv0102(N/A|- bsu14930(cta small98(N/A[- ncgl2370(N/A|
24 |31 6.04515|0.3085 | 7.77472/0.209 | G- 4.01761/0.6508 -
02 |10 819]2057|13|3 | 5387|247|256| | 6.15772|0.154 098|121|127|26 5.58305|0.2795
62 | 67 4|GenelD:9470 | 1]10|GenelD:8 | 4627]219[226) [32|GenelD:12 707|171|177|4]
24 | 65 78) 86926) 3]|10|GenelD:9 35690) 10|GenelD:102
39909) 0403)
0.7 | 0.0 | rcap_rcc01719 | b0820(ybiT|- rv1473(N/Al- bsu07420(yfm | vc2608(N/A|- sp_2230(N/A| | sma0036(N/AJ- | atu3869(N/A[- ncgl1493(N/A|
24 | 31 | (N/A 8.28413|0.1326 | 8.95523|0.130 | M|- 7.45689(0.1216 | - 8.97211/0.1173 | 6.08218|0.3375 | -
02 | 14 | 4.90641|0.6582 | 308|8|20|2|14|G | 8508]262[270] | 5.26767|0.221 | 110J5/11[34]40] | 4.06433]0.659 | 707|258[281|12 | 201|126|132|26| | 8.94101/0.0712
62 | 00 | 424/99]106[26] | enelD:945440) | 1|9|GenelD:88 | 6515[220242| | GenelD:26156 | 675|70|83|5|19 | |37|GenelD:12 | 32|GenelD:113 | 4642|136/153|2
24 | 07 | 33|GenelD:900 6549) 5|29|GenelD:9 | 25) |GenelD:9298 | 35242) 5743) 0]40|GenelD:1
4542) 36103) 40) 019523)
0.7 | 0.0 b3486(rbbA|- rv1747(N/AJ- bsu13220(thi sp_0720(N/A| atu4667(N/A- ncglO510(N/A|
24 |31 13.86570|0.011 | 5.38098/0.484 | W|- - 5.01127/0.4764 | -
02 |15 31870|139|188| | 156[221|230|1| | 6.36796]0.141 7.85144/0.149 611]290J296|35| | 6.31383|0.2105
8576|182]213] 2316|61/87]3]2
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62 | 06 4|37|GenelD:9 | 10|GenelD:88 | 7|36|GenelD:9 4|GenelD:930 41|GenelD:113 | 47|42|483|9|Ge
24 |21 47998) 5311) 36472) 670) 6541) nelD:1021527)
0.7 | 0.0 | rcap_rcc02050 | b1270(btuR|- rv2849c(cobO| vc1040(N/AJ- smc04302(cob | atu2807(cobOl-
24 | 31 | (cobOJ- 7.19901/0.2028 | - 2.33213]0.7665 O 9.01704/0.1062
02 | 29 | 11.52870]0.100 | 594|140|166|7| | 6.46426]0.339 507|5/17|11[23| 9.85577|0.0787 | 882|156|164|29|
62 | 08 | 3398/55/81[3]4 | 31|GenelD:945 | 8357|203[245 GenelD:26143 6074|75|103|5| | 37|GenelD:113
24 | 31 | 1|GenelD:9004 | 839) 130|GenelD:8 10) 38|GenelD:123 | 4845)
873) 88236) 3621)
0.7 | 0.0 | rcap_rcc01402 | b0936(SSUA|- bsu08840(ssu | vc1369(N/AJ- sma2087(N/AJ- | atul884(ssuAl- | ncgll176(N/A|
24 | 31 | (N/AJ- 6.65300]0.2485 Al- 3.12120/0.6372 5.40581/0.4508 | 12.34180)0.022 | -
02 | 56 | 10.76190|0.130 | 832[217|232|5| 12.34560]0.01 | 133]285|291/6| 385(31[42|8|19| | 65370[237|252| | 2.22304/0.7785
62 | 70 | 34|215[235]20] | 21|GenelD:945 509126[5[31|5] | 12|GenelD:261 GenelD:12361 | 28|41|GenelD:1 | 987|264|271|6]
24 | 72 | 37|GenelD:900 | 560) 30|GenelD:93 | 4823) 75) 133922) 13|GenelD:101
4225) 6215) 9206)
0.7 | 0.0 b3667(uhpCl- rvi672c(N/A|- | bsul2360(exu | vca0137(glpT|- atu2708(N/A|- ncgl2144(N/A|
24 | 32 10.45290/0.053 | 6.40720]0.346 | T|- 3.37604/0.5940 4.46856(0.5553 | -
02 | 26 29537|19|52|6| | 6411/82(88|14| | 9.42286|0.042 | 776|274|280(7| 287|258|264(8|1 | 6.71406/0.1794
62 | 14 41|GenelD:948 | 20|GenelD:88 | 90688(8|14|33| | 13|GenelD:261 4|GenelD:1134 | 428|185[211)3|
24 | 25 184) 5700) 39|GenelD:93 | 2732) 746) 35|GenelD:102
9405) 0177)
0.7 | 0.0 | rcap_rcc01680 | b2323(fabB|- rv2246(kasBJ|- | bsul7140(pks Sp_0422(N/A| | smc00574(fab | atul596(fabF|- ncgl0802(N/A|
24 | 33 | (fabF1|- 0.38641/0.9723 | 7.00914/0.279 | F|- - Fl- 7.03771/0.2385 | -
02 | 45 | 12.50660|0.071 | 225|63|78|9|37| | 6500[15|25/1|1 | 6.64027|0.127 5.64744|0.398 | 8.06995|0.1722 | 053|2|17|6]23|G | 5.32850]0.3076
62 | 93 | 20139/62|71|28 | GenelD:94679 | 2|GenelD:887 | 0876|38|59]16] 4933|94|106|1 | 945|246[253|34 | enelD:1133634 | 257|1|20/8|32|G
24 | 11 | [37|GenelD:90 | 9) 539) 37|GenelD:93 2|23|GenelD: | |[41|GenelD:12 | ) enelD:1018831
04503) 9500) 930358) 32788) )
0.7 | 0.0 bsu33200(yvr sma0717(N/A|- | atu4190(N/AJ-
24 | 34 E|- 13.92400]0.009 | 7.41363|0.2062
02 |17 6.18511|0.152 689755(933|8| | 823|134|1628|3
62 | 70 7576|281|288| 35|GenelD:123 | 7|GenelD:1136
24 | 96 2|9|GenelD:93 5201) 064)
5979)
0.7 | 0.0 | rcap_rcc00626 | b2307(hisM|- vca0757(artM|- smc00138(N/A | atu2363(N/AJ-
24 | 34 | (N/A- 6.26449|0.2858 8.98724/0.0589 - 7.19834/0.2242
02 | 29 | 11.83060]0.090 | 011|233]256|7| 9083|240[269[7 6.56991|0.3069 | 840[52|59|30|37|
35221]186[209| 424|37]4615]14]
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62 | 99 | 16[38|GenelD: | 31|GenelD:946 |32|GenelD:26 GenelD:12335 | GenelD:113440
24 | 27 | 9003455) 790) 11843) 37) 1)
0.7 | 0.0 | rcap_rcc02522 sp_2198(N/A| | smc01826(N/A | atu2390(N/A[-
24 | 34 | (N/A- - - 10.01310|0.068
02 | 69 | 13.20260]0.055 8.01656/0.137 | 12.03190[0.027 | 3332|254|261|7|
62 | 17 | 46339[34[745| 1686(7(28|1|19 | 03711]|189|218| | 14|GenelD:113
24 | 85 | 37|GenelD:900 |GenelD:9319 | 8/35|GenelD:1 | 4428)
5341) 18) 234126)
0.7 | 0.0 | rcap_rcc02898 | b0914(msbAl- bsu08690(yga | vcl878(N/AJ- sm_b20813(ms | atu4600(N/A[-
24 | 34 | (N/A- 1.89467|0.8634 D|- 4.12880[0.4704 bAll- 6.73259|0.2674
02 | 81 | 6.44283|0.4713 | 967|188|202|19 9.15085/0.047 | 731]|225|239|8| 12.92230]0.016 | 221|5|11]26]32]|
62 | 87 | 827|8|21[3|13|G | |31|GenelD:94 53498|158|166 | 21|GenelD:261 87165|183|206] | GenelD:113647
24 | 46 | enelD:9005717 | 5530) [32]40|GenelD: | 3632) 19|39|GenelD: | 4)
) 936200) 1236884)
0.7 | 0.0 | rcap_rcc01881 | b1683(sufB|- rv1461(N/A|- bsu32700(suf sp_0868(N/A| atu1824(sufB|-
24 | 35 | (sufBJ- 8.22280/0.1359 | 14.20210/0.01 | DJ- - 6.15734/0.3288
02 | 22 | 4.56534|0.6999 | 433|240|252|11 | 328285[216[24 | 7.14997|0.103 5.38078,0.439 335|227|233|3|9|
62 | 21 | 582|67[77[25[3 | |23|GenelD:94 | 8|1|33|GenelD: | 5837|284[292 6283|63|72|23| GenelD:113386
24 | 05 | 7|GenelD:9004 | 5753) 886609) 14|22|GenelD: 32|GenelD:93 2)
704) 938871) 0820)
0.7 | 0.0 | rcap_rcc02505 rv3752c(N/Al- | bsu00180(tad vc0864(N/A|- sp_0020(N/A| | smc00905(N/A | atu0688(codAl- | ncgl0225(N/A|
24 | 36 | (tadAl- 2.99908/0.838 | Al- 3.87898/0.5104 | - - 9.53895(0.0845 | -
02 | 66 | 10.62900]0.136 4916|65|86/|2]2 | 1.48269/0.820 | 211[187|213|10 | 3.14216]0.804 | 8.72774/0.1305 | 3885|177|212|5] | 11.52240]0.023
62 | 46 | 2840[56|63|30]| 4|GenelD:885 | 2497|107|113| | |32|GenelD:26 | 213|262[270[4] | 498|230]240|5| | 33|GenelD:113 | 76644/182[197|
24 | 89 | 37|GenelD:900 586) 19|25|GenelD: | 14531) 12|GenelD:92 | 14|GenelD:123 | 2726) 21|35|GenelD:
5324) 937989) 9767) 2441) 1021295)
0.7 | 0.0 | rcap_rcc02052 rv3368c(N/Al- smc00166(N/A | atul654(N/AJ-
24 | 36 | (bluBJ- 6.89709|0.291 - 13.35490)0.013
02 | 68 | 10.02160]0.166 3152|79|102[1| 5.76172|0.4035 | 62647]20|64(5|3
62 | 68 | 5798/131/5/41] 30|GenelD:88 48|161|173|26| | 7|GenelD:1133
24 | 7 GenelD:90048 7641) 37|GenelD:123 | 692)
75) 3506)
0.7 | 0.0 | rcap_rcc01379 | b2799(fucOl- bsu31050(ghs | vcl147(N/A|- sp_2026(N/A| | sma0263(N/AJ- | atu5074(attL|- ncgl1112(N/A|
24 | 36 | (N/A- 6.81688|0.2340 BJ- 6.31305/0.2021 | - 6.22062|0.3467 | 8.57400]0.1284 | -
02 | 85 | 6.36329|0.4806 | 674|255|271|13 4.90320/0.256 | 83|93|131|2|38] | 8.35146|0.115 | 125|186|215|12 | 834|1|31|7|33|G | 11.12960]0.028
005/2|12|25|35] 8027|10[35|8|3 1433]269|291| 09637]146|170
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62 | 81 | GenelD:90042 | |34|GenelD:94 3|GenelD:938 | GenelD:26145 | 5[22|GenelD: | [36|/GenelD:12 | enelD:1136847 | 9|31|GenelD:1
24 |16 | 02) 7273) 832) 80) 932025) 35365) ) 019142)
0.7 | 0.0 | rcap_rcc00896 | b0313(betl|- smal726(N/AJ- | atu2059(N/A[-
24 | 37 | (betl}- 0.67701/0.9594 11.44060]0.036 | 2.43748|0.8407
02 | 05 | 7.64784|0.3434 | 672|27|35|21|3 57941|228|246| | 808|158|165(5|1
62 | 57 | 217|219244}4| | 0|GenelD:9449 12|36|GenelD: | 2|GenelD:1134
24 | 71 | 22|GenelD:900 | 81) 1235985) 097)
3725)
0.7 | 0.0 b1968(yedV|- rv0902c(prrBJ- smc02367(N/A | atu0979(ragB|- | ncgl0840(N/A|
24 | 37 12.25690|0.023 | 4.41031/0.632 - 0.60663/0.9760 | -
02 |15 84437(258|298| | 9673|207|216| 3.63562|0.7057 | 215[234(249|6|3 | 4.81868|0.3703
62 | 34 10/40|GenelD: | 8|17|GenelD:8 134|199|211|25 | 7|GenelD:1133 | 027|139|169|15
24 | 88 946487) 85647) [37|GenelD:12 | 017) [38|GenelD:10
32666) 18869)
0.7 | 0.0 | rcap_rcc01655 | b0644(ybeQ|- vcal026(N/A[- smc02078(exo | atu0499(N/AJ-
24 | 37 | (N/A- 2.70512|0.7640 6.46663|0.1892 R|- 8.40740|0.1378
02 | 56 | 9.07085|0.2254 | 37|292|298|3|9] 273|211|236]5| 8.58601|0.1387 | 165(88|94|29|35|
62 | 87 | 826/160[16730 | GenelD:94525 30|GenelD:261 485|230|237|34 | GenelD:113253
24 | 78 | [37|GenelD:90 | 1) 2428) |41|GenelD:12 | 7)
04478) 33171)
0.7 | 0.0 bsu30750(mnt Sp_1649(N/A| | smc02507(sitC | atu4469(sitC|-
24 | 37 Cl- - - 11.75170|0.030
02 |59 3.87368,0.385 3.67599|0.723 | 7.78887]0.1931 | 22864|266/291|
62 | 89 4695/85(92|6/1 5587|84[90|13| | 641|27|48(8/36| | 8|37|GenelD:11
24 | 6 3|GenelD:937 19|GenelD:93 | GenelD:12347 | 36343)
203) 1187) 12)
0.7 | 0.0 | rcap_rcc03048 | b3605(IldD|- rv1872c(lldD2| vca0984(IldD|- | sp_0715(N/A| | sm_b20858(N/ | atu2318(lIdA|- ncgl2817(N/A|
24 | 38 | (lldDJ- 3.68482|0.6225 | - 5.54388|0.2784 | - Al- 3.62923|0.6807 | -
02 | 14 | 3.83180|0.7850 | 741|49/64|14]3 | 9.01606/0.127 732|68|74|17|2 | 8.48054/0.107 | 15.14360]|0.004 | 042|239|255|52 | 4.37970/0.4310
62 | 83 | 65[124]1308]1 | 1|GenelD:9481 | 6279]261[281] 3|GenelD:2612 | 4778|2|21|1|21 | 757681[25529 | 2|GenelD:1134 | 651|52|58|20|2
24 | 04 | 4|GenelD:9005 | 21) 14132|GenelD: 817) |GenelD:9306 | 0[4/35|GenelD: | 356) 6|GenelD:1020
864) 885754) 65) 1237482) 860)
0.7 | 0.0 | rcap_rcc01502 | b3385(gph|- rv2232(ptkA|- vC2624(N/A|- sp_0104(N/A| | smc01276(gph | atuld72(N/AJ-
24 | 38 | (gph2}- 6.00136/0.3132 | 5.09571|0.526 10.88190/0.022 | - 2| 8.42518)0.1367
02 | 84 | 14.05230|0.040 | 834|97|140|7|3 | 6875[231[259] 96397|77|117/6 | 3.90589/0.686 | 4.40179]|0.5944 | 934|137|165|7|3
65629|188|219| 104/97|109]1]1 | 868|156/163|15
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62 | 19 | 7/36|GenelD:9 | 8|GenelD:9478 | 1|29|GenelD:8 |37|GenelD:26 | 2|GenelD:929 | |22|GenelD:12 | 4|GenelD:1133

24 | 4 004325) 95) 87597) 15641) 880) 33040) 510)

0.7 | 0.0 | rcap_rcc02897 | b2078(baeS|- bsu03760(ycl sp_0084(N/A| ncgl2862(N/A|

24 |39 | (N/A- 5.32215|0.3926 Kl- - -

02 | 08 | 5.14495|0.6287 | 209|180]220|6| 10.63770]0.02 6.06915/0.337 3.943580.4970

62 | 08 | 194)247272|8| | 37|GenelD:946 744988|180|19 7755|276|297| 421]189|195|32

24 | 58 | 38|GenelD:900 | 611) 4|25|38|Genel 1|21|GenelD: [38|GenelD:10
5716) D:938283) 929854) 20905)

0.7 | 0.0 | rcap_rcc00056 | b1879(flhAl- vc2069(fIhAl- smc03054(flh atu0581(flhA[-

24 | 39 | (flhAl- 3.41446|0.6626 4.13462(0.4695 Al- 3.07389|0.7600

02 | 75 | 2.22809]|0.9261 | 796|265/295|9| 595(92|112|11] 7.076880.2548 | 353|244(254|25|

62 | 03 | 452|108]114|34 | 39|GenelD:946 34|GenelD:261 975|150/158|25 | 37|GenelD:113

24 | 22 | |40|GenelD:90 | 390) 3449) [33|GenelD:12 | 2619)
02885) 32325)

0.7 | 0.0 | rcap_rcc02368 | b1317(ycjU|- rv3400(N/A|- bsu34550(pgc | vca0798(N/A|- sm_b21214(orf | atu3251(N/AJ- ncgl1449(N/A|

24 | 40 | (gph4- 4.99785|0.4345 | 10.28770[0.07 | M|- 4.64133]0.3935 24)- 6.26805/0.3163 | -

02 | 02 | 10.95410|0.122 | 207|144|150|4| | 490038|26329 | 2.92815|0.544 | 526/58|65/18|2 8.78278|0.1274 | 147[249|257|8|]1 | 6.67495|0.1822

62 | 15 | 1502[37/60/11] | 10|GenelD:945 | 3|2|34|GenelD: | 1818]177[191] | 5|GenelD:2611 774)26]33|26|3 | 6|GenelD:1135 | 894[256[277[13

24 | 27 | 37|GenelD:900 | 891) 887918) 5|23|GenelD:9 | 825) 3|GenelD:1237 | 125) [38|GenelD:10
5187) 38624) 212) 19479)

0.7 | 0.0 | rcap_rcc01211 | b3177(folP|- rv3608c(folP1| vc0638(N/A|- sp_0289(N/A| | smc00462(folP | atul352(folP|- ncgl2601(N/A|

24 | 40 | (folP}- 4.60179/0.4887 | - 2.74043/0.7010 | - - 13.30840/0.013 | -

02 | 14 | 7.14202|0.3942 | 236|44|78]4|31| | 5.67315|0.442 532|275[296]12 | 10.12910/0.04 | 0.17648|0.9882 | 95311|2|39]2|37| | 7.02244/0.1583

62 | 25 | 364/4658|11|2 | GenelD:94769 | 2962|160|187| |31|GenelD:26 | 16932|276[29 | 404]|245/258|7| | GenelD:113339 | 738|174|214[5]|

24 | 72 | 3|GenelD:9004 | 1) 1/30|GenelD:8 15426) 714|122|GenelD | 23|GenelD:123 | 0) 36/GenelD:102
039) 85831) :930100) 3476) 0641)

0.7 | 0.0 | rcap_rcc00248 | b1533(eamA|- bsu18770(cye atu1863(N/A|-

24 | 40 | (N/AJ- 6.48075|0.2645 Al- 6.36093|0.3060

02 | 15 | 16.91680|0.013 | 93|247|253]29| 7.94508|0.075 681|244|250(32]

62 | 21 | 7233]190[218I8 | 35|GenelD:946 6266|245|251| 38|GenelD:113

24 | 29 | |35|GenelD:90 | 081) 1|7|GenelD:94 3901)
03077) 0126)

0.7 | 0.0 | rcap_rcp00098 bsu10260(yhf | vcalO54(N/A|- | sp_1627(N/A| | sma2099(N/AJ- | atul999(N/A|- ncgl2943(N/A|

