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Abstract

1. Abstract

Many bacterial processes such as pathogenicity or symbiosis are controlled by an
autoinducer (Al) based communication known as quorum sensing (QS). The plant symbiont
Sinorhizobium fredii NGR234 shows a unique and diverse tool to fix nitrogen in more than
120 plant genera. All genes that are important for establishing the symbiosis are located on
the symbiotic plasmid pNGR234a. A deletion of both Al synthases in Sinorhizobium fredii
NGR24 results in an upregulation of nearly all genes on pNGR234a, which can be used as a
fantastic tool to analyze the expression of small proteins on pNGR234a in a QS dependent
manner. A combination of an ORF search and mapping these resulting new ORFs to the
transcriptomic profile resulted in an identification of 251 additional small ORFs with a size
between 33 nts (10 aa) and 183 nts (60 aa). Additionally, an operon containing three
smORFs located in-between tral and repA was identified and showed impact to symbiotic
plasmid maintenance. The corresponding protein were designated RepX (51 aa), RepY (57
aa) and RepAO (143 aa). However, a fourth small protein locating on pPNGR234a is coded by
the smORF NGR_a01725 (78 nts, 25 aa). Mutagenesis approaches, immunoblotting with
specific polyclonal antibodies and studies with translation fusion verified the expression of
these smORFs to functional proteins and the essential to plasmid replication and stability.

Bacterial communication via QS can be interrupted by inactivating Al molecules that was
catalyzed by quorum quenching (QQ) enzymes. The QQ protein, designated GqgA, from
Komagataeibacter europaeus CECT 8546 shows highly similarity to prephenate dehydratase
(PDT) and strongly interferes with N-acyl-homoserine lactone (AHL) QS signals. A previous
study demonstrated that GggA cannot complement an E. coli PDT enzyme but affects QS
dependent biofilm formation in K. europaeus CECT 8546. Here, ESI-MS/MS measurements
using a GggA in vitro enzyme assay with 3-0x0-C8-HSL as substrate imply that GggA
cleaves the amide bond and releases a lactone ring and the corresponding acyl acid. Due to
the structure similarity to PDT enzymes and the acylase activity GqgA represents the first

member of a novel type of acylases involved in bacterial QQ.
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Zusammenfassung
Wie Pathogenitat oder Symbiose werden viele bakterielle Prozesse durch eine chemisch
basierte Kommunikation gesteuert, die als Quorum Sensing (QS) bekannt ist. So ist der
Pflanzensymbiont Sinorhizobium fredii NGR234 in der Lage in einer QS gesteuerten
Symbiose in mehr als 120 Pflanzenarten Stickstoff zu fixieren. Alle Gene, die in der
Stickstofffixierung involviert sind, liegen auf dem symbiotischen Plasmid pNGR234a. Da
durch eine Deletion beider Al Synthasen, samtliche Gene auf pNGR234a hochreguliert
werden, kann NGR234 als ein fantastischer Untersuchungsorganismus verwendet werden,
um die Expression von kleinen Proteinen auf pPNGR234a in einer QS-abhangigen Weise zu
analysieren. Durch eine Kombination einer ORF-Suche mit der Zuordnung der resultierenden
kleinen ORFs zum Transkriptom von NGR234, konnten 251 zusatzliche kleine ORFs mit
einer GroRRe zwischen 33 nts (10 aa) und 183 nts (60 aa) identifiziert werden. Zudem konnte
gezeigt werden, dass zwischen den Genen tral du repA ein Operon liegt, welches aus drei
kleine ORFs besteht und Auswirkungen auf die Plasmiderhaltung hat. Die entsprechenden
Proteine wurden als RepX (51 aa), RepY (57 aa) und RepAO0 (143 aa) bezeichnet. Ein
weiteres kleines Protein, welches identifiziert wurde, wird durch den kleinen ORF
NGR_a01725 kodiert und weist eine GrolRe von 25 aa auf. Mittels Mutagenese,
Immundetektion mit spezifischen Antikdrpern und Translationfusionen konnten die
Expressionen dieser kleinen ORFs zu funktionellen Proteinen und deren Einfluss auf die

Plasmidreplikation und -stabilitat nachgewiesen werden.

Die bakterielle Kommunikation mittels QS kann durch Inaktivierung von den Al Molekilen
gestort werden, was mittels Quorum Quenching (QQ) Enzymen katalysiert wird. Das QQ
Protein, genannt GqgA, aus Komagataeibacter europaeus CECT8546 zeigt eine grol3e
Ahnlichkeit zu Prephenat-Dehydratasen (PDT) und zeigt Stérungen der N-Akylhomoserin
Laktone QS Signale. Frihere Studien zeigten, dass GqgA ein E. coli PDT-Enzym nicht
komplementieren kann, sondern die QS abhangige Biofilmbildung in K. europaeus CECT
8546 beeinflusst. ESI-MS/MS-Messungen mit einem GqgA in vitro Enzymassay mit 3-oxo-
C8-HSL als Substrat zeigt, dass GqgA in der Lage ist die Amid Bindung zu spaltet und einen
Laktonring und die zugehorige Akylsaure freisetzt. Aufgrund der Strukturahnlichkeit zu PDT-
Enzymen und der Acylasen Aktivitat stellt GqgA das erste Mitglied einer neuartigen Klasse

von Acylasen da, die bakterielle QQ Eigenschaft besitzt.
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2. Introduction

Bacterial cell-to-cell communication

Quorum sensing (QS) describes the cell- cell communication within a bacterial community in
dependence of cell density. The bacteria cells produce, release and detect small mostly
diffusible molecules called autoinducers (Al). With these Al molecules the bacteria sense the
population densities and coordinate the gene expression for gene products, which are
beneficial only for the population but non-essential for the single cell (Nealson, 1977; Ng and
Bassler, 2009). At low cell density these Al disperse in the environment before being
absorbed by the other cells. When the population density increases to a threshold value the
Al are detected by the neighboring cells by binding to a transcriptional regulator (Darch et al.,
2012; Papenfort and Bassler, 2016). The complex regulates gene expression of target genes
responsible for biofilm formation, virulence factor production, bioluminescence, sporulation
and symbiosis (Cao and Meighen, 1989; Davies et al., 1998; Zhu et al., 2002; Williams and
Camara, 2009). QS was first described in the marine bacterium Vibrio fischeri (now
reclassified as Aliivibrio fischeri) regulating the production of bioluminescence. The regulator
LuxR binds to the bioluminescence operon IuxICDABEG and thereby activates the
transcription of these genes (Nealson and Hastings, 1979; Engebrecht and Silverman, 1984).
QS is common in both Gram-negative and Gram-positive bacteria (Li and Tian, 2012). In the
course of evolution, a variety of different mechanisms with various QS signal molecules have
been developed. The most common Al molecules are the N-acyl-homoserine lactones (AHLS)
in Gram-negative bacteria and consist of an acyl chain linked to a homaoserine lactone ring via
an amide bond (Figure 3; B, D; Fugua and Greenberg, 1998). Due to the different variants of
these compounds with different acyl chain length and substitutions, the acyl-HSL belongs to
the intraspecific signals and is used for species-specific communication. In contrast to the
AHLs, the autoinducer-2 (Al-2) has evolved an interspecific Al molecule. Since it is used in
both Gram-negative and Gram-positive bacteria, Al-2 is considered to be a universal
language (Xavier and Bassler, 2003). Structurally this molecule is a furanosyl borate diester
which is catalyzed by an S-ribosyl homocysteinase (e.g. LuxS; Chen et al.,, 2002). The
receptors for Al-2 molecules have been identified in numerous bacterial species, reinforcing
the presumption of using interspecific communication (Xavier and Bassler, 2003). For
example, the bioluminescence in Vibrio harveyi or the virulence factor production in
pathogenic E. coli bacteria are regulated by Al-2 molecules (Cao and Meighen, 1989; Ren et

al., 2004). In addition to the common Al molecule Acyl-HSL and Al-2, there are some more
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specific Al molecules like the diffusible signal factor (DSF) in the plant pathogen
Xanthomonas campestris (Barber et al., 1997), Pseudomonas Quinolone Signal (PQS) in the
Pseudomonas genus (Pesci et al., 1999) or the Diketopiperzine (DKP) in bacteria, fungi or
other higher organisms (Belin et al., 2012; de Carvalho and Abraham, 2012). DKPs can
activate or inhibit LuxR-mediated QS systems by competing DKPs with Al-1 molecules for the
Al-binding site of LuxR regulators. It is common that most bacteria encode for more than one

QS system.

The genus Sinorhizobium

The genus Sinorhizobium is a group of rods-shaped and nitrogen-fixing bacteria belonging to
the Rhizobiaceae family in the class of a-Proteobacteria (Figure 1, A). Some rhizobia have
established mechanisms that allow them to nodulate a wide range of host. There are only a
few Sinorhizobium strains that have this broad host range. These are namely the closed
related S. fredii NGR234 (hereafter NGR234), S. fredii USDA257, S. fredii HH103 and
S. fredii GR4 (Marie et al., 2004; Krysciak et al., 2015). Whereas HH103 can only get in
symbiosis with 210 legumes and is more classified to the narrow host range, USDA257 is
able to fix nitrogen in 79 different plant genera, but none of them has such a broad host range
as it is known for NGR234. Especially, NGR234 can form nodules in more than 120 legume
genera and the non-legume Parasponia andersonii (Pueppke and Broughton, 1999).
Because of this ability and the fact, that genome of NGR234 is complete sequenced,
NGR234 is a great model bacterium for the investigation of the symbiosis between rhizobia

and legumes and the QS dependent gene expression (Viprey et al., 2000; Perret et al., 2003;

pNGR234b

pNGR234a
0.5 Mbp

Figure 1: Scanning electron microscope image of NGR234 cells (A) and the three replicons of
NGR234 with the corresponding genome sizes (B).

A: The scanning electron microscope image was taken with the SEM Leo 1525 Gemini. B: The genome of
NGR234 consists of three replicons- the chromosome (3.9 Mbp), the megaplasmid pNGR234b (2.42 Mbp)
and the symbiotic plasmid pNGR234a (0.5 Mbp).
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Streit et al., 2004; Schmeisser et al., 2009).

The genome of the rod shaped NGR234 consists of three replicons with a total size of
6.891 Mbp (Figure 1, B). The main replicon is the chromosome with a size of 3.9 Mbp that
encodes for 3,633 genes. All essential genes important for bacterial survival are on the
chromosome. The second replicon is the megaplasmid pNGR234b harboring 2,342 genes
and has a size of 2.42 Mbp. Many of genes involved in the production of exopolysaccharides
and secretion of cell components are located on the megaplasmid (Schmeisser et al., 2009).
On the second plasmid pNGR234a, all genes necessary for establishing the symbiosis and
for nitrogen fixation are located on this replicon and the replicon is often mentioned as
symbiotic plasmid. So, here the symbiotic plasmid harbored the genes for the Nod factor
production (nodABCDEF), for conjugal transfer (trb and tra genes) and for nitrogen fixation
(fix and nif genes). The fact that the symbiotic plasmid lacks all essential genes necessary for
growth and survival is shown by the NGR234 derivate ANU265 which was deprived of
PNGR234a by heat curing. This derivate showed no impairment in growth but lost the ability
to form nodules (Morrison et al., 1983; Freiberg et al., 1997; Perret and Broughton, 1999).
Both megaplasmids of NGR234 belong to repABC plasmid family using RepABC proteins for
plasmid replication (Freiberg et al., 1997; Streit et al., 2004). These RepABC type of plasmids
are common in Rhizobiales and play an important role in the infection of the host (Higashii,
1967).

The symbiosis between legumes and rhizobia

The growth of all organisms is limited by the presence of fixed nitrogen. But only a few
bacteria and archaea are able to fix nitrogen into ammonia that can be assimilated by plants
or other organisms. So, the nitrogen-fixing bacteria have an environmental importance to the
global nitrogen cycling balance and the agriculture economy (Sessitsch et al., 2002; Jensen
et al., 2012). The soil bacteria that reach symbiosis with the legumes are collectively referred
to as rhizobia. Most of these rhizobia are classified to the a-Proteobacteria and the [3-
Proteobacteria (Peter et al., 1996; Moulin et al., 2001) including the genera Rhizobium,
Bradyrhizobium, Mesorhizobium, Azorhizobium, Photorhizobium and Sinorhizobium.

The symbiosis is initiated by a signal exchange between the legume plant and the compatible
Rhizobium bacteria in the soil (Denarie et al., 1992). The legume plant releases secondary
metabolites like flavonoids or other compounds (Figure 2, A), which were detected by the
bacterial transcriptional regulator NodD. NodD upregulates rhizobial nodABC genes, which
produce lipo-chitin oligosaccharides (LCOs) that act as nodulations factors (Nod factors;

Firmin et al., 1986). These Nod factors are released to the soil and detected by the plant Nod
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% ilke Duin; UHH

Figure 2: Symbiosis between Rhizobia and plants.

A: schematic model of the initiation of the symbiosis between the Rhizobia cell and the plant root. The
plant releases flavonoids (circles), which are detected by the bacterium. The bacteria produce Nod
factors (triangle) and release them to the soil. Thereupon the plant roots start to curl the root hair and the
bacterial cells penetrate the plant cell wall and move to the plant cortex, where the cells start the
differentiation to bacteroides (grey rectangle). B: microscopy image of the root hair curling in
Vigna unguiculata incubated with Nod factors of NGR234 supplemented with flavonoids (Grote et al
2016). C: Root with nodules from Vigna unguiculata incubated with NGR234 (photo of nodules was
taken by Hilke Duin, UHH).

factor receptors (NFRs) at the root hair. Particular residues and modifications at LCOs are
important for the host specificity. Many species produce more types of Nod factors to
increase the host range number (Geurts and Bisseling, 2002; Perret et al., 2003). As a result
of the attached LCOs, the plant root hairs begin to curl (Figure 2, B). The rhizobia cells are
entrapped and penetrate the plant cell wall where they induce the formation of an infection
thread that brings the cells to the cortex (D’Haeze and Holsters, 2002). At the cortex the
bacteria cells multiply extremely and differentiate to bacteroides and trigger the formation of
specialized root structures called nodules (Figure 2, C; Freiberg et al., 1997; Esseling et al.,
2003; Parniske and Downie, 2003; Jones et al., 2007). The nodules are the location where

the nitrogen fixation takes place.

Quorum sensing in Sinorhizobium fredii NGR234
QS systems enable bacteria to sense their neighboring environment to coordinate various
gene expressions like the infection of a host (Gurich et al., 2009; Hartmann et al., 2014). The

symbiotic plasmid pNGR234a shows high similarity to the plant pathogen Agrobacterium
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tumefaciens Ti- plasmid which is involved in the infection of the plant and this infection is
correlated to QS (Piper et al., 1993; Hwang et al., 1994).

The genome of NGR234 encodes for two QS systems. The genomic organization of both QS
systems and the mechanisms of these systems are displayed (Figure 3). The Ngrl/R- QS
system is located on the chromosome (Figure 3, A). The autoinducer synthase Ngrl produces

probably a 3-oxo-dodecanoyl homoserine lactone (Figure 3, B; 3-oxo-C12-HSL) as Al

A Ngrl/R-QS system C Tral/R-QS system

DD —

ngrR  ngrl

3—oxo—Clz—L—homoserine lactone

D/ o Autoinducer synthase D o o

./‘ Transcriptional regulator
ID)/H Antiactivator

A9 Autoinducer molecules 3-0x0-C-L-homoserine lactone

|

[¢]

Figure 3: Quorum sensing systems in NGR234.

A: The Ngrl/R- QS system is located on the chromosome and consists of a transcriptional regulator
NgrR (green) and an autoinducer synthase Ngrl (blue) producing a probably a 3-oxo-C12-HSL as Al
molecule (grey pentagon). B: The chemical structure of the Al molecule produced by Ngrl. The Al
molecule is classified to the AHL and consists of HSL core with a 3-oxo-dodecanoyl (C12) side chain.
C: The symbiotic plasmid encodes for the Tral/R QS system. This system is highly similar to the A.
tumefaciens QS system and consists of the Al synthase Tral (green), the TraR transcriptional regulator
(blue) and the antiactivator TraM (orange). Tral produces 3-oxo-C8-HSL as Al molecules (grey
triangle). These AHLs interact with TraR and initiate a positive feedback loop for the expression of tral
and traM. TraM is an antagonist of TraR and inhibits the attachment of the AHLs to TraR initiate a
negative feedback loop. D: The chemical structure of 3-oxo0-C8-HSL produced by Tral. The figure is
constructed and modified according to information of He et al., 2003 and Fuqgua et al. 2007.
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molecule (He et al., 2003). When a threshold concentration of Al molecules is reached, the 3-
0Xx0-C12-HSL binds to the transcriptional regulator NgrR. The whole Ngrl/R QS system is not
clarified yet and must be characterized in the future (He et al., 2003; Schmeisser et al., 2009).
The second QS system Tral/R is located on the symbiotic plasmid pNGR234a (Figure 3; C)
and consists of an autoinducer synthase Tral, a transcription regulator TraR and an
antiactivator TraM (He et al., 2003).

The mechanism is similar to that of the plant pathogen A. tumefaciens (Hwang et al., 1994;
Fuqua and Winans, 1996). At a low cell density, the autoinducer synthase Tral produces Al
molecules, verified to be 3-oxo-octanyl-homoserine lactone (3-0xo0-C8-HSL). These
molecules are diffused out of the cells. If cell density increases, Al molecules accumulate in
the soil until a threshold value is reached. Afterwards, the AHL interacts with the
transcriptional regulator TraR. This interaction leads to a confirmation change and the
complex can bind to the promoter region of target genes and initiates a positive feedback
loop of the expression of tral and conjugal plasmid transfer (trb) genes (Figure 4, C; Gargioli
et al., 2002; Gonza and Marketon, 2003; He et al., 2003). The antiactivator TraM is an
antagonist of TraR and competes with the Al molecules for attaching to TraR and thus inhibits
the binding of TraR to the target promoter regions (Swiderska et al., 2001; Jeffrey et al.,
2007).

In NGR234, 186 QS-regulated genes were identified by using RNA-seq. The Ngrl/R system
regulates in total 466 genes (7.3% of all predicted genes), which are responsible for the
expression of the type-lll- secretion system, type-IV-attachment pili or biotin biosynthesis, for
example. The Tral/R system regulates 361 genes, including genes associated with
pNGR234a replication and cytochrome c synthesis. All regulated genes were distributed
among the three replicons, with most genes observed on the chromosome and only a small
amount of differently regulated genes located on the symbiotic plasmid (Krysciak et al.,
2014). A mutant, in which both autoinducer synthase genes ngrl and tral were deleted,
showed especially for the symbiotic plasmid pNGR234a that nearly all genes were differently
regulated and that most of them showed an increased expression of the genes (Grote et al.,
2016). This switching on of almost all genes on the symbiotic plasmid is a useful tool to

investigate the expression of small proteins located on this replicon.

Small proteins in the world of bacteria
Small proteins are proteins whose small size results directly from the translation of a small
open reading frame (ORF). These proteins differ from peptides that have been cleaved by

larger proteins (Storz et al., 2014). Traditionally in the past, proteins were set to a minimum of
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100 aa and everything below neglected. The purpose that most algorithms of gene annotation
or protein prediction used a cutoff of more than 300 nts (100 aa) was to reduce the likelihood
of false positive genes (Boekhorst et al., 2011). Although, this was certainly the easiest way
of genome annotation in the past, it has led to the problem that mostly ORFs with a smaller
size were overseen and hence are not on the database in order to use these smaller ORFs
as templates for functional analysis and reannotations (Storz et al., 2014). In recent years,
the sequencing technique has improved. With this deeper and faster throughput in
combination with Ribosome profiling and LC-MS/MS analysis, it has become clear, that all
genomes code for a higher number of smaller proteins and that these small proteins are
involved in various cellular functions (Wang et al., 2008a). Shell and her co-workers identified
2,166 transcriptional start sites as well as hundreds of possible small proteins in

Membrane-
MgiR - 30 aa bound #
|
U N
Transporters o
KdpF — 29 aa - SPOVIM — 29 aa
AcrZ —49 aa ] m /
Kinase
MgrB — 47 aa

Figure 4. Functional role of small proteins in bacteria.

A bacterium cells is shown. The black lines represent the bacterium plasma membrane, which enclose
the cytosol (light grey). The forespore membrane is shown in blue. The different cell functions where
proteins are identified are displayed in colored in following order: membrane-bound proteins (violet),
proteins involving in cell division (yellow), sporulation proteins (orange), transport proteins (red) and
small proteins associated to kinase (green). Examples that are explained in the text are listened closed
to the location. (According to Storz et al. 2014)

Mycobacterium tuberculosis (Shell et al., 2015). Similar to this study in various other bacteria,
researchers began to analyze the expression and the functions of small proteins (Figure 4).
First examples of small proteins were published showing the important and physiological role
of small proteins in bacteria (Hobbs et al., 2011; Storz et al., 2014; Cheng and Ma, 2017; Yin
et al., 2019).
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At current state, small proteins are known to be involved in morphogenesis (SpoVM, 29 aa;
Levin et al., 1993), cell division (SidA, 29 aa; Modell et al., 2011), regulatory networks (MgtR,
30 aa; Choi et al., 2012), transport (KdpF, 29 aa; Galdel et al., 1999), enzymatic activity, and
stress response. Small proteins can therefore not only provide information on how biological
functions can be performed with very few aa, but also serve as tools to investigate how their
larger interacting partners are involved in different cellular processes (Storz et al., 2014).

One of the first reported small proteins is the monocistronic locus that encodes for a 26 aa
protein and is totally conserved in the genome of the Gram-positive endospore forming
bacteria species like Bacillus sp. (Levin et al., 1993). The protein SpoVM is a membrane-
associated protein only produced in the mother cell and a deletion of the spoVM allows the
formation of fore spore but impairs the formation and assembly of the spore cortex. So the
deletion resulted in decreased sporulation ability (Levin et al., 1993; Cutting et al., 1997). This
example shows an effect of a small protein in the sporulation and the ability to adapt to
changing environmental conditions and is significant for the survival of the bacterial cells.

A small protein involved in the stability of a virulence factor is MgtR, a 30 aa small protein
identified in the genome of Salmonella species (Alix and Blanc-Potard, 2008). MgtR
modulates the stability of the MgtC virulence factor. The small protein MgtR binds directly to
MgtC at the plasma membrane and promotes MgtC degradation by the FtsH protease. An
over-expression of MgtR in macrophages led to a decreased replication rate of Salmonella
bacteria in the mammalian cells. That MgtC is a common virulence factor in multiple human
pathogens and that the small protein MgtR acts a natural antagonist of MgtC with
downregulation of the MgtC expression underlines the importance of small proteins in the
regulatory mechanism of pathogenic bacteria (Alix and Blanc-Potard, 2008; Wang et al.,
2017; Yin et al., 2019). A second small protein affecting the transporter activity of an antibiotic
efflux pump is the 49 aa protein AcrZ. It was first described in E. coli and is highly conserved
among Enterobacteria sp. like Salmonella, Klebsiella or Erwinia species (Papenfort et al.,
2009; Hobbs et al., 2012). Structurally the protein has a N-terminal transmembrane helix and
is associated to the AcrAB-TolC efflux pump. The interaction partner of AcrZ is AcrB, which is
the inner membrane component of this efflux pump. The acrZ gene expression is induced by
a lot of antibiotics and other detergents. A lack of this gene results in sensitivity to some
antibiotics that are exported by the AcrAB-TolC pump. It seems possible that the effect of
ArcZ on the antibiotic sensitivity might be initiated from the allosteric conformation of AcrB by
AcrZ and that antibiotics can’t bind to AcrB (Hobbs et al., 2012).

The hydrophobic small protein KdpF is a part of the Kdp potassium pump in E. coli and also

shows the impact of small proteins to bacterial transporter complexes. The protein has a size
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of 29 aa and is responsible for the stabilization of the complex (Gaf3el et al., 1999) A deletion
of kdpF has no influence to the growth of E. coli with low potassium concentration in the
medium but GaRel and colleagues showed that KdpF is indispensable for a functional
enzyme complex in vitro and so they suggested that the gene kdpF is a main part of the
kdpFABC operon. This operon was also identified in the pathogen Mycobacterium bovis,
which is the causative agent of tuberculosis in cattle (Gannoun-Zaki et al., 2013; Rosas
Olvera et al., 2017). The small protein can affect the stability of proteins interacting with
KdpF. Olvera and her colleagues suggested that KdpF acts as a regulatory molecule and
interferes with bacterial virulence. The protein has also been identified in other pathogens
(Gannoun-Zaki et al., 2013; Gannoun-Zaki et al., 2014; Rosas Olvera et al., 2017). Small
proteins may also be involved in toxin-antitoxin (TA) systems consisting of two or more
closely linked genes coding for a toxin and the corresponding antitoxin. There are 6 different
classes of TA systems that are based on the nature of the antitoxin. Small proteins are mostly
found in type 1 TA systems, where the toxin is often a hydrophobic protein and the antitoxin a
noncoding small RNA that inhibits the translation of the toxin protein (Page and Peti, 2016).
The hok (host killing) gene encodes for a 52 aa toxic protein that causes cell death by
depolarization of the cell membrane. The translation of the hok mRNA is regulated by sok
(suppressor of killing) RNA. The binding to the hok mRNA inhibits translation and the toxin
protein cannot be synthesized. These Hok/sok systems are often located on the parB region
on R1 plasmid in E. coli and play a major role in plasmid maintenance and stability (Gerdes et
al., 1986; Rasmussen et al., 1987; Gerdes et al., 1997).

The examples named show that small proteins are involved in various important, cellular
functions and in the virulence of some bacteria. Since it is known that the molecular
mechanisms that mediate communication and cellular modulation are very similar in
pathogens and symbionts, it can be assumed that small proteins also play a role in symbiosis
(Nelson and Sadowsky, 2015).

Interruption of bacterial communication

In the past many enzymes have been discovered, which are able to interrupt the bacterial
communication by blocking the receptor of the regulator proteins or by degrading the Al
molecules. This interruption is called quorum quenching (QQ) and can affect cellular function
like virulence factor production or biofilm formation (Lin et al., 2003). Due to this inhibition of
QS-dependent virulence of bacteria, QQ is becoming more and more interesting for the
development of new anti-infecting therapies. QS may be interrupted firstly by inhibition of the

signal biosynthesis, secondly by inhibition of the signal detection or lastly by inactivation of
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the signal molecule. For the latter, various enzymatic degradations processes are possible
(Figure 5). The most common enzymatic degradation is performed by AHL lactonases which
have been found in a wide range of bacteria species and different protein families. AHL

lactonases catalyze the opening of the lactone ring by addition of a water molecule or
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Figure 5: Enzymatic degradation of AHLs catalyzed by QQ enzymes.

Three different enzyme classes are known to catalyze the enzymatic degradation of acyl-homoserine
lactones. The most common class is AHL lactonase which open the lactone ring by hydrolytic cleavage.
AHL acylase cleave hydrolytic the acyl chain and the lactone ring at the amide bond. The reduction of
the 3-o0xo0 substitute is catalyzed by the AHL oxidoreductase.

spontaneously in aqueous solutions. The AHL acylases cleave Al signals at the amide bond
and release fatty acid and homoserine lactone ring. The third class of inactivating enzymes is
the class of reductases class converting the 3-oxo substituted AHL to their cognate 3-
hydroxyl substituted AHL (Dong et al., 2000; Byers et al., 2002; Lin et al., 2003; Bijtenhoorn
et al., 2011). Whereas lactonases reaction can be reversed to AHL in acidic pH solution, the
acylase products cannot regenerate to a functional AHL. In addition, the fatty acid produced
by the acylase is usually rapidly metabolized for growth and the HSL is used as nitrogen
source (Fetzner, 2014).

In the past many QQ enzymes have been identified and characterized. AHL lactonases have
been found in a wide range of organisms and are first and best characterized as a group of
QQ enzymes. They can be divided into different protein families: aminohydrolases [EC 3.5.4],
paraoxonases [EC 3.1.8.1] and metallo-B-lactamases [EC 3.5.2.6]. One of the first analyzed
QQ enzymes is AiiA from B. subtilis spp. The gene aiiA encodes for 250 aa protein containing
a HXHXDH zinc-binding domain that is conserved in metallo-B-lactamases. These residues
are required for AiiA activity. It was shown that AiiA can inhibit the virulence of the pathogen

Erwinia carotovora if the gene aiiA is expressed in this strain (Dong et al., 2000). The
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lactonase QsdR1 from NGR234 shows also the typical HXHXDH zinc-binding domain and
can reduce the motility and biofilm formation in Pseudomonas aeruginosa. QsdR1 also
showed a decreasing effect of the rhizosphere colonization capability of cowpea roots. This
indicated the importance of QS for host infection (Krysciak et al., 2011). The second group of
QQ enzymes is AHL acylases. Some of these AHL acylases are members of the N-terminal
nucleophile hydrolase superfamily [EC 3.5.1.97]. In this group of QQ enzymes, the best
characterized enzyme is the PvdQ from P. aeruginosa (Huang et al., 2003). Due to a signal
peptide in the sequence, the precursor PvdQ is exported directly into the periplasm and
undergoes two auto processing events. PvdQ is divided into an N-terminal and a C-terminal
peptide, which are clustered together via non-covalent binding to form the mature
heterodimeric enzyme. Due to this new formation, the enzyme receives its activity. It was
shown, that PvdQ catalyzes the inactivation of long-acyl AHLs and that this enzyme was the
first whose AHL degradation activity has been shown in y-proteobacteria (Huang et al., 2003).
The third group of QQ enzyme is the Oxidoreductases catalyzing the reduction of 3-oxo-AHL
to the corresponding 3-hydroxy-AHL and thereby inactivates the signal molecules (Figure 5).
The converted products of the reductase still act as Al molecules, but often they are less
active than the initial substrate (Chowdhary et al., 2007). Oxidoreductase activity was found
in some bacteria species like in Rhodococcus erythropolis (Uroz et al., 2005) Burkholderia sp.
GG4 (Chan et al.,, 2011) or in P. aeruginosa (Bijtenhoorn, 2012) and also the aldehyde
dehydrogenase AIdR shows QQ activity in NGR234 (Krysciak et al., 2011). In general,
oxidoreductases have not yet been extensively investigated and further analyses are
required. Often the role of these enzymes in their native environment is not clear, but the
ability to inhibit the virulence of some bacteria by using QQ enzymes shows a high potential
in industrial and medical applications with lower susceptibility for resistance, because the
survival of the bacterium is not affected by QQ enzymes (Fast and Tipton, 2012;
Grandclément et al., 2015).

GggA- a novel QQ enzyme from Komagataeibacter europaeus

Komagataeibacter europaeus CECT 8546 (formerly Gluconacetobacter europaeus) belongs
to the group of acetic acid bacteria (AAB) and this group is known for its ability to produce
acetic acid on ethanol-containing material that leads to vinegar. In the last years it became
clear that the acetic acid and gluconic acid production and the antifoam activity is regulated in
a N-AHL-dependent QS mechanism designated as Ginl/R system (lida et al., 2008; lida et al.,
2009; Valera et al., 2015). Until three years ago, nothing was known about QS interfering

enzymes. However, in 2016, a gene designated as gqgA was identified in the genome of the
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cellulose overproducer and biofilm-forming bacterium K. europaeus CECT 8546 by using a
screening protocol for QS interfering enzymes (Schipper et al., 2009; Valera et al., 2016). The
gene gqgA encodes for a 281 aa protein with a molecular mass of 30 kDa. The aa sequence
of the protein shows high similarity to predicted prephenate dehydratase (PDT; EC 4.2.1.51),
which are involved in the metabolic pathways of aromatic amino acids and convert
prephenate to phenylpyruvate for the biosynthesis of L-phenylalanine (L-phe). GqgA consists
of the N-terminal periplasmatic binding and the C-terminal regulatory domain. But a
genetically complementation of E. coli ApheA mutant showed no effect suggesting GqgA is
not involved in the L-phe biosynthesis and has different function (Valera et al., 2016). Due to
the QQ screening they could verify the quenching effect of GqgA in A. tumefaciens NTL4 and
Chromobacterium violaceum CV026 reporter strains. When gqgA is present in P. aeruginosa
PAO1, the expressed enzyme had a strong effect in reducing the motility and the pyocyanin
production. K. europaeus CECT 8546 cells tend to form aggregates in cellulose biofilm but if
the cells are supplemented with purified GggA the formation of aggregates is reduced. This
effect was also observed in related AAB. It is curiously that GqgA has a low similarity to
known QQ and a high similarity to PDT enzymes which have been verified functionally, but
GqgA does not have a PDT function itself. These data indicate a QS-dependent cellulose
formation in AAB which is biotechnologically for interest. However, the mechanism behind

GqgA is not clear yet and needs to be analyzed.

Intention of this work

This thesis is composed of two sections:

I.  The role of small proteins in a quorum sensing dependent expression

II.  Structural analysis of a novel guorum quenching hydrolase designated as GqgA

In the first section of this thesis, we want to explore the possible role of small proteins in the
complex QS regulatory circuits of the model organism Sinorhizobium fredii NGR234.
Therefore, a protein search will be performed, which will be mapped to the previously
published transcriptome of NGR234 strains. The expression of selected candidates will be
verified and analyzed for first biochemical functions. A new Al double deletion mutant will be

constructed, and the small proteins will be examined for their QS dependent expression.

The second intention of this research is to characterize a novel QQ enzyme that was
identified 2015 in the acetic acid bacterium Komagataeibacter europaeus CECT 8546. It is

known that this enzyme shows no similarities to QQ enzymes described so far, but QQ
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enzyme activity was detectable in in vivo assays. Thus, the hypothesis is that GqgA belongs
to a new group of Al degradation hydrolases.

For this purpose, the protein crystal structure of the enzyme will be identified in cooperation
with the working group of Prof. Dr. Betzel (University of Hamburg, DESY). Various mutations
are to be constructed to test the structure and function of GqgA. With ESI-MS/MS approach

the reaction mechanism behind this enzyme is to be identified.
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3. Materials and methods
All genetic work was performed by standard techniques (Sambrook and Russell, 2001) or by
following the manufacture’s manuals. All mediums and thermostable solutions, glass vessels

and other instruments were autoclaved at 121 °C for 20 min. All thermosensitive solutions

were filtered sterile and all devices were sterilized with 70% (vol/vol) EtOH and flamed.

Bacterial strains

Bacterial strains used in this study are listed in Table 1.

Table 1: Bacterial strains used in this study

Strain Characteristics ™

Reference/Source

Escherichia coli

Cloning strain supE44 AlacU169 (980 lacZ

Hanahan and

DH5a AM15) hsdR17 recAl endAl gyrA96 thi-1 relA1 Harbor, 1983
S17-1 Apir pro thi hsdR * Tp" Sm"; chromosome::RP4-2 Simon, Priefer,
P Tc::Mu-Kan::Tn7/Apir and Puhler 1983
WM3064 thrB1004 pro thi rpsL hsdS lacZAM15 RP4- William Metcalf,
1360 A(araBAD)567 AdapA1341::[erm pir] uluc
BL21 (DE3) F~ ompT gal dcm lon hsdSg(rs'ms~) A(DE3 [lacl ~ Studier and
lacUV5-T7p07 ind1 sam7 nin5]) [malB*]k-12(A5)  Moffatt, 1986
F" lac, pro, lacl?/ A(ara-leu)7697 araD139
fhuA2 lacZ::T7 genel A(phoA)Pvull phoR
T7 Shuffle ahpC* galE (or U) galK Aatt::pNEB3-r1-cDsbC gl;vl\_/aiggland
(SpecR, lacl?) AtrxB rpsL150(StrR) Agor
A(malF)3
Rhizobiales
S. fredii NGR234 Wild type New Guinea isolate, RifR Trinick, 1980

wt
The QS Al synthase genes ngrl and tralsz;

S. fredii NGR234 (534,836 — 535,462) were deleted; the 5’UTR

AngrlAtral_copy+ and the translations start of repX are missed on
PNGR234a, gen®

S. fredii NGR234 Gene for the QS transcriptional regulator TraR
AtraR is deleted, gen®

AngrlAtralsss (534,260 - 535,260), only the first
202 nts of the &’ tral were retained. The gene
repX and the promoter region are unimpaired
The smORF-249 (repX) is knockout between
the positions 535,545 and 535,616 on
pPNGR234a.

S. fredii NGR234
AngrlAtral

S. fredii NGR234
ArepX

Krysciak et al.,
2014, Grote et al.
2016

Grote et al., 2014

This work

This work
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Strain Characteristics ™ Reference/Source

Rhizobiales
The smORF-249 (repY) is deleted between the
positions 535,637 and 535,738 on pPNGR234a.  This work

S. fredii NGR234
ArepY

The smORF-104 (NGR_a01725) is deleted
between the position 218,028 and 218,105 on This work
pPNGR234a.

S. fredii NGR234
Nal725

S. fredii ANU265  a Muc* Sym of strain NGR234; Spec® Morrison et al.,

1983
S. fredii NGR234 Genomic translation fusion: The red
AtraR fluorescence protein mCherry is fused to the This work
gTFrepX::mCherry smORF-249 (repX) on pNGR234a.

other

Chromobacterium Reporter strain for autoinducer I; mini-Tn5 in McClean et al.,
violaceum CV026 cvil 1997
Agrobacterium Reporter strain for AHL detection, tral::lacZ, Fuqua and
tumefaciens NTL4  TetR, SpecR Winans, 1996

Komagataeibacter
europaeus CECT
8454

[ Abbreviations describing geno- and phenotypes were made according to Bachmann 1983

Strain recovered from vinegar. Cellulose

producer Valera et al., 2016

Vectors and constructs

All vectors and constructs used and designed in this work are summarized in the following
table (Table 2).

Table 2: Vectors and constructs used in this study

Vector/Construct Characteristics Reference/Source
pBBR1MCS-2 Broad host range vector, kanR
Kovach et al. 1995
pBBR1MCS-5 Broad host range vector, gen®
pNPTS138-R6KT Suicide vector, sacB, kanR, Lassak et al. 2010
pET-21a Expression vector, T7Prom, AmpR, C-His Novagen, Darmstadt
Germany
New England Biolabs
pMALc2x Expression vectorT7 Prom, AmpR, N-MBP; GmbH, Frankfurt on
Main, Germany
pcngrlctral The genes ngrl and tral were inserted to the Krysciak et. al. 2014

broad host range vector pPBBR1MCS-2
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Vector/Construct

Characteristics

Reference/Source

pPrepxmCherry

pPaiz2smCherry

pPrepymCherry

pTFrepX::mCherry

pTFal725:.:eGFP

p-2::repX
p-2::a1725
p-5::repX
p-5::a1725
pET-21a::gqgA
pET-21a::gqqA-M1
pET-21a::gqgA-M2
pET-21a::gqqA-M3

pET-21a::gqgA-M4

pET-21a::gqqA-M5

pET-21a:gsdR1

Promoter fusion: the promoter of repX was
fused to the red fluorescence protein mCherry
and cloned into the vector pPBBR1MCS-2.
Promoter fusion: the promoter of NGR_al1725
was fused to the red fluorescent protein
mCherry and cloned into the vector
pBBR1MCS-2.

Promoter fusion: the promoter region of repY
was fused to the red fluorescent protein
mCherry and cloned into the vector
pBBR1MCS-2.

Translation fusion: the promoter region and the
gene repX were fused to the red fluorescent
protein mCherry and cloned into the vector
pBBR1MCS-2.

Translation fusion: the promoter region and the
gene NGR_a01725 were fused to the green
fluorescent protein eGFP and cloned into the e
vector pPBBR1IMCS-2.

pBRR1MCS-2 containing the gene repX
cloned into Sall and Hindlll restriction sites
pBBR1MCS-2 containing the gene al725
cloned into Xhol and Hindlll restriction sites
pBRR1MCS-5 containing the gene repX
cloned into Sall and Hindlll restriction sites
pBBR1MCS-5 containing the gene al725
cloned into Xhol and Hindlll restriction sites
pET-21a containing the gqgA gene from
Komagataeibacter europaeus CECT 8454
pET-21a::gqgA was modified by using site
directed mutagenesis (T782C)

pET-21a::gqgA was modified by using site
directed mutagenesis (A835- 843)
pET-21a::gqgA was modified by using site
directed mutagenesis (C73T;G74C)
pET-21a::gqgA was modified by using site
directed mutagenesis (C559G; A562- 570;
C571T)

pET-21a::gqgA was modified by using site
directed mutagenesis (A352G; C353T,; C354C)
pET-21a containing the gsdR1 gene cloned
into Ndel and Xhol restriction sites

This work

This work

This work

This work

This work

This work
This work
This work
This work
Valera et al., 2016
This work
This work
This work

This work

This work

Krysciak et al., 2011
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Primers

Primers used and designed in the present research are summarized in the appendix (Table
21). Restriction sites are underlined. Primers were designed with the tool Clone Manager
Professional CMSuite9 (© Scientific & Education Software) and ordered at Eurofins
Genomics GmbH (Ebersberg, Germany).

Bacterial cultivation

E. coli strains were grown in lysogeny broth (LB) medium (Bertani, 1951) at 37°C overnight.
Strains of the genus Sinorhizobium were cultivated in tryptone-yeast (TY) medium (Streit et
al., 2004) or yeast-extract-mannitol (YEM) medium (Allen and Allen, 1950) at 28°C for 2 to 3
days. All required antibiotics and supplements were added after autoclaving. For solid
medium 1.5% agar was added to the medium and the medium was poured into petri dishes.
The different stock solutions and final concentrations of the antibiotics and supplements are
listed in the following Table 3.

Agrobacterium tumefaciens NTL4 was cultivated in AT Medium (Tempe et al., 1977) with
Tetracycline and Spectinomycin. The cells grew over night at 28°C. Chromobacterium

violaceum grew in LB medium at 28°C.

Table 3: Antibiotics and other supplements used in this study

Supplement Stock solution  Final concentration Solvent
Antibiotics
Ampicillin 100 mg/ml 100 pg/mi H20
Kanamycin 25 mg/ml 25 pg/ml H20
Rifampicin 25 mg/ml 25 pg/ml MetOH
Gentamycin 30 mg/ml 10 pg/mi H.O
Tetracycline 5 mg/ml 2.5—-5.0 pg/ml EtOH (70%)
Spectinomycin 50 mg/ml 50 mg/ml H.O
Other supplements
DAP 60 mg/ml 30 pg/ml H-0
Apigenin imM 1uM KOH
IPTG 1M 1uM H.0
X-Gal 40 mg/ml 40 pg/mi H-0

Sequence alignment
The sequence alignment was performed with T-coffee server (Notredame et al., 2000). The
phylogenetic tree was created using Molecular Evolutionary Genetics Analysis X (MEGA X)

software (Kumar et al., 2018) and default parameters.
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l. Quorum sensing dependent expression of small proteins

In this part all the methods that were used for the identification and characterization of small
proteins in the plant symbiont NGR234 are described.

Small ORF search on the symbiotic plasmid

The smORF search was done by using the platform Artemis (Carver et al., 2012). First all
possible ORFs in a range between 30 nts and 180 nts were searched. All possible ORFs
were trimmed to the start methionine. Only intergenic ORFs were used for the comparison
with the transcriptomic data of the NGR234 wt and NGR234 AngrlAtral_copy+ strain (Grote
et al., 2016).

(The next part was conducted with the help of my colleague Dr Simon Glillert)

The raw, de-multiplexed reads available under the NCBI Gene Expression Omnibus
accession number GSE78039 were mapped to the symbiotic plasmid pNGR234a using
bowtie2 2.2.9 (Langmead and Salzberg, 2012) and allowing one mismatch in seed alignment.
Subsequently, the htseg-count script from HTSeq 0.6.1 package (Anders et al., 2014) was
applied in strand-specific mode to count the reads which map to putative small ORFs. After
this, the calculation of log2FoldChange values, as well as differential gene expression
analysis, was conducted using DeSeq2 (Love et al., 2014) of the Bioconducter 3.4 package in
program R. Finally, the log2FoldChange values were visualized using Circos 0.67 (Krzywinski
et al., 2009).

RNA-seq and transcriptomic analysis

For RNA-seq and transcriptomic analysis the states of growth of the tested strains were
analyzed. NG234 strains were cultivated in 50 ml YEM media. The cells to be tested should
be harvest both in the exponential phase and in the stationary phase. Thus, the cells were
centrifuged after 24 h and after 55 h (6,000 x g, 10 min, 4°C). The supernatants were
discarded carefully, the pellets were shock frozen with liquid nitrogen and stored at -70 °C.
The RNA-sequences were performed at Genomics Laboratory of George-August-University

of Goettingen.

Ribo-seq and translation analysis

The Ribo-seq was performed in cooperation with the group of Cynthia Sharma (University of
Wiurzburg). NGR234 wt and NGR234 AngrlAtral_copy+ were shipped to Wuerzburg. Then
the cells were lysed, and the macromolecules were isolated by using sucrose gradient
centrifugation. The RNA footprint was isolated, and the synthesized cDNA library should have

been deep sequenced.
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Operon analysis

Due to the narrow localization of the three ORFs, the question arises whether the three genes
will be expressed as an operon or not. Therefore, the RNA of NGR234 AngrlAtral_copy+ was
isolated according to manufacturer’s protocol (Direct-zol RNA-Miniprep Plus; Zymo Research,
Freiburg, Germany). A cDNA library was constructed (SuperScript™ Vilo™ cDNA Synthesis
Kit, Invitrogen™, Carlsbad, USA). This cDNA was used as template for gPCR with different
primers (Table 4). The received amplificates should gave exclusions about the expression of
this genetic region. The gPCR reactions were set up according to manufacturer’s instruction
using the SYBR® Select Master Mix for CFX (Applied Biosystems®, Life technologies, Texas,
USA). The gPCR was running with CFX96 Touch™ Realtime PCR Detection System (BioRad
Laboratories, Munich, Germany) with the following conditions: 1. 50°C for 2 min; 2. 95°C for 2
min; 3. 95°C for 15 s; 4. 55°C for 15 s: 5. 72°C 1 min 20 s; step 3 to step 5 was repeated 39
times, 6. melting curve 65°C — 95 °C. Data were analyzed by CFX Manager™ software

(BioRad Laboratories) and agarose gel.

Table 4: Primer and product overview for gqPCR

Product Size [nts] Primer forwards Primer revers
repX 172 0KP42 oKP43
repY 192 0oKP199 oKP200

repAO 448 oKP66 oKP67
repXYAQ 825 oKP42 oKP67
repXy 367 oKP42 oKP200
repYAO 650 0KP199 oKP67

Transfer of plasmid DNA to bacteria cells

The plasmid DNA was transferred in bacteria cells by using different approaches. For
transferring DNA to E. coli cells, the heat shock approach was used with chemical competent
E. coli strains. The steps were conducted by previously published protocols (Sambrook and
Russell, 2001). For the transformation of plasmids into competent rhizobia strains

electroporation and conjugation were carried out.