24 | 40 | (N/AJ- Kl- 5.58660(0.2737 | - 2.52945|0.8464 | 6.89060]0.2521 | -

02 | 47 | 7.80469|0.3285 5.11411/0.235 | 165|3|35/8[38|G | 3.11767|0.807 | 944[213]220|6] | 333|71|77|7|13| | 8.45898|0.0872
942|180[192|5]| 8600(182|191| 6413|27[33|15| 984|225|249|9
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62 | 75 | 16|GenelD:900 26|35|GenelD: | enelD:2612081 | 21|GenelD:93 | 13|GenelD:123 | GenelD:113403 | 37|GenelD:102
24 | 56 | 6522) 936309) ) 1213) 6181) 7) 0990)
0.7 | 0.0 | rcap_rcc02308 bsu19480(yoj vcO195(N/A[- smc02545(N/A | atul068(N/A[- ncgl2050(N/A|
24 | 41 | (rarD|- E|- 5.43860|0.2904 - 0.27729|0.9853 | -
02 | 65 | 12.17170)0.080 6.45765/0.136 | 634|268|274|32 10.56460]0.056 | 82|250|257|9|16| | 5.15263]0.3282
62 | 12 | 16556/159[177| 8064/256]262| | |38|GenelD:26 33413|8|18|32| | GenelD:113310 | 675[269[284[20
24 | 24 | 11|34|GenelD: 32|38|GenelD: | 14559) 41|GenelD:123 | 6) [32|GenelD:10
9005127) 939447) 2761) 20082)
0.7 | 0.0 | rcap_rcc01121 | b2960(trml|- rv0208c(N/A|- | bsu29900(trm | vc0453(trmBJ- | sp_0550(trmB | smc01108(trm | atu0363(N/A[- ncgl2767(trmB
24 | 42 | (trmBJ- 9.01213|0.0984 | 5.70410/0.437 | BJ- 5.25450(0.3123 | |- B|- 5.27216/0.4402 | |-
02 | 44 | 6.54478|0.4596 | 5414|57|95|4|4 | 9769|60|82|1|3 | 8.10555|0.071 | 484|85|107|20| | 5.39542|0.437 | 5.94368|0.3804 | 344|168|174(2|8| | 4.87668|0.3627
62 | 33 | 88|5/11|25[31|G | 0|GenelD:9474 | 1|GenelD:886 | 02854[22|28|2| | 37|GenelD:261 | 3209|241[250| | 178|20|33|10[2 | GenelD:113240 | 367|267(284|9]
24 | 62 | enelD:9003950 | 48) 740) 8|GenelD:936 | 5115) 12|23|GenelD | 2|GenelD:1232 | 1) 27|GenelD:102
) 447) :930494) 046) 0808)
0.7 | 0.0 | rcap_rcc00892 vca0963(N/A|- sm_b20112(N/ | atu4150(N/A[-
24 | 42 | (N/A- 9.21697|0.0527 Al- 9.27079|0.0951
02 | 66 | 12.22420)0.078 4505|83|89|29| 8.03198|0.1750 | 6036|154|192|5|
62 | 78 | 69483|177[189| 35|GenelD:261 03]242|254129| | 37|GenelD:113
24 | 82 | 26[37|GenelD: 2745) 40|GenelD:123 | 6024)
9003721) 6403)
0.7 | 0.0 rv1679(fadE16 | bsu04520(ydb sma2073(N/A|- | atu2572(acd|- ncgl0974(N/A|
24 | 42 - M|- 5.15108|0.4861 | 5.38762|0.4246 | -
02 |70 5.78250|0.427 | 10.55530/0.02 315(76[87|28|3 | 435[216|227|25| | 5.54804/0.2833
62 | 59 1409|252[287| | 827838|130|14 7|GenelD:1236 | 37|GenelD:113 | 026[92|109|6/3
24 | 46 1|30|GenelD:8 | 9|26]40|Genel 168) 4610) 9|GenelD:1019
85688) D:939949) 003)
0.7 | 0.0 | rcap_rcc00197 | b3413(gntX|- rv3242c(N/AJ- sp_2207(N/A| | smc02444(N/A | atu3512(comF|- | ncgl0724(N/A|
24 | 42 | (comF|- 4.05170/0.5681 | 2.96297|0.842 - - 6.29991)0.3127 | -
02 | 75 | 11.18040|0.113 | 62|133|141|6/1 | 949/107|113|1 4.64325|0.561 | 12.70060|0.019 | 734|65/80|7|20] | 4.47357|0.4175
62 | 44 | 0979]118/1495 | 4|GenelD:9479 | 521|GenelD:8 3086|150|179| | 00890|178|190| | GenelD:113538 | 665|6/26/9]31|G
24 |41|GenelD:90 | 15) 88757) 14|37|GenelD | 26|37|GenelD: | 6) enelD:1018753
03026) :929909) 1234293) )
0.7 | 0.0 | rcap_rcc03078 | b2062(wzal- smc02274(rkp | atu3272(pssN|-
24 | 43 | (N/A- 4.74566|0.4686 Ul- 7.35767|0.2108
02 | 07 | 11.77580]0.092 | 855|258]|298|5]| 8.24539|0.1602 | 464|249|274|6/4
09497|7|32]12| 173]|128|135|33
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62 | 77 | 37|GenelD:900 | 41|GenelD:946 |[40|GenelD:12 | 1|GenelD:1135
24 | 33 | 5894) 558) 32215) 146)
0.7 | 0.0 | rcap_rcc01961 | b0144(gluQl- vcO595(N/A[- atu3589(gltX|- ncgl0233(N/A|
24 | 43 | (gluQ}- 4.28505|0.5340 2.55426|0.7314 8.07296/0.1583 | -
02 | 22 | 7.74392|0.3342 | 089|256|285|8| 517|205/211|20 19|71|91|25/38| | 7.91849/0.1094
62 | 17 | 856/109/11928 | 37|GenelD:944 |26|GenelD:26 GenelD:113546 | 586|57|87|6]38|
24 | 61 | |37|GenelD:90 | 846) 15383) 3) GenelD:10213
04784) 02)
0.7 | 0.0 | rcap_rcc02463 vca0849(N/A|- sm_b21543(N/ | atu2707(rzcAl-
24 | 43 | (N/AJ- 10.19700]0.032 Al- 0.53088|0.9784
02 | 32 | 10.36570|0.148 46204|154]160]| 9.31717|0.1006 | 917|112|118)8|1
62 | 79 | 7689(1|7]29]35| 29|35|GenelD: 994|53|61|30|3 | 4|GenelD:1134
24 |3 GenelD:90052 2612210) 8|GenelD:1237 | 745)
82) 315)
0.7 | 0.0 b2430(yfeW|- rv2463(lipP|- bsu34440(pbp sp_1448(N/A| | sm_b21600(am | atu3077(ampC|- | ncgl2331(N/A|
24 | 43 8.73424|0.1104 | 12.73220/0.02 - - pCl- 4.68665/0.5231 | -
02 |41 335|10|3019137| | 572636/132|15 | 9.64651|0.039 3.77784/0.707 | 0.82054/0.9706 | 754[178|184|3|9| | 4.49680(0.4142
62 | 97 GenelD:94690 | 4/6|28|GenelD: | 46719(89|116] 119]188|195[1 | 348|235[242|11 | GenelD:113487 | 673|95[1134|2
24 |21 7) 888572) 2|37|GenelD:9 5|22|GenelD: | |18|GenelD:12 | 9) 4|GenelD:1020
38615) 931391) 37371) 364)
0.7 | 0.0 | rcap_rcc00580 rv2282c(N/A|- | bsu37650(cys | vc2324(N/AJ- sm_b21535(N/ | atud411(N/AJ- ncgl0015(N/A|
24 | 44 | (cbbR1|- 2.65895/0.878 | L|- 6.61616/0.1772 Al- 4.06601/0.6155 | -
02 | 26 | 16.57050]0.015 0573|241J249| | 3.77326[0.400 | 948|47|71|7]|34] 9.03337|0.1142 | 467[221[227|8|]1 | 7.86979|0.1117
62 | 43 | 69478|118|150| 10|19|GenelD: | 5256|189|200| | GenelD:26131 498|234|240]34 | 4|GenelD:1136 | 008]210[225[15
24 | 24 | 5|37|GenelD:9 887253) 23|34|GenelD: | 20) |40|GenelD:12 | 285) [35|GenelD:10
003409) 936502) 37306) 21314)
FD | NC_006085 NC_007494 NC_008463 NC_010338 NC_013971 NC_016810 | NC_018750 Annotat | Additio | A
R ion nal
m
ou
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homolo | nt
gs
sa
m
pl
ed
0.3 | ppal643(N/Al- pald 61250(lys | caul_1399(N/A|- | eam_2410(ansP|- | sl1344_4265( | sven_4322(N/AJ- | amino 1
730 | 6.93556/0.12633 Pl- 10.96740]0.3375 | 13.36310]0.1402 | yjeH|- 10.79490]0.03668 | acid
207 | 53|250|257|6/13| 18.69280|0.0319 | 374|27|43|1|15|G | 427]|239|279|1|39 | 13.95950|0.0 | 777|172|198|12]3 | permeas
29 GenelD:2931302 2169|164|181|1|]1 | enelD:5898854) | |GenelD:895002 | 09812732|18 | 7|GenelD:138194 | e
) 5|GenelD:43829 9) 1]230[2|38|N/ | 80)
95) A)
0.3 | ppaO088(N/AJ- rsp_3939(N/AJ- pald_35370(ptx | caul_3995(N/A|- | eam_2770(galR|- | sl1344 3853( | sven_3916(N/AJ- | Lacl rcap_rcc |
730 | 7.67357|0.08947 | 9.37788|0.166311 | S|- 18.37940]0.0158 | 14.26120]0.0930 | rbsR|- 11.68310]0.02570 | family 01770
207 | 679]43|110/441| | 9|2|22|16]37|Gene | 17.20640|0.0578 | 4733|131|145|1|1 | 7622|250[260[5|1 | 7.42181|0.19 | 970|126|138|26|3 | transcrip | rcap_rcc
29 GenelD:2932390 | 1D:3712064) 8242|206|231|1|]2 | 5|GenelD:59014 | 5|GenelD:89507 | 01317|231|26 | 7|GenelD:138217 | tional 00129
) 5|GenelD:43844 | 57) 31) 5|1|37|N/A) 41) regulator
24)
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0.3 | ppal275(N/Al- rsp_3233(N/Al- pald_58450(dpp eam_1083(ophC| | sl1344_1624( | sven_4761(N/Al- | ABC rcap_rcc | ]
730 | 4.27909|0.39225 | 11.47100/0.07276 | C|- - sapCl- 16.00580|0.00469 | transport | 02498
207 | 78]255[270|7|37| | 126]2/9|30|37|Gen | 15.11380/0.1276 11.84220|0.2578 | 8.89585/0.10 | 8862|269|300|5[3 | er rcap_rcc
29 | GenelD:2932819 | elD:3721840) 053[248|258|5/15 128|270|283|1/15 | 39556[135|16 | 8|GenelD:138242 | permeas | 01090
) |GenelD:438262 |GenelD:895160 | 6]4|39|N/A) 16) e rcap_rcc
5) 2) 02277
rcap_rcc
00704
rcap_rcc
00848
0.3 | ppa0987(N/Al- pald 72960(N/ | caul_1092(N/A|- | eam_1281(iolT|- | sl1344_1070( | sven_0301(N/AJ- 3
730 | 9.83058|0.03150 Al- 12.23240|0.2273 | 20.40050/0.0015 | N/AJ- 5.75919|0.266669
207 | 663213[252/4/41] 18.58970|0.0332 | 394(102[125|226| | 9083]236[2542|1 | 12.21450[0.0 | 1]181|188|31|38|G
29 GenelD:2932775 935|233|245|1|15 | GenelD:5898547 | 7|GenelD:89494 | 2307250[267| | enelD:13817407)
) |GenelD:438239 | ) 41) 297[737IN/A
1) )
0.4 rsp_0194(N/AJ- pald_57850(N/ caul_1576(N/A|- | eam_3095(N/AJ- | sl1344_3283( | sven_0808(N/Al- | mammal 6
139 7.98027|0.271116 | AJ- 9.00808|0.55416 | 6.96830/0.83714 | N/AJ- 6.61518|0.193160 | ian cell
442 7|272]282|27|38|G | 7.34773(0.89867 | 61|246|2622|17| | 53|67/88|1[23|Ge | 18.18350[0.0 | 3|187]196|3241|G | entry
71 enelD:3719483) 57|255|262|8|15| nelD:8950379) 01045845|14 | enelD:13822527) | domain-
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GenelD:438300 | GenelD:5899031 9|190|5|40|N/ containi
3) ) A) ng
protein
0.4 | ppa2216(N/AJ- rsp_0156(N/A|- pald_43420(N/ caul_3157(N/AJ- s11344_0074( | sven_2560(N/A|- | glutaryl- | rcap_rcc | 3
473 | 0.37738/0.96292 | 10.36020/0.11430 | A 14.72770|0.0893 caiAl- 12.30240/0.02008 | CoA 03306
259 | 89|39/45|34|40|G | 90[191]202|25|35| | 15.54790|0.1088 | 5224|226[233|18| 11.25800[0.0 | 377|103|133/4}41| | dehydro | rcap_rcc
27 enelD:2933071) | GenelD:3719540) | 684|202|228|1|25 | GenelD:5900612 3622612|240| | GenelD:1381901 | genase 01510
|GenelD:438164 | ) 263|11|31N/ | 6) rcap_rcc
8) A) 01564
0.5 | ppa0925(N/Al- pald 38910(N/ | caul_0622(N/A|- | eam_2412(N/A|- | sl1344_2443( | sven_6117(N/AJ- | signal 1
606 | 9.56326/0.03593 Al- 13.20160/0.1619 | 9.58418|0.51872 | narQJ- 13.70300/0.01153 | transduc
145 | 175[71/81/30J40] 16.84720(0.0665 | 469|66|80[215|G | 47|10[54/1/41|Ge | 8.560270.11 | 373[16|39|9|38|Ge | tion
58 GenelD:2932143 7498|107|133|1[2 | enelD:5898077) nelD:8950030) 97804|185|19 | nelD:13820050) histidine
) 4|GenelD:43827 1|32[38|N/A) kinase
77)
0.7 rsp_3318(acrBJ- pald_18780(N/ caul_5122(N/A|- | eam_2185(mdtC| | sl1344_0468( | sven_1821(N/A|- | acriflavi | rcap_rcc | §
240 8.48453(0.228784 | Al- 17.39900/0.0263 | - acrB|- 12.16650(0.02120 | ne 02895
262 2|176]193|2637|G | 15.80550(0.0989 | 8257|155[172[11 | 13.02060]0.1623 | 6.48598|0.27 | 049|41|71[541|Ge | resistanc | rcap_rcc
24 enelD:3722020) | 4157]284|300/5]2 645/250]285|1/40 nelD:13820945) 00432
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3|GenelD:43814 | 6|GenelD:58974 | |GenelD:895141 | 09226]268|28 e protein
87) 08) 9) 418|35|N/A) B
0.7 | ppa0230(N/AJ- rsp_1905(N/A[- pal4_58750(pil caul_5330(N/A|- | eam_2838(N/A|- | sl1344_0143( | sven_4680(N/Al- | type ll 1
240 | 9.01651/|0.04694 | 7.78618|0.288812 | B|- 12.65260|0.1969 | 10.05110/0.4584 | hofB|- 5.08571]0.339939 | secretion
262 | 055118[150|8|35| | 2|182[188|34|40|G | 14.66430/0.1499 | 893|25[33|1[9|Ge | 423|136|153[5[23 | 2.34203]0.82 | |189]211[14[35|Ge | system
24 GenelD:2932178 | enelD:3719211) 209/173|193|1|20 | nelD:5897166) |GenelD:895023 | 3676/108|114 | nelD:13824135) protein
) |GenelD:438264 0) [26/32|N/A) E
8)
0.7 rsp_1938(N/AJ- caul_1751(N/AJ- sl1344_0988( | sven_5048(N/AJ- | kinetoch 6
240 14.27690]0.02062 12.26000|0.2252 N/AJ- 19.18820|0.00140 | ore Spc?
262 000[1639}4/40|Ge 501[3|16]2|14|Ge 9.59640(0.07 | 1717|131]168[2]4 | domain-
24 nelD:3719248) nelD:5899206) 679535|24/42 | 0|GenelD:138245 | containi
[11]30|N/A) | 03) ng
protein
0.7 rsp_3317(N/AJ- pald_16790(N/ caul_1312(N/AJ- | eam_1729(N/A|- sven_3803(N/AJ- | TetR 3
240 16.63450(0.00625 | AJ- 18.06920|0.0186 | 10.70250|0.3787 17.08590|0.00310 | family
262 8299|21|31[27|37| | 12.57180/0.3010 | 9403|71[89|1[21| | 321|7890[9|21|G 3842|95[127|9]41| | transcrip
24 GenelD:3722019) | 704|290299|2|11 | GenelD:5898767 | enelD:8949660) GenelD:1382162 | tional
) 8) regulator
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|GenelD:438160

2)
0.7 rsp_2218(N/AJ- pald _27180(N/ caul_1274(N/A|- | eam_1228(N/AJ- | sl1344_0812( ErfK/Yb | rcap_rcc | 5
240 14.87160(0.01544 | AJ- 16.35970|0.0436 | 14.78840|0.0718 | yhiS|- iS/YcfS/ | 02469
262 566|138[146]27|35 | 14.29570/0.1706 | 1131|269]278[1[1 | 7974[261|271|5|1 | 4.13045/0.57 YnhG rcap_rcc
24 |GenelD:3719747 | 464]279|292|1|14 | 0|GenelD:58987 | 5|GenelD:89509 | 09006|59|74| family 00430
) |GenelD:438090 | 29) 22) 17|33|N/A) protein/ | rcap_rcc
1) Tat 01589
domain-
containi
ng
protein
0.7 rsp_2413(lig2|- pald_36910(lig caul_1769(ligD|- sven_7275(N/AJ- 7
240 9.10013|0.184082 | DJ- 11.36750/0.2996 6.48645|0.202917
262 4|184/190|31/37|G | 11.80090/0.3786 | 747|103|113|1/11] 41179|194[2541|G
24 enelD:3720010) | 781[517|9]21|Ge | GenelD:5899224 enelD:13823803)

nelD:4385768)

)
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0.7 rsp_3439(N/Al- pald_14940(N/ caul_0857(N/A|- | eam_0882(N/A|- | sl1344_0591( | sven_4337(N/A|- | aspartate | rcap_rcc | 2
240 9.81950[0.140933 | AJ- 12.82690|0.1853 | 10.52880/0.3993 | N/AJ- 4.04776/0.480386 | aminotra | 01471
262 2|226|234|5|13|Ge | 11.88350/0.3698 | 070]190|200[2|12| | 566|158|169|7]20 | 7.02268|0.22 | 6|62|68|5|11|Gene | nsferase
24 nelD:3721725) 014(94/121[2]24] | GenelD:5898312 | |GenelD:894923 | 18321|37|46| | 1D:13819495)

GenelD:438456 | ) 4) 27137IN/A)

4)
0.7 rsp_1041(N/AJ- pald 14060(N/ | caul_4604(N/AJ- | eam_1956(fadD| | sl1344_0072( | sven_4199(N/AJ- | AMP- rcap_rcc | 2
240 10.77660(0.09682 | Al- 16.32620|0.0442 | - caiCl- 13.43350|0.01282 | depende | 03140
262 305[105|132|15[37 | 12.41480|0.3159 | 9653|120|143|3]2 | 9.42168|0.54006 | 9.52451|0.07 | 679|152|161|324 | nt
24 |GenelD:3720951 | 062]202[221|1]20 | 4|GenelD:59020 | 95[80[92|1|12|Ge | 9252|249[285 | 1|GenelD:138193 | syntheta

) |GenelD:438534 | 66) nelD:8951878) [7137|N/A) 57) se and

8) ligase
0.7 pald 13610(N/ | caul_1376(N/AJ- s11344_2142( | sven_3246(N/Af- 7
240 Al- 13.79100[0.1298 yehY/- 11.12070/0.03219
262 19.62010(0.0217 | 355|107|116[1[10] 8.43206(0.12 | 651[137|146[32}4
24 5369|280|290[1|]1 | GenelD:5898831 63657|138|15 | 1|GenelD:138236

1/GenelD:43819 | ) 1/20|33|N/A) | 66)

33)
0.7 pald_22020(min eam_1953(minD | s11344_1743( 8
240 DIl- - minD|-
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262 10.53840/0.5284 12.08900/0.2352 | 8.93401/0.10
24 824|243|266/1|24 757[79|90]10[20] | 22793|3|25(5|
|GenelD:438124 GenelD:895144 | 32|N/A)
2) 8)
0.7 rsp_0378(N/Al- pald_70100(N/ | caul_3943(N/A|- s11344_3102( FAD 8
240 8.22741[0.249714 | Al- 12.98540/0.1751 ordL|- depende
262 092|114|12|38|Ge | 15.42820]0.1137 | 367|286/293|2|9| 1.03005|0.94 nt
24 nelD:3718886) 752/92|1042/14| | GenelD:5901405 47407/95|101 oxidored
GenelD:438401 | ) |16]22|N/A) uctase
1)
0.7 rsp_0245(N/AJ- pald_47300(phn | caul_3706(N/A|- | eam_0876(N/AJ- sven_1506(N/AJ- | serine-- 7
240 8.55580)0.223221 | W|- 10.14310/0.4234 | 9.48478|0.53176 2.53699|0.722496 | glyoxyla
262 9|87/101/28|41|Ge | 8.83355/0.74664 | 135|67|73|3]9|Ge | 65/231]240[2/11] 8|111/124|26]40|G | te
24 nelD:3719387) 59|156|189|3|39| | nelD:5901162) GenelD:894922 enelD:13820630) | aminotra
GenelD:438178 8) nsferase/
2) alanine--
glyoxyla
te
aminotra
nsferase/
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serine--
pyruvate
aminotra
nsferase
0.7 pald_34440(mtl eam_1701(araC|- | sl1344_2012( two 8
240 R|- 11.60270|0.2809 | pocR|- compon
262 14.66650|0.1498 705[202|226[2|25 | 10.71400/0.0 ent AraC
24 04]133149|1/15]| |GenelD:895064 | 4654916/249) family
GenelD:438039 7 262|26|38|N/ transcrip
8) A) tional
regulator
0.7 rsp_3906(N/AJ- caul_2570(N/A|- s11344_1054( | sven_1688(N/A|- | DSBA rcap_rcc | 7
240 13.03140/0.03684 14.83850/0.0853 scsCl- 11.53440|0.02728 | family 01743
262 418|253[26230[39 3354(250[260/6/1 7.12185/0.21 | 388[144|164[535| | oxidored
24 |GenelD:4796440 6|GenelD:59000 35830|20[26] | GenelD:1382081 | uctase
) 25) 32[38|N/A) 2)
0.7 | ppal650(dnaE2|- pald 55610(dna | caul_4461(N/AJ- sven_1356(N/AJ- 8
240 | 4.28476|0.39142 E2|- 10.31730/0.4044 9.05794/0.073669
11.08350(0.4608 | 667|262[272[1[10]
994/108|1301|25
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262 | 03}40[50|27|37|G |GenelD:438491 | GenelD:5901922 94]140|184[5/41|G
24 enelD:2931181) 7 ) enelD:13823075)
0.7 | ppa0126(N/Al- pald_62200(mrc | caul_1078(N/AJ- | eam_0797(mrcB| | sI1344_0191( | sven_4705(N/A- | 1A 1
240 | 3.48541/0.51967 BJ- 15.68150/0.0593 | - mrcB|- 8.17791/0.104702 | family
262 | 91[19]25/4/10|Ge 15.10440[0.1280 | 682|168[180|1|16| | 7.96052/0.72859 | 10.43990[0.0 | 2/43|51/4[12|Gene | penicilli
24 | nelD:2933151) 405|220|2332|15 | GenelD:5898533 | 34(19|27|33141|G | 5272819|204| | 1D:13824160) n-

|GenelD:438463 | ) enelD:8951257) | 238|5[37|N/A binding

9) ) protein
0.7 rsp_3534(N/AJ- pald 01620(apt | caul_3957(N/AJ- sven_5316(N/A|- | class Il | rcap_rcc | §
240 15.08840(0.01387 | AJ- 11.70150/0.2701 7.39507]0.142679 | aminotra | 02240
262 461[144|155/30/41 | 14.04220/0.1862 | 71/185[200/3|18] 1/183(216(837|Ge | nsferase | rcap_rcc
24 |GenelD:3721948 | 613|273|288|1|16 | GenelD:5901419 nelD:13821843) 02598

) |GenelD:438424 | )

9)
0.7 rsp_2809(N/A|- pald 22680(N/ | caul_1329(N/A]- | eam 3096(N/A|- | sI1344_3284( ABC 5
240 7.04792)0.363126 | AJ- 16.17280(0.0475 | 12.26920/0.2196 | N/A[- transport
262 6|17|32|26/41|Gen | 16.66760]0.0713 | 5181[237|254|1|1 | 776|63|71|6[15|G | 7.40625/0.19 er
24 elD:3720583) 556]248|260|5|15 | 8|GenelD:58987 | enelD:8950380) | 12939|257|27 permeas

84) 4|24]40|N/A) e
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|GenelD:438120

5)
0.7 | ppal220(N/AJ- rsp_2719(N/AJ- pald_30770(N/ eam_0002(asnC| | sl1344_3843( | sven_2685(N/A|- | AsnC/Lr 4
240 | 11.92630[0.0110 | 8.47330/0.229670 | Al- - asnCl- 12.30280(0.02008 | p family
262 | 9911|176|196[18| | 1|275294/19/41|G | 15.51660/0.1101 13.16290[0.1528 | 2.80225(0.76 | 058|64|93|6|36|Ge | transcrip
24 | 38|GenelD:2931 | enelD:3720449) | 330|114|124[7/16 792[117127]1)11 | 44538226[23 | nelD:13823105) | tional
311) |GenelD:438060 |GenelD:895145 | 6]12|23|N/A) regulator
7) 1)
0.7 pald 13600(N/ | caul_1376(N/AJ- s11344_1423( | sven_3244(N/Af- 6
240 Al- 13.79100|0.1298 N/A- 4.13553|0.467320
262 8.89377|0.73931 | 355|107|116/1/10] 6.60978|0.25 | 2|189212|9|36|Ge
24 82|2/13[5/15|Gen | GenelD:5898831 8921812915 | nelD:13823664)
elD:4381934) ) 419|38|N/A)
0.7 rsp_3489(N/A|- pald 67230(N/ | caul_1564(N/A]- | eam_0594(N/A|- | sI1344_0284( | sven_5841(N/AJ- 8
240 8.08794/0.261636 | AJ- 5.45907|0.90960 | 16.27060/0.0322 | vrgS|- 1.42474|0.879824
262 8[33|40[34/41|Gen | 19.19920|0.0259 | 26[266|275[1|]10] | 5042|137|167|1]2 | 7.56158/0.17 | 6|94|100|33|39|Ge
24 elD:3721905) 1887]197]219|1]2 | GenelD:5899019 | 1|GenelD:89490 | 99520[240[25 | nelD:13822368)
3|GenelD:43834 | ) 97) 0]12[22|N/A)

02)
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0.7 | ppa0053(N/Al- rsp_0777(LolE|- pald_25430(N/ caul_2978(N/A|- | eam_1505(loIC|- | sl1344_1156( | sven_3306(N/Al- | lipoprote 3
240 | 7.69558|0.08855 | 7.71866|0.295150 | Al- 9.69059(0.47427 | 12.99490[0.1641 | N/A|- 4.73386/0.383919 | in-
262 | 017|1427|1|113|G | 7|161j170[27|37|G | 12.28430|0.3286 | 53|254[261|1|8|G | 229|160[170[1|]11 | 7.82874/0.16 | 8|91|97|31|37|Gen | releasing
24 | enelD:2932665) | enelD:3718143) | 204|200]216[5]20 | enelD:5900433) | |GenelD:894954 | 17605[6/17|1 | elD:13823726) system

|GenelD:438101 2) 5|28|N/A) transme

5) mbrane

protein
LolE

0.7 rsp_0317(hemN|- | pald_44470(he caul_3872(N/A|- | eam_0029(hem oxygen- 7
240 3.85397/0.757351 | mNJ- 12.95570]0.1770 | NJ- indepen
262 4|281]287|8|14|Ge | 16.14750(0.0870 | 099]233|240|2|9] | 25.99900|8.3007 dent
24 nelD:3719077) 1628|252|269|1|1 | GenelD:5901334 | 05e- copropor

6|GenelD:43830 | ) 08]254|266|5(17| phyrinog

37) GenelD:894877 en-111

1) oxidase
0.7 eam_1541(dcuR| | sl1344_0614( | sven_1352(N/AJ- 8
240 - citB|- 10.74820/0.03738
262 9.50656/0.52890 | 8.02041/0.14 | 141/85|105[20}40]
24 46]4|17)2|15|Gen | 96916(84[92] | GenelD:1382307
elD:8949562) 19|N/A) 1)
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0.7 | ppa0739(N/Al- pald_34640(N/ caul_2070(N/A|- | eam_3275(gntK| | sl1344_3508( | sven_1278(N/Al- 6
240 | 6.93046|0.12663 Al- 10.99470|0.3348 | - gntK|- 4.75733|0.380865
262 | 29|158|192|5|37| 10.78560|0.4973 | 693|161[177|1|17| | 5.99451|0.91564 | 17.01100/0.0 | 2|76|82|31|37|Gen
24 | GenelD:2931458 922[252|263|8|19 | GenelD:5899525 | 73|248|2602|17| | 0199607318 | elD:13822997)
) |GenelD:438436 | ) GenelD:895116 | 8[21115/37|N
5) 8) IA)
0.7 | ppall75(aspS|- rsp_0815(aspS|- pald 51820(asp | caul_2557(aspS|- | eam_2008(aspS|- | s11344_1836( | sven_3561(N/AJ- | aspartyl- 0
240 | 3.93402|0.44530 | 7.15197|0.351999 | S|- 14.43470|0.1007 | 15.42800/0.0515 | aspS|- 8.97046/0.076297 | tRNA
262 | 78107|113J4[10| | 5/98|115[11|37|Ge | 17.98410/0.0425 | 282212219[1[8] | 807|269|288|1]24 | 5.13118|0.42 | 72|55/81/6/37|Gen | syntheta
24 | GenelD:2932005 | nelD:3718393) 2817|272|291]1|2 | GenelD:5900012 | |GenelD:895156 | 87243]259|29 | elD:13821386) se
) 4|GenelD:43844 | ) 9) 2|6|38|N/A)
51)
0.7 | ppa0776(N/AJ- rsp_1020(glcD|- pald_04140(N/ caul_4478(N/A|- | eam_1235(dld|- s11344 _2145( | sven_1412(N/A|- | D- rcap_rcc | ]
240 | 3.15180/0.57788 | 8.18966]0.252901 | AJ- 23.37440)0.0005 | 12.48130/0.2022 | did|- 6.31814/0.216340 | lactate 02871
262 | 38|34]56/5|38|Ge | 4|96|108|27|37|Ge | 12.87800|0.2735 | 73618|182|199|1| | 447|253]293|1|29 | 2.48495/0.80 | 5|137|149|26|37|G | dehydro | rcap_rcc
24 | nelD:2931878) | nelD:3720987) 895[127/156|1/23 | 20/GenelD:5901 | |GenelD:894941 | 6031[123|129 | enelD:13820536) | genase | 01174
|GenelD:438372 | 939) 1) |20|26|N/A) rcap_rcc
2) 03093
0.7 rsp_2006(amsA|- | pald_67975(N/ caul_4644(N/AJ- | eam_3377(N/AJ- | sl1344_2097( 8
240 6.44171|0.431842| | Al 9.78912|0.46301 | 18.02600/0.0105 | asmA[-
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262 24|30[35/41|Genel | 10.56540]0.5250 | 99[135|147|1]15] | 9071[53|67[1[15] | 9.35130/0.08
24 D:3719339) 563|55|72|1|15|G | GenelD:5902106 | GenelD:895049 | 546624[241|2
enelD:4384257) | ) 1) 56|24(38|N/A
)
0.7 caul_5446(N/A|- sven_3410(N/AJ- 8
240 13.87220]0.1258 6.53911/0.198873
262 339|18|42|224|G 6/103|114[11[22|G
24 enelD:5897118) enelD:13821235)
0.7 rsp_2653(N/AJ- pald 29130(N/ | caul_2894(N/AJ- sven_6130(N/Al- | ATPase 8
240 9.32041/0.169871 | Al 15.48420|0.0647 9.69737/0.056999 | AAA
262 0]29]64/6]40|Gene | 13.23390]0.2440 | 6044|61[77|2|16] 69]183|193(32/41]
24 1D:3720344) 542|265|279|2|15 | GenelD:5900349 GenelD:1382006
|GenelD:438467 | ) 3)
8)
0.7 | ppa2064(N/AJ- rsp_3030(N/AJ- pald_41140(N/ eam_1288(N/A|- | sI1344_3595( | sven_4822(N/A|- | glutathio | rcap_rcc | 1
240 | 3.37622|0.53851 | 10.43800/0.11085 | Al- 15.38870|0.0526 | dppBJ- 6.06752/0.237783 | ne 02499
262 | 91/64/92|7|31|Ge | 20]122|138|7|22|G | 11.28560|0.4368 7461[149|179J53 | 10.45850|0.0 | 7|12|50|3|40|Gene | import rcap_rcc
24 nelD:2931073) enelD:3721615) 646[274|294|6|21 9|GenelD:89494 | 5228603|68|8 | 1D:13824277) ABC 00153
45) 3|25/40|N/A) transport | rcap_rcc
er 00102
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|GenelD:438309 permeas | rcap_rcc
1) e GsiC 02276
rcap_rcc
00705
rcap_rcc
00847
0.7 | ppal028(N/AJ- rsp_3980(N/A[- pald 21220(N/ | caul_1934(N/AJ- | eam_3325(uspA| | sl11344_0602( | sven_2578(N/Al- | universa 0
240 | 3.77851/0.47046 | 6.06144/0.477909 | Al- 7.21066(0.76069 | - N/A|- 11.33150|0.02959 | | stress
262 | 49|84]103|7|37|G | 5|126|132(33|39|G | 13.58340[0.2175 | 24|14|20|33|39|G | 14.60000]0.0789 | 3.09235|0.72 | 059|28|62|5/37|Ge | family
24 | enelD:2931757) | enelD:3711817) | 204|38|48[5[15|G | enelD:5899389) | 5542|9|21|1/13|G | 40773|44]67| | nelD:13819034) | protein
enelD:4385422) enelD:8952287) | 6[31|N/A)
0.7 rsp_0851(N/AJ- pald_72140(N/ caul_3529(N/A|- membra | rcap_rcc | §
240 18.87630|0.00177 | Al- 15.44150/0.0659 ne 01247
262 3982|1436]12|39| | 11.81050/0.3776 | 7963|185[207|1|2 transport
24 GenelD:3718317) | 398|168|190/1j20 | 3|GenelD:59009 family
|GenelD:438499 | 84) protein
9)
0.7 | ppa2240(N/AJ- rsp_2890(N/AJ- pald_13170(N/ caul_2307(N/A|- | eam_1044(copA| | sl1344 0491( | sven_2534(N/A|- | copper- 1
240 | 4.69679|0.33371 | 4.57809]0.668090 | AJ- 13.59030/0.1401 | - ybaR|- 8.08171]0.108783 | transport
04]114]123|5/14| 19.07580|0.0272 | 559|205[213|1]9] | 13.51760]0.1310 | 6.55589/0.26 ing P-
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262 | GenelD:2931784 | 5161[168|3340|G | 7534|3851|2|15] | GenelD:5899762 | 432|67|88|1[24|G | 40953[167|17 | 3]237|253|9]28|Ge | type
24 ) enelD:3720630) GenelD:438196 | ) enelD:8949319) | 9|11]23|N/A) | nelD:13818990) ATPase

8)
0.7 | ppa0210(N/AJ- caul_2678(N/AJ- sl1344_4476( | sven_3262(N/A|- rcap_rcc | §
240 | 5.79832|0.21066 11.68050/0.2719 N/AJ- 3.02919|0.642462 02137
262 | 01]226|232[3440] 683[159|175|1/19] 11.426100.0 | [203]21034[41|Ge
24 | GenelD:2932885 GenelD:5900133 3349607|188| | nelD:13823682)

) ) 2198|35|N/A
)

0.7 pald 56640(N/ | caul_5131(N/A|- | eam_2773(N/A|- | sl1344_0252( | sven_0177(N/AJ- 7
240 Al- 18.82540/0.0124 | 9.29188|0.55719 | N/A[- 4.23223|0.453154
262 14.10680(0.1821 | 133|99|115[1]15] | 07|152|162[515| | 2.29950/0.82 | 8|270[276/1|7|Gen
24 732[26/48|2|24/G | GenelD:5897357 | GenelD:895140 | 87822(88|94| | elD:13817284)

enelD:4382459) | ) 3) 8|14|N/A)
0.7 rsp_1909(N/AJ- pald_23970(xcp | caul_4193(N/A|- | eam_3241(hofQ| | sl1344_3455( type 1l 6
240 8.70008|0.212275 | QJ- 12.11490/0.2363 | - hofQ|- and 11
262 9|54|73|3|22|Gene | 14.19470|0.1767 | 861]148|162|2]16] | 13.70950/0.1202 | 2.30866|0.82 secretion
24 ID:3719214) 310[195[233|1/39 | GenelD:5901655 | 669|16|31[1[15|G | 76882/91/107 system

) enelD:8950671) | |26/37|N/A) protein
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|GenelD:438110
5)
0.7 | ppal658(N/Al- rsp_0093(smoG|- | pald_34390(N/ sl1344_4163( | sven_2711(N/AJ- | polyols 2
240 | 6.20065|0.17640 | 6.89505|0.379844| | Al- malG|- 6.22939|0.223731 | ABC
262 | 1|132/138/4|10|G | 104[112|27|35|Ge | 8.18486|0.82074 5.51903/0.37 | 2[189|206|11[29|G | transport
24 enelD:2932659) nelD:3719924) 98|19]28|5|14|Ge 87692|100|12 | enelD:13823131) | er
nelD:4380401) 6]8|37|N/A) permeas
e
0.7 pald 28910(N/ eam_3060(nrdG| | sl1344_4064( [pyruvat | rcap_rcc | 8
240 Al- - N/A- e 03344
262 12.15100/0.3419 11.51920/0.2893 | 12.65060/0.0 formate- | rcap_rcc
24 627/64[77/1[14/G 381[239|248|5/14 | 1870471236| lyase]- | 02865
enelD:4380737) |GenelD:895155 | 247|30|41|N/ activatin
9) A) g
enzyme
0.7 rsp_2598(N/AJ- pald_02340(N/ caul_2657(N/AJ- | eam_1362(ssuC| sven_0779(N/AJ- | taurine rcap_rcc | §
240 11.88110/0.06115 | AJ- 9.16029/0.53613 | - 4.71586|0.386274 | ABC 01403
262 57|243|255[2637| | 15.87920(0.0962 | 53|64(70|1[7|Gen | 17.81390|0.0122 1/292|299|9|16|Ge | transport | rcap_rcc
24 GenelD:3720270) | 5437]239[249/5/1 | elD:5900112) 4879)27|47|1]22) nelD:13822498) | er 02223
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5|GenelD:43835 GenelD:895207 permeas
85) 3) e TauC
0.7 | ppa0396(N/Al- rsp_0361(sdal- pald_33030(sda | caul_0654(N/AJ- | eam_1964(sdaA| | sl1344_3212( L-serine 2
240 | 7.93383|0.07908 | 3.46076/0.801821 | Al- 7.40125/0.74039 | - tdcG|- ammoni
262 | 238]184[190319] | 8[83]89|8|14|Gene | 17.47270[0.0521 | 09]210[223[1[16] | 9.12402|0.57937 | 5.68624/0.35 a-lyase
24 | GenelD:2931066 | 1D:3718984) 2607|240[260[12 | GenelD:5898109 | 2|251|265[9|21|G | 83614[29}41
) 4|GenelD:43805 | ) enelD:8949797) | 11|22|N/A)
31)
0.7 | ppal934(N/Al- rsp_2514(nuoC|- pald 29990(nuo | caul_2834(N/AJ- | eam_2290(nuoC| | sl1344_2295( | sven_4267(N/AJ- 6
240 | 5.17614/0.27462 | 8.17084]0.254501 | DJ- 10.10790/0.4272 | - nuoCl|- 5.13146|0.334508
262 | 68|245[251/5/11| | 5[212|219|5/12|Ge | 14.59750/0.1535 | 882[227|236/1|10| | 15.36670/0.0532 | 2.07605/0.85 | 1|262|268|31|37|G
24 | GenelD:2931326 | nelD:3720131) 089]92|106|1/15| | GenelD:5900289 | 9523|141|149[7|1 | 44407|215[22 | enelD:13819425)
) GenelD:438067 | ) 5|GenelD:89515 | 7[11[21|N/A)
0) 77)
0.7 | ppal651(N/AJ- rsp_1458(N/AJ- pald_55600(N/ caul_5202(N/A|- nucleoti 7
240 | 5.27403/0.26362 | 6.61538|0.411514 | Al- 14.67500(0.0913 dyltransf
262 | 83|232|238/4[10] | 3[239|264/12/37|G | 10.14190/0.5794 | 172/94|132[1/39) erase/D
24 GenelD:2932956 | enelD:3718752) 357/52|62|5|15|G | GenelD:5897254 NA
) enelD:4384918) | ) polymer
ase
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involved
in DNA
repair
0.7 rsp_1336(N/AJ- pald_50460(flg | caul_1009(N/A|- | eam_2553(flgD|- | sl11344_1113( flagellar 5
240 8.13221)0.257808 | DJ- 19.71110/0.0074 | 16.78490[0.0237 | flgD|- hook
262 7|76|86[28|37|Gen | 6.49202]0.95295 | 53776[120[136|1] | 4567|105/120[1|]1 | 6.84867|0.23 capping
24 elD:3720862) 24]29|35]10/16|G | 15|GenelD:5898 | 6|GenelD:89509 | 6918[264|275 protein
enelD:4380044) | 464) 91) [11]22|N/A)
0.7 rsp_0017(N/AJ- pald_03950(spu | caul_3950(N/AJ- | eam_1303(potH| | sl1344_1162( polyami | rcap_rcc | §
240 9.47525|0.160419 | G|- 9.03985|0.55039 | - potB|- ne ABC | 02267
262 2|191]207|19/36|G | 13.75510/0.2053 | 65]224[242|2|20] | 9.05225|0.58885 | 9.22392|0.09 transport | rcap_rcc
24 enelD:3720152) | 574/44586|21|G | GenelD:5901412 | 39|229|235/8|14| | 031362|58|80 er 02450
enelD:4383707) | ) GenelD:895169 | |16[37|N/A) permeas | rcap_rcc
2) e PotH 01895
rcap_rcc
01390
0.7 rsp_0218(mcpM|- | pald_38970(N/ caul_0236(N/AJ- sensor rcap_rcc | 8
240 4.62436/0.662173 | Al- 11.03710|0.3307 histidine | 02887
12.98550/0.2643 | 496|269|281|2|15| kinase/re | rcap_rcc
sponse 03014
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262 413|24/6|39|Genel | 97|6|21|1|15|Gen | GenelD:5897510 regulator | rcap_rcc
24 D:3719377) elD:4382773) ) receiver | 03425
protein rcap_rcc
01364
rcap_rcc
01749
0.7 rsp_2561(exoP|- caul_4816(N/A|- | eam_2171(amsA | sl1344 2093( lipopoly | rcap_rcc | §
240 13.70170|0.02707 7.11062/0.77109 | |- wzcl- sacchari | 01958
262 024]130]152|8]32]| 3|65[87|1|23|Gen | 7.83711|0.74335 | 6.69353|0.25 de
24 GenelD:3720195) elD:5902278) 9|17[27/1/10|Gen | 10356]228)26 biosynth
elD:8950622) 0[5[37|N/A) esis
family
protein
0.7 | ppa2152(N/AJ- rsp_1481(OppA|- eam_1831(mpp s11344_1677( | sven_4759(N/AJ- 4
240 | 0.31315|0.96656 | 12.01330/0.05777 Al- OppAJ- 10.15230]0.04748
262 | 39240|246[2127| | 922[156]189|5/38) 12.135600.2311 | 4.53446/0.51 | 216]268|276(32/4
24 | GenelD:2932358 | GenelD:3718717) 725/6981[6[19|G | 17175[15/46] | 0|GenelD:138242
) enelD:8949733) | 13/37|N/A) 14)
0.7 | ppal953(N/Al- pald 20870(N/ | caul_3155(N/AJ- s11344_1685( 6
240 | 0.50291/0.95504 Al- 11.62200/0.2770 N/AJ-
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262 | 55[189]210/8[30] 16.11830(0.0879 | 161|179]210]1[24] 4.18810|0.56
24 | GenelD:2933166 8144|242|253|5|1 | GenelD:5900610 23606|219[22
) 7|GenelD:43845 | ) 5[27|33|N/A)
98)
0.7 | ppal924(N/Al- rsp_2527(nuoL|- pald_29880(nuo | caul_2821(N/Al- | eam_2282(nuoL| | sl1344_2287( | sven_4276(N/A]- | NADH- 4
240 | 4.14011|0.41313 | 9.49549|0.159215 | L|- 17.71540/0.0224 | - nuoL|- 3.42505|0.577831 | quinone
262 | 9913|19|16|22|G | 8|271]283|27|37|G | 10.51700|0.5312 | 6901219|235|2|1 | 8.05599|0.71697 | 8.80207/0.10 | 4|233]239|7|13|Ge | oxidored
24 | enelD:2931952) | enelD:3720144) | 026]26|355/15|G | 7|GenelD:59002 | 43[222[234[5/17| | 81794[265[29 | nelD:13819434) | uctase
enelD:4380678) | 76) GenelD:895158 | 6|11|37|N/A) subunit
5) L
0.7 rsp_0611(N/AJ- caul_0523(N/A[- s11344_4335( | sven_3283(N/AJ- | HxIR 6
240 6.61452]0.411613 9.66126|0.47764 N/AJ- 8.72815|0.084067 | family
262 8|221[242[11/37|G 28144[51|2/9|Gen 9.04300/0.09 | 97|106/130|5/35|G | transcrip
24 enelD:3718239) elD:5897978) 762381|7|15] enelD:13823703) | tional
2|10|N/A) regulator
0.7 rsp_0886(TyrB|- pald_23500(tyr eam_1356(aspC| | s11344_0935( aromatic 8
240 8.36600]0.238264 | BJ- - aspCl- -amino-
262 1/59|72[520|Gene | 13.74330/0.2061 18.02750[0.0105 | 7.88116/0.15 acid
24 ID:3718353) 753(144/151[5/12 797|222|234|1/12
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|GenelD:438113 |GenelD:894947 | 83801|242|28 aminotra