Electroporation of Rhizobia bacteria
First rhizobia bacteria cells had to prepare for the electroporation. Therefore, 50 ml TY
medium were inoculated by a fresh overnight culture of rhizobia cells with a start density of

0.05. The culture was incubated at 28 °C for round approximately 16 h to an ODggo of 0.4 -
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0.6. The cells were chilled for 30 min on ice and then harvested by centrifugation for 20 min
at 4,500 x g at 4°C. All following steps were done by keeping the cells on ice. The
supernatant was discarded, and the pellet was washed four times with 1 ml cold sterile
H2Ouidest. Lastly, the pellet was washed with 10 % glycerol. The cell suspension was
distributed in aliquots of 90 ul and storage at -70 °C until required for electroporation.

For the electroporation, competent NGR234 cells were thawed on ice for 5 min. After adding
of the target plasmid DNA to the cells, the suspension was mixed for 10 sec and incubated on
ice for 30 min. A pre chilled electroporation cuvette (Biolabs products GmbH; Bebensee,
Germany) was loaded with the mixture and subjected to a single pulse of high voltage (2,400
V, 200 Q, 25 pF). After pulsing the cells, the cell-DNA mixture was then resuspended with
1ml TY broth. After incubation at 28 °C overnight, the cells were plated on selective TY agar
plates and were incubated at 28 °C for 3 to 4 days.

Conjugation with Rhizobium sp. cells

For the conjugation of NGR234, E. coli WM3064 (Table 1) functioned as a donor strain which
transferred the single stranded plasmid DNA into the recipient NGR234 cells via direct cell
contact. For this first the donor strain and the acceptor strains had to be prepared. The
evening before conjugation 30 ml TY medium were inoculated with a fresh colony of NGR234
and incubated at 30 °C overnight until an ODsgo Of 3 to 4 was reached. Cells were kept on ice
until conjugation. For the donor strain, 30 ml LB broth was inoculated with a start ODego Of
0.05 and then incubated at 37 °C until an ODeoo of 0.9 was reached. The cells were kept on
ice until conjugation.

The conjugation started with the harvesting of the donor strain. Therefore, 5 ml of E. coli
WM3064 were centrifuged in a falcon tube for 20 min at 4,500 x g and the supernatant was
pipetted off accurately. 30 ml of the acceptor strain were pelleted in the same falcon tube for
20 min. The supernatant was pipette off carefully and the pellet was washed twice with 1 mL
TY broth. The pellet was resuspended in 150 ul TY broth and the cell suspension was
pipetted on a TY agar plate containing 0.3 mM DAP. After one day incubation at 28 °C, the
cells were washed off from the plate with 1 ml TY medium and harvested by centrifugation
(5 min; 4,500 x g; RT). The pellet was washed twice with 1 ml TY broth and a series of
dilution was produced (10*- 107). The five highest dilutions were streak out on selective TY
agar plates, which were incubated at 28 °C for several days. The colonies were controlled by

colony PCR.
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Mutagenesis of Sinorhizobium fredii NGR234 by heterologous

recombination

Different mutants of NGR234 were constructed in this work. The methods for constructing the
mutants were carried out by the principles of the homologous recombination (Sambrook and
Russell, 2001; Lassak et al., 2010). Therefore, the flanking regions of the target genes were
amplified with Phusion polymerase according to the manufacture’s specifications and were
cloned into the suicide vector pNPTS138-R6KT. The primers that were used for construction

of the mutants are listed in the following Table 5.

Table 5: Overview of primers that were used for the construction of the mutants

mutant Flanking region Primer forwards  Primer revers
Upstream (468 nts) oKP112b 0KP166
NGR234 ArepX b ownstream (217 nts) 0KP116 oKP117
Upstream (485 nts) oKP178 oKP179
NGR234 ArepY b wnstream (396 nts) 0KP180 oKP181
Upstream (404 nts) 0KP108 oKP109
NGR234 Aal1725 Downstream (263 nts) oKP110 oKP111
NGR234 Upstream 369 nts) oKP155 0oKP156
AngrlAtral Downstream (418 nts) oKP157 0KP158
Upstream (404 nts) oKP112b 0KP113
'II'\IF?SZ)?%mACt:rhaeF\:r Downstream (219 nts) 0KP116 oKP117
grrrepa- Y mCherry (727 nts) oKP114 0KP115

The final constructs were transferred to E. coli WM3064 cells by heat shock transformation.
This E. coli strain was used as donor strain for the conjugation of the mutant constructs to the
recipient NGR234 strains (0). Single recombinants carrying the mutant construct were
selected on selective TY plates. In order to obtain double recombinant mutants, the
heterogenetic strain was streaked on TY in the presence of 15 % (w/v) sucrose. The
verification of the obtained mutants was done by PCR using different primer pairs (Table 6)

and by sequencing the target mutant regions with specific primers (Table 6).
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Table 6: Primers that were used for verification of the mutants

— Control region Product size Primer Primer
utan

(Product size wt) mutant [nts] forwards revers
Inner (1,191 nts) -- 0KP155 0KP158
NGR234 ArepX Guter (1,704 nts) 1641 oKP158 oKP142
Inner (600 nts) -- oKP178 0KP242
NGR234 ArepY 1 ter (1,063 nts) 967 oKP178 oKP181
Flanking (736 nts) 667 0KP108 oKP111

NGR234 Aa1725
@ Outer (1,038 nts) 958 0KP149 0KP150
NGR234 Inner (185 nts) -- oKP164 0KP165
AngrlAtral Outer (2,257 nts) 1,873 oKP141 0KP142
NGR234 Outer (1,438 nts) 2,149 oKP146 oKP147

gTFrepX::mCherry

The new constructed deletion mutants were used for further approach like confocal

microscopy, copy number verification or transcriptomic analysis.

Confocal imaging of the genomic translation fusion

The genomic fusion of the red fluorescence protein mCherry was observed with confocal
microscopy. TY medium was inoculated with the strain NGR234 AtraR::gTFrepX::mCherry.
The start ODsgo Was set to 0.05. The culture grew for 48 h at 28 °C. The cells were harvested
and washed twice with 1x PBS and then resuspended in 100 ul 1x PBS. The cells were
incubated for 2 h at room temperature in the dark with ProLong Antifade Reagents for Live
Cells (# P36975; Thermo Scientific) for preventing the loss of fluorescent signal. The cells
were also stained with DAPI for observing the cells with the airyscan mode. Therefore, the
cell solution was mixed with 0.1 % (vol/val) of a 100 mM DAPI solution and then 10 pl of the
microscope sample was spotted on a microscope slide and mixed with 15 uL 0.8 % (wt./vol)
agarose. A cover glass was put on the slides and the cells were observed by using the
confocal laser scanning microscope LSM800 (Zeiss; Jena Germany). The fluorescence was
excited with laser wavelength for mCherry (516 nm) and DAPI (405 nm). The complete

setting for microscopy of genomic translations fusion is listed below (Table 7).
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Table 7: Setting for confocal laser scanning microscopy of genomic translation fusion

settings mCherry DAPI
Objective Plan- Apochromat 63x/1.40 Oil DIC M27
Reflector None None
Contrast method Fluorescence Fluorescence
Pinhole 266 pum 210 pm
Laser wavelength 516 nm (35.00 %) 405 nm (2.00 %)
Excitation wavelength 587 nm 353 nm
Emission wavelength 610 nm 465 nm
Detection wavelength 570-700 nm 400- 600 nm
Detector gain 850 V 850 V
Digital detector gain 1.0 1.0

Copy number analysis of pPNGR234a

To analyze the effect of sSmORFs on symbiotic plasmid copy number a quantitative PCR was
performed. Various cultures of NGR234 strains were inoculated with an ODeggo of 0.05 in YEM
media and then getting to grow for 96 h at 28°C. The gDNA of these cultures were isolated
with the NucleoSpin Microbial DNA kit (# 740235; Macherey Nagel GmbH & Co. KG, Duren,
Germany) according to manufactures’ protocol for gram negative bacteria. The gDNA
concentrations were measured and set to a final concentration of 2.4 ng/ul for gPCR
approach. Quantitative PCR was performed with the CFX96 Touch™ Real-Time OCR
Detection System (Bio-Rad Laboratories Inc., CA, USA) and the applied Biosystems™ 2x
SYBR™ Select Master Mix according to supplied manual. The efficiency tests for each pair of
primers (Table 21) were performed by establishing standard curves of 10-fold gDNA series
dilution. For each gDNA sample four replicates were used for at least three times. The genes
recA and NGR_c03800 were served as reference genes. For determining the symbiotic
plasmid copy number, the genes repA and nifB were chosen as target genes on pNGR234a.

The copy number was calculated with the Bio-Rad CFX Manager 3.1 software.

Analysis of gene expression using mCherry-based promoter fusion

The promoter fusions were constructed by amplifying the target promoter region and fusing to
the red fluorescent protein mCherry by using the Phusion polymerase (Table 21). All
promoter fusions were inserted to the broad-host-range cloning vector pBBR1-MCS-2 and
electroporated into the different NGR234 strains. The NGR234 strains harboring the construct

grew for 24, 48, 55 and 72 h. Culture aliquots of 200 ul were transferred into a blackened
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microtiter plate and analyzed with the Synergy™ HT plate reader (BioTek Instruments Inc.,
Winooski, VT, USA). The red fluorescence of mCherry was measured with an excitation filter
(590/20 nm filter set) and an emission filter (645/40 nm filter set) by consideration of the
absorbance at 600 nm. The amount of fluorescence units (FU) were corrected by the optical
density at 600 nm (ODego) of the culture. The data were analyzed with the supplied Gen5

software.

Analysis of protein expression using fluorescence-based translations

fusion

For the translation fusion the promoter region and the target gene region were amplified and
fused to the red fluorescent protein mCherry or to the green fluorescent protein eGFP. The
translation fusion was integrated to the broad-host-range cloning vector pBBR1MCS-2 (Table
2) and electroporated to the different NGR234 strains. Also, negative controls of the
translation fusion were constructed. Therefore, the start sites of the target genes were
deleted by using PCR and the plasmid-based translations fusions as template. The NGR234
strains harboring the plasmid-based translation fusion and NGR234 cells containing the
negative control grew for 48 h. The fluorescence was measured with the Synergy™ HT plate
reader.

To verify that the fluorescence comes from the bacterial cells, the cultures containing the
translational fusions were examined by confocal microscopy. Therefore 1 ml of the cultures
were washed with 1 x PBS and resuspended in 100 pL 1 x PBS. 10 pL of the cells were
spotted on a microscope slide and mixed with 15 pL 0.8 % (w/v) agarose. A cover glass was
put on the slides and the cells were observed by confocal microscopy LSM800 (Zeiss; Jena
Germany). The settings for the microscope are listed in Table 8.
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Table 8: Confocal microscope settings for fluorescence imaging

settings mCherry eGFP
Objective Plan-Apochromat 100x/1.4 Oil DIC M27
Reflector none none
Contrast method fluorescence fluorescence
Q Pinhole 54 pm 54 ym
§ Laser wavelength 561 nm; 0.10 % 488 nm; 0.14 %
§ Excitation wavelength 587 nm 488 nm
é Emission wavelength 610 nm 509 nm
Detection wavelength 570 - 700 nm 480 - 700 nm
Detector gain 800 V 750 V
Digital detector gain 1.0 1.0
Detection wavelength ESID ESID
% EM gain 2 2
E Detector Photo diode Photo diode
-‘g Detector offset 3.041 3.720
Digital detector gain 15.0 15.0

Phenotypic analysis of NGR234 strains
To compare the different NGR234 mutants with the NGR234 wt strain various phenotypic

analyses were performed.

Growth curve

For identifying difference in the growth and assimilation between mutants and parental strain
a growth curve was generated. Therefore, the cultures grew in TY media with a start ODego Of
0.05. The cultures were incubated under shaking conditions (120 rpm) at 28°C. Every two
hours 500 pl sample was taken and the cell density was measured at 600 nm with the
NanoPhotometer® NP80 (Implen GmbH, Munich, Germany). The cell density was plotted
against time. Each strain grew in triplicates and the whole experiment was performed three

times.

Thin-layer chromatography and A. tumefaciens soft agar overlay assay

Al molecule could be separated using thin-layer chromatography (TLC) and could be
detected by using the reporter strain A. tumefaciens NTL (Shaw et al., 1997). Therefor crude
extracts of acyl-HSL were generated from whole cultures of different NGR234 strains. The
NGR234 derivatives grew for 48 h with a start density (ODesoo) of 0.05 in 300 ml of TY
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medium. The cells were harvest by centrifugation and the supernatants were transferred in a
new flask. The acryl-HSL were extracted twice with 0.5 vol. ethyl acetate, were concentrated
in rotary evaporator Syncore® Polyvap (BUCHI Labortechnik GmbH, Essen, Germany), and
resuspended in 1 mL ethyl acetate. Samples volume of 2 pL was applied to cellulose TLC
plates. The run was developed with methanol- water (60:40, vol/vol), and air dried. The
detection was carried out as previously described with the A. tumefaciens soft- agar
screening (Zhu and Winans, 1998). A 10 M solution of 3-0x0-C8-HSL, a 10° M solution of 3-
0x0-C10-HSL were dissolved in ethyl acetate and used as standards. The overlaid TLC-
plates were incubated for two nights at 28°C.

Root hair curling Assay with Vigna unguiculata

To analyze the nodulation effect of the NGR234 AngrlAtral_copy+ mutant, supernatant of
48 h cultures cultivated in TY medium of either uninduced or induced cultures of NGR234 wt
or NGR234 AngrlAtral_copy+ were collected. The Nod factors were extracted with
0.4 volumes of n-butanol according to earlier published protocols (Lopez-lara et al., 1995).
The organic layer was collected, and the butanol removed by rotary evaporation. The residue
was resolved in H,O overnight to a final volume of 1/100 of the initial culture.

The extracted Nod factors have been tested for the biological activity to the plant. Therefore,
V. unguiculata seedlings were sterilized and germinated as previously published (Krysciak et
al., 2011). The germinated seedlings were transferred into glass containers that were
supplemented with glass beads and Hoagland medium (Hoagland 1950). The seedlings grew
for additional 24 h under following conditions: day/night 24°C/19°C; 16/8 h; 60 % relative
humidity. The small plants were transferred into a small plastic container and coated with 500
puL Hoagland medium and 500 pl supernatant extracts or 1 ml supernatant extracts of the
NGR234 cultures. After 24 h incubation in the dark, the root hairs were analyzed using a

Zeiss AxioCam microscope.

Nodulation of Vigna unguiculata

(The nodulation assay was conducted by Hilke Duin; UHH)

V. unguiculata sterilized seeds (p. 28) were germinated on 0.5 % (W7V) TY plates or onto
NOD-plates covered with filter paper. The seeds were incubated in the dark at 28°C unitil
germination. The germinated beans were replaced in glass containers containing NOD-
medium (pH 6.5; Irmer et al., 2015) and grown in a 16/8 h light/dark incubator and 24°C with
an angle of 45°C (Barbulova and Chiurazzi, 2005). NGR234 strains were grown as described
to an optical density of 0.8- 1.0. The cells were harvested, washed with NOD medium and

resolved in the equal volume of NOD medium. This infection solution was used for incubation
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with the five to seven days old seedlings. The infected seedlings were further incubated on
NOD plates for five days and then transferred into glass container with solid NOD medium
(1.2 % agar). Germinated seedlings were replaced into a 16/8 h light/dark regime and 24 °C
with an angle of 45° degree for further growth (Barbulova and Chiurazzi, 2005). 52 days past

infection (dpi) the roots were examined for the presence of nodules.

Recombinant protein expression and immunoblot analysis

For the recombinant protein expression, the pET-vector system with HIS-tag purification (The
QlAexpressionist™; Qiagen GmbH; Hilden, Germany), or the pMAL-vector system with MBP-
tag purification (New England BioLabs, Frankfurt, Germany) were used. Proteins were
transferred to the membrane using the Western blot approach. The membrane-bound
proteins were detected with different antibodies and subsequently visualized by enzymatic
activity with antibody-bound enzymes.

Overexpression and purification of small proteins

For the expressional and functional analysis several small proteins were overproduced in
E. coli and subsequent purified. For each small protein various tools were used and are
described here.

The small protein RepX was recombinant produced in E. coli BL21 (DE3) containing the
pPMALc2x::repX overexpression construct. The primers that were used for construction are
listed in following Table 9. For amplifying of the target gene region, the Phusion polymerase
was used under manufacture instruction. The amplified gene repX was ligated into Sall and
Hindlll restriction site of the pMALc2x expression vector. E. coli BL21 (DE3) harboring the
expression construct pMALc2x::repX was grown in 1 | LB supplemented with 0.2 % (w/v)
glucose and ampicillin. The expression of the protein was induced with 0.1 mM and was
performed at 22 °C for 16 h. The cells were harvested by centrifugation, resuspended in
column buffer (New England BioLabs) and lysed three times with French pressure cell (6.895
x 10°® Pa). The cell lysate was incubated with Amylose Resin (New England BioLabs) and
then the MBP fused protein was purified according to pMAL™ Protein Fusion & Purification
System manual (New England BioLabs).

The small protein RepY was also purified using the pMALc2x vector system. The target gene
repY was amplified and ligated into EcoRI and Sall restriction sites of pMALc2x. The
overexpression was performed similar to the RepX expression.

The protein RepAO was recombinant produced in E. coli T7 SHuffle harboring the pET-
21a::repA0 expression construct. The amplified gene repAO was ligated into the EcoRI and

Hindlll restriction sites of pET-21a. The expression strain containing the construct pET-
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21a::repA0 was overproduced according to the handbook “The QlAexpressionist” chapter
No.12 (QIAGEN, Hilden, Germany). The cells grew in 1 | LB supplemented with ampicillin.
The protein expression was induced with 0.1 mM IPTG and the expression was carried out at
22°C for 16 h. The cells were harvested and lysed three time with French pressure cell. The
cell lysate was mixed with Protino Ni-NTA Agarose (Macherey-Nagel, Diren, Germany) and
together incubated at 4°C for 2 h. The His-tagged protein RepAO was purified using the
protocol no. 12 of the QIAexpressionist manual.

For overproducing the small protein A1725, the target gene al725 was amplified and ligated
into the EcoRI and Hindlll restriction sites of the pMALc2x vector. This construct was then
transformed to E. coli BL21 (DE3). The small protein was recombinant expressed similar to
RepX and RepY expression.

Table 9: Recombinant expression of small proteins

Target gene Primer forward Primer revers Tan[°C] Size gene [nts]  Size protein [kDa]

repX 0KP68 0KP82 54 172 55
repY 0KP239 o0KP240 59 228 6.0
repAO oKP76 oKP77 57 445 16.1
al725 oKP120 o0KP121 57 92 3.0

The buffers were changed using Vivaspin™ sample concentrator (GE Healthcare GmbH,

Solingen, Germany) with a to the protein size matching molecular weight cutoff.
SDS-Gels, western blot and immune detection

Polyacrylamide SDS- Gels

Purified proteins were controlled with SDS- polyacrylamide gel electrophorese (SDS-PAGE;
Laemmli, 1970). Usually, discontinuous Tris Tricine polyacrylamide gels with a 7% stacking
gel and 16 % separating gel were used for small proteins analysis and Tris Glycine SDS-
PAGE with 12 % separating gel for QQ enzyme electrophorese. The solutions that were used

for gel preparation are listed in the following table.
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Table 10: Solutions that were used for SDS-PAGE

Solution Component Concentration
, _ Tris 15M
Separating gel stock solution
SDS 0.4 % (w/v)
pH 8.8
H2Obidest ad 250 ml
: _ Tris 0.5M
Stacking gel stock solution
SDS 0.4 % (w/v)
pH 6.8
H2Obidest ad 100 ml

Rotiphorese® Gel 40 bisacrylamide (37,5:1; Carl Roth

Acrylamide stock solution
GmbH, Karlsruhe, Germany)

Ammonium persulfate (APS) 10 % (w/v)

For native polyacrylamide analysis the proteins were loaded on Mini-PROTEAN® TGX™
Precast Gels (BioRad, Munich, Germany). The electrophorese ran under the same Laemli
conditions expect that denaturing SDS is lacking in running buffer, gel solutions and loading
dye. If the protein gel is not used for downstream processing, the gel is stained with

Coomassie staining solution (Sambrook and Russell, 2001).

Western blotting (Towbin et al., 1979)

Western blotting was accomplished in order to detect the purified small proteins with specific
antibodies or Tag antibodies. The proteins and the prestained molecular weight marker
(Figure 54) were transferred from the SDS-Gel to a nitrocellulose membrane (0.2 um) by
using the Trans-Blot Turbo transfer system (Bio-Rad Laboratories Inc.). After gel
electrophorese, all components were equilibrated in transfer buffer (125 mM Tris, 192 mM
Glycine, 20% (vol/vol) Methanol, pH 8.6) before using. Then the components were
assembled in the following order: bottom cassette electrode (anode) - Bottom ion reservoir
stack - blotting membrane - gel - Top ion reservoir stack - Top cassette electrode (cathode).
The roller was used to remove any air bubbles between the layers. The Western blot ran for
30 minutes with the following settings: 30 min, up to 1.0 A; 25 V constant. After the run the

membrane was used for immune detection.

Immune detection
For the immune detection anti-His or specific antibodies were used. The specific antibodies
were ordered from Davids Biotechnology GmbH (Regensburg, Germany). Either a

synthesized peptide (RepX, RepY and Al1725) or a purified protein (RepAO) was used as
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antigens. The RepX peptide was synthesized from GeneCust (Dudelange, Luxembourg) and
the peptides RepY and al725 were synthesized from Davids Biotechnology GmbH
(Regensburg, Germany). Polyclonal antibody production was done by Davids Biotechnology
GmbH. The antigens were used for the immunization of the rabbits and the immunization was
done for 63 days (Table 11). The antibodies were purified by affinity purification and

depletion.

Table 11: List of specific first antibodies with the corresponding antigen sequence

Name Antigen

Anti-RepX-AB MNFSVVVGPRGNQHKSESGGSCRILQGSLE
Anti-RepY-AB-1 DGRDPRLTLSG

Anti-RepY-AB-2 ESNPSAHLSQAGSFQPIVNPNLLDG
Anti-RepAO-AB Purified protein

Anti-al725-AB LRLDRWRRFSFSALIMRHAVGASL

After the western blotting first, the membrane was washed two times with 1x TBS and then
incubated in blocking solution (5 % milk powder in TBST buffer) overnight at 4°C. After
washing the membrane three times with TBST the first antibody (Table 11) was placed to the
membrane and incubated for one to two hours with gentle rocking. After primary antibody
solution the membrane was washed three times with TBST. The secondary anti-rabbit
antibody that was conjugated either with a horse radish peroxidase (HRP) or an alkaline
phosphatase (AP) was incubated together with membrane for one hour. The detection of the
protein bands was performed depending on the enzyme with which the second antibody was

conjugated according to the manufacturer.

lI.  Structure analysis and characterization of GqgA- a Quorum

Quenching hydrolase

In this part all methods that were used for structure analysis and characterization of the novel

QQ enzyme GqgA are described.

Mutagenesis of GqQgA

For the mutagenesis of specific aa in GggA divers quick exchange mutagenesis on
nucleotide level were performed. For this purpose, the mutations were done by using the
Phusion Polymerase, the mutation specific primers (Table 12) and the construct pET-

2la::gqgA as template (Table 2). The PCR products were controlled on an Agarose gel and
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the charging stock was digested with Dpnl for removing the template DNA (30 min 37 °C, 10
min heat inactivation at 75 °C). After digestion, a phosphate group was added to the amplicon
by using the polynucleotide phosphokinase under using manufacture protocol (Thermo
Scientific, Bremen, Germany). With the added phosphate group, the linear amplicon could be
ligated with the T4 ligase with the addition of 1 yL 10 mM ATP. Ligation took place at
alternating 10 °C and 30 °C for 60 minutes. After a heat inactivation step a heat shock
transformation in E. coli DH5a was done. The correctness of mutation was done with
sequencing by using plasmid specific pET- primer (Table 21). The mutation construct with the
right sequence was transformed in the overexpression strain E. coli BL21(DE3). The GqqA-
Mut4 construct was generated by using a synthesized gene fragment (appendix, p. CXXXIII)
containing the substitution and deletion side was used as primer.