9) 4) 1|5[35|N/A) nsferase
0.7 pald_45070(N/ caul_4869(N/A|- sl1344_1672( | sven_1132(N/AJ- | ion 8
240 Al- 8.13208|0.65788 N/A|- 7.37423|0.143850 | transport
262 12.84410(0.2765 | 57|84|100[2|19|G 6.56998|0.26 | 5[239]245|32|38|G | 2 family
24 373|241|266|2]21 | enelD:5902331) 27351|231|23 | enelD:13822851) | protein

|GenelD:438316 7117IN/A)

2)
0.7 pald 21530(N/ | caul_2929(N/AJ- | eam_3344(N/AJ- sven_7088(N/AJ- 8
240 Al- 12.56540|0.2030 | 13.19140|0.1510 11.67460]0.02579
262 12.94160[0.2681 | 32|216|225[5[14| | 301|36|62|2|27|G 715[127[160|10}4
24 224]209|218|5/14 | GenelD:5900384 | enelD:8950470) 1|GenelD:138183

|GenelD:438130 | ) 54)

6)
0.7 rsp_3167(N/AJ- pald_34780(N/ caul_2658(N/A|- | eam_1361(ssuB| sven_6762(N/Al- | pyrimidi | rcap_rcc | 4
240 8.08810|0.261622 | Al- 13.05400/0.1708 | - 8.14118|0.106242 | ne ABC | 02225
262 9I35|57|8|31|Gene | 12.92490|0.2695 | 669]225|245|1]17| | 8.10167|0.71135 6/131/160|8[38|Ge | transport | rcap_rcc
24 ID:3721459) 499[208[223|1/15 | GenelD:5900113 | 84[18|31[6/16|Ge nelD:13818028) | er ATP- | 01404

) nelD:8951652)
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|GenelD:438435 binding rcap_rcc

3) protein 02242
0.7 | ppa2077(N/AJ- rsp_0014(N/AJ- pald_25800(N/ caul_3929(N/A|- | eam_0144(N/A|- sven_3912(N/Al- | TetR rcap_rcc | 4
240 | 0.89855|0.92305 | 3.30433|0.818456 | Al- 17.48260|0.0252 | 10.45360/0.4084 9.99117/0.050656 | family 03032
262 | 32/8595|22|33|G | 5[278]292|23|35|G | 14.69560[0.1482 | 9564]197|236|1|3 | 389|247|268[1|21 21/80[125/5/41|Ge | transcrip
24 | enelD:2933086) | enelD:3720149) 646(78|108|2]36] | 9|GenelD:59013 | |GenelD:895207 nelD:13821737) | tional

GenelD:438433 | 91) 7) regulator

8)
0.7 caul_2346(N/A|- | eam_1986(N/A|- sven_0824(N/AJ- 8
240 9.75906/0.46644 | 18.78230[0.0061 10.83580]0.03609
262 41|219[231|1/12] | 29386[89]113(12 094/248|282/8|37|
24 GenelD:5899801 | 6|GenelD:89498 GenelD:1382254

) 14) 3)
0.7 | ppal538(N/Al- rsp_2895(N/A|- pald 39130(N/ | caul 2537(N/A]- | eam_1282(N/A|- | sl1344 0813( | sven_1486(N/Al- | ABC 0
240 | 2.37782/0.71508 | 17.71000]0.00347 | AJ- 15.28220|0.0706 | 11.48490/0.2928 | ybiT|- 2.96046]0.653736 | transport
262 | 06|269|28529|41| | 5886|19|56|5[41|G | 14.54050/0.1566 | 979|163|179|1|16] | 189|265[285[1|21 | 4.87454/0.46 | 5|22|28|8|14|Gene | er ATP-
24 GenelD:2931203 | enelD:3720634) 284[233|261|128 | GenelD:5899992 | |GenelD:895132 | 36108|274(30 | 1D:13820610) binding
) |GenelD:438566 | ) 2) 0|7|37|N/A) protein

2)
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0.7 [ ppa0157(N/AJ- pald_69070(N/ | caul_1950(N/A|- s11344_0793( | sven_1441(N/AJ- 5
240 | 5.60405/0.22914 Al- 4.77427|0.94597 ybhF|- 8.90908|0.078196
262 | 49|81/108|9]41|G 12.68020|0.2911 | 06|67|73|27|33|G 6.71269/0.24 | 45|198]206|32/40]
24 enelD:2932462) 218|154|189|1|39 | enelD:5899405) 92577|244|25 | GenelD:1382056
|GenelD:438243 0[33[39|N/A) | 5)
9)
0.7 | ppa0437(N/Al- rsp_2831(cobO[- pald_47790(cob | caul_2737(N/AJ- sl1344_1650( | sven_1497(N/AJ- | cob(l)yri 4
240 | 2.67109/0.66350 | 13.90570/0.02459 | Of- 14.88560|0.0836 btuR|- 2.75791]0.686850 | nic acid
262 | 97]26[32|32|38|G | 931/60[72(30]41|G | 10.16490|0.5764 | 7069[96/111|1|18 6.66062(0.25 | 6|206[215/28]37|G | ac-
24 enelD:2933179) enelD:3720558) 546[281[293|2|15 | GenelD:5900192 4112324525 | enelD:13820621) | diamide
|GenelD:438469 | ) 2|2|9|N/A) adenosyl
2) transfera
se
0.7 rsp_3152(N/AJ- pald_19500(N/ caul_4454(N/AJ- | eam_1765(N/A|- sven_6755(N/Al- | ABC rcap_rcc | 4
240 5.74284]0.517863| | Al- 9.83007/0.45836 | 14.96340[0.0657 6.38146/0.211200 | transport | 02224
262 62[70|26]34|Genel | 15.83130|0.0979 | 94/97|107|3|15|G | 7422|133[153|1|]2 4]166(174/15]23|G | er rcap_rcc
24 D:3721444) 9332|280J292|5|1 | enelD:5901915) 7|GenelD:89515 enelD:13818021) | substrate | 02241
5|GenelD:43852 00) -binding
35) protein
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0.7 [ ppa0295(N/AJ- rsp_1373(N/Al- pald_44190(N/ | caul_2075(N/A|- | eam 2451(N/AJ- | sI1344_4345( | sven_6558(N/AJ- 3
240 | 5.19982|0.27193 | 0.39633|0.987372 | Al- 16.58510(0.0392 | 15.45620/0.0508 | N/AJ- 4.08948|0.474151
262 | 34|257|264|6|13| | 2]202|215|24/38|G | 14.99620|0.1331 | 3026[133|152|1]2 | 0729|34|46|1|13] | 10.06660[0.0 | 5[271]278[34|41|G
24 GenelD:2932258 | enelD:3720819) 449|33|43|5/15|G | 0|GenelD:58995 | GenelD:895005 6236464(180| | enelD:13820491)
) enelD:4382788) | 30) 0) 2088|37|N/A
)
0.7 | ppa0980(N/AJ- rsp_2464(fabF|- pald 43690(fab | caul_5061(N/AJ- | eam_1460(fabF|- | sI1344_2347( | sven_6796(N/Al- | 3- rcap_rcc | 1
240 | 3.53539/0.51113 | 14.22420/0.02114 | BJ- 15.64090/0.0604 | 8.19634/0.69961 | fabB|- 8.79342|0.081901 | oxoacyl- | 01870
262 | 87|126|132/8|14| | 692|125|138[28|40 | 12.58090/0.3002 | 4599|90|1155[39| | 11|226[236|5/15] | 8.10017|0.14 | 51|246|273|5/38|G | ACP rcap_rcc
24 | GenelD:2932293 | |GenelD:3720079 | 26|148|156[5|13| | GenelD:5902523 | GenelD:895059 | 49017|17|24] | enelD:13818062) | synthase | 02668
) ) GenelD:438176 | ) 2) 1[8|N/A) I
2)
0.7 rsp_3138(N/A|- pald 47490(N/ | caul_3389(N/A|- | eam 2366(N/A|- | sI1344 2626( | sven_6642(N/AJ- 7
240 5.46199|0.553815 | AJ- 15.29580/0.0702 | 14.73990/0.0736 | N/A|- 7.45442|0.139392
262 7|1230|237|11/18|G | 9.14708/0.70787 | 8445[112[124[2]1 | 5039|115[146[1]3 | 9.94914[0.06 | 2|287|295/4|12|Ge
24 enelD:3721430) 76|268[282|1|15] | 5|GenelD:59008 | 8|GenelD:89500 | 571613J4[11| | nelD:13817908)
GenelD:438416 | 44) 07) 2|9IN/A)
0)
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0.7 rsp_0374(N/Al- pald_26220(his eam_1308(artM| | s11344_0864( amino rcap_rcc | 7
240 8.18655/0.253165 | M|- - artM|- acid 02776
262 3|171/181)27|36|G | 13.67910]0.2106 11.06780|0.3371 | 10.99800/0.0 ABC
24 enelD:3718882) | 715[2943|1/15|G 168|273|283[5/15 | 4086037|186| transport
enelD:4380971) |GenelD:895067 | 197/26[37|N/ er
6) A) permeas
e
0.7 rsp_0180(N/A[- pald 02340(N/ | caul_1260(N/AJ- sven_7015(N/AJ- | pyrimidi | rcap_rcc | 8
240 7.19166|0.347809 | Al- 14.94460|0.0816 6.71922/0.185587 | ne ABC | 02523
262 9|272)278|8|14|Ge | 15.87920|0.0962 | 2533|22|31|1|10] 1]102|109|33]40|G | transport | rcap_rcc
24 nelD:3719506) 5437|239249[5/1 | GenelD:5898715 enelD:13818281) | er 02855
5|GenelD:43835 | ) permeas
85) e
0.7 rsp_2254(N/AJ- pald_66080(ms | caul_4538(N/A|- | eam_1343(msbA | sl1344_0921( ABC rcap_rcc | 5
240 11.19320(0.08167 | bAJ- 21.40680(0.0025 | |- mshA|- transport | 03139
262 781]101[116]10/35 | 11.19660]0.4473 | 23240[163|200[1] | 11.19400[0.3233 | 10.71720/0.0 er ATP- | rcap_rcp
24 |GenelD:3719783 | 713|241]254[5[19 | 39|GenelD:5901 | 37]48|54/10|16|G | 4648116|77|1 binding/ | 00108
) |GenelD:438549 | 999) enelD:8949468) | 05/5|37|N/A) permeas
9) e
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0.7 rsp_0440(sufB|- caul_2588(N/A|- | eam_1651(sufB|- | s11344_1304( FeS 6
240 13.75690|0.02638 6.61547/0.81959 | 12.76980[0.1801 | N/A|- assembl
262 044(85|101|2541| 98/89|96|3|10|Ge | 264[54|71|1]17|G | 11.09170|0.0 y protein
24 GenelD:3718814) nelD:5900043) enelD:8952082) | 3913008|5|30 SufB
[3I35|N/A)
0.7 | ppa2182(N/AJ- rsp_2267(N/Al- pald_15680(N/ | caul_4636(N/A|- | eam_2504(tadA| sven_3789(N/Al- | tRNA- 2
240 | 10.38840/0.0239 | 14.66150/0.01712 | Al- 13.38680|0.1512 | - 8.12544]0.106909 | specific
262 | 1668|5|38|2|35|G | 071]25/58|13|37|G | 11.27350/0.4382 | 617|157|181|1|19| | 14.12970]0.0990 4]183]194[11]22|G | adenosin
24 | enelD:2932241) | enelD:3719796) 856[238|279|1|38 | GenelD:5902098 | 6808|122|137|5|1 enelD:13824037) | e
|GenelD:438130 | ) 8|GenelD:89500 deamina
2) 85) se
0.7 | ppa0953(N/AJ- rsp_3218(N/AJ- pald_47750(N/ caul_2980(N/A|- sven_1153(N/AJ- | cob(l)yr 7
240 | 2.60570/0.67511 | 5.58974]|0.537395 | AJ- 13.15500/0.1647 4.16428|0.463082 | inic acid
262 | 25[176|2108[37| | 1]1/9]5/13|GenelD | 9.17013[0.70497 | 240[220[228|1/9) 981[107/4/38|Gen | ac-
24 GenelD:2932693 | :3721825) 34|146|160/1|16] | GenelD:5900435 elD:13822872) diamide
) GenelD:438469 | ) reductas
4) e
0.7 rsp_2661(N/AJ- pald_49580(N/ caul_3781(N/A|- | eam_1900(adhE| | sl1344 2953( | sven_1359(N/A|- | iron- rcap_rcc | 2
240 6.58262|0.415311 | AJ- 11.79020/0.2626 | - fucOl- 1.96630/0.809397 | containi | 02210
11.70600]0.3890 11.88710|0.2536 | 9.34842/0.08 ng
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262 6/52|69]26|37|Gen | 358[65[72|8|15|G | 657|28|35/5[12|G | 120[132|138|10[1 | 55732[245|27 | 6/62|68|9]15|Gene | alcohol
24 elD:3720352) enelD:4380114) | enelD:5901243) | 6|GenelD:89497 | 1|13|41|N/A) | 1D:13823078) dehydro
61) genase
0.7 | ppal034(N/Al- rsp_2182(betl|- pald_70970(betl | caul_3936(N/Al- | eam_1685(betl|- | sl1344_1506( | sven_2214(N/AJ- | transcrip 5
240 | 6.10567|0.18401 | 6.37525|0.439745 | |- 17.02830/0.0316 | 12.90520/0.1703 | N/AJ- 9.07428|0.073189 | tional
262 | 82|172|178[5|11| | 7[268|277|27|35|G | 17.75650[0.0465 | 9823]197[213|1]1 | 701|75/92|3]20|G | 6.95398|0.22 | 1|161[178|19|38|G | represso
24 | GenelD:2931496 | enelD:3719652) | 7704|203|241/1]3 | 7|GenelD:59013 | enelD:8952144) | 76944[190|19 | enelD:13818670) | r Betl
) 8|GenelD:43850 | 98) 6[32|38|N/A)
78)
0.7 | ppa2113(N/AF- rsp_3240(N/A|- pald 45870(N/ | caul_3885(N/AJ- s11344_1034( | sven_7375(N/AJ- 5
240 | 4.06622|0.42451 | 6.12567]0.469992 | AJ- 11.79450(0.2623 copS|- 9.14612|0.071111
262 | 24/6066|31|37|G | 1/122[132|11]20|G | 18.34950/0.0367 | 055249]|261|1|14| 3.48220/0.66 | 58/43|82[5/37|Gen
24 enelD:2932826) enelD:3721845) 0612|132|169|1|3 | GenelD:5901347 74056|169|17 | elD:13823903)
9|GenelD:43828 | ) 51/7|N/A)
72)
0.7 rsp_3497(N/AJ- pal4_58600(N/ | caul_1450(N/AJ- s11344_1688( | sven_4858(N/A[- 6
240 22.13900)0.00021 | AJ- 5.22329|0.92354 N/AJ- 7.73924|0.124592
262 48921|275/286|26| | 13.88500[0.1965 | 03[80|86/1|7|Gen 6.57423(0.26 | 9]213[221/27|35|G
24 elD:5898905) enelD:13824313)
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37|GenelD:37219 | 275[1[18]2/18|Ge 2325953[59)
13) nelD:4382636) 319IN/A)
0.7 | ppal504(N/AJ- rsp_0908(sitD|- eam_2090(sitD|- | sl1344_2844( 8
240 | 6.69723|0.14094 | 9.81429|0.141212 13.54910|0.1292 | sitD|-
262 | 91]128|137|5[14| | 8]123[136/7|19|Ge 254[284|294|1]11 | 5.09130[0.43
24 GenelD:2931946 | nelD:3717970) |GenelD:895202 | 40556|176[20
) 4) 0[15[37|N/A)
0.7 rsp_0829(IctB|- pald 33860(lld | caul_3608(lldD|- sl1344_1550( | sven_0183(N/AJ- | L-lactate 3
240 6.46032(0.429640 | Al- 6.37092/0.84151 N/A|- 8.13489|0.106508 | dehydro
262 9/83/96/6|19|Gene | 12.81200]0.2793 | 59]252|259|1|8|G 9.50407/0.07 | 6]123]132|26]35|G | genase
24 ID:3718369) 503|172|183|7|17 | enelD:5901063) 996338|108|1 | enelD:13817290)
|GenelD:438044 21[24[37|N/A
4) )
0.7 rsp_1278(cbbz|- pald_07930(N/ caul_3547(N/A|- | eam_3235(gph|- | sl1344_3449( | sven_6699(N/A|- | phospho | rcap_rcc | 3
240 10.36240[0.11421 | Al- 12.69580(0.1940 | 13.21780/0.1493 | gphl- 4.67149|0.392119 | glycolat | 01826
262 00/121/130|28[37| | 16.74600]0.0692 | 449]27|42|1|15|G | 323|125|152|1]24 | 9.02866/0.09 | 9]270|276|33[39|G | e rcap_rcc
24 GenelD:3718192) | 3144|268|288|6|2 | enelD:5901002) | |GenelD:895224 | 822531|223]2 | enelD:13817965) | phosphat | 00333
8|GenelD:43854 0) 48[12|35|N/A ase

84)

)
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0.7 eam_2186(baeS| | sl1344_2107( | sven_4967(N/AJ- | sensor 8
240 - baeS|- 9.93659|0.051778 | histidine
262 12.34910|0.2129 | 6.19135|0.30 | 81|208|231|5|38|G | kinase
24 931[154/168|6/20 | 11416]235[25 | enelD:13824422)
|GenelD:895142 | 2[7|23|N/A)
1)
0.7 rsp_0034(flhA|- pald_45680(flh | caul_1017(flhAJ- | eam_2587(flhA|- | sI1344_1848( flagellar 6
240 9.07911]0.185486 | Al- 12.36470|0.2174 | 13.94730/0.1078 | flhAJ- biosynth
262 4|86/94|28[36|Gen | 12.14350(0.3427 | 473[341|1[39|Ge | 773[257]276|5|24 | 4.959110.45 esis
24 elD:3720112) 240[99[1172]21| | nelD:5898472) | |GenelD:895101 | 19671[74[126 protein
GenelD:438017 3) 5|40|N/A) FIhA
9)
0.7 | ppall07(N/AJ- rsp_0902(N/AJ- pald_37770(N/ caul_0320(N/Al- | eam_2636(N/A|- | sl1344_1257( | sven_2056(N/A|- | phospho | rcap_rcc | ]
240 | 4.28024/0.39208 | 8.50898|0.226864 | AJ- 14.43610/0.1006 | 14.51530/0.0823 | N/A[- 5.34854/0.309645 | glycolat | 03410
262 | 78|36/46|26|35|G | 4|236]263[8|37|Ge | 17.55360|0.0504 | 711|184[217|1[37| | 1335|14|40[1|24| | 3.23788|0.70 | 7|185]191|6|12|Ge | e rcap_rcc
24 enelD:2931530) nelD:3717965) 8498|217|233|1|]1 | GenelD:5897594 | GenelD:895012 | 31772|194/20 | nelD:13818512) phosphat | 02020
5|GenelD:43803 | ) 2) 0|35/41|N/A) ase rcap_rcc
11) 01825
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0.7 | ppa0271(N/Al- rsp_1862(N/A|- pald 62850(fol | caul_4421(N/Al- | eam_3077(folP|- | sI1344_3266( | sven_5577(N/AJ- | dihydrop 1
240 | 6.260400.17175 | 5.61597|0.534036 | P|- 12.08790|0.2384 | 11.73100|0.2684 | folP|- 5.73511]0.269045 | teroate
262 | 25|87/94|1/8|Gen | 3|46|72|6|36|Gene | 17.46660[0.0522 | 997|94]101|2|9|G | 084|128|156/10}4 | 10.17350/0.0 | 2|133|147|7|22|Ge | synthase
24 elD:2931909) 1D:3719129) 5179|98|125|1|25 | enelD:5901882) 1|GenelD:89514 | 5945155249 | nelD:13822104)
|GenelD:438319 94) 293[12/40|N/
9) A)
0.7 rsp_1390(N/A|- pald 63190(N/ | caul_4262(N/A|- | eam 2049(N/A|- | sl1344_1447( 7
240 6.52867(0.421603 | Al- 15.27620|0.0708 | 11.52270/0.2889 | N/AJ-
262 2|254|260|8|14|Ge | 11.53450]0.4081 | 8095[215|228[2|1 | 844|127|133|9]15 | 8.65393(0.11
24 nelD:3720795) 738]255|288|1|39 | 5|GenelD:59017 | |GenelD:894984 | 51625[194|20
|GenelD:438322 | 23) 0) 0[28|34|N/A)
8)
0.7 | ppa0707(N/Al- pald 54690(N/ sven_4326(N/A- | NAD- 6
240 | 7.25345|0.10900 Al- 10.63860/0.03906 | depende
262 | 39[117]126(8[17| 12.49860|0.3079 164|284|292334 | nt
24 GenelD:2933161 248|250[267|2|21 1|GenelD:138240 | epimeras
) |GenelD:438528 52) e/dehydr
8) atase
family
protein
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0.7 rsp_3340(rarD|- pald_06320(N/ caul_4619(N/A|- sven_4296(N/Al- | RarD 6
240 9.21863/0.176324 | Al- 6.05802(0.86737 9.80867|0.054508 | protein
262 2|69|77|6|14|Gene | 8.89718|0.73890 | 6[36/42|33|39|Ge 28|224/264/5|38|G
24 ID:3722042) 15/266[273[5[12| | nelD:5902081) enelD:13819454)
GenelD:438385
4)
0.7 | ppal808(N/AJ- rsp_3593(N/Al- pald_05000(trm | caul_0028(trmB|- | eam_2845(trmB| | sl1344_3084( | sven_3866(N/Al- | tRNA 0
240 | 5.43805|0.24599 | 16.83620/0.00561 | B|- 13.98630|0.1203 | - N/A|- 3.72636|0.529766 | (guanine
262 | 54|151[158|7|14| | 7299|134|156]12|3 | 16.12200/0.0878 | 764|6|13|2|9]Gen | 9.29703]|0.55651 | 3.56127|0.65 | 7|158|164[31|37|G | -N(7)-)-
24 | GenelD:2931436 | 7|GenelD:372211 | 586|125[157[1[24 | elD:5897740) 06]259|267|1/9|G | 56976|67|73| | enelD:13821691) | methyltr
) 0) |GenelD:438377 enelD:8950237) | 30|36|N/A) ansferas
1) e
0.7 | ppa0633(N/AJ- rsp_0858(N/AJ- pald_02970(N/ caul_4826(N/AJ- | eam_1032(N/AJ- rcap_rcc | 7
240 | 1.89078|0.79591 | 8.69839|0.212401 | AJ- 9.97873|0.44163 | 10.57910]0.3933 00450
262 | 26[23[34|13]29|G | 7]218|248/8|37|Ge | 14.24760[0.1735 | 22|5|12|2|9|Genel | 323]26|36|1|11|G rcap_rcc
24 | enelD:2931243) | nelD:3718325) 218|2062261|20 | D:5902288) enelD:8949312) 00086
|GenelD:438365 rcap_rcc
0) 03090
rcap_rcc
01716
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rcap_rcc

00756
rcap_rcc
00381
rcap_rcc
02147
rcap_rcp
00047
rcap_rcc
02763

0.7 pald 34200(N/ | caul_2948(N/A]- | eam_1759(N/Al- sven_0431(N/AJ- 7

240 Al- 19.23290/0.0098 | 12.69860/0.1854 2.88525|0.66606|

262 11.34470(0.4299 | 58998[171|180|1| | 158/106]|115|7|16 281|287/9|15|Gen

24 5792]22|1]21|Ge | 10/GenelD:5900 | |GenelD:895204 elD:13817537)

nelD:4385114) | 403) 3)

0.7 | ppal335(N/AJ- rsp_1195(comF|- | pal4_06360(N/ caul_0939(N/A|- | eam_3258(gntX| | sl1344_3477( | sven_2753(N/A|- | compete 2

240 | 6.14912|0.18049 | 18.00610|0.00294 | AJ- 14.06650/0.1166 | - N/AJ- 8.97363|0.076200 | nce

262 | 85[7083|25/38|G | 0726]134[157|5[37 | 10.64150/0.5154 | 541|152|170|1/18] | 10.98090/0.3467 | 3.39106|0.68 | 9]178[186|33|41|G | protein F

24 | enelD:2931065) | |GenelD:3718859 | 378[259|275[2|16 | GenelD:5898394 | 884(78/90|2|12|G | 08316[259]26 | enelD:13823173)

) ) enelD:8950729) | 8[22|35|N/A)
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|GenelD:438385
8)
0.7 rsp_4086(N/A|- caul_2079(N/A|- | eam_2173(amsH | s11344_2095( polysacc | rcap_rcc | §
240 10.36840|0.11394 13.24480|0.1594 | |- wzal- haride 01960
262 04143/83/9}41|Gen 044|186|216/5/37| | 6.10251]0.90846 | 1.36604/0.92 biosynth | rcap_rcc
24 elD:3711961) GenelD:5899534 | 34[264]275|7|16] | 13592|278|28 esislexp | 03226
) GenelD:895062 | 6[11|20|N/A) ort
9) family
protein
0.7 rsp_2628(gltX/gin | pald_62510(N/ caul_3205(N/AJ- | eam_0792(gluQ| | sl1344_0186( glutamyl 6
240 S|- Al- 14.99590/0.0798 | - yadB|- -Q
262 6.24773]0.455092 | 12.54790/0.3032 | 8049|169|182|1|1 | 13.30330/0.1439 | 9.82226|0.06 tRNA(A
24 5|1190/199|5/13|Ge | 963[163|188[2]24 | 5|GenelD:59006 | 317|255|264(7|16 | 952106(70|76 sp)
nelD:3720300) |GenelD:438317 | 60) |GenelD:895164 | |32|38|N/A) syntheta
2) 0) se
0.7 rsp_3993(N/AJ- pald_48060(apr | caul_4884(N/A|- | eam_3368(prtAl- hemolys | rcap_rcc | 8
240 10.73640(0.09840 | AJ- 10.31730/0.4044 | 8.04195|0.71869 in-type 02063
262 478|12/48[7/37|Ge | 6.94873]0.92726 | 667|26|332/9|Ge | 32|278|287|1625 calcium- | rcap_rcc
24 nelD:3711793) nelD:5902346) binding 00158
repeat rcap_rcc
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8203[221/4[17|G

enelD:4385542)

|GenelD:895131

7)

family

protein

01362
rcap_rcc
02665
rcap_rcc
02520
rcap_rcc
01242
rcap_rcc
02060
rcap_rcc
01900
rcap_rcc
02786
rcap_rcc
00178
rcap_rcc
03191
rcap_rcc
00280
rcap_rcc

00964
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0.7 | ppall37(N/Al- rsp_3749(ampC|- | pald_10790(am | caul_4601(N/AJ- | eam_2914(ampC | sl1344_0370( | sven_2995(N/A|- 2
240 | 3.57473|0.50445 | 3.71965|0.772936 | pC|- 17.00100)0.0321 | |- ampH|- 7.97728|0.113387
262 | 64|242[258|16|31| | 1|77|90[25|37|Gen | 13.38670|0.2321 | 2351|150[176|1]1 | 14.46000]0.0845 | 5.54697|0.37 | 4]|233]243|32/41|G
24 | GenelD:2933040 | elD:3721508) 568]211[224/5|15 | 5|GenelD:59020 | 6664|238254|1|1 | 53101[2[20[1] | enelD:13823415)
) |GenelD:438209 | 63) 5/GenelD:89513 | 20|N/A)
7) 32)
0.7 rsp_1286(chbR|- pald 71750(N/ eam_2218(N/AJ- sven_1212(N/AJ- | RuBisC | rcap_rcc | §
240 8.47942(0.229187 | Al- 8.75319|0.62820 7.64866/0.129129 | O 01835
262 0[87]99|26]37|Gen | 15.25270]0.1213 08|63[74|2|16|Ge 2|210[216]32|38|G | operon
24 elD:3718200) 229/84/94[5|15|G nelD:8951402) enelD:13822931) | transcrip
enelD:4385026) tional
regulator
CbbR
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Table S4: Functional enrichment of potential cis-targets of putative antisense and partially overlapping SRNAs.

pa | pat | o | fa | matching proteins in your network (IDs) matching proteins in your network (labels)
th |hw | b |Is
w | ay se | e
ay [des |[r | di
ID | crip | v |sC
tion [e |0
d | v
g | er
e |y
ni|r
e | at
c |e
0
u
n
t
G |pri 2 | 1. | RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00659,RCAP_rcc00664,RCAP_rcc00665,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. | mar | 8 |9 | c00668,RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00691,RCAP_rcc00692,R | ,atpF,bchB,bchN,cbbM,ccoP,crtE,crtF,crtd,crtkK,dn
00 |y 7 | CAP_rcc00696,RCAP_rcc00744,RCAP_rcc01160,RCAP_rcc01674,RCAP_rcc01829,RCAP_rcc | aJ,dnaK,dxsl,gInA,groS,ihfA,petB,pucA,pucB,puf
44 | met E | 01909,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc02011,RCAP_rcc02477,RCAP_rcc02530,R A pufB,puhA,rpmF,rpsF
23 | abol - CAP_rcc02531,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc
8 ic 0 | 02973
pro 0
cess 5
G pho [ 1 | 3. | RCAP_rcc00659,RCAP_rcc00660,RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rc | bchB,bchJ,bchN,bchO,cbbM,crtE,crtF,crtd,crtK,pu
O. |tosy | 6 | 9 | c00670,RCAP_rcc00675,RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00691,R | cA,pucB,pucCl,pufA,pufB,pufX,puhA
00 | nthe 8 | CAP_rcc00692,RCAP_rcc00695,RCAP_rcc01829,RCAP_rcc02530,RCAP_rcc02531
15 | sis E
97 -
9 0
0
5
G cell |3 | 0. | RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00659,RCAP_rcc00660,RCAP_rcc00664,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. |[ular | 2 | 0 | c00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rcc00675,RCAP_rcc00681,RCAP_rcc00684,R | ,atpF,bchB,bchJ,bchN,bchO,cbbM,ccoP,crtE,crtF,c
00 | met 0 | CAP_rcc00685,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc00695,RCAP_rcc00696,RCAP_rcc | rtJ,crtK,dnal,dnaK,dxs1,glnA,groS,ihfA,petB,puc
44 | abol 0 | 00744,RCAP_rcc01160,RCAP_rcc01674,RCAP_rcc01829,RCAP_rcc01909,RCAP_rcc01912,R A, pucB,pucC1,pufA,pufB,pufX,puhA,rpmF,rpsk
ic 1
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23 | pro 1 | CAP_rcc01913,RCAP_rcc02011,RCAP_rcc02477,RCAP_rcc02530,RCAP_rcc02531,RCAP_rcc
7 cess 3 | 02769,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973
G |org |3 |0 | RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00659,RCAP_rcc00664,RCAP_rcc00665,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. [anic |0 | O | c00668,RCAP_rcc00670,RCAP_rcc00675,RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,R | ,atpF,bchB,bchJ,bchN,bchO,cbbM,ccoP,crtE,crtF,c
00 | sub 0 | CAP_rcc00691,RCAP_rcc00692,RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc01160,RCAP_rcc | rtl,crtK,dnal,dnaK,dxs1,gInA,groS,ihfA,petB,puc
71 | stan 0 | 01674,RCAP_rcc01829,RCAP_rcc01909,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc02011,R A, pucB,pufA,pufB,puhA,rpmF,rpsF
70 | ce 1 | CAP_rcc02477,RCAP_rcc02530,RCAP_rcc02531,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc
4 met 1 | 02971,RCAP_rcc02972,RCAP_rcc02973

abol 3

ic

pro

cess
G |cell |3 |0.| RCAP_rcc00220,RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00659,RCAP_rcc00660,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. [ular | 4 | 0 | c00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rcc00675,RCAP_rcc00681,R | ,atpF,bchB,bchd,bchN,bchO,cbbM,ccoP,crtE,crtF,c
00 | pro 0 | CAP_rcc00684,RCAP_rcc00685,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc00695,RCAP_rcc | rtl,crtK,dnal,dnaK,dxs1,gInA,groS,ihfA,petB,puc
09 | cess 0 | 00696,RCAP_rcc00744,RCAP_rcc01160,RCAP_rcc01460,RCAP_rcc01674,RCAP_rcc01829,R A,pucB,pucC1,pufA,pufB,pufX,puhA,rpmF,rpsF,s
98 2 | CAP_rcc01909,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc02011,RCAP_rcc02477,RCAP_rcc | ecA,tatC
7 6 | 02530,RCAP_rcc02531,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,R

9 | CAP_rcc02973
G biol | 3 | 0. | RCAP_rcc00220,RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00659,RCAP_rcc00660,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. |ogic | 7 | 0 | c00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rcc00675,RCAP_rcc00681,R | ,atpF,bchB,bchJ,bchN,bchO,cbbM,ccoP,crtE,crtF,c
00 | al_p 0 | CAP_rcc00684,RCAP_rcc00685,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc00695,RCAP_rcc | rtl,crtK,dnal,dnaK,dxs1,gInA,groS,hupA,ihfA,nuo
08 | roce 1 | 00696,RCAP_rcc00744,RCAP_rcc00767,RCAP_rcc01160,RCAP_rcc01460,RCAP_rcc01519,R | C,petB,petC,pucA,pucB,pucCl,pufA,pufB,pufX,p
15 | ss 3 | CAP_rcc01674,RCAP_rcc01829,RCAP_rcc01909,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc | uhA,rpmF,rpsF,secA tatC
0 7 | 02011,RCAP_rcc02477,RCAP_rcc02530,RCAP_rcc02531,RCAP_rcc02769,RCAP_rcc02770,R
CAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973
G | met | 3 | 0. | RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00659,RCAP_rcc00660,RCAP_rcc00664,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. [abol | 5 | 0O | c00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rcc00675,RCAP_rcc00681,RCAP_rcc00684,R | ,atpF,bchB,bchJ,bchN,bchO,cbbM,ccoP,crtE,crtF,c
00 | ic 0 | CAP_rcc00685,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc00695,RCAP_rcc00696,RCAP_rcc | rtd,crtK,dnal,dnaK,dxs1,gInA,groS,hupA,ihfA,nuo
08 | pro 1 00744,RCAP_rcc00767,RCAP_rcc01160,RCAP_rcc01519,RCAP_rcc01674,RCAP_rcc01829,R C,petB,petC,pucA,pucB,pucC1,pufA,pufB,pufX,p
15 | cess 3 CAP_rcc01909,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc02011,RCAP_rcc02477,RCAP_rcc | uhA,rpmF,rpsk
2 7 | 02530,RCAP_rcc02531,RCAP_rcc02769,RCAP_rcc02770,RCAP_rcc02970,RCAP_rcc02971,R
CAP_rcc02972,RCAP_rcc02973

G |cell |1 |0. | RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00659,RCAP_rcc00691,RCAP_rcc00692,RCAP_rc | dnal,dnaK,groS,pucA,pucB,pufA,pufB,puhA,rpmF
O. |ular | 0 | O | c01909,RCAP_rcc02011,RCAP_rcc02477,RCAP_rcc02530,RCAP_rcc02531 rpsF
00 | prot 0
44 | ein 1

met
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26 | abol 3
7 ic 7
pro
cess
G |org |1 | 0. | RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rcc00675,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,bchB,bchl,b
O. [ano |7 | O | cO0681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc01674,R | chN,bchO,crtE,crtF,crtd,crtk,dxs1,gInA,rpmF,rpsk
19 | nitr 0 | CAP_rcc01909,RCAP_rcc02011,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc
01 | oge 1 | 02973
56 | n 3
6 com 7
pou
nd
bios
ynt
heti
c
pro
cess
G |org |1 | 0. | RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rcc00675,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,bchB,bchJ,b
O. [ano |9 | 0O | c00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc01160,R | chN,bchO,ccoP,crtE,crtF,crtd,crtK,dxs1,glnA,petB,
19 | nitr 0 | CAP_rcc01674,RCAP_rcc01909,RCAP_rcc02011,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc | rpmF,rpsk
01 | oge 1 | 02971,RCAP_rcc02972,RCAP_rcc02973
56 | n 6
4 com 9
pou
nd
met
abol
ic
pro
cess
G pho [ 5 | 0. | RCAP_rcc00659,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc02530,RCAP_rcc02531 pucA,pucB,pufA,pufB,puhA
O. | tosy 0
00 | nthe 0
19 | sis, 1
68 | ligh 9
4 t 6
reac
tion
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G |cell |1 |O0.| RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rcc00675,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. |[ular | 8 | 0 | c00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc01909,R | ,atpF,bchB,bchJ,bchN,bchO,crtE,crtF,crtd,crtK,dxs
00 | nitr 0 | CAP_rcc01912,RCAP_rcc01913,RCAP_rcc02011,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc | 1,ihfA,rpmF,rpsF
44 | oge 1 | 02972,RCAP_rcc02973
27 | n 9
1 com 6
pou
nd
bios
ynt
heti
c
pro
cess
G org |2 | 0. | RCAP_rcc00223,RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. |anic |1 |0 | c00675,RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,R | ,atpF,bchB,bchd,bchN,bchO,cbbM,crtE,crtF,crtd,crt
19 | sub 0 | CAP_rcc01674,RCAP_rcc01829,RCAP_rcc01909,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc | K,dnal,dxsl,gInA,ihfA,rpmF,rpsF
01 | stan 1 | 02011,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973
57 | ce 9
6 bios 6
ynt
heti
c
pro
cess
G prot | 7 | 0. | RCAP_rcc00744,RCAP_rcc01160,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc02971,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,ccoP,petB
0. | on 0 | c02972,RCAP_rcc02973
00 | tran 0
15 | spor 2
9 |t 6
2 3
G prot | 5 | 0. | RCAP_rcc00659,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc02530,RCAP_rcc02531 pucA,pucB,pufA,pufB,puhA
0. | ein- 0
00 | chr 0
18 | om 2
29 | oph 6
8 ore 3
link
age
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G | cell 0. | RCAP_rcc00223,RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. | ular 0 | c00675,RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,R | ,atpF,bchB,bchd,bchN,bchO,ccoP,crtE,crtF,crtd,crt
00 | nitr 0 | CAP_rcc01160,RCAP_rcc01909,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc02011,RCAP_rcc | K,dnal,dxsl,ihfA,petB,rpmF,rpsF
34 | oge 2 | 02769,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973
64 | n 6
1 com 3
pou
nd
met
abol
ic
pro
cess
G | plas 0. | RCAP_rcc00744,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973 RCAP_rcc02972,atpA,atpC,atpD,atpF
0. | ma 0
00 | me 0
42 | mbr 2
77 | ane 6
7 AT 3
P
synt
hesi
S
cou
pled
prot
on
tran
spor
t
G | cell 0. | RCAP_rcc00223,RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. | ular 0 | c00675,RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,R | ,atpF,bchB,bchd,bchN,bchO,crtE,crtF,crtd,crtkK,dna
00 | bios 0 | CAP_rcc01674,RCAP_rcc01909,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc02011,RCAP_rcc | J,dxsl,gInAihfA,rpmF,rpsk
44 | ynt 2 | 02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973
24 | heti 6
9 c 3
pro