Table 12: Overview of GqgA mutagenesis

Name Mutagenesis Primer | Primer Il

GggA-Mutl F261S o0KP221 o0KP222

GggA-Mut2 AR279; AK280; AP281 0KP223 oKP224

GggA-Mut3 R25S oKP225 oKP226

GqgA-Mut4 P187A; AP188; AP189, --* --*
AG190; P191S

GgqA-Mut5 T118V o0KP229 0KP230

* a synthesized gene fragment was used as primer for the amplification of GqgA-Mut4 (p. CXXXIII, appendix)

Overexpression and purification of GqqA

The overexpression of GqgA was done like previously published (Valera et al., 2016) with
some modifications. The strain harboring the expression plasmid pET-21::gqgA was grown in
1 | LB medium supplemented with specific antibiotic. When the culture reached an ODggo Of
0.6 — 0.8, the culture was induced with 1 uM IPTG and the expression of the target protein
was carried out for 16 h at 22°C. The cells were harvested and resuspended in lysis buffer
(QlAexpressionist™) and were disrupted three times with a French pressure cell. The
purification was performed according to the QlAexpressionist™ protocol no. 12. The protein
eluates were buffered and concentrated using Vivaspin™ sample concentrator and 100 mM

potassium phosphate buffer (pH 8.0).
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Structure analysis of GqqA

For identifying the structure of the novel class of QS degrading enzyme different approach
were used. First the aa sequence of GqgA was compared to known QQ enzymes and for
secondary structure and protein structure prediction. The purified protein was shipped to

Collaboratory partner for crystallization and data analysis.

For similarity analysis of GqgA to other QQ enzymes, 22 sequences of characterized QQ
enzymes were used and compared to GggA sequence by using T- COFFEE multiple
sequence alignment server (http://tcoffee.crg.cat/). The resulted alignment of these 23
sequences was phylogenetic analyzed using Mega X (https://www.megasoftware.net/) and
the Maximum Likelihood method with JTT matrix-based model. The bootstrap was set to 500

replicates.

(Crystallization experiments and data analysis of GqgA were performed in cooperation with
the working group of Prof. Dr. Christian Betzel from the Institute of Biochemistry and
Molecular Biology of the University of Hamburg. Nadine Werner performed the following

experiments and established the best conditions for GqgA crystallization).

Purified protein (10 mg/ml) was used for crystallization. For an initial screening, the sitting-
drop vapor diffusion method was used in 96-well plates. Small crystals were identified after
three days. These seedings were used to get larger crystals that can be used for X-ray
analysis. Therefore, the hanging-drop vapor diffusion method was used.

The X-ray diffraction data were collected at the P11 beamline at Petra Il Synchrotron (DESY
Hamburg, Germany). The data were analyzed using XDS software package (Kabsch, 2010).

In vivo QQ enzyme assays

For a functional AHL- degrading assay the reporter strain C. violaceum CV026 was used.
Therefore, the E. coli BL21 (DE3) strains harboring pET-21a::gqqA wt or once of pET-
21a::gqgA M1-M5 mutant constructs grew in a preculture. Fresh LB medium was inoculated
with 1 % (vol/vol) of the precultures and cultured at 37 °C until an ODeggo 0f 0.6 was reached.
Then the cells were induced with 0.1 mM IPTG. The proteins were now expressed
recombinant for 16 h. Fresh LB medium with ampicillin and 10 pM of oxo-C8-HSL was
inoculated with the expression strains in a ratio of 2 % (vol/vol) and incubated at 37 °C for 6
h. The culture supernatant was collected by centrifugation and 30 pL were used for the
bioassay. Therefore, a grown CV026 culture was mixed with 24-fold volume of LB agar and
poured in plates. Sterile filter papers were placed on the plates. The CV026 plates containing

the supernatants of the cultures were incubated for 24 h at 28 °C. When CV026 cells become
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violet, Al molecules are present, when CV026 cells remain colorless, the Al molecules are

degraded.

In vitro enzyme assay and ESI-MS/MS analysis

(The enzyme assay and ESI-MS/MS measurements were performed in cooperation with
Manuel Ferrer and Laura Fernandez-Lopez from Department of Applied Biocatalysis of the
Institute of Catalysis (CSIC) in Madrid (Spain).

The in vitro enzyme assay was performed in triplicates and corrected for non-enzymatic
transformation at 30°C. The substrate oxo-C8-HSL was added to a final concentration of 0.5
mg/ml (stock solution 100 mg/ml in DMSO) in one milliliter of 5 mM EPPS buffer, pH 8.0. A
final concentration of 10 ug/ml GqgA (5 mg/ml stock solution in 40 mM HEPES, pH 7.0) was
added immediately to the batch. Aliquots of the samples with and without protein were taken
at different time intervals and the reaction products were analyzed by Mass spectrometry.

The MS analysis was performed in a hybrid quadrupole-time of flight mass spectrometer
(QTOF, QSTAR pulsar |, ABSciex) supplied with a micro electrospray ion source for
measurements in positive and negative mode. The assay products were dissolved in
methanol in a 1:10 dilution and then introduced in the spectrometer. For identifying the
products, the measurements were recorded in TOFMS mode. The parameters have been set
as shown below: mass range 50-2000 Dalton; ion spray voltage (IS): 4500 V; ion source gas
pressure (GS1): 10 psi; curtain gas pressure (Cur): 20 psi; declustering potential 30 V;
focusing potential: 210 V; declustering potential 2: 15 V; collision gas: 3.
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4. Results

NGR234 is able to fix nitrogen with more than 120 plant genera and is therefore a great
model organism to study host-microbe interactions and rhizosphere processes. The genome
of NGR234 consists of two genes coding for QS Al synthases (Schmeisser et al., 2009). In a
previous work, several Al synthases mutants were constructed, including a NGR234
AngrlAtral_copy+ double deletion mutant (Krysciak et al., 2014; Grote et al., 2016).
Interestingly, the NGR234 AngrlAtral_copy+ double deletion mutant showed upregulation of
almost all genes on the symbiotic plasmid. It has already been demonstrated that not only the
transcription is higher, but also the translation of proteins is increased. For example, this

mutant produces a higher number of NOPs proteins and secretes them (Grote et al., 2016).

Root hair curling in the Absence of Apigenin

Due to the upregulation of almost all genes on pNGR234a, the question arises whether this
upregulation is sufficient to enable the production of Nod factors that are necessary for the
establishment of symbiosis (Figure 2) and root hair curling of the host. Therefore, the Nod
factors were extracted from culture supernatants of the NGR234 wt strain and the NGR234
AngrlAtral copy+ mutant, which were incubated with and without apigenin. The cultures
cultivated with apigenin were selected as a positive control known to produce Nod factors and

NGR234 AngriAtral_copy+ NGR234 NGR234 AngrlAtral_copy+ NGR234

nothing added Supplemented with 1 uM apigenin

Figure 6: Root hair curling assay using Nod factor extracts of NGR234 wt strain and the
NGR234AngrlAtral_copy+ mutant.

Root hairs of V. unguiculata were incubated with extracted supernatants of NGR234 cultures treated
either with 1 pM apigenin (right) or the non-treated cultures (left). The curved root hairs of the
NGR234AngrlAtral_copy+ where nothing was added are clearly recognizable, whereas the root hairs of
the wt strain (NGR234) are straight. The control cultures, which were grown with apigenin, showed both
the typical root hair curling. The images were taken with a Zeiss microscope and the provide software
AxioVision.
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trigger root hair curling. The extracted supernatants were incubated together with a
germinated Vigna unguiculata bean for 24 h and then the root hairs were examined for their
curling using a microscope. The root hairs incubated with the non-treated supernatant of the
mutant show a distinct root hair curling while the wt supernatant without apigenin shows non-
curled root hairs (Figure 6, left). Both extracted supernatants of the wt and the mutant strain,
in which the cultures grew in the presence of 1 UM apigenin, trigger root hair curling after
24 h. (Figure 6; right).

.  Quorum Sensing dependent expression of small proteins
Small proteins are characterized as proteins much smaller than 100 aa synthesized directly
by ribosomes and have been neglected in the past. The fact that in the absence of Al
molecules almost all genes on the symbiotic plasmid were upregulated in
NGR234 AngrlAtral_copy+ mutant could be used as an advantageous tool to study the
expression of small proteins in QS regulatory circuits. For this purpose, an ORF search was
carried out and the received smORFs were compared with supposedly homologous proteins.
The expression of selected smORFs was verified and a functional characterization for some

of the resulting smORFs was started.

Prediction of smORFs on the symbiotic plasmid pNGR234a

With an Artemis six-frame translation ORF search (Carver et al., 2008) and settings to obtain
entries with a minimum size of 30 nts, a total of 10,730 possible entries were found on the
replicon. By focusing on new proteins below 60 aa, all entries longer than 183 nts were
neglected and 4,074 entries remained. Due to this high number of possible new smORFs,
only intergenic smORFs were considered. These 1,330 entries were mapped to the
transcriptomic profile of the wt and the Al double deletion mutant strain (Grote et al., 2016).
The entries which fit better to the transcript were analyzed more in detail. All sense/antisense
or other frames ORFs were deleted and the amount of new possible small ORFs was
reduced to 680 ORFs with a range of 30 to 180 nts. With the transcriptomic profile the
possible smORFs could be evaluated for the fact that these ORFs would be really
transcribed. The transcriptome profile was conducted with NGR234 cells grew 48 h in YEM
medium (Grote et al., 2016). Because of the deep sequencing event only smORFs with a
transcript hit level of = 10 denote a real transcript. So, all ORFs without any transcript hit level
and all ORFs with a transcript hit level under ten were neglected. 30 smORFs that showed no
transcript in the wt strain either in the mutant strain and 489 smORFs in the wt and 453

smORFs in the mutant strain showed only background or no transcript (Table 13).
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Table 13: Transcript hit number of
NGR234AngrlAtral_copy+ mutant

the

new

small

ORFs

in

NGR234 wt

and

No transcript hit levels (normalized reads)
strain total transcript | total
P 210 =250 =100 =500 =1,000
gl 680 489 191 135 23 25 4 4
AngrlAtral_copy+ 680 453 227 163 31 25 4 4

All these ORFs, which have no transcript either in the wt or in the mutant could be ignored
because these ORFs appeared to be false-positive. A total of 191 expressed smORFs with
different transcript hits were found in the NGR234 wt strain (Table 13) and 227 expressed
smORFs in the NGR234 AngrlAtral_copy+ mutant. So, a higher number of expressed
smORFs were observed in the NGR234 AngrlAtral_copy+ mutant. The most smORFs
showed a lower transcript hit rate between 10 to 50 readings. Some few ORFs were
transcribed at high level with a reading size of more than 500 or 1,000 reads (Table 13).
When the transcriptomic profile of the wt strain was compared to the deletion strain (Table
14), the majority of SmORFs had no differences in the transcription levels. These smORFs
were not regulated and had a fold change level of -1 to +1 and were listened as zero in the
summary table (Table 14). A total of 37 smORFs showed altered transcription rates in the
mutant strain. Of these SmORFs, 13 ORFs showed a lower and 24 a higher transcription rate.
Most of the differently regulated genes were regulated with a lower fold change rate of +/- 2
or +/- 3 (Table 14).

Table 14: Transcription analysis of NGR234 wt and NGR234AngrlAtral_copy+ in comparison to
each other

S Fold change (log2) of small ORFs
ota
-3 -2 0 +2 +3 +4 +5 +6 +7
Wt vs AngrlAtral_copy+ 2 11 16 3 2 0 2 1
251 214
+/- regulated 13 24

The new smORFs were distributed on the whole symbiotic plasmid. All smORFs (smORF-1 to
smORF-251) were listed with start and stop sites in appendix (Table 25) and were displayed
in the circular diagram (Figure 7). The dots scattered over the light green, light red and white
circles represented the transcripts of NGR234AngrlAtral_copy+ compared to the parental
strain. The smORFs were indicated by the green (leading strand) and blue (lagging strand)
lines. All dots, which were located on the green circles, had an increased transcription in
comparison to the parental strain. The dots on the red circles had a decreased transcription

level. All dots in the white circles were not differently regulated. Three ORFs stood out when
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locking at the circular diagram. Surprisingly, these ORFs were located together in the
intergenic region in-between the Al synthase gene tral and the replication operon repABC
(Figure 7, blue scare). All of them had a drastically fold change in the transcriptomic profile of
the mutant. Due to this location close to the replication operon repABC and the autoinducer
synthase gene tral, these ORFs would be interesting for further investigations. Because of
the location proximity to the replication operon, these smORFs were referred as repX, repY

and repAO0.

pNGR234a

£

=2
8
o~

5
2
e
2
S

NGR234 AngrlAtral vs. NGR234 wt on the leading strand upregulated smORFs log scale
J NGR234AnngAtralCOper vs. NGR234 wt on the lagging strand
| smORFs on the lagging strand
| smORFs on the leading strand not regulated smORFs log scale

copy+

downregulated smORFs log scale

Figure 7: Circular presentation of the small ORF search mapped to the RNA-seq based
transcriptome data for pNGR234a of the NGR234AngrlAtral_copy+ mutant vs. the wt strain.

The p-ORF search was done with Artemis with the settings describe in material and methods. The
circular diagram was calculated by using Circos software 0.67. The dots scattered over the light green,
light red and white circles represent the transcripts of NGR234AngrlAtral_copy+ in comparison to the
wild type strain. The lines indicate the p-ORFs on the leading (green) and the lagging (blue) strand.
The circles in light green indicate log2 8; 7; 6; 5; 4; 3; 2, the white circles in-between the colored once
represent log2 1/-1 and the light red circles indicate log2 —2; -3 for the sense transcripts.
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All these new features (SmMORF-1 — smORF-251) are submitted to NCBI in an updated
version of NGR234 symbiotic plasmid pNGR234a (Refseq: NC_000914.2; Genbank
U00090.2).

Blast search of discovered smORFs

For further analysis of the discovered new small ORFs a Basic Local Alignment Search Tool
(BLAST) search was performed. The Blast tool from NCBI (https://www.ncbi.nlm.nih.gov/)
was used to find similarity between the new smORFs and sequences of another organism.
For this purpose, the nts and the corresponding aa sequences were compared with
sequences databases and the statistical significance was calculated. These possible

similarities should give first indications of a possible gene or protein function.
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Figure 8: Blast search of sSmORFs.

The hits were classified in different groups and the relative amounts of sSmORFs in these groups were
calculated. For BlastP and the non-redundant protein sequences database and the BlastP algorithm
were selected. BlastX used also the non-redundant protein sequences databases. Both resulted hits
were grouped in no significant similarity, hypothetical proteins, transposases and similarity to known
proteins. For BlastN the nucleotide collection database (nr/nt) was used. The hits were splitted in the
groups: “only found in NGR234, found in closed related strains and other rhizobia”.

First, the corresponding aa- sequences were compared with the BlastP non-redundant
protein databases. The majority of the smORFs (221 smORFs; 88 %) showed no significant
similarity to known proteins (Figure 8). 23 small ORFs (9 %) had similarities to hypothetical
proteins found in closely related rhizobia strains. But most of the resulted hypothetical
proteins were not small proteins and showed only a small percentage identity to the query

sequences. Some few small ORFs (2 %) had similarities to different transposase families and
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only two genes (1 %) showed similarities to known proteins. These proteins were encoded by
the already annotated genes repX and repAO0 (smORF-249 and smORF-251; BK009410). A
BlastX search that compares translates nts sequences to biological sequences showed that
137 of the 251 smORFs (55 %) had no similarities to other translated nts sequences. A third
of the sequences could be assigned to hypothetical proteins, which occur mainly in closely
related rhizobia and usually code for slightly larger proteins. Thus, these smORFs could be
part of some larger genes, approximately 180 to 240 nts in size. Similar to BlastP, BlastX
found some similarity to transposases. One tenth of SmMORFs had these similarities to this
kind of enzyme class. 16 translated sequences have similarity to known proteins (6 %). Most
of them are slightly larger proteins with a size of 100 to 200 aa. The last similarity search was
performed with BlastN, comparing the pure nts sequences with similarities in the databases.
Interestingly, only 30 % of these smORFs were found only in the genome of NGR234
(NC_00914.1) and 56 % are found also in closed related rhizobia strains. The smORFs were
also present in S. fredii CCBAU 25509 (CP029453.1), S. fredii CCBAU45436 (CP029233.1),
S. fredii CCBAU 83666 (CP023072.1), E sojae CCBAU 05684 (CP023069.1), S. fredii
USDA257 (CP003567.1), S.fredii HH103 (HE616897.1) and S.sp. CCBAU 05631
(CP023065.1). Further 35 smORFs (13 %) were also identified in other rhizobia strains like
S. meliloti or A. tumefaciens.

All Blast tools that had been used show no similarity of the smORFs to a known gene or
protein. This means that none of these ORFs was described in earlier studies and a

characterization of these new ORFs started at the beginning.

Verification of the expression to small proteins by using Ribo-seq analysis

Ribosome profiling (also known as Ribo-seq) was a technique that used deep sequencing to
investigate in vivo translation. This allowed new insights into the identification and the
expression of proteins synthesized by bacteria. This approach should be used to identify
which of the new smORFs were expressed as small proteins. The Ribo-seq was performed in
cooperation with the lab of Cynthia Sharma (University of Wirzburg). The NGR234 wt strain
and the NGR234 AngrlAtral_copy+ strains grew in YEM medium for 55 h. The cells were
harvested, and the polysome of the wt strain and the mutant strain were isolated. The
ribosome-protected mRNA fragments that were known as ribosome footprints, were
recovered and converted into DNA libraries, which were analyzed by deep sequencing.
NGR234 is a bacterium that is not easy to handle, and E. coli protocols can often not be
adopted simply. Each step of the Ribo-seq must be optimized. The Sharma lab found the

conditions for cell lysis and the sucrose gradient fractionation of macromolecules. But
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previously, it was not possible to extract the RNA from the footprint fractions because the
RNAs were degraded. The problem with RNA degradation must be solved and some other
RNA extraction methods will be tested in the coming weeks and months. So that in the future
the Ribosome profiling of NGR234 offered information, which smORF would be translated

into small proteins.

Revaluation of the NGR234 AngrlAtral_copy+ mutant and construction of a new Al
double deletion mutant

In the past a double deletion of both autoinducer synthases genes tral and ngrl was
constructed (Grote et al., 2016). For the deletion of tral, a gentamycin cassette was
integrated in place of the deleted tral gene. With the identification of the small ORF repX, it
was clear that the promoter region of the new smORF repX that is located on the first 200
nucleotides of the autoinducer synthase gene tral was lost in the NGR234 AngrlAtral_copy+
mutant. A second fact was that the translation start ATG of repX was also changed to GAG.
Thus, it was possible that the new smORF repX was not expressed correctly or was
expressed uncontrollably. Because of these findings a new Al double deletion mutant
(NGR234 AngrlAtral) was constructed in this work, where the promoter region and the
translation start ATG of repX were preserved (Figure 9, A). In this Al deletion mutant only the
last 427 nts of tral were deleted and a stop codon after the first preserved 200 nts was
inserted. The newly created NGR234 AngrlAtral Al double deletion mutant was constructed
by amplifying new flanking region of tral with maintenance of the repX promoter region and
ligation of these fragments to the suicide vector pNTPTS138-R6KT (Table 2). The new
deletion of tral was verified either with PCR products of different primer pairs (Figure 9; B) or
with the sequencing of the PCR product of the outer primer pair oKP141/0KP142 (Table 21).
Due to the insertion of the gentamycin cassette (NGR234 AngrlAtral_copy+) or the deletion of
the 427 nts of the 3’ end of tral in the newly constructed Al mutant, the PCR should resulted
in different product sizes compared to the wt strain (Figure 9, C). As a control, also the Al

double deletion mutant NGR234 AngrlAtral_copy+ was verified with the same primer pairs.

The PCR product amplified with outer primers (PCR 1, Figure 9) showed in the wt a DNA
band with a size of 2, 287 nts. The PCR product of the mutant gDNA had a PCR product with
a size of 1,873 nts (Figure 9; C). In contrast, the Al double mutant NGR234 AngrlAtral_copy+
with an inserted gentamycin cassette showed a larger PCR product (2,648 nts). A second
verification was conducted with inner primer (0KP164/0KP165). In the wt strain, the PCR
product had a size of 185 nts, even as in the mutant strains no PCR product could be
identified, because the primer could not bind to isolated gDNA (Figure 9; C; PCR 2). A last
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Figure 9: Verification of the in this work constructed Al double deletion mutant
NGR234 AngrlAtral.

A: Genomic organization of the Al synthase gene tral in the wt strain, the in this work constructed Al
double deletion mutant NGR234 AngriAtral (Atral) and the first Al double mutant NGR234
AngrlAtral_copy+ (Atral_copy+/Ac+). The deletion of the 3’-end of tral is displayed with separated
lines (Atral). B: Overview about the received PCR products mapped to the genomic organization of
tral. The lines shown here represent the different PCR products in wt strain. PCR 1 amplified a XX nts
product. PCR2 resulted in a XX nts product and PCR product has a size of XX nts in the wt strain. C:
2 % (w/V) agarose gels for all three PCRs. The running conditions were 120 V for 27 min. The 100 bp
plus DNA Ladder (#SM0321;Figure 53) was used as marker (M). H20bidest Was used as negative
control in each PCR (neg). The samples were isolated gDNA of NGR234 wt (wt), NGR234 AngrlAtral
(A) and NGR234 AngrlAtral_copy+ (Ac+). The PCR product size (in nts) were shown for each sample
at the bottom of gel.

PCR based verification was conduct with primers of the flanging regions (o0KP155/0KP158).
The deletion of tral was shown by the different PCR products sizes. Whereas the wt PCR
product had a size of 1,191 nts and the NGR234 AngrlAtral_copy+ PCR product had a size of
1,544 nts, the newly constructed Al double deletion mutant showed a product with a size of
777 nts. In total, all PCRs resulted in a smaller PCR product for the gDNA of the newly
constructed Al double deletion mutant compared to the parent strain or the

NGR234 AngrlAtral_copy+ mutant. This suggested that the mutant was constructed correctly.
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In addition to the genetic examination of the mutant, functional tests had been carried out.
These functional tests were intended to show that the mutant was no longer able to produce
Al molecules. For this propose, the Al indicator strain A. tumefaciens NTL4 (Table 1) was
used for testing the potential of producing Al molecules. The parent strain and the new
mutant strain were cultured in TY for 48 h. The Al molecules were extracted (p. 25) and were
loaded on a thin layer plate. The Al molecules were separated on the plates by capillary
action. The TLC plates were coated with A. tumefaciens supplemented with specific
antibiotics and X-gal. When NTL4 turns blue, the strain was able to produce Al molecules. If
NTL4 remained colorless, no Al molecules were produced (Figure 10, A).

The side of the TLC plate that contained extract of the wildtype, clearly showed four blue
spots. Consequently, it seemed that NGR234 wt was able to produce four variants of AHL
molecules. The upper spot corresponded to the 3-oxo-C8-HSL, which was synthetized by
Tral. The second spot was assigned to oxo-C12-HSL. The spots below were unknown. The
Al molecule that was produced by Ngrl is not yet known, but it seemed that Ngrl produced a
mix of Al molecules. In contrast to the wt extract, the extract of the in this work constructed Al

double deletion mutant NGR234 AngrlAtral showed no blue stain at the corresponding

T | B
’ ‘ wt AngrlAtral
cAngrlAtral medium

Figure 10: Detection of extracted Al from NGR234 wt and NGR234 AngrlAtral.

A: TLC of the extracted Al from NGR234 wt and NGR234 AngrAtral. The acryl-HSL were extracted
twice with 0.5 vol. ethyl acetate, were concentrated in rotary evaporator and then resuspended in 1 mL
ethyl acetate. Samples volume of 2 uL was applied to cellulose TLC plates. The run was developed
with methanol- water. The TLC plate was coated with NTL4. A blue spot indicates am acyl-HSL. B:
Detection of Al molecules with the reporter strain CV026. The Al of NGR234 wt, NGR234 AngrlAtral
and of a genetically complemented mutant were extracted as described above. 30 pl of these
extracted Al molecules were pipetted onto a filter paper located on a with CV026 inoculated agar
plate. When the filter paper turns purple, Al molecules were produced from the strains

positions for Al molecules.
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For verifying that this effect turned from den deletion of the synthases, a genetically
complementation on the broad host range-vector was constructed and transformed to
NGR234 AngrlAtral. A second test was performed with wt, mutant and complemented
deletion strain. Therefore, the Al reporter strain C. violaceum CV026 was used to detect
produced Al molecules. Extracted Al molecules were pipet on a filter paper placed on a LB
agar plate inoculated with CV026. The violet color of the CV026 strain that was inoculated
with the extracted supernatant of NGR234 parent strain indicated the production of Al
molecules. Here a clear purple stain was observable (Figure 10, B). Whereas in the sample
treating supernatant of mutant strain no purple color was visible. But if the mutant was
genetically complemented with both Al synthases, the CV026 became purple again. The
effect that on the TLC plates no AHL molecules were detectable in the mutant was a result of
the deletion of both Al synthase genes ngrl and tral.

Growth properties of the mutant strain

NGR234 AngrlAtral_copy+ showed a different growth property compared to the wt strain.
This mutant could not reach the same cell density as the wt if both strains were in the
stationary phase (Grote et al., 2016). This raises the question of whether the newly produced
mutant had a similar growth characteristic. The newly produced Al double mutant, the
NGR234 AngrlAtral_copy+ mutant and the wt were inoculated with a start ODsgo of 0.04 and
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Figure 11: Growth curve of the newly constructed Al double deletion mutant

The cell densities of the NGR234 wt strain (black line) and both Al double deletion mutants
are applied against time and are compared to each other. The NGR234 AngrlAtral_copy+
are displayed with the dotted line and the newly constructed mutant NGR234 AngrlAtral is
shown in broken line.
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incubated shaking at 28°C in YEM medium for 72 h. Every four hours always 50 pl culture
were taken and the ODgoo Was measured, and the cell densities were applied against time
(Figure 11).

All three strains reached the exponential growth phase after 20 h and remained in this phase
for approximately 30 h. Only the wt achieved a cell density of more than 4 x 10° cells per ml.
Both mutants did not exceed the cell density of 4 x 10°. NGR234 AngrlAtral_copy reached an
ODeoo Of 3.68 + 0.11 x 10° cells per ml and the newly constructed Al double deletion mutant
NGR234 AngrlAtral attained a cell density of 3.43 x 10°+ 0.41 x 10° cells per ml. This growth
curve displayed the result that were published previously (Grote et al., 2016). Without the
production of Al molecules, NGR234 could not achieve the same cell density as wt, but they
were in the same growth phase after the same time interval and could be used for

transcriptomic analysis.

The effect of lacking Al molecules on gene expression

For testing the effect of both Al on gene expression, first a RNA-seq was performed.
Therefore, the wt strain of NGR234 and the new Al double deletion mutant
NGR234 AngrlAtral grew shaking at 28°C in YEM medium for 24 and 55 h. All cells reached
the stationary phase after 55 h. The cells were harvested and frozen with dry ice. The RNA-
seq was performed in Goettingen in our co-laboratory (p. 20). The reads were normalized and
mapped to the genome of NGR234. The fold-change and the p-value were calculated.

Table 15: Number of up- down regulated genes in NGR234AngrlAtral compared to parent strain

time Replicon Total down regulated not regulated up regulated
cNGR234 3,699 72 (2 %) 3,465 (94 %) 162 (4 %)

55 h pNGR234b 2,351 73 (3 %) 2,236 (95 %) 42 (2 %)
pNGR234a 422 6 (1 %) 398 (94 %) 18 (5 %)

In total, 373 genes were differently regulated in stationary growth phase (Table 15). This
suggested that only 6 % off all encodes genes in NGR234 AngrlAtral were differently
regulated. On the chromosome 6 % of the genes were differently regulated. The relative
number of regulated genes for the symbiotic plasmid was similar to the relative amount of the
chromosome. On the second megaplasmid pNGR234b only 5 % of the genes are regulated
in a different manner. The comparison of the gene expression in the parent and the Al double
deletion strain after 55 h is displayed in the circus diagrams (Figure 12). All three replicons

were represented. The dots scattered over the light green, light red and white circles
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represented the transcripts of the NGR234 Al double deletion strain in comparison to the
wildtype strain. The dark green and blue bars represented the genes on the replicons. When
the dots are in the light red circles, the transcription was downregulated. Dots on the light
green circles indicated an upregulation of genes. All not regulated transcripts were displayed
with the dots in the white circles. This figure clearly showed that most genes were not
regulated differently, since 95 % of all red dots were in the white range. In addition, there
were entire gene clusters that were regulated up or down. The gene cluster for the formation
of flagella (NGR_c02610 - NGR_c03010) was upregulated on the chromosome. Interestingly
a gene cluster was observed on the chromosome that was downregulated in the newly
constructed Al synthase double deletion mutant. The gene cluster was located in-between
the position 1,038,789 and 1,065,775 and included 30 genes that were involved in nitric oxide
reduction. On pNGR234b, a gene cluster that is involved in formation of an ABC transporter
(NGR_b21730- NGR_b21780) was downregulated in the mutant compared to the parent
strain. On the symbiotic plasmid there were some single genes that were differently regulated
like the mutated gene encoding the Al synthase Tral was no longer transcribed. Three genes
encoding for hypothetical proteins was found in the transcriptomic date of the symbiotic
plasmid that were transcribed in a QS dependent manner (NGR_a02340, NGR_a02760;
NGR_a03270). There were also two genes encoding LysR family transcriptional regulator
(NGR_a00810 and NGR_a01980) that are upregulated when both Al synthases genes are
deleted.
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Figure 12: Transcriptomic analysis of the newly constructed NGR234 AngrlAtral double
deletion mutant

Circular diagram was calculated by using Circos software 0.67. The dots scattered over the light
green, light red and white circles represent the transcripts of the in this work constructed
NGR234AngrlAtral mutant in comparison to the wild type strain. The lines indicate the ORFs on the
leading (green) and the lagging (blue) strand. The circles in light green indicate log2 8; 7; 6; 5; 4; 3; 2,
the white circles in-between the colored once represent log2 1/-1 and the light red circles indicate log2
-2; -3 for the sense transcripts.
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The effect of QS to the novel smORFs on pNGR234a

Within this research project 251 new smORFs were identified on the symbiotic plasmid
(p. 37). For comparing the expression of these smORFs in NGR234 AngrlAtral_copy+ and
the newly constructed Al double deletion mutant, the transcriptomic profile of the new Al
double deletion mutant was also mapped to the symbiotic plasmid GenBank file containing all
new smORFs.

The majority of these smORFs (90.03 %) are not differently regulated. Thus, in total there are
25 smORFs being differently regulated in the new Al double deletion mutant compared to the
parent strain. Of these differently regulated smORFs, six SmMORFs (SmMORF-22, smORF-19,
SMORF-20, smORF-23, smORF-62, smORF-149) showed an increased and 19 a decreased
transcription rate (Figure 13,Table 25 in appendix).

The smORFs smORF-112, smORF-98 and smORF-111 had an increased transcription in
NGR234 AngrlAtral_copy+ compared to parent strain. But in the newly constructed Al double
deletion mutant NGR234 AngrlAtral, these genes were downregulated when the transcription
rate is compared to the parent strain. In the transcriptomic data, there were found two genes
that were upregulated in both variants of Al double deletion mutant. The transcription rate of
SMORF-149 and smORF-23 were upregulated in the newly constructed NGR234 AngrlAtral
and in NGR234 AngrlAtral_copy+ mutant.

250
v
'é:" 200+
(@]
= 150+
E L
220+
o
€ 159
g 10_
£
© 54
0 T
>
@
Q\ez}\
‘\&QFD
S

Figure 13: QS dependent expression of small proteins on pNGR234a
Bar diagram with amount of small ORFs on pNGR234a that were not regulated (white), down
regulated (red) and up regulated (green) in NGR234AngrlAtral compared to NGR234 wit.

However, in the data were found seven smORFs that were downregulated in both mutants.
These seven smORFs had a higher negative fold2change in the newly constructed Al double

deletion mutant than in the NGR234 AngrlAtral_copy+ mutant.
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In summary, the newly constructed mutant confirmed the QS dependent expression of small
proteins in NGR234.

Functional characterization of selected small proteins

The small ORFs with the highest transcript rate were characterized in more detail. Therefore,
the smORFs smORF-249, smORF-250, smORF-251 and smORF-104 were chosen and the
expression and first hints for the function of these small proteins should be identified by using
mutagenesis approach, immunoblotting with specific polyclonal antibodies and studies with

translational fusions.

The smORF repX
The first smORF, that was characterized here, was the smORF-249 that was named as repX.

This smORF was located at position 535,461 to 535,616 in the intergenic region in-between
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Figure 14: Genetic organization of the smORF repX with the corresponding transcriptomic
profile and the coding and leader sequence of repX.

The genomic organization of the smORF repX (red box) is shown with the corresponding
transcriptomic profile of the parent strain and the NGR234 AngrlAtral_copy+ mutant. The grey
shadows represent the reads. Both graphs were set to 100 reads. The lower part of this image
illustrates the coding and the 153 nts leader sequence of repX. The promoter regions of repX (light red
boxes) and of tral (light blues boxes) are shown. Some nts before the starts of repX and tral are
located the RBS of respective genes. The transcription start of repX (black arrow) was calculated with
the transcriptomic data.
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tral and repABC on pNGR234a. SmORF-249 consisted of 156 nts and encoded for a
probably 51 aa small protein RepX. That the expression of repX was increased to a 6.49-fold
higher value in NGR234 AngrlAtral_copy+ made this protein to a nice candidate for further
characterization. A closer look at the nucleotide level revealed the overlapping of tral and
repX genes and their promoter regions (Figure 14). Both genes pointed in the opposite
directions and their promoter regions were located in the other gene. The tral ribosome
binding site (RBS, also known as Shine Dalgarno sequence, SD), the general promoter
elements (-10 and - 35 region) and TRA box Il, which is the binding site for the transcriptional
factor TraR, were shown in blue rectangles and was directly within the first 85 nts of repX.
The repX general promoter elements and the RBS were illustrated in red rectangles and were
located at the first 200 nts of the gene tral. A RBS was detectable 5 nts upstream of
translation start ATG. Also, the general promoter region -35 and -10 could be observed in the
sequence and were predicted with the Softberry internet tool (Solovyev and Salamov, 2010).
A transcription start site could be verified in the transcriptomic data of the NGR234
AngrlAtral_copy+ and is shown with a black arrow (black arrow; Figure 14). These findings
led the transcription of a 154 nts leader sequence which function was not yet clear. The
smORF repX started with an ATG as translation start and stopped with TAG as translation
termination.

The nucleotide level of tral and repX demonstrated the contrary direction of both genes and
the challenges with the transcription of both genes at the same time. If the tral gene was
expressed, the binding of RNA polymerase to the tral promoter inhibited the expression of

repX due to contrary direction of these both genes (Figure 14).

Similarity to other strains

The smORF was present in eight different rhizobia strains: S. fredii CCBAU 255009,
S. fredii CCBAU45436, S. fredii CCBAU 83666, E sojae CCBAU 05684, S. fredii USDA257,
S. fredii HH103, S. sp. CCBAU 05631 and S. fredii SMH13. Here, the nts sequence and the
corresponding aa sequence of repX from NGR234 and from the closely related strains were
aligned by using the similarity search tool BlastN and the ClustalW alignment tool. All eight
ORFs showed a high similarity to repX (96.15 % identity). In total six nts of the query
sequences differed to the homologue target sequences. Five nucleotide exchanges (red
boxes, Figure 15) led to the alteration of the corresponding aa- sequence. The nts exchange
G96T (green box, Figure 15) was a silent mutation and had no effect to the corresponding aa

sequence of the small protein RepX. Since the function of RepX was still unclear, a possible
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consequence of the aa changes was not known. A structural prediction of the small protein

RepX could provide the first indications of the protein function.
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ATGAATTTCTCCGTCGTTGTTGGACCGCGGGGARAATCAGCACARATCGGAATCGGGTGGCAGTTGTAGGATCCTACAAGG
M N F S VvV VvV V.G P R GNOQQH K S E S G G S CURTIULQ G
ATGAATTTCTCCGTCGTTGTTGGACCGCGGGGARAATCAGCACGAATCGGATTCGAGTGGCAGTTGTAGGATCCTACAAGG
M N F §$ VvV VvV Vv G P RGNOQ H E s D S S G s CURTIUL Q G
ATGAATTTCTCCGTCGTTGTTGGACCGCGGGGARAATCAGCACGAATCGGATTCGAGTGGCAGTTGTAGGATCCTACAAGG
M N F s VvV GG PRGN Q HE S D S S G S CURTIULQG
ATGAATTTCTCCGTCGTTGTTGGACCGCGGGGARAATCAGCACGAATCGGATTCGAGTGGCAGTTGTAGGATCCTACAAGG
M N F s VvV VvV G P RGNOQ HE S D S S GG S CRTIUL Q G
ATGAATTTCTCCGTCGTTGTTGGACCGCGGGGARAATCAGCACGAATCGGATTCGAGTGGCAGTTGTAGGATCCTACAAGG
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ATGAATTTCTCCGTCGTTGTTGGACCGCGGGGARATCAGCACGAATCGGATTCGAGTGGCAGTTGTAGGATCCTACAAGG
M N F S V VvV G P R GNOQ H E S D S S GG S CRTIUL Q G
ATGAATTTCTCCGTCGTTGTTGGACCGCGGGGARAATCAGCACGAATCGGATTCGAGTGGCAGTTGTAGGATCCTACAAGG
M N F s VvV vV G P RGN Q H E S D S S G S CRTI L Q G
ATGAATTTCTCCGTCGTTGTTGGACCGCGGGGARAATCAGCACGAATCGGATTCGAGTGGCAGTTGTAGGATCCTACAAGG
M N F S VvV V G P R GNOQ H E S D S S GG S CRTIUL Q G
ATGAATTTCTCCGTCGTTGTTGGACCGCGGGGARAATCAGCACGAATCGGATTCGAGTGGCAGTTGTAGGATCCTACAAGG
M N F S VvV VvV V G P RGNOQ H E S D S S GG S CRTI UL Q G
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TTCCCTGGRACGCGTTGGGCGTTGCGTCGCGTCACGTCTGCCTTTGCAGACCCGRAGGCCCCCTTGCGTCTTGTAG 156
S L ER V GGRCVASU RILZPILOQT RRP P CV L *
TTCCCTGGRACGCGTCGGGCGTTGCGTCGCGTCACGTCTGCCTTTGCAGACCCGRAGCCCCACTTGCGTCTTGTAG 156
S L ER V GGRCVASRULU&PULIGQTR S P T C V L *
TTCCCTGGRACGCGTCGGGCGTTGCGTCGCGTCACGTCTGCCTTTGCAGACCCGAAGCCCCACTTGCGTCTTGTAG 156
S L ER YV GRCVASRULU®PULIGQTIR S P T C V L *
TTCCCTGGRACGCGTCGGGCGTTGCGTCGCGTCACGTCTGCCTTTGCAGACCCGRAGCCCCACTTGCGTCTTGTAG 156
ER V GRCVASURILU&PTZLIGQTI R S P T C V L *
TTCCCTGGRACGCGTCGGGCGTTGCGTCGCGTCACGTCTGCCTTTGCAGACCCGRAGCCCCACTTGCGTCTTGTAG 156
L P L Q T R S P/ T C V L *
TTCCCTGGARACGCGTCGGGCGTTGCGTCGCGTCACGTCTGCCTTTGCAGACCCGRAGCCCCACTTGCGTCTTGTAG 156
S L ER V GR CVASRULU®PULIGQTIR S P T C V L *
TTCCCTGGRACGCGTCGGGCGTTGCGTCGCGTCACGTCTGCCTTTGCAGACCCGRAGCCCCACTTGCGTCTTGTAG 156
S L ERV GGRCVASU RILZPILOQT®R S P T C V L *
TTCCCTGGARACGCGTCGGGCGTTGCGTCGCGTCACGTCTGCCTTTGCAGACCCGRAGCCCCACTTGCGTCTTGTAG 156
s L ER YV GGRCVASRILUPILIGQTI R S P T C V L *
TTCCCTGGARACGCGTCGGGCGTTGCGTCGCGTCACGTCTGCCTTTGCAGACCCGRAGCCCCACTTGCGTCTTGTAG 156
s L ER YV GGRCVASURULU®PULIGQTR S P T C V L *
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Figure 15: Sequence homology of repX to other rhizobial strains.

The nts-sequence of repX was blasted to the nucleotide collection (nr/nt) database of NCBI. The
resulted homologous sequences were aligned to repX by using ClustalW alignment. the red
boxes indicate differences in the nts sequence that result in an aa- exchange. The green box

highlighted the difference T96C that has no effect of the aa sequence.

Homology model of RepX

The secondary structure of RepX was predicted using the Phyre2 online prediction tool. All in

all, the protein was largely unstructured. Only 27 % of the peptide chain had a (-sheet

structure and 23 % of the peptide chain had a helix structure. Thus, four secondary structures

were predicted for the 51 aa peptide chain (Figure 16, A). Two B-sheets and two a-helices

were identified in this peptide chain. A model of RepX protein structure was calculated with

the prediction server Robetta (http://robetta.bakerlab.org; Kim et al., 2004) with the Ginzu

PDB template identification and domain prediction protocol. The resulting PDB file was

visualized with the program Chimera (Pettersen et al., 2004). The tertiary structure was

represented from two sides to represent the entire structure. Both terms were displayed with

the corresponding letters for the N- and C-terminus. The secondary structures were clearly

visible. The interactions and bonds of the aa residues determined the tertiary structure of a

protein. The structure begins with a B-sheet, followed by a large loop and the second (3-sheet.


http://robetta.bakerlab.org/
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Figure 16: Structure prediction of RepX.

A: Secondary protein structure prediction of RepX is shown. The B-sheets are displayed in blue arrows
and the a-helices are shown in green helix. The prediction of the secondary structure was calculated
with Phyre2. B: Three-dimensional structure of RepX is represented from two sides. The N-terminus
and the C-terminus are indicated with the letters N and C. The three-dimensional structure was
predicted by Robetta structure prediction using Ginzu PDB template identification and domain
prediction protocol.

After that the helices followed directly. Both B-sheets were connected by hydrogen bonds and

were available as an antiparallel two strands of a B-sheet (Figure 16).

Regulation of the repX expression by using promoter fusion studies

Promoter fusion studies were performed to investigate the effects of repX gene expression.
Therefore, the promoter region of repX was fused to the red fluorescence protein mCherry
and both were inserted in the broad host range vector pPBBR1MCS-2 and electroporated into
various NGR234 strains. The strains harboring the promoter fusions grew in TY medium
supplemented with selective antibiotics for 48 h at 28°C. 200 pl of these cultures were used
for fluorescence and optical density measurements with Synergy™ HT plate reader. For red
fluorescence, the emission filter 645/49 nm and the excitation filter 590/20 nm were used.
The fluorescence of the cells was adjusted to an ODego Of 1.0 for better comparability. All
fluorescence’s were presented in the bar diagram (Figure 17). The parent strain showed a
fluorescence of 1,251 + 32.35 (n=15) fluorescence units. Compared to this fluorescence, the
NGR234 AngrlAtral_copy+ mutant (1,194 £ 34.19, n=18), NGR234 Aal725+ mutant (1,177 +
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42.9, n=17), NGR234 AtraR mutant (1,208 + 25.15, n=18 and both single Al synthase
deletion mutant NGR234 Atral (1,177 = 35.64, n=18) and NGR234 Angrl (1,116 = 34.29,
n=18) showed no different mCherry expression. There was no significant change in
expression. The p- values were clearly above 0.05 between all named strains (Table 22,
appendix). In the newly constructed Al double deletion mutant NGR234 AngrlAtral, a
significant higher expression of the red fluorescent protein mCherry (p-value < 0.0001) was
observed. Here, the fluorescence reached a 20 % higher fluorescence value than the wt
strain with 1,589 *+ 57.68 (n= 15) fluorescence units. When the symbiotic plasmid was lost as
in strain ANU265, expression of mCherry was reduced to almost 54 % and fluorescence
reached a value of 674 + 44.85 (n= 16) fluorescence units. By adding repX on the broad host
range vector pPBBR1MCS-5 to ANU265 harboring the promoter fusion, a further significant
reduction of mCherry expression could be seen (412 + 67.03, n=12). Also, the fluorescence
was decreased, if the smORF al725 (smORF-104) was added to the ANU265 cells. The
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Figure 17: Promoter fusion studies of repX promoter fused to mCherry.

The bar diagram represented the promoter fusion pBBR1IMCS-2::Prepx::mCerry in various NGR234
strains. The samples grew in TY medium for 48 h and the fluorescence and the optical density were
measured with the Synergy™ HT plate reader. For better comparability, the fluorescence of each
sample was calculated to an ODeoo of 1.0. The stars indicated the significance of different
fluorescence compared to the wt strain.

expression of mCherry that was under the control of the repX promotor was decreased to 527
+ 5.62 fluorescence units. A significant difference to the expression of mCherry in ANU265 (p-
value: 0.0287) was observed.

Summarized the red fluorescence protein mCherry expression was higher in the newly
constructed Al double deletion mutant and lower in ANU265 where the symbiotic plasmid is
absence. Thus, the transcription of repX was dependent on QS and something that was

located on pNGR234a that was not yet known.
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Translation fusion to verify the protein expression

For the verification of the repX expression to a functional protein, translation fusions with the
red fluorescence protein mCherry were constructed. Therefore, the promoter region, the gene
repX itself and the gene for the fluorescence protein mCherry were fused and integrated to
the broad host range vector pBBR1MCS-2. Translation fusions with the translation start site
ATG and without the ATG were created. The final constructs were sequenced and were
controlled of their correctness. The sequences were shown in the appendix (Table 24). The
vector carrying the translation fusions were electroporated to NGR234 cells. The cells grew
for 48 h in TY medium, the fluorescence of the cells was measured, and the cells were
obtained under the confocal microscope (Figure 18).

flugrescence units

Figure 18: Translation fusion of RepX with the red fluorescence protein mCherry with and without
ATG as translation start

For the translation fusion the promoter region and the gene repX were fused to the red fluorescence
protein mCherry and these fragments were ligated into the broad host range vector pBBR1MCS-2. The
translation fusion was electroporated into NGR234 cells. The fluorescence of the RepX:mCherry
translation fusion was compared to the RepX::mCherry fusion without the translation start site ATG of
repX. A: Microscope imaging of the translation fusion of RepXmCherry harboring the translation start
ATG. This image was taken with the confocal microscope LSM800 airyscan (Carl Zeiss). The settings for
the RepX::mCherry fusion are listed in Table 8. B: Fluorescence measurements of the both RepXmCherry
translation fusion. Fluorescence was measured with the Synergy™ HT plate reader (Biotek Instruments
GmbH) and the provided software Gen5. The excitation filter 590/20 and the emission filter 645/40 were
used for measurements. C: Microscope imaging of the RepX::mCherry translation fusion lacking the
translation start site ATG. The settings for taking this image were listed in Table 8.