Ccess
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G | carb 0. | RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,dxs1
O. | ohy 0 | c02973
19 | drat 0
01 |e 2
13 | deri 6
7 vati 3
ve
bios
ynt
heti
c
pro
cess
G hyd 0. | RCAP_rcc00744,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,petB
O. | rog 0 | c02973
19 | en 0
02 | ion 2
60 | tran 6
0 sme 3
mbr
ane
tran
spor
t
G cell 0. | RCAP_rcc00223,RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. | ular 0 | c00675,RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,R | ,atpF,bchB,bchd,bchN,bchO,ccoP,crtE,crtF,crtd,crt
00 | aro 0 | CAP_rcc01160,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc | K,dnal,dxsl,ihfA,petB
06 | mat 3 | 02971,RCAP_rcc02972,RCAP_rcc02973
72 | ic 5
5 com 4
pou
nd
met
abol
ic
pro

Ccess
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G |aro |1 | 0. | RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rcc00675,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. |mat | 6 | 0 | c00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc01912,R | ,atpF,bchB,bchJ,bchN,bchO,crtE,crtF,crtd,crtK,dxs
00 | ic 0 | CAP_rcc01913,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973 1,ihfA
19 | com 3
43 | pou 5
8 nd 4
bios
ynt
heti
c
pro
cess
G |sing |1 | 0. | RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rcc00675,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,bchB,bchJ,b
0. | le- 6 | 0 | cO0681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc01674,R | chN,bchO,cbbM,crtE,crtF,crtd,crtkK,dxs1,glnA
00 | org 0 | CAP_rcc01829,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973
44 | anis 3
71 | m 5
1 bios 4
ynt
heti
c
pro
cess
G | AT |7 | 0. | RCAP_rcc00744,RCAP_rcc01160,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc02971,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,ccoP,petB
O. |P 0 | c02972,RCAP_rcc02973
00 | met 0
46 | abol 3
03 | ic 5
4 pro 4
cess
G |hete | 1 | 0. | RCAP_rcc00223,RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. [roc |9 | 0 | c00675RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,R | ,atpF,bchB,bchd,bchN,bchO,ccoP,crtE,crtF,crtd,crt
00 | ycle 0 | CAP_rcc01160,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc | K,dnal,dxsl,ihfA,petB
46 | met 3 | 02971,RCAP_rcc02972,RCAP_rcc02973
48 | abol 5
3 ic 4
pro

Ccess
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G carb 0. | RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc01160,RCAP_rcc02769,RCAP_rcc02970,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,ccoP,dxs1,p
O. | ohy 0 | c02971,RCAP_rcc02972,RCAP_rcc02973 etB
19 | drat 0
01 |e 3
13 | deri 5
5 vati 4
ve
met
abol
ic
pro
cess
G hete 0. | RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rcc00675,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
0. | roc 0 | c00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc01912,R | ,atpF,bchB,bchd,bchN,bchO,crtE,crtF,crtd,crtK,dxs
00 | ycle 0 | CAP_rcc01913,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973 1,ihfA
18 | bios 3
13 | ynt 5
0 heti 5
c
pro
cess
G | org 0. | RCAP_rcc00684,RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc01160,RCAP_rcc02769,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,ccoP,crtE,d
0. | ano 0 | ¢c02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973 xs1,petB
00 | pho 0
19 | sph 3
63 | ate 5
7 met 5
abol
ic
pro
cess
G | org 0. | RCAP_rcc00223,RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. | anic 0 | c00675,RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,R | ,atpF,bchB,bchd,bchN,bchO,ccoP,crtE,crtF,crtd,crt
19 | cycl 0 | CAP_rcc01160,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc | K,dnal,dxsl,ihfA,petB
01 | ic 3 | 02971,RCAP_rcc02972,RCAP_rcc02973
36 | com 5
0 pou 5
nd
met
abol
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pro
cess

G |org |1 | 0. | RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rcc00675,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. [anic | 6 | 0 | c00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc01912,R | ,atpF,bchB,bchd,bchN,bchO,crtE,crtF,crtd,crtK,dxs
19 | cycl 0 | CAP_rcc01913,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973 1,ihfA
01 | ic 3
36 | com 5
2 pou 5
nd
bios
ynt
heti
c
pro
cess
G |org |7 | 0. | RCAP_rcc00684,RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc02970,RCAP_rcc02971,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,crtE,dxsl
O. | ano 0 | c02972,RCAP_rcc02973
00 | pho 0
90 | sph 3
40 | ate 8
7 bios 6
ynt
heti
c
pro
cess
G |chlo | 8 | 0. | RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rcc00675,RCAP_rc | bchB,bchd,bchN,bchO,crtE, crtF,crtd,crtK
O. | rop 0 | c00681,RCAP_rcc00684,RCAP_rcc00685
00 | hyll 0
15 | bios 5
99 | ynt 0
5 heti 3
c
pro
cess
G |terp | 5 | 0. | RCAP_rcc00668,RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696 crtE,crtF,crtd,crtK,dxs1
O. | enoi 0
00 | d 0
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16 | bios 5
11 | ynt 6
4 heti 7
c
pro
cess
G |cell |1 |0. | RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00659,RCAP_rcc00691,RCAP_rcc00692,RCAP_rc | RCAP_rcc01913,dnal,dnaK,groS,ihfA,pucA, pucB,
O. |ular | 2 | 0 | c01909,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc02011,RCAP_rcc02477,RCAP_rcc02530,R | pufA,pufB,puhA,rpmF,rpsk
00 | mac 0 | CAP_rcc02531
44 | rom 5
26 | olec 6
0 ule 7
met
abol
ic
pro
cess
G gen | 7 | 0. | RCAP_rcc00659,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc01160,RCAP_rcc02530,RCAP_rc | ccoP,petB,pucA,pucB,pufA,pufB,puhA
O. | erat 0 | c02531,RCAP_rcc02769
00 | ion 0
06 | of 6
09 | prec 1
1 urso 6
r
met
abol
ites
and
ener
gy
G |[sing | 2 | 0. | RCAP_rcc00659,RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,bchB,bchJ,b
O. | le- 2 | 0 | c00675RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,R | chN,bchO,cbbM,ccoP,crtE,crtF,crtd,crtk,dxs1,gln
00 | org 0 | CAP_rcc00767,RCAP_rcc01160,RCAP_rcc01519,RCAP_rcc01674,RCAP_rcc01829,RCAP_rcc | AhupA,nuoC,petB,petC,puhA
44 | anis 9 | 02769,RCAP_rcc02770,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973
71 | m 0
0 met 7

abol
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pro
cess

G tran | 8 | 0. | RCAP_rcc00220,RCAP_rcc00744,RCAP_rcc01460,RCAP_rcc02769,RCAP_rcc02970,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,petB,secA,t
0. | sme 0 | c02971,RCAP_rcc02972,RCAP_rcc02973 atC
00 | mbr 0
55 | ane 9
08 | tran 0
5 spor 9
t
G nitr | 2 | 0. | RCAP_rcc00223,RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. |oge |2 | 0O | cO0675RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,R | ,atpF,bchB,bchd,bchN,bchO,ccoP,crtE,crtF,crtd,crt
00 | n 1 | CAP_rcc01160,RCAP_rcc01674,RCAP_rcc01909,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc | K,dnal,dxs1,gInA,ihfA, petB,rpmF,rpsF
06 | com 0 | 02011,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973
80 | pou 3
7 nd
met
abol
ic
pro
cess
G |pho |9 | 0. | RCAP_rcc00684,RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc01160,RCAP_rcc02769,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,ccoP,crtE,d
O. | sph 0 | c02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973 xs1,petB
00 | ate- 1
06 | cont 0
79 | aini 8
6 ng
com
pou
nd
met
abol
ic
pro
cess
G caro | 4 | 0. | RCAP_rcc00668,RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685 crtE,crtF,crtd,crtK
O. | teno 0
00 | id 1
16 | bios
ynt
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11 | heti 7
7 c 3
pro
cess
G |sing |1 | 0. | RCAP_rcc00220,RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rcc00670,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,bchB,bch,b
O. | le- 9 | 0 | c00675RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,RCAP_rcc00744,R | chN,bchO,ccoP,crtE,crtF,crtd,crtk,dxs1,gInA,petB,
00 | org 2 | CAP_rcc01160,RCAP_rcc01460,RCAP_rcc01674,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc | secA,tatC
44 | anis 8 | 02971,RCAP_rcc02972,RCAP_rcc02973
76 | m 3
3 cell
ular
pro
cess
G |[sing | 2 | 0. | RCAP_rcc00220,RCAP_rcc00659,RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00668,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,bchB,bchJ,b
0. | le- 4 | 0 | c00670,RCAP_rcc00675,RCAP_rcc00681,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00696,R | chN,bchO,cbbM,ccoP,crtE,crtF,crtd,crtkK,dxs1,gin
00 | org 2 | CAP_rcc00744,RCAP_rcc00767,RCAP_rcc01160,RCAP_rcc01460,RCAP_rcc01519,RCAP_rcc | AhupA,nuoC,petB,petC,puhA,secA tatC
44 | anis 8 | 01674,RCAP_rcc01829,RCAP_rcc02769,RCAP_rcc02770,RCAP_rcc02970,RCAP_rcc02971,R
69 | m 4 | CAP_rcc02972,RCAP_rcc02973
9 pro
cess
G prot | 3 | 0. | RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc02477 dnaJ,dnaK,groS
O. | ein 0
00 | fold 3
06 | ing 9
45
7
G |[sing | 9 | 0. | RCAP_rcc00220,RCAP_rcc00744,RCAP_rcc01160,RCAP_rcc01460,RCAP_rcc02769,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,ccoP,petB,s
0. | le- 0 | c02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973 ecAtatC
00 | org 3
44 | anis 9
76 | m 8
5 tran
spor
t
G |nucl |1 | 0. | RCAP_rcc00223,RCAP_rcc00744,RCAP_rcc01160,RCAP_rcc01912,RCAP_rcc01913,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. |eob [0 | O | c02769,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973 ,atpF,ccoP,dnal,ihfA,petB
00 | ase-
06 | cont
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13 | aini 4
9 ng 3
com
pou
nd
met
abol
ic
pro
cess
G |tran |1 | 0. | RCAP_rcc00220,RCAP_rcc00744,RCAP_rcc01160,RCAP_rcc01460,RCAP_rcc01519,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,ccoP,nuoC,
O. |spor | 0 | O | c02769,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973 petB,secAtatC
00 |t 4
06 7
81 2
0
pa | pat | o | fa | matching proteins in your network (IDs) matching proteins in your network (labels)
th |hw | b |Is
w | ay se | e
ay [des |[r | di
ID | crip |V |scC
tion e |0
d | v
g |er
e 1y
ni|r
e | at
c |e
0
u
n
t
G org 2 | 0. | RCAP_rcc00220,RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00659,RCAP_rcc00664,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. [anic | 4 | 0 | c00665,RCAP_rcc00668,RCAP_rcc00675,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc00696,R | ,bchB,bchN,bchO,ccoP,crtd,dnal,dnaK,dxs1,ginA,
00 | cycl 0 | CAP_rcc01160,RCAP_rcc01674,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc02011,RCAP_rcc | groS,ihfA,petC,pucA,pucB,pufA,pufB,puhA,rpsF,s
97 | ic 0 | 02477,RCAP_rcc02530,RCAP_rcc02531,RCAP_rcc02770,RCAP_rcc02970,RCAP_rcc02971,R ecA
15 | com 4 | CAP_rcc02972,RCAP_rcc02973
9 pou
nd
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bin

din
g
G | hete | 2 | 0. | RCAP_rcc00220,RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00659,RCAP_rcc00664,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. [roc |4 | 0 | c00665RCAP_rcc00668,RCAP_rcc00675,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc00696,R | ,bchB,bchN,bchO,ccoP,crtd,dnal,dnakK,dxs1,ginA,
19 | ycli 0 | CAP_rcc01160,RCAP_rcc01674,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc02011,RCAP_rcc | groS,ihfA,petC,pucA,pucB,pufA,pufB,puhA,rpsF,s
01 | c 0 | 02477,RCAP_rcc02530,RCAP_rcc02531,RCAP_rcc02770,RCAP_rcc02970,RCAP_rcc02971,R ecA
36 | com 4 | CAP_rcc02972,RCAP_rcc02973
3 pou
nd
bin
din
g
G | bin |2 | 0. | RCAP_rcc00220,RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00659,RCAP_rcc00664,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. [din |9 | 0 | c00665RCAP_rcc00668,RCAP_rcc00675,RCAP_rcc00684,RCAP_rcc00691,RCAP_rcc00692,R | ,bchB,bchN,bchO,cbhbM,ccoP,crtE,crt),dnal,dnak,
00 | g 0 | CAP_rcc00696,RCAP_rcc00767,RCAP_rcc01160,RCAP_rcc01519,RCAP_rcc01674,RCAP_rcc | dxsl,gInA,groS,hupA,ihfA,nuoC,petB,petC,pucA,
05 2 | 01829,RCAP_rcc01912,RCAP_rcc01913,RCAP_rcc02011,RCAP_rcc02477,RCAP_rcc02530,R pucB,pufA,pufB,puhA,rpsF,secA
48 8 | CAP_rcc02531,RCAP_rcc02769,RCAP_rcc02770,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc
8 5 | 02972,RCAP_rcc02973
G | bact | 5 | 0. | RCAP_rcc00659,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc02530,RCAP_rcc02531 pucA,pucB,pufA,pufB,puhA
O. | erio 0
00 | chlo 0
42 | rop 2
31 | hyll 8
4 bin 5
din
g
G |elec | 5 | 0. | RCAP_rcc00659,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc02530,RCAP_rcc02531 pucA,pucB,pufA,pufB,puhA
O. | tron 0
00 | tran 0
45 | spor 2
15 | ter, 8
6 tran 5
sfer
ring
elec
tron
s
wit
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hin

the
cycl
ic
elec
tron
tran
spor
t
path
way
of
pho
tosy
nthe
sis
acti
vity
G | AT 0. | RCAP_rcc00220,RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00664,RCAP_rcc00665,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,bchB,bchN,bchO
0. |P 0 | c00675,RCAP_rcc01674,RCAP_rcc02477,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,R | ,dnal,dnaK,gInA,groS,secA
00 | bin 0 | CAP_rcc02973
05 | din 3
52 | g 0
4 7
G hyd 0. | RCAP_rcc00744,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,petB
O. | rog 0 | c02973
00 | en 0
15 | ion 3
07 | tran 0
8 sme 7
mbr
ane
tran
spor
ter
acti
vity
G prot 0. | RCAP_rcc00744,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973 RCAP_rcc02972,atpA,atpC,atpD,atpF
0. | on- 0
00 | tran 0
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46 | spor 3
93 | ting 0
3 AT 7
P
synt
has
e
acti
vity
rota
tion
al
mec
hani
sm
G |ion |2 | 0. | RCAP_rcc00220,RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00664,RCAP_rcc00665,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,bchB,bchN,bchO
O. [ bin |3 | 0 | c00675RCAP_rcc00684,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc00696,RCAP_rcc00767,R | ,cbbM,ccoP,crtE,dnal,dnakK,dxs1,gInA,groS,hupA,
00 | din 0 | CAP_rcc01160,RCAP_rcc01674,RCAP_rcc01829,RCAP_rcc02477,RCAP_rcc02530,RCAP_rcc | petB,petC,pucA,pucB,pufA,pufB,secA
43 | g 3 | 02531,RCAP_rcc02769,RCAP_rcc02770,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,R
16 1 | CAP_rcc02973
7 8
G tetr 7 | 0. | RCAP_rcc00659,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc01160,RCAP_rcc02530,RCAP_rc | ccoP,petC,pucA,pucB,pufA,pufB,puhA
O. | apy 0 | c02531,RCAP_rcc02770
00 | rrol 0
46 | e 3
90 | bin 1
6 din 8
g
G | mol | 3 | 0. | RCAP_rcc00220,RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00659,RCAP_rcc00664,RCAP_rc | RCAP_rcc01913,RCAP_rcc02972,atpA,atpC,atpD
O. [ecul | 3 |0 | c00665RCAP_rcc00668,RCAP_rcc00675,RCAP_rcc00684,RCAP_rcc00685,RCAP_rcc00691,R | ,atpF,bchB,bchN,bchO,cbhbM,ccoP,crtE,crtF,crtd,d
00 | ar_f 0 | CAP_rcc00692,RCAP_rcc00696,RCAP_rcc00744,RCAP_rcc00767,RCAP_rcc01160,RCAP_rcc | nal,dnaK,dxsl,gInA,groS,hupA,ihfA,nuoC,petB,pe
03 | unct 3 | 01460,RCAP_rcc01519,RCAP_rcc01674,RCAP_rcc01829,RCAP_rcc01909,RCAP_rcc01912,R | tC,pucA,pucB,pufA,pufB,puhA,rpmF,rpsF,secA ta
67 | ion 4 | CAP_rcc01913,RCAP_rcc02011,RCAP_rcc02477,RCAP_rcc02530,RCAP_rcc02531,RCAP_rcc | tC
4 02769,RCAP_rcc02770,RCAP_rcc02970,RCAP_rcc02971,RCAP_rcc02972,RCAP_rcc02973
G elec | 8 | 0. | RCAP_rcc00659,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc01160,RCAP_rcc02530,RCAP_rc | ccoP,petB,petC,pucA,pucB,pufA,pufB,puhA
O. | tron 0 | c02531,RCAP_rcc02769,RCAP_rcc02770
00 | carr 0
09 | ier 6
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05 | acti 2
5 vity 5
G | prot 0. | RCAP_rcc02970,RCAP_rcc02972,RCAP_rcc02973 RCAP_rcc02972,atpA,atpC
O. | on- 0
00 | tran 0
46 | spor 6
96 | ting 2
1 AT 5
Pas
e
acti
vity
rota
tion
al
mec
hani
sm
G | anio 0. | RCAP_rcc00220,RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00664,RCAP_rcc00665,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,bchB,bchN,bchO
O. |n 0 | c00675,RCAP_rcc00696,RCAP_rcc01674,RCAP_rcc02477,RCAP_rcc02970,RCAP_rcc02971,R | ,dnal,dnaK,dxs1,gInA,groS,secA
00 | bin 1 | CAP_rcc02972,RCAP_rcc02973
43 | din 2
16 | g 4
8
G sma 0. | RCAP_rcc00220,RCAP_rcc00223,RCAP_rcc00224,RCAP_rcc00664,RCAP_rcc00665,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,bchB,bchN,bchO
o. | Il 0 | c00675,RCAP_rcc00696,RCAP_rcc01674,RCAP_rcc02477,RCAP_rcc02970,RCAP_rcc02971,R | ,dnal,dnaK,dxsl,glnA,groS,secA
00 | mol 1 | CAP_rcc02972,RCAP_rcc02973
36 | ecul 6
09 | e 1
4 bin
din
g
G | sub 0. | RCAP_rcc00744,RCAP_rcc01460,RCAP_rcc02769,RCAP_rcc02970,RCAP_rcc02971,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,petB,tatC
O. | strat 0 | c02972,RCAP_rcc02973
00 | e- 2
22 | spe 0
cifi 7
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89 | tran
1 sme
mbr
ane
tran
spor
ter
acti
vity
G met |1 | 0. | RCAP_rcc00220,RCAP_rcc00223,RCAP_rcc00664,RCAP_rcc00665,RCAP_rcc00684,RCAP_rc | bchB,bchN,cbhbM,ccoP,crtE,dnal,dxs1,hupA,petB,
0. | al 5 | 0 | c00691,RCAP_rcc00692,RCAP_rcc00696,RCAP_rcc00767,RCAP_rcc01160,RCAP_rcc01829,R | petC,pucA,pucB,pufA,pufB,secA
00 | ion 3 | CAP_rcc02530,RCAP_rcc02531,RCAP_rcc02769,RCAP_rcc02770
46 | bin 5
87 | din 1
2 |49
pa | pat | o | fa | matching proteins in your network (IDs) matching proteins in your network (labels)
th |hw | b |Is
w | ay se | e
ay [des |r | di
ID | crip |V |scC
tion e |0
d | v
g |er
e 1y
ni|r
e | at
c |e
0
u
n
t
G mac | 1 | 3. | RCAP_rcc00659,RCAP_rcc00691,RCAP_rcc00692,RCAP_rcc00744,RCAP_rcc00767,RCAP_rc | RCAP_rcc02972,atpA,atpC,atpD,atpF,hupA,petB,
O. (rom |7 |2 c01460,RCAP_rcc01909,RCAP_rcc02011,RCAP_rcc02530,RCAP_rcc02531,RCAP_rcc02532,R | pucA,pucB,pucC,pucD,pufA,pufB,puhA,rpmF,rps
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FC Distribution SBRM1 - SB1003
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Figure S3: Differential expression (normalized log2 fold change) between the genome-sequenced strain, SB1003, and its derived ctrA
mutant strain, SBRM1. Most putative SRNAs have similar transcription level between both strains. 18 SRNAs had an absolute log2
fold change >= 3. These 18 sSRNAs are indicated on the right plot as the points above the top horizontal line or below the bottom

horizontal line.
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Appendix 2 - Supplementary Figures and Tables for Chapter 3
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Figure S4: Scatter plot showing differences between TSS and TTS associated with annotated

genes.
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SB1003 5'ends sRNAs DE442 5'ends sRNAs
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Figure S5: Scatter plot showing differences between TSS and TTS associated with the putative