The NGR234 cells including the plasmid-based translation fusion with translation start site
ATG showed high fluorescence (5,718 + 810) compared to the strains without translation start
site (128 + 83). So here a significant (p-value: < 0.0001) difference in the fluorescence was
observed (Figure 18; B). Visualizations of the cells with the confocal microscope LSM800
airyscan (Carl Zeiss, Oberkochen, Germany) showed a different fluorescence in the cells
containing the translation fusions. The cells that carried the translation fusion with ATG
showed clear red fluorescence in the NGR234 cells (Figure 18; A), whereas the cells lacking
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translation start ATG did not have any fluorescence (Figure 18; C). These measurements

suggested that the gene repX encodes for a protein.

Genomic translation fusion of RepX

For localization and verification of the small protein RepX in the NGR234 cells a genomic
translation fusion was constructed by using the recombinant homology and integrated into the
genome of NGR234 AtraR. The resulted genomic fusion of gTFrepX::mCherry was verified by
sequencing that was shown in the appendix (Table 24). The cells grew in TY medium for 48 h
and then harvested by centrifugation (RT, 6,000 x g, 5 min). The cells were washed with PBS
and resuspended in 1/100 vol of starter culture size. For saving the fluorescence the cells
were incubated with ProLong Antifade Reagents for Live Cells for two hours. By using
LSMB800 airyscan detection method the DAPI stained cells and the red fluorescence
translation fusion could be observed. With this genomic translation fusion, the expression of
repX::mCherry to the protein RepX::mCherry could be observed by microscope imaging. In
the overview a heterologous expression of the fusion could be observed. Red fluorescence
was not visible in every NGR234 cell (Figure 19, bottom).

10 pm

Figure 19: Confocal microscope imaging of the RepX::mCherry genomic translation fusion in
NGR234 AtraR.

The gene repX was fused to the red fluorescence protein mCherry and integrated into the genome of
NGR234 AtraR. For microscopy, the cells grew for 48 h and prepared for fluorescence imaging. The
settings for the microscope LSM800 airyscan were listed in material and methods (Table 7). Here two
close-up and one overview exposures were shown.
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Overexpression of RepXin E. coli

For proteins characterization assay a fast purification system in E. coli was of advantage.
Therefore, different approaches were tested. First the pET-vector system was applied. But in
different E. coli expression strains no RepX was overproduced (data not shown). So, the
pMAL-vector system was tried out. The gene repX was amplified and ligated in the pMALc2x
vector. The final construct was sequenced (p. CXXXIV, appendix) and transformed to the
expression strain E. coli BL21 (DE3). A culture of one liter was induced with 0.1 mM IPTG
and the cells were incubated over night at 22 °C. The harvested cells were resuspended with
column buffer and lysed with pressure by using the French press. The cleared cell lysate was
incubated with amylose (New England BioLabs GmbH, Frankfurt/Main) at 4 °C and after the
incubation of 2 hours the protein was purified by manufacture protocol New England BioLabs
GmbH). After purification, the single elution fractions were pooled by using the Vivaspin 6
concentrator columns with a 30 kDa cut off. The protein concentrations of each fraction were
measured, and 20 pg of each fraction were loaded on 16 % (v/v) Tris Tricine SDS- Gel. The
proteins were transferred to PVDF membrane and the purified protein RepX was detected by
using the specific anti-RepX-antibody (Figure 20). The primary antibody was detected with an
anti-rabbit-antibody. MBP-RepX (Figure 20, A) was detected by using alkaline phosphatase
and NBT and BCIP as substrates. A synthesized RepX peptide was load on gel as control
(see Table 11 for peptide sequence). A clear violet protein band was observed in all wells
excepted the control well with size greater than 40 kDa. These protein bands had a molecular
weight that indicated the recombinant expressed fused protein MBP-RepX. Additional to the
more than 40 kDa protein band in the sample, which was treated with the protease Factor Xa
(New England Biolabs), a protein band was seen less than 10 kDa. This protein band showed
a similar size such as in the control sample and indicated the single protein RepX. The
second membrane was treated with HRP and the corresponding Enhanced
chemiluminescence Western Blotting substrates (Figure 20, B). This method was highly
sensitive for detecting proteins. Compared to the colorimetric method (Figure 20, A), a clearer
protein band that indicated the single RepX protein was observed. This protein showed a
molecular weight smaller than 10 kDa and fitted well to the calculated weight of RepX with
6 kDa.
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Figure 20: Recombinant protein purification of MBP-RepX.

A: 0.2 um Nitrocellulose membrane with RepX purification. RepX was detected with specific RepX-
antibody. The detected proteins were shown in purple protein bands. In addition to the purification
samples, the sample that has been treated with Factor Xa (digested) has also been applied. The
synthesized peptide RepX was used as control. The protein ladder Spectra Multicolor Low Range
Protein Ladder was used as standard. 20 pg protein samples were loaded in each well. B: 0.2 pm
PFDV membrane that was loaded with the factor Xa treated sample of MBP-RepX. The Precision Plus
Protein™ WesternC™ Protein Ladder was used as standard.

The recombinant expression of RepX in E. coli could be verified with both immunoassayed
membranes. E. coli could synthesize the small protein RepX that is encoded by a smORF
and it was possible to purify RepX from E. coli cell lysate. The fact that the specific anti-RepX
antibody was able to bind to the target antigen showed the correct expression of RepX in

E. coli.

Pulldown assay with purified MBP-RepX and cell lysate of NGR234 wt

The purified protein MBP-RepX was used for a binding test with NGR234 wt cell lysate.
Therefore, the MBP-RepX was incubated with the cell lysate and then purified with Amylose
resin. All cell lysate components binding to RepX were co-purified with amylose resin. All
purifications steps were loaded onto SDS gel and then blotted to a nitrocellulose membrane.
The cell lysate of NGR234 wt and of NGR234 AngrlAtral_copy+ were used as control. The
membrane was incubated with the specific anti-RepX antibody solution and then detected by
chemiluminescence (Figure 21, A). The cell lysate was also treated with anti-RepAO antibody
solution (Figure 21, B).

In each purification step of the pulldown assay, a protein was observed with a size between

40 and 55 kDa and that fitted with purified protein MBP-RepX. There were also some larger
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protein bands visible. One protein band had a size of more than 70 kDa and could be a
dimerization of MBP-RepX. Also, the highest detected protein that was seen in the eluates
(el, e2 and e3) at a size of more than 130 kDa, could be MBP-RepX that bound to other
MBP-RepX proteins. Interestingly, a protein was detected with the specific anti-RepX
antibody in the flow-through and had a size of approximately (approx.) 30 kDa. This protein
was also observed in the pure cell lysates of NGR234 wt and NGR234 AngrlAtral_copy+ (wt,
c+). The cell lysates that were treated with the specific anti-RepAO antibody solution had also
this protein band, with a molecular weight of around 30 kDa (anti-RepAO, Figure 21, B). In
summary, the pulldown assay showed only different protein bands with three different
molecular weights showing the purified MBP-RepX. An LC-MS/MS analysis files of these
protein bands and mapping these data to NGR234 genome did not yield any results on
possible binding partners.

But when the cell lysates were incubated either with anti-RepX antibody or with anti-RepAO0
antibody, a protein band with a molecular weight of around 30 kDa indicates that RepX could
bind to RepAO0. Since RepX-RepAO has molecular weight of 22 kDa, a third binding partner

with a molecular weight of around 8 kDa could be exist.
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Figure 21: PVDF membrane with the samples of the RepX pulldown assay

A: PVDF membrane was loaded with the both cell lysates NGR234 wt (wt) and
NGR234AngrlAtral_copy+ (c+). Also, all purification steps of the pulldown assay performing with
purified MBP-RepX and NGR234 wt cell lysate, were loaded on membrane. This part of the
membrane was treated with anti-RepX-antibody solution. B: PVDF membrane was loaded with cell
lysate of NGR234 wt and NGR234AngrlAtral_copy+ (c+). The membrane was treated with anti-
RepAO0 antibody solution. Here, the pure cell lysates were loaded on the membrane.



60
Results

Confirmation of RepX with specific Anti-RepX antibodies in NGR234 strains

The small protein RepX should also be verified in NGR234 cells by using the specific anti-
RepX antibody. Therefore, the cells grew in YEM medium for 48 h, harvested carefully and
washed twice with PBS buffer. The cells were fixed with paraformaldehyde, embedded in
resin and were cut into thin sections. The sections were incubated with specific antibody to
detect RepX in these cell sections. A gold labelled secondary antibody was used to visualize
the specific antibody with Transmission electron microscopy (TEM). NGR234 wt,
NGR234 AngrlAtral_copy+ and the new constructed NGR234 AngrlAtral mutant were taken
for TEM imaging. The E. coli RepX overexpression strain was used as positive control and an
E. coli strain containing an empty expression vector was used as negative control. The gold
labeled antibodies become visible in TEM imaging as black dots. After imaging the black dots
were counted (Figure 22).

The Micrographs (Figure 22) showed differences in morphology between NGR234 cells and
E. coli control cells. The NGR234 cells have a more clearly delineated cell membrane with
less EPS around the cells. In contrast, the E. coli cells show a larger EPS layer around the
cells. And in the NGR234 cells, there are more white granules structures These granules

were missing in E. coli. Micrographs of NGR234 wt cells incubating with anti-RepX antibodies
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Figure 22: TEM imaging of NGR234 cells incubated with specific anti-RepX antibodies
Transmission electron micrographs of ultrathin sections through NGR234 cells incubated with specific
anti-RepX antibodies that were visualized with gold-labeled secondary antibodies. A: NGR234 wt

B: NGR234 AngrliAtral_copy+ C: NGR234 AngriAtral D: E. coli BL21 (DE3) containing RepX
expression construct E: E. coli BL21 (DE3) containing empty expression vector. The gold labeled
antibodies become visible in TEM imaging as black dots (arrows). Bar diagram: Number of dots per
cell in the different strains. The three stars indicated the significance for the different number of dots in
the bacterial cells compared to NGR234 strains.
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showed 5.72 + 0.70 (n=18) dots per cell. It was shown that NGR234 AngrlAtral_copy+ mutant
7.13 £ 0.57 (n=16) dots were observed. The newly constructed Al double deletion mutant had
approx. 5.00 = 0.76 (n=12) dots per cell. Both Al mutants showed no significant differences
compared to NGR234 wt. This could be observed differently in the controls. While 8.83 + 1.23
(n=18) black points were visible in the positive control, only 1 + 0.32 (n=13) RepX protein per
cell was observed on average in the negative control.

In summary, it could be said that RepX could be detected in NGR234 cells using the specific
antibody and that there was no difference in the number of expressed RepX proteins using
the ultrathin sections. In the overproducing E. coli Strain a significant higher number of RepX
protein was observed.

Deletion of repX via homologous recombination

For analyzing the putative function of the small protein RepX, a repX deletion mutant was
constructed by using homologous recombination. The flanking region of repX were amplified
and inserted into the suicide vector pNTPTS138-R6KT using EcoRI and Sall restrictions
sites. The construct was conjugated to NGR234 wt. The first crossing over event in which the
NGR234 cells carried the parent and the deletion fragment was controlled by colony PCR.
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ArepX - »-EDIITID-
PCR

Wt: 732 nts ArepX: 668 nts
500 nts

Figure 23: Confirmation of NGR234 ArepX.

A: Genomic organization of the smORF repX (red) in the wt strain and the in this work constructed
deletion mutant NGR234 ArepX with the corresponding PCR product when the resulted product was
verified by using the primers oKP112b and oKP117. B: 2 % agarose gels loaded with testes colonies
that grew after the second crossing over event. gDNA of NGR234 wt was used as positive control,
whereas pNPTS138-R6KT::ArepX was used as positive control for a putative mutant. H.O was used
as negative control. Six colonies were tested, and the resulted PCR products sizes were listed at the
bottom of gel (in nts). The GenRuler™ 100 bp+ served as DNA standard.
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A clone harboring both fragments was spread out on agar plates supplemented with 15 %
(w/v) sucrose. The second crossing over event resulted in NGR234 parent cells or mutant
cells. Which event happened was verified by PCR (Figure 23). The PCR was performed with
the primers oKP112b and oKP117. The PCR product for a resulting mutant had a size of
668 nts, while a resulting wt had a larger product with 732 nts (Figure 23, A). The performed
PCR resulted in 4 samples that had products with 732 nts corresponding for the wt strain
(well no.: 1, 3, 5 and 6). Only one sample showed a smaller amplificated product that had the
same PCR product size such as the repX deletion control (A; Figure 23, B).

Since the repX gene was within the direct neighborhood of the plasmid replication operon and
origin, it might influence directly or indirectly the plasmid copy number. Therefore, the
symbiotic plasmid copy numbers of different NGR234 strains were verified. As previously
published, the symbiotic plasmid copy number of the NGR234 AngrlAtral_copy+ mutant was
already measured and showed a 4- 6-fold higher copy number of the symbiotic plasmid
(Grote et al., 2016). With the identification of the smORF repX it became clear that it was not
exactly known whether the missing Al alone influenced higher copy number in NGR234
AngrlAtral_copy+ or repX also effected copy number. For the copy number calculation, the
genes recA and NGR_c03800 were served as reference genes for controlling the number of

chromosomes.
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Figure 24: Copy number verification of pPNGR234a

The bar diagram shows the results of the gPCR for verification of symbiotic plasmid number. The copy
number of the parent strain (NGR234 wt) was set to 1.0. Thus, the relative copy number of the tested
strains can be read off. The tested genes lying on the plasmid are repA (NGR_a00010, red bars) and
nifB (NGR_a01270, blue bars).



63
Results

The genes repA (NGR_a00010) and nifB (NGR_a01270) were used for determining the
symbiotic plasmid copy humber. The values of the parent strain were set to 1.0 (100 %).
Similar to the previously published copy number data of NGR234 AngrlAtral_copy+, the
verification that was performed in this work showed also a significant increased symbiotic
plasmid copy number compared to NGR234 wt (Figure 24). Interestingly, the new constructed
Al mutant with preserved promoter region of repX quenched the copy humber to wt level. By
complementing the NGR234 AngrlAtral_copy+ genetically with repX on the broad host range
vector pPBBR1IMCS-2 the copy number was also quenched to wt level. Controls with empty
vector did not influence copy number. For further attempt, the question is what happens when
the genes repX is completely deleted. Thus, also the symbiotic plasmid number of the
constructed NGR234 ArepX deletion mutant was verified. When the smORF was deleted on
the genome, no symbiotic plasmid was observed in the isolated gDNA. The copy number
decreased to zero compared to NGR234 wt (Figure 24).
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Figure 25: Nodulation assay and colony PCR for verifying the presence of pNGR234a

A: Nodulation assay with V. unguiculate. The plant roots are shown 50 days after infection with
NGR234 wt or NGR234 ArepX. The black arrows point the nodules at the plant roots. B: Colony PCR
with specific symbiotic plasmid primer (0KP169 and oKP170) for detecting the plasmid in the cells.
Eight different clones were tested. Genomic DNA of NGR234 wt was used as positive and H20 as
negative control. The GeneRuler™ 100 bp+ was used as standard.
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That the symbiotic plasmid copy number was lost in the mutant could be confirmed with
nodulation assay because all genes that are necessary for establishing the symbiosis are
located on it. For this assay, the host Vignha unguiculata was infected with NGR234 wt and
NGR234 ArepX. 50 days after infection, the first nodules were observed at the roots of the
plant that was infected with NGR234 wt (Figure 25, A). No nodules were observed at the
plant roots, which were infected with the NGR234 ArepX. Without symbiotic plasmid the
mutant was not able to establish a symbiosis with the plant. For a second verification for the
loss of pPNGR234a, the mutant was spread out on a plate and single colonies were tested for
the presence of symbiotic plasmid by using colony PCR with specific primers (0KP169 and
0KP170) that resulted in a 1,000 nts PCR product when pNGR234a was present in the cells.
For the wt strain in all tested colonies a PCR product was observed with the corresponding
size of 1,000 nts. But in NGR234 ArepX mutant in none of the tested colonies a PCR product
was detectable (Figure 25, B). Both experiments confirmed the results of the qPCR. The
NGR234 ArepX mutant lost the symbiotic plasmid and showed same genotype as ANU265
strain, which had lost the pNGR234a through a complex heat treatment. The results also
showed that the smORF repX influences additional to the non-coding RNAs in-between repB

and repC the plasmid copy number and could be import for plasmid maintenance

The smORF repY

The second smORF (smORF-250) in the intergenic-region in-between tral and repA had a
size of 178 nts and started at position 535,637 and ended at position 535,810 on pPNGR234a.
Because of the location directly downstream of the smORF repX, this gene is designated as
repY and encoded probably for a 57 aa small protein with molecular weight of 6 kDa. The
smORF was found in the transcriptomic data of NGR234 AngrlAtral_copy+ due to the 7.8-fold
higher transcription level compared to the parent strain (Figure 26). The smORF repY was
only present in a few other Sinorhizobium sp. strains and had a percentage identity of
98.85 % to these strains (e-value: 6e-84) determined by using BlastN similarity search. Two
nts were differing to the other sequences but both nts (T79C, A87G) exchanges led to amino
acid exchange (L27L, Q29Q).

The smORF repY started with GTG as translation start (Figure 26) and had a GC content of
49 %. A potential RBS was located three nts upstream of the translation start. The intergenic
region in-between repX and repY contained 20 nts and the ORF repAO started 27 nts

downstream of repY.
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Figure 26: Genomic organization and coding sequence of the smORF repY

The genomic organization of the smORF repY (red box) was shown with the corresponding
transcriptomic profile of the wt and the NGR234 AngrlAtral_copy+ mutant. The grey shadows
represented the RNA-seq reads. Both graphs were set to 100 reads. The lower part of this figure
showed the coding sequences of repY (red) and the upstream located smORF repX (grey). A RBS of
the respective gene was located three nts upstream of the repY translations start GTG.

Homology model of RepY

The secondary structure of RepY was predicted using the Phyre2 online prediction tool. For
the 74 aa peptide chain, five secondary structures were predicted (Figure 27; A). All in all,
53 % of the aa chain did not have a secondary structure and were uncoiled. 28 % of the
amino acids were included in a- helices and 19 % in B-sheets. The chain started with two -
sheets and three a-helices were identified in this peptide chain. And then followed by an a-
helix. Between the first and the second a-helix were ten uncoiled amino acids. The peptide
chain terminated with two short a-helices. A model of RepY protein tertiary structure was
calculated with the prediction server Robetta using the Ginzu PDB template identification and
domain prediction protocol. The resulting PDB file was visualized with the program Chimera.
The tertiary structure was represented from two sides to represent the entire structure. Both
terms were displayed with the corresponding letters for the N- and C-terminus (Figure 27; B).
The interactions and bonds of the amino acid’s residues determined the tertiary structure of a

protein. The structure started with an unfold area, followed by two antiparallel 3-sheets that
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were connected by hydrogen bonds. Then after a larger a-helix, an uncoiled region of ten
amino acids followed and afterwards a smaller a-helix was connected by a loop with a second

small a-helix.
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Figure 27: Secondary structure and homology model of RepY

A: Secondary protein structure prediction of RepY using Phyre2 secondary structure prediction
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index). The B-sheets were displayed in blure
arrows and the a-helices highlighted with a green helix. B: Three-dimensional structure of RepY was
represented from two sides. The N- termini and C- termini were indicated by the letters N and C. The
three-domensional structure was predicted by Robetta structure prediction using Ginzu PDB
template identification and domain prediction protocol (http://robetta.bakerlab.org/).

Recombinant protein expression of RepY in E. coli

For further characterization of the smORF repY the recombinant expression and purification
system in E. coli was used. The gene repY was amplified and ligated into EcoRI and Sall
restriction site of the expression vector pMALc2x. The final construct pMALc2x::repY was
sequenced and transformed into the expression strain E. coli BL21 (DE3). The cells of a
300 ml culture were harvested and lysated by using French pressure. The recombinant
expressed protein MBP-RepY was purified using Amylose resin according to manufacturer’s
protocol. All eluates were concentrated with Vivaspin 6 concentrator columns having a
30 kDa cut off. All steps of the purification were loaded on a Tris-Tricine-SDS gel and then
blotted to a 0.2 pm nitrocellulose membrane for immune detection (Figure 28).

The purified protein MBP-RepY was detected in the washing and elution steps by the anti-
MBP antibody with a size of approximately 45 kDa (Figure 28; A). No other bands were

detectable. It seems that the antibody binds specific to MBP fusion protein.


http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index
http://robetta.bakerlab.org/
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Figure 28: Nitrocellulose membrane containing all steps of MBP-RepY Purification

A: 0.2 um Nitrocellulose membrane containing all steps of MBP-RepY purification. The membrane
was treated with anti-MBP antibody as primary and anti-rabbit- IlgG-AP as secondary antibody. B:
0.2 um Nitrocellulose membrane treated with specific anti-RepY antibody. The protein ladder
Spectra Multicolor Low Range Protein Ladder was used as standard for both membranes.

By using the specific antibody anti-RepY-AB (Table 11) for detecting RepY on the
nitrocellulose membrane a band with a size of approx. 45 kDa was visible in the pellet, flow
through, washing and elution steps (Figure 28; B). In addition to this band a smaller protein
band with a size of less than 10 kDa was observed in the flow through and washing | step but
not in the elution step. In the last well the eluted protein MBP-RepY was cut with factor Xa.
But neither a protein band with a size of around 45 kDa nor a protein band with less than
10 kDa could be observed.

Expression of RepY in NGR234 cells

NGR234 cells were incubated with specific Anti-RepY antibodies (Table 11) to detect the
expression of this small protein in the cells. The NGR234 AngrlAtral_copy+ and
NGR234 AngrlAtral cells were fixed with paraformaldehyde, embedded in resin and were cut
into ultra-thin sections. These sections were treated with the specific anti-RepY antibodies
that bind to RepY proteins in the cells. A gold marked secondary antibody could visualized
the primary antibody so that the antibodies could be detected with TEM LEO 906 (Zeiss,
Oberkochen, Germany) as black dots (arrow, Figure 29). The TEM images showed a bacteria
cell of the NGR234 AngrlAtral_copy+ (Figure 29, A). Many black dots were visible in the
bacteria cell that represented the detected small protein RepY. Some of them were located
closed to the bacteria membrane but some dots were also observed in cytosol or granule
structures. Some dots were also visible outside the cell, which would be false-positive that

might have happened during the preparations. The second micrograph showed a bacteria
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cells of the newly constructed Al double deletion mutant NGR234 AngrlAtral (Figure 29, b). In
this bacteria cell, only five dots were observed.

In summary, it could be said, that RepY was expressed in NGR234 cells. It could speculate if
the number of RepY proteins NGR234 AngrlAtral_copy+ mutant was higher than in the newly
constructed Al double deletion mutant NGR234 AngrlAtral because of higher plasmid copy

number.

200 nm

NGR234 AngrlAtral

Figure 29: TEM imaging of NGR234 cells incubated with specific anti-RepY antibodies
Transmission electron micrographs of ultrathin sections through NGR234 cells incubated with
specific anti-RepY antibodies that were visualized with gold-labeled secondary antibodies. The gold
labeled antibodies became visible in TEM imaging as black dots (arrows). Here, the both Al double
deletion mutants were shown.

Deletion of repY via homologous recombination

The design of a NGR234 ArepY deletion mutant could gave hints on the function of the
smORF-250. Therefore, the flanking regions of repY were amplified and ligated into the
suicide vector pNPTS138-R6KT.For preserving the beginning of repAO, the last 72 nts of
repY remained unchanged and only the first 102 nts of repY were deleted. The final construct
pNPTS138-R6KT::ArepY was integrated into NGR234 wt genome by homologue
recombination. The second crossing-over event was driven by the sacB selection marker and
results either in the wt or in the mutant genotype (Figure 30; A). Two resulted mutants were
verified by running two PCRs with different primers. Mutant no. 17 (A:7) and mutant no. 43
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(A43) showed both a smaller PCR product than the gDNA of NGR234 wt (wt, Figure 30, B and
C). The second PCR was done with the primer oKP178 and oKP242. By using gDNA as
template the PCR resulted in 507 nts PCR product. Either by using gDNA of NGR234 ArepY
no. 17 or NGR234 ArepY no. 43, no PCR Products were observed. Both PCRs indicated that
the second crossing over event of mutant no. 17 and mutant no. 43 resulted in the expected
mutant and the sequencing of both mutants showed the correctly construction of NGR234

ArepY. The sequence is attached (Table 24).

A _
tral repX repY repA0
ArepY - D DD
500 nts
B PCR1 Wt 1,083 nts ArepY: 967 nts
PCR 2

Wt: 507 nts ArepY : no product
PCR 2

967 967 1,063

Figure 30: Construction of a NGR234 ArepY deletion mutant

A: Genomic organization of the gene repY in the wt strain and in the newly constructed NGR234
ArepY deletion mutant. B: Corresponding PCR Products for the verification of the mutant. The
products in the mutant were smaller by the corresponding mutant range of 102 nts. In PCR 2 no
product is expected for the mutant. C: The 2.0 % agarose gels for PCR 1 and PCR. Wt gDNA was
used as positive control. The GeneRuler™ 100 bp + DNA ladder was loaded to estimate the product
sizes.

Since the smORF was a part of the new identified ORFs repX, repY and repAO that were
located in intergenic region and repX influenced the copy number, it might be possible that
repY had some similar effects. Therefore, the copy number of pNGR234a of both newly
constructed NGR234 ArepY mutants should be checked. The gDNA of NGR234 wt and both
NGR234 ArepY mutants were isolated after 96 h and qPCR was performed (Figure 31, A).
The symbiotic plasmid copy number was set to 1.0. Compared to this number, the NGR234
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ArepY no. 17 showed no changing copy number. But interestingly, the copy number of
mutant no. 43 decreased to 0.3 for both tested genes.

To verify this result, single colonies of both mutants were tested with pPNGR234a specific
primer for the presence of the symbiotic plasmid (Figure 31, B). For a better affirmation, two
regions of the plasmid were amplified. Eight different colonies were tested to give first hints.
Whereas in mutant no. 17 all colonies showed products for PCR 1 and PCR 2., only five

colonies had a product for PCR 1 and six colonies had a amplified product for PCR 2 in
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Figure 31: Copy number verification of pPNGR234a

A: The bar diagram shows the result of the performed gPCR for the verification of symbiotic plasmid
number. The copy number of the wt strain was set to 1.0. Thus, the relative copy number of the
mutant strains can be read off. The tested genes lying on pNGR234a are repA (NGR_a00010) and
nifB (NGR_a01270). B: Colony PCR with specific symbiotic plasmid primer (1: oKP149 and oKP150;
2: 0KP169 and oKP170) for detecting the plasmid in single colonies. Eight different clones were
tested. Genomic DNA of NGR234 wt was used as positive and H20 as negative control. The
GeneRuler™ 100 bp+ was loaded as DNA standard.

mutant no.43 (Figure 31, B). It seemed that 25 % of these colonies had lost their symbiotic
plasmid and that in 75 % of the tested colonies the plasmid was stable.
That in one of the NGR234 ArepY mutant the plasmid was not stable could give hints for the

importance of repX and repY for the plasmid maintenance or partitioning.
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The ORF repAO

The ORF repAO0 with its size of 432 nts did not necessarily encode for a small protein but it
was the last gene that was located in the intergenic region and was first identified in the
transcriptomic data of NGR234 (Grote et al.,, 2016). The gene repAQ started a position
535,838 and terminated at position 104 on pNGR234a. It was previously shown that the ORF
repAO was not co-transcribed with the replication gene repA (Grote et al., 2016). The gene
showed based on the nts sequence 98.15 % similarity to other closed related Sinorhizobium
sp. Strains (Table 16).
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Figure 32: Structure prediction of RepAO

A: Secondary protein structure of RepAO is shown. The B-sheets are displayed in blue arrows and a-
helices are shown in green helices. The prediction of the secondary structure was calculated with
Phyre2. B: Three-dimensional structure of RepAO is displayed. The N-terminus and C-terminus are
indicted with the letters N and C. The three-dimensional structure was predicted by Robetta structure
using Ginzu PDB template identification and domain prediction.
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The peptide chain consisted of 143 aa. A prediction of the secondary structure by using the
Phyre2 online tool (Kelley et al., 2015) resulted in a peptide chain full of a-helices (Figure 32;
A). In total, there were found 10 a-helices that made up 58 % of the peptide chain. Two (-
sheets were predicted at the C-termini of RepAO0.

A model of RepAO protein tertiary structure was calculated with the prediction server Robetta
using the Ginzu PDB template identification and domain prediction protocol. The resulting
PDB file was visualized with the program Chimera. Both terms were displayed with the
corresponding letters for the N- and C-termini (Figure 32; B). The interactions and bonds of
the amino acid’s residues determined the tertiary structure of the RepAO protein. The protein
structure consisted of predominantly a-helices. The B-sheets at the end of the peptide chain
were antiparallel to each other and were surrounded by the a-helices.

Recombinant protein expression of RepAO0 in E. coli

To obtain specific antibodies and for proteins investigation, the protein RepAO was produced
recombinantly in E. coli and purified. The gene repAO was cloned into pET-21a vector using
the restriction sites EcoRI and Hindlll and transformed in E. coli T7 SHuffle. A culture of
300 ml containing the expression was induced with 0.1 mM IPTG. The cells were harvested,
and the recombinant protein was purified using Qiaexpressionist™ protocol no. 12 according
to manufacture protocol (Qiagen GmbH; Hilden, Germany). The purification of RepAO was
controlled with SDS-PAGE and the resulted specific antibody was tested by western blot and
immune detection (Figure 33).
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Figure 33: Recombinant RepAOQ protein expression and purification

A: 16 % (w/v) Tris-Tricine- SDS gel that was loaded with the purification steps of RepAO-His. The
Spectra multicolor Low Range protein ladder was used as protein standard. B: PVDF membrane
(0.2 um) containing all steps of RepAO purification and that was incubated with specific anti-RepAO
antibody. Here, the PageRuler Prestained protein ladder was used as protein standard.
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By using the pET-vector expression system a recombinant expression of RepAO0 was
possible. In the elution step a protein band with a size of less than 25 kDa was observed and
displayed the calculated protein size of approx. 20 kDa with the fused His-tag. A second
protein band with a size of more than 40 kDa was also seen on protein gel. A membrane that
was treated with anti-His antibody (not shown here) verified the expression of His-RepAO.
The purified protein was used for immunization of the rabbits for antibody production.

The resulted antibody was used for further investigation. First the protein was tested by using
this antibody for the detection of RepAO after recombinant E. coli expression. All purification
steps were loaded on SDS gel and were than blotted to a PVDF membrane. The membrane
was first incubated with the specific anti-RepAO antibody. As secondary antibody, the anti-
rabbit antibody fused to alkaline phosphatase was used for visualization of the primary
antibody anti-RepAOQ. There were a lot of protein bands visible on the PVDF membrane
(Figure 33; B). But in the eluates the strongest protein bands with a size of less than 25 kDa
represented the recombinant protein RepAO. All other visible protein bands of this E. coli
purification were unspecific bindings of the antibody. By using this specific antibody for cell
lysates of NGR234 cells as it was used for the pulldown assay (Figure 21), the specificity of
this antibody was confirmed using NGR234 cell lysate.

Expression of RepAO0 in NGR234 cells
The specific anti-RepAO antibody was also used for confirmation of the RepAO expression in
NGR234 cells. Cells of NGR234 AngrlAtral_copy+ were fixed with paraformaldehyde,

Figure 34:TEM imaging of NGR234 cells incubated with specific anti-RepAO0 antibodies
Transmission electron micrographs (LEO 906, Zeiss) of ultrathin sections through NGR234
AngrlAtral_copy+ cells incubated with specific anti-RepAO antibodies that were visualized with
gold-labeled secondary antibodies. The gold labeled antibodies become visible in TEM imaging as
black dots (arrows) Here, the both Al double deletion mutants are shown.
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embedded in resin and were cut into ultra-thin sections, which were treated with specific anti-
RepAO antibody. For visualization of the specific antibody in TEM imaging, a second gold-
labelled anti-body was used. The sections were used for TEM imaging (Figure 34).

Many black dots were seen in the NGR234 AngrlAtral_copy+ cell representing the protein
RepA0. Some of them were located near the bacterial membrane, but most of them are
observed in granule structures. The second micrographs showed a further NGR234

AngrlAtral_copy+, where only three dots could be observed.

In summary, RepAO would be expressed in NGR234 cells. The expression could be detected
with a specific antibody. The fact that E. coli can expressed RepAO recombinant also showed

that the gene repAO0 encoded for a protein RepA0 with a size of 143 aa.

Characterization of a potential operon with small proteins that is located in-between
the Al synthase gene tral and the replication operon repABC

The intergenic region in-between the autoinducer synthase gene tral and the replication
operon repABC had a size of 830 nts (Grote et al., 2016). In this region, three ORFs could be
identified by using the NCBI and the artemis ORF search tool. These ORFs were designate
as repX, repY and repA0. (Figure 35, A) Due to this location of the three ORFs and the fact,
that repX, repY and repAO had an increased transcription in the NGR234 AngrlAtral_copy+
mutant, these three ORFs should be analyzed if they were also present in other strains and if

they were expressed as an operon.

The presence of repXYAOQ in other strains

As previously published the intergenic region with the same size of 830 nts was also
observed in two other rhizobia strains (Grote et al., 2016). Meanwhile, there were further
bacteria identified, where the intergenic region was also present with the same size as
NGR234. With a NCBI BlastN search all sequences with high similarity to the intergenic
region of NGR234 were identified and were listed in the Table 16. The intergenic region of the
strains S. fredii USDA257 and S. fredii HH103 showed the highest similarity to NGR234 with
98.91 % and had already been identified in earlier studies. Now this 830 nts intergenic region
was identified on the symbiotic plasmids of five other rhizobia strains: S. fredii CCBAU 25509,
S. fredii CCBAU 45436, S. fredii CCBAU 83666, S. sp. CCBAU 05631 and Ensifer sojae
CCBAU 05684. All these intergenic regions were similar to the intergenic region on
pPNGR234a with 98.39%, 98.43% and 98.53% identity, respectively. The strain S. sp. M14
consisted of a symbiotic plasmid harboring an intergenic region of 377 nts that showed only

similarity in the genes tral and repA.
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Table 16: BlastN result of the tral-repA intergenic region on pNGR234a

Max Total Query E Per. Accession intergenic

Description i .
score Score cover value Ident region size

S. fredii NGR234 4902 4902 100% 00  100% BK009410.1 830 nis

pNGR234a

sug%%lg?rxfgem , 4741 4741  100% 00 9891% CPO03567.1  830nts
sé;ﬁg'l':?’“dlw 4741 4741  100% 00 989109 E616897.1 o440 o
gsf;ggg(%gBAU 25509 o5gs 4742 100% 0.0 98.43% CP029453.1 830 nts
gsf][igg?%gBAU 45436 o085 4742 100% 0.0  98.43% CP029233.1 830 nts
g;;ggg&gBAu 83666 .55 4748 100% 00  9853% CP023072.1 830 nts
g'sg%scégﬁfu 05631 5505 4748  100% 00 9853% CP023065.1 830 nis
Eéjgf‘gsggBAU 05684 5514 4742  100% 00 98.39% CP023069.1 830 nis
S. sp. M14 pSinB 1042 1136  49% 00 82.14% KU140623.1  377nts

To visualize the homology to the other strains, a phylogenetic tree based on the nucleotide
sequences of the intergenic region in-between tral and repA (Figure 35, A) was calculated
using the MEGA X neighbor joining tool. The number of bootstrap replications was set to 100.
The tree could be grouped into two clusters (Figure 35, B). The first cluster included all
strains that had an intergenic region of 830 nts in-between the autoinducer synthase gene tral
and the plasmid replication associated gene repA. In addition to the S. fredii strain NGR234,
HH103 and USDA257, this groups also contained the strains S. fredii CCBAU 25509, CCBAU
45436 and CCBAU 83666. The intergenic regions of the S. sp. CBBAU 05684 and Ensifer
sojae CCBAU 05684 showed also high similarity to NGR234 intergenic region and were
classified to this group. Only the S. sp. M14 had no large intergenic region and was grouped

into the second cluster.
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Figure 35: Intergenic region in-between tral and repA

A.: Genomic organization at the region from tral to repA (534,836 - 1,324) containing the
new ORFs repXYAO (red) in the intergenic region. B.: Phylogenetic tree of the intergenic
regions tral - repA of various rhizobia (TAB 9) that were found by similarity search (BlastN).
The sequenced were aligned with T-coffee and the tree was calculated with Mega X
neighbor joining tool. Number of Bootstrap Replication: 1,000. The two clusters are
highlighted in green (I) and blue (II).

The expression of repXYAO as an Operon

Because of the neighborly arrangement of the genes repX, repY and repAO the question
arose whether the three genes would be expressed as an operon or not. Therefore, the RNA
of NGR234 AngrlAtral_copy+ mutant was isolated, and reverse transcribed to cDNA that was
used as template for qPCR. To verify the expression of repX, repY and repAO as an operon,
each single gene and different combinations (repXYAO, repXY and repYAO) of the genes
were amplified with specific primers (Table 4). The PCR products were analyzed by
electrophorese (Figure 36). For each PCR, a positive control with gDNA (+) and a negative
control with H,O (-) as template were performed. The single gene expression could be
observed for all three genes (Figure 36, left). On the left side all single genes were displayed.
The gene repX has a size of 172 nts. The product of the sample showed the same size as the
positive control where the gPCR was performed with gDNA. The gene repY had 192 nts. The
positive control as well as the RNA sample of repY showed the expected band at 192 nts. For
the single gene expression of repAO it was the same result. All combined gene products were

shown on the right side. First all three genes repX, repY and repAO0 should be tested for
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expression as operon. The whole operon had a size of 825 nts that was observed in the
gDNA sample (+). The cDNA sample also showed a band at the desired height with the
primers oKP42 and oKP67. With the primer combination of oKP42 and oKP200 the
expression of repXY should be verified and resulted in a 367 nts PCR product. A clear PCR
product was visible in the well for the cDNA sample. The third gene combination that was
tested was repYAO. Therefore, the primers oKP199 and oKP67 were used for verification of
the joined mRNA for repY and repAO. With these primers a region of 650 nts could be
amplified and a clear PCR product for the control gDNA was observed. An amplified product
was also seen in the cDNA sample. All these PCR products suggested that repX, repY and
repAO were co-transcribed to a single mMRNA and were clustered to an operon.

repX repY repXYAO repXy — repYAOQ

vk e sM oS ek e M e

repAO0
——

Figure 36: Verification of the repXYAOQ expression as an operon

The gPCR products were analyzed by electrophoresis. The reverse transcribed cDNA samples (s)
were loaded together with the positive control (+) and negative control (-) onto a 2 % agarose gel.
The expected product sizes were shown at the bottom of the gels. The GeneRuler™ 100 bp +
DNA ladder was used as DNA standard (Figure 53).

Characterization of the smORF-104

Another small ORF that is characterized in detail is the snORF-104. It is located in the
intergenic region of two hypothetical proteins NGR_a01720 and NGR_al1730 (Figure 37) and
designated as NGR_a01725. This small ORF was noted in the transcriptomic analysis of the
wt and the Al double deletion NGR234 AngrlAtral_copy+, because of the significantly higher
transcription rate in the mutant. In NGR234 AngrlAtral_copy+ mutant, the transcription of this
smORF-104 was 2.31-fold higher compared to the wt strain (Table 25, appendix).

The fact that this smORF-104 was so highly upregulated and has this small size made it an

interesting candidate for further investigations.
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The neighborhood of NGR_a01725 was not characterized in detail. Both genes, which delimit
the intergenic region, were not functionally described. But a conserved domain prediction of
both suggests that NGR_a01720 had conserved domains to a transferase that could be
involved in amino acid transport or metabolism. And NGR_al1730 had a conserved domain

that showed similarity to an efflux pump involving in transport of a variety of substrates.

wt

AngrlAtral_copy+ - I I

NGR_a01725

ATCTCGTGCACCTATTTACGTTGGTAGTATCGTGTTGGGCTATTCTTCGATTTCCATCARTGCCTATATCT TAGGAAGGAGGCGAGCGGETGCTCCGCCT
| 35 | T » [ RES | | NGR-a01725" |

JE R Ty URA IOUDN VR U IR ISR IORPUUNURN [N EUUPRNY (AR ISR ISR ISR I
GGATCGCTGGAGGAGGTTTTCAT TTTCAGCCT TAATCATGCGGCACGCCGTCGGAGCGAGTCTATAAACAGAATCAGACAC

Figure 37: Genomic organization of the region around the new smORF NGR_a01725

The genomic organization of the sSmORF NGR_a01725 was shown with the corresponding transcript of
the wt and the Al double deletion strain with the higher copy number. Below the genomic organization, the
coding sequence of NGR_a01725 and the 75 bp of the leader sequence were displayed. The promoter
region (green boxes), the RBS (red box) and the transcription start (black arrow) were marked in the
sequence.

A closer look to the coding sequence of NGR_a01725 (Figure 37) showed that NGR_a01725
started with a GTG and ended with TAA. A possible RBS was located 8 nts upstream of the
translation start GTG. The general RNA-polymerase binding sites (-35 and -10) were
predicted by an online tool and were marked with green rectangles. The transcription start

site (black arrow) was calculated by the transcriptomic data.
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Translations fusion to verify the gene expression

For the confirmation of the gene expression to a small protein, translation fusions were
constructed. Therefore, the gene of interest including promoter region was fused to the green
fluorescent protein eGFP. First a translations fusion with the translation start site GTG of
NGR_a01725 was constructed. The second translation fusion was constructed without the
translation start site GTG. Both constructs of the translation fusions were electroporated in
NGR234 wt cells and grew for 48 h at 28 °C. The fluorescence and the optical density were
measured with the plate reader Synergy™ HT and the provided software Gen5 (Figure 38; B).
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Figure 38: Translation fusion of NGR_a01725 with the green fluorescence protein eGFP with
and without GTG as translation start.

For the translation fusion the promoter region and the gene NGR_a01725 were fused to the green
fluorescence protein eGFP and these fragments were ligated into the broad host range vector
pBBR1MCS-2. The translation fusion was electroporated into NGR234 cells. Two translations fusions
were created: one harboring the translation start GTG and the second lacking the translations start.
Both fusions were compared to each other. A: Microscope imaging of the translation fusion of
A1725::eGFP harboring the translation start GTG. This image was taken with the confocal microscope
LSM airyscan (Zeiss). The settings for the image are listed in Table 8. B: Fluorescence measurements
of both translation fusions. Fluorescence was measured with the Synergy™ HT (Biotek Instruments
GmbH) and the provided software Gen5. The excitation filter 485/20 and the emission filter 516/20
were used for measurements. C: Microscope imaging of the A1725::eGFP translation fusion lacking
the translations start site GTG. The settings were listed Table 8.

To verify that the fluorescence, microscope imaging was used (Figure 38). The NGR234 cells
containing the translation fusion with translation start GTG showed a higher fluorescence
(5,463 + 389.3 fluorescence units; n= 12) compared to the cells lacking the translation start
GTG (2,610 + 406.6; n= 12). Both translation fusions showed significantly different
fluorescence intensities (p-value= 0.0004). By visualization the cells with the confocal
microscope LSMB800 airyscan, different fluorescence intensities could be detected in the
bacterial cells (Figure 38; A) while the cells harboring fusion without the translation start site
showed no distinct fluorescence. Only the green background fluorescence was visible (Figure
38; C). The cells containing the translation fusion with translation start showed high green
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fluorescence in the bacteria cells. These experiments suggested that the gene NGR_a01725

encoded for a small protein.

Recombinant protein expression in E. coli

The small protein A1725 shall be expressed recombinantly by E. coli. Therefore, the gene
was amplified and cloned into the pMALc2x expression vector as it is described in material
and methods (p. 29). The expression construct was transferred into E. coli BL21 (DE3) and
the protein was expressed in a 300 ml culture with 0.1 mM IPTG induction. The protein was
purified according to manufactures protocol.

All steps of the purification were loaded on a 12 % (w/v) Tris-Tricine SDS gel to check the
effectiveness of the protein purification. Of each sample 20 ug protein solution were used for
SDS PAGE (Figure 39). The ordered peptide A1725 (Table 11) was used a control. This
control protein band had a size of approx. 3.4 kDa. For the protein purification of MBP-A1725,
a clear protein band was observed in each elution step (elution 1 - 4) corresponded to the
estimated protein size of approx. 45 kDa for MBP-A1725. Some other smaller protein bands

were also observed in the elution steps.
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Figure 39: Recombinant overexpression of A1725 in E. coli

All steps of the A1725 protein purification are loaded on a 16 % (w/v) Tris-Tricine SDS gel. The
ordered peptide A1725 was used as positive control. The PageRuler unstained Low Range Protein
Ladder was used as protein standard. 20 pg protein of each sample was loaded into the

corresponding well
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Expression of A1725in NGR234 cells

Specific anti-A1725 antibody should verified the expression of the small protein in NGR234
cells. Therefore, NGR234 AngrlAtral_copy+ cells grew in TY broth, were harvested and then
fixed with paraformaldehyde. The fixed cells were embedded in resin and cut in ultra-thin
sections. For detecting the small protein these sections were incubated first with the specific
antibody, which were then detected with gold-labeled secondary antibody to make then

visible for TEM LEO 906 (Zeiss, Oberkochen, Germany).
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Figure 40: TEM imaging of NGR234 AngrlAtral_copy+ cells incubated
with specific anti-A1725 antibody

Cross and longitudinal sections of NGR234 cells treated with specific anti-
A1725 antibodies. The specific antibodies were visualized with gold-tagged
secondary antibodies, so that they are visible with TEM.

Both TEM images showed a thin section of a NGR234 AngrlAtral_copy+ bacteria cell (Figure
40) The gold labeled proteins A1725 were visualized by black dots. In both images six black
dots were observed within the cells. Most of the dots were seen closed to the membrane, but
some were also in bacterial cytosol. The presence of these black dots indicated the
expression of the small protein A1725 in NGR234 AngrlAtral_copy+.