SRNAs
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Appendix 3 — Supplementary Figures and Tables for Chapter 4

Table S5: Mean difference and significance of relative gene expression analysis. Each strain was compared to the relative expression

values obtained from the R. capsulatus wild-type strain SB1003.

rpoZ
Dunnett's multiple comparisons test Mean Diff. 95.00% ClI of diff. Significant? Summary Adjusted P Value | A-

?
SB1003 rpoZ vs. SB1865 rpoZ 0.2565 -0.05068 to 0.5636 No ns 0.1082 B SB1865 rpozZ
SB1003 rpoZ vs. SB1866 rpoZ 0.2565 -0.05068 to 0.5636 No ns 0.1082 C SB1866 rpoZ
SB1003 rpoZ vs. SBcckA rpoZ 0.2565 -0.05068 to 0.5636 No ns 0.1082 D SBcckA rpoZ
SB1003 rpoZ vs. SBRM1 rpoZ 0.2565 -0.05068 to 0.5636 No ns 0.1082 E SBRM1 rpoZ
Test details Mean 1 Mean 2 Mean Diff. SE of diff. nl n2 |q DF
SB1003 rpoZ vs. SB1865 rpoZ 1.001 0.7444 0.2565 0.1063 3 3 2.414 10
SB1003 rpoZ vs. SB1866 rpoZ 1.001 0.7444 0.2565 0.1063 3 3 2.414 10
SB1003 rpoZ vs. SBcckA rpoZ 1.001 0.7444 0.2565 0.1063 3 3 2.414 10
SB1003 rpoZ vs. SBRM1 rpoZ 1.001 0.7444 0.2565 0.1063 3 3 2.414 10
rpoA
Dunnett's multiple comparisons test Mean Diff. 95.00% ClI of diff. Significant? Summary Adjusted P Value | A-
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SB1003 rpoA vs. SB1865 rpoA -0.3662 -1.034 t0 0.3011 No ns 0.3704 B SB1865 rpoA
SB1003 rpoA vs. SB1866 rpoA -0.3662 -1.034 t0 0.3011 No ns 0.3704 C SB1866 rpoA
SB1003 rpoA vs. SBcckA rpoA -0.3662 -1.034 to 0.3011 No ns 0.3704 D SBcckA rpoA
SB1003 rpoA vs. SBRM1 rpoA -0.3662 -1.034 t0 0.3011 No ns 0.3704 E SBRM1 rpoA
Test details Mean 1 Mean 2 Mean Diff. SE of diff. nl n2 |q DF
SB1003 rpoA vs. SB1865 rpoA 1.012 1.378 -0.3662 0.2309 3 3 1.586 10
SB1003 rpoA vs. SB1866 rpoA 1.012 1.378 -0.3662 0.2309 3 3 1.586 10
SB1003 rpoA vs. SBcckA rpoA 1.012 1.378 -0.3662 0.2309 3 3 1.586 10
SB1003 rpoA vs. SBRM1 rpoA 1.012 1.378 -0.3662 0.2309 3 3 1.586 10
171
Dunnett's multiple comparisons test Mean Diff. 95.00% ClI of diff. Significant? Summary Adjusted P Value | A-

?
SB1003 171 vs. SB1865 171 0.9522 0.7609 to 1.143 Yes Fkkk <0.0001 B SB1865 171
SB1003 171 vs. SB1866 171 -1.613 -1.804 to -1.422 Yes Fkkk <0.0001 C SB1866 171
SB1003 171 vs. SBcckA 171 0.9763 0.7625 t0 1.19 Yes Fkkk <0.0001 D SBcckA 171
SB1003 171 vs. SBRM1 171 0.9756 0.7844 t0 1.167 Yes kel <0.0001 E SBRM1 171
Test details Mean 1 Mean 2 Mean Diff. SE of diff. nl n2 |q DF
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SB1003 171 vs. SB1865 171 1.007 0.05439 0.9522 0.06487 3 3 14.68 9
SB1003 171 vs. SB1866 171 1.007 2.62 -1.613 0.06487 3 3 24.87 9
SB1003 171 vs. SBcckA 171 1.007 0.03029 0.9763 0.07253 3 2 13.46 9
SB1003 171 vs. SBRM1 171 1.007 0.03093 0.9756 0.06487 3 3 15.04 9
555
Dunnett's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value | A-

?
SB1003 555 vs. SB1865 555 0.8415 0.558 t0 1.125 Yes kel <0.0001 B SB1865 555
SB1003 555 vs. SB1866 555 -0.6886 -0.972 to -0.4051 Yes kel 0.0001 C SB1866 555
SB1003 555 vs. SBcckA 555 0.9169 0.6334t01.2 Yes ikl <0.0001 D SBcckA 555
SB1003 555 vs. SBRM1 555 0.9386 0.6552 to 1.222 Yes falahall <0.0001 E SBRM1 555
Test details Mean 1 Mean 2 Mean Diff. SE of diff. nl n2 |q DF
SB1003 555 vs. SB1865 555 1.017 0.1757 0.8415 0.09806 3 3 8.581 10
SB1003 555 vs. SB1866 555 1.017 1.706 -0.6886 0.09806 3 3 7.022 10
SB1003 555 vs. SBcckA 555 1.017 0.1003 0.9169 0.09806 3 3 9.351 10
SB1003 555 vs. SBRM1 555 1.017 0.07858 0.9386 0.09806 3 3 9.572 10
1079
Dunnett's multiple comparisons test Mean Diff. 95.00% ClI of diff. Significant? Summary Adjusted P Value | A-

?
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SB1003 1079 vs. SB1865 1079 0.9975 0.6947 to 1.3 Yes fakahal <0.0001 B SB1865 1079
SB1003 1079 vs. SB1866 1079 -0.1336 -0.4364 to 0.1692 No ns 0.5442 C SB1866 1079
SB1003 1079 vs. SBcckA 1079 1.017 0.7143t0 1.32 Yes fakahal <0.0001 D SBcckA 1079
SB1003 1079 vs. SBRM1 1079 1.004 0.7011 to 1.307 Yes fakahal <0.0001 E SBRM1 1079
Test details Mean 1 Mean 2 Mean Diff. SE of diff. nl n2 |q DF
SB1003 1079 vs. SB1865 1079 1.027 0.02932 0.9975 0.1047 3 3 9.522 10
SB1003 1079 vs. SB1866 1079 1.027 1.16 -0.1336 0.1047 3 3 1.275 10
SB1003 1079 vs. SBcckA 1079 1.027 0.009699 1.017 0.1047 3 3 9.71 10
SB1003 1079 vs. SBRM1 1079 1.027 0.02287 1.004 0.1047 3 3 9.584 10
1683
Dunnett's multiple comparisons test Mean Diff. 95.00% ClI of diff. Significant? Summary Adjusted P Value | A-

?
SB1003 1683 vs. SB1865 1683 0.4991 0.223t0 0.7752 Yes *x 0.0013 B SB1865 1683
SB1003 1683 vs. SB1866 1683 0.06873 -0.2074 to 0.3448 No ns 0.8793 C SB1866 1683
SB1003 1683 vs. SBcckA 1683 0.669 0.3929 to 0.9451 Yes il 0.0001 D SBcckA 1683
SB1003 1683 vs. SBRM1 1683 0.9796 0.7035 to 1.256 Yes Fkkk <0.0001 E SBRM1 1683
Test details Mean 1 Mean 2 Mean Diff. SE of diff. nl n2 |q DF
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SB1003 1683 vs. SB1865 1683 1.01 0.5109 0.4991 0.09552 3 3 5.225 10
SB1003 1683 vs. SB1866 1683 1.01 0.9412 0.06873 0.09552 3 3 0.7195 10
SB1003 1683 vs. SBcckA 1683 1.01 0.3409 0.669 0.09552 3 3 7.004 10
SB1003 1683 vs. SBRM1 1683 1.01 0.03033 0.9796 0.09552 3 3 10.26 10
1684
Dunnett's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value | A-

?
SB1003 1684 vs. SB1865 1684 1.025 0.6205 t0 1.43 Yes kel 0.0001 B SB1865 1684
SB1003 1684 vs. SB1866 1684 -0.6468 -1.052 to -0.2418 Yes *x 0.0032 C SB1866 1684
SB1003 1684 vs. SBcckA 1684 0.6952 0.2902 to 1.1 Yes *x 0.0019 D SBcckA 1684
SB1003 1684 vs. SBRM1 1684 1.033 0.6279 to 1.438 Yes falahall <0.0001 E SBRM1 1684
Test details Mean 1 Mean 2 Mean Diff. SE of diff. nl n2 |q DF
SB1003 1684 vs. SB1865 1684 1.05 0.02428 1.025 0.1401 3 3 7.32 10
SB1003 1684 vs. SB1866 1684 1.05 1.697 -0.6468 0.1401 3 3 4.617 10
SB1003 1684 vs. SBcckA 1684 1.05 0.3546 0.6952 0.1401 3 3 4.962 10
SB1003 1684 vs. SBRM1 1684 1.05 0.0169 1.033 0.1401 3 3 7.372 10
1686
Dunnett's multiple comparisons test Mean Diff. 95.00% ClI of diff. Significant? Summary Adjusted P Value | A-

?
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SB1003 1686 vs. SB1865 1686 1.007 0.7495 to 1.264 Yes fakahal <0.0001 B SB1865 1686
SB1003 1686 vs. SB1866 1686 0.2448 -0.01267 to 0.5022 No ns 0.0631 C SB1866 1686
SB1003 1686 vs. SBcckA 1686 0.5512 0.2938 to 0.8087 Yes ok 0.0004 D SBcckA 1686
SB1003 1686 vs. SBRM1 1686 1.006 0.749t0 1.264 Yes fakahal <0.0001 E SBRM1 1686
Test details Mean 1 Mean 2 Mean Diff. SE of diff. nl n2 |q DF
SB1003 1686 vs. SB1865 1686 1.012 0.004558 1.007 0.08906 3 3 11.31 10
SB1003 1686 vs. SB1866 1686 1.012 0.7668 0.2448 0.08906 3 3 2.748 10
SB1003 1686 vs. SBcckA 1686 1.012 0.4603 0.5512 0.08906 3 3 6.19 10
SB1003 1686 vs. SBRM1 1686 1.012 0.00514 1.006 0.08906 3 3 113 10
1865
Dunnett's multiple comparisons test Mean Diff. 95.00% ClI of diff. Significant? Summary Adjusted P Value | A-

?
SB1003 1865 vs. SB1865 1865 -4.27E+08 -427019905 to -427019893 Yes Fkkk <0.0001 B SB1865 1865
SB1003 1865 vs. SB1866 1865 -12.92 -19.16 to -6.676 Yes il 0.0006 C SB1866 1865
SB1003 1865 vs. SBcckA 1865 0.4345 -6.5451t0 7.414 No ns 0.999 D SBcckA 1865
SB1003 1865 vs. SBRM1 1865 0.8246 -5.418 to 7.067 No ns 0.9837 E SBRM1 1865
Test details Mean 1 Mean 2 Mean Diff. SE of diff. nl n2 |q DF
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SB1003 1865 vs. SB1865 1865 1.016 427019900 -427019899 2117 3 3 201665841 9
SB1003 1865 vs. SB1866 1865 1.016 13.93 -12.92 2117 3 3 6.101 9
SB1003 1865 vs. SBcckA 1865 1.016 0.5812 0.4345 2.367 3 2 0.1835 9
SB1003 1865 vs. SBRM1 1865 1.016 0.1912 0.8246 2117 3 3 0.389%4 9
1866
Dunnett's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value | A-

?
SB1003 1866 vs. SB1865 1866 0.216 -0.03505 to 0.467 No ns 0.0962 B SB1865 1866
SB1003 1866 vs. SB1866 1866 0.6469 0.3958 t0 0.8979 Yes bkl <0.0001 C SB1866 1866
SB1003 1866 vs. SBcckA 1866 0.7802 0.5292 t0 1.031 Yes kel <0.0001 D | SBcckA 1866
SB1003 1866 vs. SBRM1 1866 0.8111 0.56 to 1.062 Yes falalaiad <0.0001 E SBRM1 1866
Test details Mean 1 Mean 2 Mean Diff. SE of diff. nl n2 |q DF
SB1003 1866 vs. SB1865 1866 1.009 0.7929 0.216 0.08685 3 3 2.487 10
SB1003 1866 vs. SB1866 1866 1.009 0.362 0.6469 0.08685 3 3 7.448 10
SB1003 1866 vs. SBcckA 1866 1.009 0.2287 0.7802 0.08685 3 3 8.983 10
SB1003 1866 vs. SBRM1 1866 1.009 0.1978 0.8111 0.08685 3 3 9.339 10
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One sentence summary: Prokaryotic cells release various molecules and supramolecular structures into the extracellular environment including

membrane vesicles and virus-like particles, a comparison of which is discussed in this minireview.

Editor: Olga Ozoline

ABSTRACT

Bacteria are known to release difterent types of particles that serve various purposes such as the processing of metabolites,

communication, and the transfer of genetic material. One ol the most interesting aspects of the production of such

particles is the biogenesis and trafficking of complex particles that can carry DNA, RNA, proteins or toxins into the
surrounding environment to aid in bacterial survival or lead to gene transfer. Two important bacterial extracellular
complexes are membrane vesicles and gene transfer agents. In this review, we will discuss the production, contents and
functions of these two types of particles as related to their abilities to facilitate horizontal gene transfer.

Keywords: gene transfer; extracellular environment; vesicle; virus

INTRODUCTION

Gene transfer agents (GTASs) were first discovered in 1974 in the
bacterium Rhodobacter capsulatus as virus-sized, DNase-resistant
and protease-sensitive mediators of cell contact-independent
genetic exchange (Marrs 1974; Solioz, Yen and Marrs 1975). They
are tailed phage-like particles that contain DNA from the pro-
ducing cell’s genome (Lang and Beatty 2007; Stanton 2007) which
are released into the extracellular environment via lysis of the
producing cell (Matson ef al. 2005; Fogg, Westbye and Beatty 2012;
Hynes e al. 2012). GTAs have now been documented in a wide
range of prokaryotes, including both bacteria and archaea (Marrs
1974; Rapp and Wall 1987; Humphrey et al. 1997; Bertani 1999;
Biers er al. 2008; Berglund er a/. 2009; Nagao er al. 2015; Tomasch
et al. 2018). The factors controlling GTA production appear to
differ between different organisms but, to date, the sole known
function for GTAs is to mediate gene transfer.

Membrane vesicles (MVs) associated with prokaryotes were
first discovered in 1965 in cell-free culture supernatants of Es-
cherichia coli (Bishop and Work 1965) and their production has
subsequently been documented from additional Gram-negative
and Gram-positive bacteria and archaca (Beveridge 1999; Ellen
er al. 2009; Riveraer ad. 2010; Thay, Wai and Oscarsson 2013). The
production of M Vs can occur during all stages of bacterial growth
and the amount of MVs produced can be quite substantial. Tn £.
coli it has been found that MVs typically represent 1-5% of total
outer membrane material in growing cultures (Gankema er al.
1980; Wensink and Witholt 1981; Wai er al. 2003); in log-phase
cultures of Neisseria meningitidis, the total amount of released
MVs corresponds to 12% of the total lipopolysaccharides (LPS)
(Devoe 1973). Unlike GTAs, MVs can contain and transport a va-
riety of cargo (Table 1) and, in addition to mediating horizontal
gene transfer (HGT), their known activities include trafficking
of signals for quorum sensing, defence against viral infection,
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Table 1. Examples of different cargo carried by MVs.

Organism

Cargo

References

Aggregatibacter actiy itans®

Porphyromonas gingivalis®
Escherichia coli

Bartonella henselae
Pseudomonas aeruginosa
Prochlorococcus
Streptomyees coelicolor
Pseudomonas fragi

Lysobacter sp.

LPS, endotoxin, leukotoxin,
Gro-EL homolog

Proteases

Shiga toxins | and 2, DNA
Hemin-binding proteins
PaAP aminopeptidase, DNA
Proteins, DNA, RNA
Proteins

Protecase

Proteins (endopeptidase L5)

Nowotny ef al. 1982;
Goulhen er al. 1998; Kato,
Kowashi and Demuth 2002
Grenier and Mayrand 1987
Kolling and Matthews 1999
Roden er al. 2012

Bauman and Kuehn 2006
Biller et af. 2014

Schrempf er al. 2011
Thompson, Naidu and
Pestka 1985

Vasilyeva et al. 2008

*Formerly Actinobacillus actinomycetemcomitans

SFormerly Bacteroides gingivalis

transport of toxic compounds, and they can also play a role in
pathogenicity (Devoe 1973; Loeb and Kilner 1978; Nowotny et al.
1982; Kadurugamuwa and Beveridge 1997; Horstman and Kuehn
2000; Yaron et al. 2000; Renelli er al. 2004; Mashburn and White-
ley 2003; Rivera er al. 2010; Thay, Wai and Oscarsson 2013; Deo
et al. 2018). Across different microorganisms, some MVs’ func-
tions are conserved (Deatherage and Cookson 2012), and simi-
lar mechanistic release strategies based on membrane blebbing
have been observed (Rivera et af. 2010).

It is possible that MVs and GTAs exist in abundance in all en-
vironmentson Earth (McDanieleral. 2010; Billerezal. 2014; Nagao
et al. 2015), but identifying them and distinguishing them from
true viral particles represents a challenge. MVs, just like viruses
and virus-like particles, can carry enough DNA to be detected
using DNA stains and fluorescence microscopy (Brussaard 2009;
Ortmann and Suttle 2009). The morphology. dimensions and
molecular composition of MVs can be very similar to those of
virions (Forterre ef al. 2013); likewise, GTAs have the structure of
bacteriophage particles and contain DNA (Stanton 2007; Lang,
Zhaxybayeva and Beatty 2012; Lang, Westbye and Beatty 2017).
Recent studies have therefore suggested that earlier estimates
of the abundance of viruses or virus-like particles in the envi-
ronment might be overestimates duc to the unrecognized oc-
currence of MVs and GTAs (Forterre er al. 2013; Soler ef al. 2015).
Correspondingly, it is therefore very likely that the numbers of
MVs and GTAs in environmental samples have been greatly un-
derestimated, and that their roles in genetic transfer in nature
could be much greater than previously appreciated.

HGT is one of the most powerful forces in the evolution of
bacteria and archaea. There are three canonical mechanisms by
which HGT can occur: (1) conjugation (direct cell-to-cell transfer
of elements such as plasmids), (ii) natural transformation (up-
take of free DNA from the environment), and (iii) transduction
(transfer by phage particles). GTAs incorporate genomic DNA
into particles that resemble phages and their mechanism of
gene transfer is most similar to transduction. MVs resemble en-
veloped viruses and, similar to GTAs, their DNA cargo is pro-
tected inside afier release from the producing cell, and they can
then attach and introduce the DNA content into recipients. How-
ever, while both GTAsand M Vs facilitate HGT in ways similar to
transduction, the formation of GTAs and MVs, their selection of
DNA to be incorporated into the particles, and the mechanism
of their release from the host cells, are very different. In this
review we attempt to highlight the similarities and differences
between MVs and GTAs with respect to their activities in HG'T.

We refer readers to previous reviews that cover many additional
details concerning GTAs (Lang and Beatty 2001; Stanton 2007;
Lang, Zhaxybayeva and Beatty 2012; Lang, Westbye and Beatty
2017: Westbye, Beatty and Lang 2017) and MVs (McBroom and
Kuehn 2005; Ellis and Kuehn 2010; Kulp and Kuehn 2010; Hau-
rat, Elhenawy and Feldman 2015).

PRODUCTION AND RELEASE OF
DNA-CONTAINING PARTICLES

MV s are small spherical structures that vary in size from approx-
imately 10 to 300 nm in diameter (Ellis and Kuehn 2010; Kulp
and Kuehn2010; Haurat, Elhenawy and Feldiman 2015; T'satsaro-
nis et al. 2018). For a given organism, the sizes of MV's produced
are not uniform, and difTerent sizes of M'Vs can be produced de-
pending on environmental factors and cell stressors (McBroom
and Kuchn 2007). In Gram-negative bacteria, MVs can be pro-
duced from live cells by a mechanism called blebbing, which
is an outward bulging of the outer membrane in an arca that
lacks membrane-peptidoglycan bonds (Chatterjee and Das 1967;
Grenier and Mayrand 1987; Mayrand 1989; Kadurugamuwa and
Beveridge 1995; Patrick eral. 1996; Beveridge 1999: Kollingand
Matthews 1999). Blebbing is then followed by membrane fission
thatdoesnotrequiredirectenergy from ATP/GTP (McBroomand
Kuehn 2005; Kulp and Kuehn 2010). The process is compara-
ble to viral budding from the membrane of wall-less eukaryotic
cells. In Gram-positive bacteria, the process of MV production
is similar to Gram-negative bacteria in that these vesicles are
also created by an outward bulging of the membrane (Prados-
Rosales et al 2011). However, since Gram-positive bacteria lack
an outer membrane, the MVs are derived from the cytoplasmic
membrane in areas of the cell where membrane microdomains
protrude (Mayer and Gottschalk 2003). In archaean organisms, it
has been found that vesicles are also released in a budding-off
process similar to that found in Gram-negative bacteria, but the
details of this process have not been well characterized (N ther
and Rachel 2001). Overall, mechanisms that control the forma-
tion of MVs are not well understood (Kulp and Kuehn 2010).
Another mechanism for the biogenesis of MVs, which was
recently identified in Pseudomonas aeruginosa biotilms using dy-
namic super-resolution microscopy, is by means of ‘explosive
cell lysis’ (Turnbull ef af. 2016). The cell lysis is due to the ac-
tivity of a prophage endolysin, and membrane fragments and
cellular components are released into the extracellular milieu.
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The cellular components can then be captured by M Vs that form
from the released membrane [ragments. This raises the possibil-
ity that MV formation might accompany cell lysis events asso-

ciated with phage or GTA release in other organisms.

Different types of nucleic acids, such as chromosomal, plas-
mid or phage DNA and RNA, can be found associated with MVs
(Biller er ai. 2014; Gaudin er al. 2014; Erdmann er /. 2017; Tsat-
saronis er ¢l. 2018), and can be carried either on the outer sur-
face (Perez-Cruz et al. 2013, Biller ef al. 2014; Perez-Cruz ef al.
2015; Bitto ef al. 2017) or in the lumen (Renelli er al. 2004; Ful-
sundar ef al. 2014; Gaudin et al. 2014; Ho et al. 2015). Nucleic
acid cargo that is carried inside the particles is protected against
nucleases in the extracellular milieu (Rumbo er al. 2011; Biller
et al. 2014; Fulsundar er al. 2014; Jiang ef al. 2014), which makes
it more likely they will survive and be delivered to other cells.
In most cases it is unclear if nucleic acids are actively trans-
ported to MVs or if their presence in these particles is the re-
sult of random processes during MV formation (Domingues and
Nielsen 2017). Transformation studies investigating competence
inAcinetobacter baylyi identified genes involved in DNA transport
that could in addition be involved in the packaging of DNA into
MVs (Link er al. 1998; Busch, Rosenplinter and Averhoff 1999;
Herzberg, Friedrich and AverhofT 2000; AverhofT and Gral 2008).
It was also found that antibiotic stress increases the DNA con-
tent in the M Vs released by this bacterium (Fulsundar er al. 2014).
The recent findings of production of MVs through explosive cell
lysis gives another mechanism to explain how DNA, RNA and
cytoplasmic material can be found in MVs, but it seems unlikely
that the cargo of MVs can be precisely controlled with this mech-
anism (Turnbull er . 2016).

One example for specific selection of cargo and function
are the plasmid-mobilizing MVs produced by the archaeon
Halorubrum lacusprofundi where a plasmid encodes the genes for
the production of a specialized MV, referred to as a PV (plasmid
vesicle), which is responsible for packaging the plasmid DNA
into the PV and for its transmission to other cells (Erdmann er al.
2017). This plasmid MV virus-like hybrid element is the latest ex-
ample of the blurred distinction between what should be called
a plasmid or a virus. Such blurred boundaries seem common
within the spectrum of mobile genetic elements (e.g. integra-
tive and conjugative elements that have properties of both plas-
mids and transposons (Burrus 2017), and transposable phages
that have properties of both phages and transposons (Toussaint
and Rice 2017)).

GTAs resemble small-headed tailed bacteriophages and sev-
eral are known to be released from the producing cell by lysis
(Matson ez al. 2005; Fogg, Westbye and Beatty 2012; Hynes et al.
2012). Their capsid sizes vary from 30 to 80 nm and they contain
4—14 kbp of DNA packaged in the protein capsid shell (Yen, Hu
and Marrs 1979; Rapp and Wall 1987; Humphrey, Stanton and
Jensen 1995; Liserling, Pushkin and Bertani 1999; Barbian and
Minnick 2000; Nagao er af. 2015; Tomasch er al. 2018). Bacterio-
phages usually package their entire genomes and are able to
replicate in suitable infected host cells. By contrast, GTA par-
ticles do not package sufficient DNA to encode their own pro-
duction and no replication occurs after the encapsidated DNA
is injected into a cell by a GTA particle. GTAs contain fragments
of DNA from across the entire genome of the host cell and most
GTA particles do not contain any GTA-encoding genes (Lang and
Beatty 2007; Stanton 2007; Lang, Zhaxybayeva and Beatty 2012).
This means that GTAs are non-replicative.

The genes that encode GTA structural proteins are con-
tained within the hosts’ genomes and are known for several of

the GGTAs. For example, a cluster of ~15 open reading frames

leral | 3

encodes most of the R. capsudatis GTA (ReGTA) particle proteins
(Lang and Beatty 2000; Chen er al. 2008), with at least three ad-
ditional structural proteins encoded at two distant loci (Hynes
erfal. 2016; Westbye ef al. 2016). The Bartonella GTA (BaGTA) genes
are organized within a 80 kb-long genome segment (Quebatte
et al. 2017) with a cluster of 11 genes at the 5” end of this BaGTA
genome region that belong to the bona fide GTA locus that had
previously been inferred by sequence conservation analysis (Guy
et al. 2013). The GTA of Brachyspira hyodysenteriae is encoded in
two co-regulated gene clusters (Matson ef al. 2005; Stanton ef ol
2009). Unlike R. capsulatus and Bartonella spp., the B. hvodvsen-
teriae GTA structural genes show no sequence homology with
known phage genes. The organizations of the GTA structural
genes are not yet known for some other organisms such as Desul-
Jovibrio desulfuricans and Methanococcus voltae.

As mentioned above, GTA particles appear to contain DNA
from throughout the producing cells’ genomes when exam-
ined using low-resolution techniques such as agarose gel elec-
trophoresis (Yen, Hu and Marrs 1979; Rapp and Wall 1987;
Anderson ef al. 1994; Humphrey ef af. 1997; Bertani 1999). Hy-
bridization of DNA from R. capsulatus GTA particles to a R. cap-
sulafus whole-genome microarray showed that DNA packaging
is essentially random in this organism (Hynes ef al. 2012). In
Bartonella, microarray hybridization of the GTA-packaged DNA
showed that a phage-derived region of the genome associated
with run-off replication is packaged more frequently (Berglund
et al. 2009), presumably due to its higher copy number. Subse-
quent gene transfer experiments showed that this GTA transfers
chromosomal DNA, but not episomal DNA (Quebatte et al. 2017).
The first documented clear deviation from random packaging
comes from the bacterium Dinoroseobacter shibae where high-
throughput sequencing of GTA-packaged DNA showed that, al-
though all genomic DNA could be detected in the particles, chro-
mosomal position and GC content are associated with differ-
ences in packaging, and DNA from different replicons in the cells
are packaged at very different rates (Tomasch er al. 2018). DNA
packaging into tailed phage particles is performed by the termi-
nase enzyme (Casjens 2011), and the Bartonella, R. capsularus and
D. shibae GTA clusters contain predicted terminase-encoding
genes (Lang and Beatty 2000; Berglund et a/. 2009; Tomasch ef a/.
2018). The sequence specificity of this enzyme, or lack thereof,
possibly combined with other features of the genomic DNA, are
expected to determine exactly what DNA is packaged into the
GTA particles.

The production of GTA particles is dependent on the host’s
physiology. For example, in R. capsulatus the production of GTA
particles varies according to the growth phase of lab cultures
(Solioz, Yen and Marrs 1975) and is affected by phosphate con-
centration (Westbye er a/. 2013); production of GTAs is increased
in response to certain DNA-damaging antibiotics in B. hvodysen-
teriae (Humphrey, Stanton and Jensen 1995; Stanton ef al. 2008),
and the stringent response controls GTA production in Bartonella
(Quebatte et al. 2017). Regulation of GTA production has been
most extensively studied in R. capsulatus, and expression of its
GTA genes and release of the particles into the extracellular mi-
licu are regulated by several cellular regulatory systems and two
phage-related genes located outside of the main structural gene
cluster (reviewed in (Lang, Zhaxybayeva and Beatty 2012; Lang,
Westbye and Beatty 2017; Westbye, Beatty and Lang 2017)). The
cellular regulators include multiple regulatory systems (Lang
and Beatty 2000; Mercer ef al. 2012; Westbye ef al. 2013; Mer-
cer and Lang 2014; Kuchinski er al. 2016; Westbye er al. 2018),
with the growth-phase regulation occurring via a long-chain

acyl-homoserine lactone quorum-sensing system that was
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found to induce five- to seven-fold higher GTA gene expression
in the stationary phase (Schaefer er &/. 2002). The mechanisms by
which the phage-related regulatory genes affect the production
of GTAs is not yet known.

EFFECTS OF RECEIVING DNA FROM MVS AND
GTAS

The effects that MVs can have when released into their envi-
ronment obviously depends on their content. Interactions with
a recipient cell can be via MV lysis, which allows the content
of an MV 1o subsequently diffuse through the cell membrane
into target cells (Dorward and Garon 1990; Schooling, Hubley and
Beveridge 2009), or could lead to DNA transfer if the recipient
cell is competent for transformation. Indeed, competence pro-
teins seem to play a role in the uptake of DNA delivered by MVs
in Acinetobacter baylyi (Fulsundar er al. 2014). Another type ofin-
teraction with a target organism is via direct attachment fol-
lowed by internalization or membrane fusion (Kadurugamuwa
and Beveridge 1996; Kadurugamuwa and Beveridge 1999), which
can deliver DNA directly into the recipient cell. A recent study
showed that internal DNA has the potential for genetic exchange
(Bitto et al. 2017), while surface-bound DNA appears to be impor-
tant for biofilm formation and protection of the biofilm (Rumbo
et al. 2011; Gloag et al. 2013; Liao et al. 2014). However, treat-
ment of MVs with DNase was found to lower the efficiency of
gene transfer in another study with Porphyromonas gingivalis (Ho
et al. 2015), suggesting that DNA on the surface can be important
forHGT.

MVs carrying DNA have been known to mediate HGT for
some time, but the mechanisms by which they achieve the
transfer of genetic material have only been identified in recent
years. The first demonstration of DNA and RNA content in MVs
was from Neisseria gonorrhoeae almost 30 years ago (Dorward,
Garon and Judd 1989). In that study, MV-mediated transfer of
plasmid DNA was observed in the presence of DNase and re-
sulted in the efficient exchange of penicillinase-specifying R
plasmids. Transfer of plasmids seems to be a common theme for
MVs. Anotherexample is Acinetobacter baumannii, where the MVs
it produces are able to transfer plasmid DNA as well as the OXA-
24 carbapenemase gene (Rumbo e /. 2011), showing the poten-
tial importance of MVs in the dissemination of antimicrobial re-
sistance. Plasmid transfer by MVs has also been demonstrated
in archaea, where Thermococcus kodakaraensis released MVs har-
bouring a plasmid that were able to transfer the plasmid into
plasmid-free cells (Gaudin ef al. 2013). Also, as mentioned in the
previous section, a plasmid was shown to direct the formation
of MVs for its packaging and transmission in the archacon /7.
lacusprofundi (Lrdmann ef af. 2017). MV-mediated DNA transfer
has also been documented in Gram-positive bacteria, with the
MV-containing fraction of a culture supernatant of Ruminococcus
sp. able to restore a specific metabolic activity to mutant strains
(Klieve eral. 2005).

Another membrane-derived particle that slightly differs from
any other MV was identified by adding environmental samples
to F. eoli amino acid auxotrophs and selecting for prototrophs
(Chiura ef al. 2011). The recipient cells were able to produce new
MVs that contained up to 370 kbp of DNA and were capable of
gene transfer, a phenomenon termed serial transduction. This
DNA content is much higher than any other known MVs that we
are aware of, and the process resembled generalized transduc-
tion as no markers were preferentially transferred.

Overall, it is now known that MVs produced by bacteria and
archaea can move DNA between cells. The fate of any trans-
ferred DNA (i.c. maintained versus degraded in the recipient cell)
and the genes present on any transferred DNA will obviously be
the key determinants of the overall outcome for a recipient cell.
MV transfer of plasmids has been repeatedly detected, suggest-
ing that this may be an underappreciated mechanism for plas-
mid movement among organisms. Membrane-derived particles
that are capable of inducing serial transduction in recipient cells
have also been detected, indicating that particles very similar
to MVs may be capable of more than just HGT but can [urther-
more transmit the capability for particle production in some in-
stances. More research is required to identify specific underlying
mechanisms that select specific cargo for packaging and achieve
the transfer of genetic material. At this time, we are unaware of
any studies indicating that specific organisms use MV-mediated
DNA transfer as a means of recombination within their popula-
tion, but that seems to be one possibility for MV function.

The potential for GTAs to transfer DNA among difTerent
species has not been widely investigated. Due to their tailed
phage-like structures, it has been assumed that the GTA parti-
cles bind to their recipient cells via specific tail-receptor interac-
tions (Lang, Zhaxybayeva and Beatty 2012), but protein receptors
have not yet been identified. A requirement for such specific in-
teractions would be one limitation to GTA DNA transfer. While
not all isolates of R. capsulatus are capable of producing GTAs, 25
of 33 tested Rheodobacter strains were able to act as recipients and
successfully take up DNA from GTA particles (Wall, Weaver and
Gest 1975). The transfer of genetic material to related species
was not observed (Wall, Weaver and Gest 1975). In R. capsula-
tus, the GTAs contain head spikes (Westbye ef al. 2016) that are
needed for the binding o the R. capsularus polysaccharide cell
capsule (Brimacombe er al. 2013). Although the head spikes are
not essential for GTA gene transfer, they greatly enhance the
GTA-—cell interactions (Hynes ef al. 2016; Westbye e/ a/. 2016). In
contrast to ReGTA and its apparently narrow host range, GTA
transfer from Roseovarius nubinhibens showed broad gene trans-
fer capability and interspecific transfer at very high frequencies
(McDaniel eral. 2010).

Once DNA carried by the GTA particles is introduced into a
recipient cell, the linear DNA molecule then needs to be recom-
bined, via homologous or non-homologous recombination, into
the cell’s genome in order to be maintained. Homologous re-
combination involving the recombinase RecA is involved in GTA-
transduced DNA incorporation in R. capsularus (Genthner and
Wall 1984; Brimacombe, Ding and Beatty 2014), and is dependent
on the presence of DprA. DprA was found to non-specifically
bind incoming double-stranded DNA, protecting it from endonu-
clease digestion (Brimacombe, Ding and Beatty 2014). The com-
petence proteins, ComEC and ComF, which are putative DNA
transport proteins, are also involved in the process of DNA up-
take, and they facilitate the entry of DNA from GTAs into the
cytoplasm of recipient cells (Brimacombe ef al. 2015). The ex-
pression of the genes encoding the capsule biosynthesis system
and these DNA uptake and processing proteins is co-regulated
with genes for the production and release of GTA particles, such
that a small proportion of the population becomes activated to
make and release GTAs while the remainder of the population
becomes active to receive the DNA from GTAs (Lang, Westbye
and Beatty 2017; Westbye, Beatty and Lang 2017).

It was recently shown that the induction of GTA produc-
tion in Bartonefla is also restricted to a subset of the popula-
tion (Quebatte er a/. 2017). In this system, the stringent response
signal guanosine-tetraphosphate limits GTA production to the
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fast-growing cells in the population. The uptake of DNA from
GTAs is only done by actively dividing cells because it requires
the presence of the Tol-Pal trans-envelope complex, which is
needed to mediate outer-membrane fusion upon cell division.
Furthermore, DNA transfer into the cells also requires homologs
of the same competence and recombination proteins required in
R capsulatus. The outer-membrane TolC and HbpC proteins were
also identified as candidate protein receptors on the cell surface
forthe GTAs.

It has been proposed that the Bartonella GTA benefits these
bacteria in the expansion of their host range by facilitating
transfer of host-adaptation systems (Berglund er af. 2009). This
was based on the finding that highly dynamic regions of the
chromosome, which contain many gene clusters for secretion
systems, were extensively amplified and packaged into BaGTA
particles (Berglund ef al. 2009), which were subsequently shown
to be functional for gene transfer (Guy er al. 2013). Subsequent
experiments that revealed details about regulation of its produc-
tion and limits on which cells can receive the BaGTA DNA indi-
cate this may be a strategy to promote genetic exchange within
the fittest members of the population and to disfavour the ex-
change of detrimental mutations (Quebatte et al. 2017).

As described in the previous section, the genes encoding the
GTA particles are known for the B. iiyodysenteriae, R. capsulatus
and Bartonella GTAs. These three GTAs are genetically distinct,
indicating they have independent evolutionary origins, and are
presumed to be derived from prophage ancestors. Complete sets
of homologs of the R. capsulaius GTA genes are widely distributed
in bacteria belonging to the same taxonomic family within the
class a-proteobacteria, the Rhodobacteraceae, with more lim-
ited conservation also found in other members of this class
(Lang and Beatty 2001; Lang, Taylor and Beatty 2002; Lang and
Beatty 2007; Biers ef a/. 2008; Paul 2008; Lang, Zhaxybayeva and
Beatty 2012; Shakya, Soucy and Zhaxybayeva 2017). GTA pro-
duction has been documented for some of these bacteria (Biers
el al. 2008; McDaniel er af. 2010; Nagao er al. 2015; Tomasch er al.
2018). The Bartonella GTA genes are also well-conserved in the
Bartonellaceae but show much more limited distribution out-
side of this family (Berglund er af. 2009: Guy et al. 2013). For both
of these GTAs, the distribution of their genes and evolutionary
relationships among the homologs in different genomes argue
they have had long evolutionary associations in these bacterial
lincages. Furthermore, analysis of nucleotide substitution pat-
terns in their genes indicates they are under similar purifying
selection as bona fide cellular genes and different from prophage
genes (l.ang, Zhaxybayeva and Beatty 2012).

GTAs have evolved independently in divergent organisms,
and while possible benefits to recipient cells of receiving DNA
from GTA particles have been proposed, these have not been
proven. Perhaps there are other functions for GTAs, or the
products of their genes, in the producing organisms, though
such possible functions remain obscure. GTAs are highly con-
served, under selection and specifically regulated in some lin-
eages, which suggests that they probably provide benefits to
the producing organisms. Homologous recombination within
a prokaryotic population has been predicted to have bene-
fits, which could include the restoration of genes that have
been inactivated through mutations (Marrs, Wall and Gest 1977;
Takeuchi, Kaneko and Koonin 2014) or the repairofa genome af-
terinsertion ofa parasitic element (Croucheretal. 2016). A math-
ematical model suggests that competence for transformation in
an organism provides an effective defence against parasitic mo-
bile elements (Croucher et /. 2016). This could therefore be an

important consideration for the long-term maintenance of GTA
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production in prokaryotes through their prevention of stochas-
lic, irreversible deterioration of genomes.

CONCLUDING REMARKS

Bacteria and archaea release many different compounds and
particles from their cells. These include MVs, which might be
universally produced, and GTAs, which are currently known
from only a few genera. Both of these are capable of transferring
DNA from a producing cell to a recipient and thereby mediating
HGT. It seems likely that the term MV encompasses a diverse
collection of particles that are only unified by the fact that they
originate from membranes, with diverse functions carried out
by differentiated particles. Some MVs have links with mobile
genetic elements such as plasmids and viruses, and more re-
search is needed to fully understand their evolutionary origins,
the magnitude of their role in HGT, and to identify the mecha-
nisms by which DNA is selected for packaging. It is a bit sim-
pler for GTAs, which are clearly evolutionarily related to phages.
Transfer of DNA by both types of particles has been found to
involve proteins associated with natural competence in some
instances, indicating an overlap between transduction-like and
competence-based DNA transfer and blurring the distinctions
typically made among the canonical mechanisms for HGT. Pos-
sible benelits of producing and receiving DNA [rom both types
of particles remain to be proven.

We now recognize that viruses and virus-like particles are
present and abundant in all environments on Earth, and the
same seems to be true for MVs, One of the first techniques used
to attempt to quantify viruses and particles of similar size in en-
vironmental samples is epifluorescence microscopy. It was re-
cently pointed out that MVs carrying DNA would mimic viral
particles under epifluorescence microscopy, as would GTAs il
they contained enough DNA (o be detected (Forterre ef al. 2013;
Soler er al. 2015). Therefore, further work is needed to specifi-
cally quantify MVs and GTAs in environmental samples to un-
derstand how much of a contribution they make to what we cur-
rently view as the viral fraction within environmental samples
(Forterre 2013). This will then also allow us to understand better
the contributions of MVs and GTAs to gene exchange in natural
environments.
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