Deletion mutant of NGR_a01725 via homologous recombination

A knockout mutant was constructed for identify the effect of lacking gene NGR_a01725 to the
organism. Therefore, the flanking regions of NGR_al725 were amplified and ligated to the
suicide vector pNPTS138-R6KT. This deletion construct was integrated to the NGR234
genome by conjugation. The event of the second crossing over was tested by PCR. Here two
different primer pairs were applied. One primer pair bound at the flanking regions, which were
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Figure 41: Construction of NGR234 Aal725 mutant

A: Genomic organization of the gene NGR_a01725 in the newly constructed deletion mutant
NGR234 Aal725 and in the wt B: For verification of knockout mutant two PCR reactions with
different primers were performed. PCR 1 was done with primers binding to flanking region of
NGR_a01725 (upstream and downstream fragments). PCR 2 run with primers binding outside
of construction region to control the correct recombination. C: The 2.0 % agarose gels for PCR
1 and PCR. Wt gDNA was used as positive control. The GeneRuler™ 100 bp + DNA ladder
was loaded to estimate the product sizes.

used for construction (Figure 41, B). The second primer pair could amplify a longer region
cover the whole area. With both primer pairs the deletion of NGR_a01725 could be verified.
Both PCR products of the knockout mutant showed smaller bands than the parental control
strain (Figure 41, C). The knockout PCR product resulted with outer primer had a size of
958 nts in (PCR 2) and 667 nts by using the flanking primers (PCR 1). The PCRs in the
wildtype strain resulted in 78 nts bigger amplicons for both PCR reactions. The third

verification of the mutant was done with sequencing approach (Table 24, appendix).

To identify the effect of this sSmORF-104 on organism a transcriptomic profile of the mutant
compared to the parent strain was established. Characteristically for this transcriptomic profile
was, that nearly all genes (%) on the symbiotic plasmid were downregulated compared to the
wt (Figure 42, A). To determine whether this effect was achieved by the copy number, the
copy number of pNGR234a was measured. Therefore, the quantitative PCR was used. With
gPCR, it was recognized that the number of copies was decreased to less than half in
comparison to the wild type (Figure 42, B). This led to the assumption that the symbiotic
plasmid might not be present in every cell. So, a dilution streak was done, and some single
colonies were tested by colony PCR and two specific symbiotic plasmid primer pairs as it was
performed for NGR234ArepX (Table 21). Primer pair A bound to the deletion region and
amplified a 1,038 nts PCR product in the wt and a 960 nts product in the deletion strain
(Figure 42, C). In the parental strain the PCR product had a size of 1,038 nts (wt) whereas in
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Figure 42: The effect of lacking the smORF NGR_a01725.
A: Bar diagram of NGR234 Aa1725 mutant transcriptome that was compared to the wt strain. Not
regulated ORFs are presented in white, whereas downregulate ORFs are symbolized in red bars
and up regulated ORFs have green colored bars. B: Symbiotic plasmid copy number verification of
the mutant strain compared to the wt strain. The wt copy nhumber of pNGR234a was set to 100 %
(1.0) and the relative copy number in the mutant strain was related to wt number. C: Colony PCR
with single NGR234 Aal725 colonies. PCR 1 run with oKP149 and oKP150 and got products with
1.038 nts for the wt and 958 nts for the deletion strain. The second PCR was done with the primers
0KP169 and oKP170 and resulted in a 1,000 nts product. D: SEM imaging of the NGR234 wt
strain and the NGR234 Aal725. The cells were coated with gold and the SEM LEO1525 run with 5
kV.

the deletion strain the product size was reduced to 960 nts (line 9). Primer pair B was
completed to the repA region. When pNGR234a was presence a 1,000 nts PCR product was
gained. This test was repeated three times with 10 colonies. Each time only one or two
colonies were detectable, where the symbiotic plasmid was retained in the cell. This led to the
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result that the plasmid was only stable in approx. 10 % of the cells in the NGR234 Aal725
mutant.

To observe difference between NGR234 wt and the newly constructed mutant NGR234
Aal725 in cell morphology, the NGR234 wt cells were compared with NGR234 Aal725 cells
by using scanning electron microscopy (SEM). Therefore, the cells were coated with gold and
SEM LEO1525 run with 5 kV (Figure 42, D). The cells of NGR234 wt had structural an
uneven surface, whereas mutant cells had a smooth surface. Lack of surface structure led
the assumption that a genetic modification had taken place in the mutant that resulted in this
phenotype.

Single nucleotide polymorphism (SNP) analysis of the NGR234 Aa1725+ mutant

To identify why the symbiotic plasmid is still present in some NGR234 Aa1725 mutants, a
SNP analysis of the NGR234 Aa1725+ has been performed. Therefore, gDNA of NGR234
NAa1725+ was isolated in triplet and was sent to the Goettingen Genomics Laboratory of
George-August-University in Goettingen. There an lllumina HiSeq2500 run was performed.
The obtained results of the triplicates were compared with the results of the wt strain and only
mutations not occurring in the wt strain were examined in detail. In total, 13 mutations were
found in all three replicons of the deletion strain (Table 17). On the symbiotic plasmid only the
self-induced mutation of the small ORF NGR_a01725 was observed. On the megaplasmid
pNGR234b, three mutations in three genes were found (NGR_ab01780; NGR_b02370 and
NGR_b23250, TAB). The first single mutation polymorphism was at the nucleotide position
169,219 and was in the gene that encodes for a putative Biotin carboxylase. This protein is a
component of the acetyl coenzyme A carboxylase complex and catalyzes the carboxylation of
the carrier protein and participates in fatty acid biosynthesis. Due this mutation the cysteine
(C) was changed to adenine (A), this led the change of an amino acids (A346S) and resulted
in a missense mutation. The amino acid alanine was converted to serine and since the serine
side chain had a hydroxy group, the protein became more polar and the new hydroxy group
could form new hydrogen bonds. But the biotin carboxylase had no influence on stability of
the symbiotic plasmid. The second point mutation was at the position 232,071 and was in the
gene NGR_b02370. A conserved domain search resulted that NGR_b02370 belongs to the
PRK13289 super family and consisted of a potential bifunctional nitric oxide
dehydrogenase/dihydropteridine reductase. At position 232,071 a base pair was deleted, and
this deletion resulted in a frame shift. This frame shift had the consequence that the mRNA
was translated to another amino acid succession. Thus, the protein from amino acid 45 had a

different sequence with the result that the function will be lost. But also, this protein had no
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influence on the symbiotic plasmid stability. The third point mutation was at position
2,393,135 and was within the gen NGR_b23250 that encodes probably for a dipeptidase.
Here, a cysteine was changed to thymine. Due to the change in only the last nucleotide of
this codon and the characteristics that the genetic code is degenerate, the new codon
specifies the same amino acid resulting in a non-mutated protein. Such a mutation is called
silent mutation. Thus, this mutation had also no effect on plasmid stability.

On the chromosome there were nine mutations that were found in all three replicates
AGWSs1-AGWSs3 (Table 17). The first mutation was within the 81 nts intergenic region in-
between gene coding for ATP synthase subunit C (NGR_c04480) and the gene atpF2
(NGR_c004490) coding for FoF1 ATP synthase subunit B. Here, no influence on the
symbiotic plasmid stability was recognizable by the mutation at the position 501,821. The
second mutation that was observed in the SNP analysis was at position 1,228,611 on the
chromosome and there the codon GTC was changed to GCC resulting in an aa exchange
(V32A) in the gene rpoB, that encodes for the beta subunit of the bacterial RNA polymerase.
At aa position 32, valine was changed to alanine. Both amino acids were characterized to the
group of hydrophobic amino acids and the only difference between these amino acids was a
methanediyl group. Thus, a second aa exchange was observed in the rpoB gene. The
Aspartic acid was changed to Glutamic acid (D621E) at position 1,230,379. Both mutations
had no influence on plasmid stability of pPNGR234a. At position 1,238,154 was observed a
point mutation within the gene rpsL coding for the 30 S ribosomal protein S12 and plays an
important role in translation accuracy. But this mutation had no effect to the symbiotic plasmid
stability. At the position 1,447,774, the codon AGG was changed to AAG and this mutation
resulted in an amino acid exchange from arginine (R) to Lysine (K). Both amino acids belong
to the group of the positive electrically charged amino acids. Interestingly, there were
3,489 nts missing on the chromosome. This missing region contained five genes coding for
transposases that are also present on pNGR234a. A presumption that this region was
meanwhile also missing in the currently working wt strain could be confirmed by PCR (Figure
55). This suggested that this lacking region had no impact on plasmid stability. Three more
single nucleotide polymorphisms were detected on chromosome. The gene NGR_c32870
coding for a LuxR family transcriptional regulator had a SNP at position 3,450,413 resulted in
an exchange of aspartic acid to glutamic acid but both amino acids only differentiate the
length of the side chain by one methylene group. An upstream localized gene NGRc32880
also had a SNP. Here, the nucleotide exchange at position 3,452,403 led to a change in the
coding amino acid from serine to glycine. But the corresponding protein an ABC transporter

had no impact on plasmid maintenance. The last SNP was in the gene encoding a
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transposase. The SNP at position 3,806,599 had no effect to the transposases because of

being a silent mutation.

As a summary of the SNP investigation, it could be said that this analysis did not provide a
clear result as to why the symbiotic plasmid was stable in NGR234Aa1725+ mutant and was
lost in NGR234Aal1725-.

Table 17: SNP results of the NGR234 Aa1725+ mutant in triplicates (AGWSs1-3)

AGW AGW AGW

# replicon position mutation Ss1 Ss?  Ss3 annotation gene
bp ) NGR_a01720 «—
1 NC_000914 218,030 100% 100% 100% Intergenic (-246/-192)
— / - NGR _a01730
2 NC_012586 169,213 C—A 100% 100% 100% A346S (GCC—TCC) NGR_b01780 «—
NC 012586 232,071 A1bp 100% 100% 100% coding (135/294 nt) NGR_b02370 —
NC 012586 2,392,135 C—»T 100% 100% 100% S384S (TCG—TCA) NGR_b23250 «—
_ NGR_c04480 — / — atp
5 NC_012587 501,821 G—A 100% 100% 100% Intergenic (+61/-21) Eo
6 NC_ 012587 1,228,611 T—C 100% 100% 100% V32A (GTC—GCCQC) rpoB —
7 NC_012587 1,230,379 T—G 100% 100% 100% D621E (GAT—GAG) rpoB —
8 NC 012587 1,238,154 G—A 100% 100% 100% R43K (AGG—AAG) rpsL —
9 NC_012587 1,447,774 G—A 100% 100% 100% R173K (AGG—AAG) thrA —
[NGR_c17700]-
10 NC_012587 1,828,597 A3,489 bp 100% 100% 100%
NGR_c17740
11 NC_012587 3,450,413 C—A 100% 100% 100% D123Y (GAT—TAT) NGR_c32870 «—
12 NC_012587 3,452,403 T—G 100% 100% 100% S 419G (TGC—GGC) NGR_c32880 —
13 NC 012587 3,806,599 T—G 100% 100% 100% V21V (GTA—GTC) NGR c35870 «—

Transcriptomic analysis of the NGR234 Aa1725+ mutant

To identify what effect the small protein A1725 had on NGR234, a transcriptomic approach
was conducted. Therefore, the mutant and the wt strain grew in triplicates at 28°C for 55 h.
Thus, the different gene expression in the stationary growth phase could be estimated. The
RNA was isolated, and the lllumina sequencing was done by our cooperation’s partner of the
Genomics Laboratory of George-August-University in Goettingen.

In total 185 of the 6,472 genes were differently regulated in the stationary growth phase. This
led that only 2.90 % of all genes on the genome of NGR234 were differently regulated after
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55 h. Interestingly, half of the regulated genes coded for hypothetical proteins whose roles in
the organism were still unknown. For the chromosome it meant that 93 genes on the
chromosome cNGR234 showed a different gene expression compared to NGR234 wt. Of
these, 11 ORFs were up regulated and 82 genes were transcribed in a lower level (Figure
43).
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Figure 43: Transcriptomic analysis of NGR234 Aal725+ that was compared to NGR234 wt
Bar diagram containing the number of up and down regulated ORFs in and stationary (55 h)
growth phase. All up regulated (+) genes were shown in green and all down regulated genes
were colored in red. A colorless filling of bar indicated not regulated genes.

The mutation of NGR_01725 affected in total 91 genes on pNGR234b. 13 genes showed a
higher transcription rate and 77 genes were down regulated. Interestingly, there were several
genes, which were responsible for the formation of ABC transporter and were down
regulated. Noticeable, the mutation affected only three genes on pNGR234a itself. Two
genes showed a higher transcription level coding once for alanine ligase and second for a
transposase. The third gene that showed a lower transcription rate encoded also for

transposases.

In summary, a direct correlation between the deletion of NGR_al725 and the differently
regulated genes could not be proposed. The founded SNPs in the genome of
NGR234 Aal725+ led mutations in the genes that could influence the transcription of different

genes.
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Il. Structure analysis and characterization of GqgA- a Quorum

Quenching hydrolase

Quorum Quenching acts as an inhibitor of bacterial cell-to-cell communication common as
Quorum Sensing. The most characterized mechanism for this QS interference is the
degradation of the Al molecules by different enzymes. Due to the fact, that QS regulates
virulence factor production and biofilm formation, these enzyme interfering QS signal
molecules play an important role as potential new drug target. In 2016, GggA was first
identified in the bacterium Komagataeibacter europaeus CECT 8546 and showed no
similarity to known QQ enzymes and should investigate in more detail.

For the analysis of the GggA enzyme activity the protein was overproduce and purified with
the E. coli pET-vector system (Novagen's®, Merck KGaA, Darmstadt, Germany) like
published before with some modifications (Valera et al., 2016). The structure analysis was
performed in cooperation with Nadine Werner (working group Prof Betzel, University of
Hamburg) at the DESY Hamburg facility. The ESI-MS/MS analysis was done in Madrid by our
cooperation partner Dr. Manolo Ferrer.

Classification of GggA to known QQ enzymes

Various enzymatic degradation pathways were possible for the inactivation of Al signal
molecules. These different enzymatic pathways are classified in three enzyme classes: AHL
lactonases, AHL acylases and AHL oxidoreductases. All these different enzymes classes
were divided into different enzyme subfamilies. GqgA should be compared with known QQ
enzymes based on their aa sequences. Additionally, to the alignment of GggA to the known
enzymes of different enzyme families, a phylogenetic classification was performed with the
maximum likelihood method and JTT matrix-based model (Figure 44). The Bootstrap
consensus tree was derived from 500 replicas. Branches corresponding to partitions that
were rendered in less than 50 % of the bootstrap replicas were compressed. The percentage
of the replication tree in which the associated taxa summarized in the bootstrap test were
displayed next to the branches. All 22 known and described QQ enzymes were represented
in the phylogenetic tree and clustered in the different enzyme classes. All AHL acylases were
highlighted in green. The AHL lactonases were shown in red and the AHL oxidoreductases
were displayed in blue. The subfamilies within the classes were highlighted with the different
nuances of the colors and the family name was written next to the classes. GqgA was written
in red and clustered next to the Ntn-hydrolases within the AHL acylases class. GqgA showed
the closed maximum likelihood to the Amidase enzyme that was also clustered to AHL

acylases but the mechanism behind was not yet clear.
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Figure 44: Phylogenetic construction of protein sequence of known QQ degrading enzymes

The phylogenetic tree was calculated by using Mega X and the Maximum Likelihood method with JTT
matrix-based model. The bootstrap consensus tree inferred from 500 replicates is taken to represent the
evolutionary history of the taxa analyzed. Branches corresponding to partitions reproduced in less than
50 % bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test were shown next to the branches. This analysis involved 23 aa
sequences: PvdQ (Q91194), Aac (Q8XWC7), AhlM (AAT68473.1), AibP (Q8YDG4), QuiP (Q914U2), GqgA
(KOEU_05990), Amidase (Q396E7), Cypl02A1 (P14779), MCP (MAP_3668c), SsoPox (Q97VT7), SisLAc
(C4KKZ9), AiilO (D8X182), DIhR (ACP22150.1), QsdR1 (ACP23138.1), AidC (I7HB71), AhIS
(SCV20999.1), AhID (AAP57766.1), AiiA (POCJ63), AttM (Q7D3UO0.3), AhlK (AOA098CCK3), BpiB09
(ABU51100.1), AldR (ACP26074.1) and BpiBO5 (ABU51109.1). The different enzyme classes are
highlighted in different colors. The corresponding enzyme families were shown. The enzymes were
chosen from Fetzner et al 2014.Corresponding accession numbers were given in brackets after enzyme
name.

Structure similarity to other PDT enzymes

By using the Cofactor structure-based function prediction tool (Zhang et al., 2017). Proteins
with similar structure were searched based on the PDB formats. Therefore, a TM-alignment
was performed using protein structures. The TM Score scaled the structural similarity
between different proteins. A value of 1 indicated a perfect match between the structures.

RMSD meaning root-mean-square deviation and showed the average distance between the
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aligned atoms. A value of 0.00 A indicated an identical structure. All values between 1.00 and
3.00 A showed similarity in structure and a value more than 3 A meant distant structural
similarity. Also, the sequence similarity between the proteins was analyzed. The coverage
was the number of structural aligned residues divided by length of the query protein GqgA.
The results of the structural similarity were shown in Table 18. The highest structural
similarity to GggA with a value of 0.86 was found with the putative chorismate mutase (3luy)
of Bifidobacterium adolescentis. The distance between the aligned atoms was 2.49 A and
indicated a similarity based on structure. But the sequence of 3luy showed a lower similarity
with 27.7 % similarity. The prephenate dehydratases from Arthobacter aurescens (3mwb),
Chlorobiumtepidum TLS (2gmX) and from Staphylococcus aureus (2gmw) had high structure
similarities (0.84 or 0.80 identity) to the GqqgA structure. Also, the RMSD values of these
proteins indicated structural similarities. The sequences of these proteins showed only a low
similarity to GggA sequence with values between 0.207 and 0.311. The prephenate
dehydratase of Streptococcous mutants (4lub) showed only 56 % similarity in the protein
structure compared to the above-mentioned PDT enzymes. There were not found any
structurally similarities to known QQ enzymes by using this online tool.

Overall, there were major differences between structural and sequential similarities between
the resulting proteins and the query protein. While all proteins showed a high structural

similarity, the sequences of these proteins had hardly coincidences.

Table 18: Structural similarity of GqgA to other PDT proteins

Structure Sequence

No. PDB hit Organism S RMSD* O Coverage*?
similarity similarity
1 3y Bifidobacterium 0.86 2.49 0.277 0.964
adolescentis
2 3mwb Arthrobacter 0.84 2.89 0.288 0.975
aurescens
Chlorobium
3 2gmx tepidum TLS 0.84 2.54 0.331 0.950
4  2gmw Staphylococcus 0.80 2.64 0.207 0.921
aureus
5 4lub Streptococeus 0.56 2.77 0.237 0.633
mutants
*IRMSD Root-mean-square deviation [A]

*2Coverage Number of structural aligned residues divided by length of query protein
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Structure analysis of GqqA
(The structure and data analysis were performed in cooperation with Nadine Werner of the

department of Prof. Dr. Betzel at the DESY facility (University of Hamburg).

The protein was overproduced and purified similar to previously published protocols (Valera
et al., 2016) with some minor modifications. The purified protein was verified by SDS-PAGE.
The purification resulted in a single protein band on protein gel and had a MW of 30.5 kDa
(appendix, Figure 57) that was fitted with the calculated protein mass. The group of Prof. Dr.
Betzel especially Nadine Werner did some maodification at protein expression by using
selenomethionine (se-methionine) instead of methionine. This served to solve the phase
problems during crystallization that frequently occurred with GggA. With selenomethionine a
protein crystal was reaching 0.98 A. GqgA without selenomethionine resulted in crystals

leading crystals diffraction with a wavelength of 1.03 A.

In the crystallization and the data collection was seen, that GqgA acted as a dimer consisting
of two homologous monomers that were displayed in red and blue (Figure 45, C) Each
monomer had the predicted PDT enzymes that showed high similarity to other PDT enzymes
like 3luy or 2gmx (Table 18). Such as 3luy or 2gmx, GqgA shared the same folding and the
same division into two domains. The periplasmatic domain was located at the N-terminal and
consisted of two structurally similar subdomains (Figure 45 and Figure 46). Both subdomains
had a B-sheet harboring three or four parallel and one anti-parallel strand, which were
surrounded by three a-helices. The ACT domain typical for PDT enzymes (green structure,
Figure 45, A) was located on the C-terminal and had two a-helices, which formed a base for
the entire protein. An anti-parallel B-sheet with two strands was also seen in the ACT domain.
It was known that the ACT Domain could bind allosteric effectors such as phenylalanine, also

the GqgA structure showed a binding site for phenylalanine in each monomer.

Compared to the GqgA structure, the structure of the Se-Methionine labeled crystal (Figure
45; B) was lacking the middle domain (black region, Figure 45; A) from amino acid Glu86 to
Thrl75. It seemed that the primary structure of Se-GqgA is digested at the peptide bond
between Val 85 and Glu86 and at the peptide bond between Thrl75 and His 176 in a post-
translational processing step. The first 85 aa (Metl to Val85) belonged to the a-peptide (red).
The green domain of the structure started at His170 and ended with the last amino acid and

represented the B-peptide.
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Figure 45: GqgA crystallization and 3D data collection

A: 3-D structure of GggA using dataset collection at a wavelength of 1.03 A from a single protein
crystal. All three domains of GqgA were shown: a-peptide (red), lacking region (black) and B-peptide
(green). B: Crystal structure of Se-GqgA that data set was collected at a wavelength of 0.98 A from a
single SeMet- labeled protein crystal. The middle part of the protein sequence was missing in the
structure. Only the a-peptides (N-terminal, red) and both B-peptide (C-terminal, green) were seen.

C: Crystal structure of GggA showing that GggA was a dimer in solution with two homologues
monomers.
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D: 3-D structure of GqgA with corresponding protein surface. The middle part of the protein peptides
covered up the active site of the enzyme. The substrate 3-ox0-C8-HSL was loaded to the structure
(white cartoon, see white arrow). The arrow also indicates the viewing direction from above. E: 3-D
structure of Se-GggA with corresponding protein surface. The substrate 3-oxo-C8-HSL was docked to
protein structure. The active site of GqgA is freely accessible through the missing middle domain (black
domain in A). The black arrow indicates the top view of the protein for orientation.

By using docking analysis, a possible substrate binding sites could be verified within the
protein sequence. The alleged substrate pocket was located in the area of the a-peptide (red,
Figure 45, D, E). The GqgA crystal structure (Figure 45, D) showed how the middle domain
covers the substrate pocket. By lacking the middle domain in the Se-GqqgA structure, the
substrate pocket was freely accessible for the substrate. The binding of the lactone ring to the
enzyme was clearly recognizable, while the nonpolar acyl chain was directed to the outside of
the protein (Figure 45, D).
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Figure 46: Secondary structure and post-translational processing of GqgA

A: The aa- sequence of GggA with the associated secondary structure is shown. The
different regions modified by post-translational auto-processing are highlighted in red (a-
peptide), black (lacking region) and green (B-peptide). The possible substrate binding aa
Tyrl6; Serl7 and Thr174 are flagged with a star. B: Substrate pocket of GqgA showing the
substrate octanoyl-homoserine lactone (C8-HSL) and the putative substrate binding
residues Tyrl6, Serl7, and Thrl74. Nitrogen atoms are blue and oxygen atoms are red.
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Two of the three putative substrate binding residues were located on the a-peptide (Figure
46. Here, the polar residues of Tyrl6 and Serl7 consisted of hydroxy groups that could
interact with the oxygens of lactone ring. The third possible residue that could interact with
the lactone ring was the hydroxy group of Thr174 that was located at the beginning of the (3-
peptide. All these residues were highlighted with a star in the secondary structure of GqgA
(Figure 46, A). That all the three residues were directed to substrate lactone ring was
observed within the docking analysis of the substrate octanoyl homoserine lactone and the
three-dimensional crystal structure of Se-GqgA. The docking analysis could be displayed with
PyMOL (Figure 46, B).

Mutagenesis of GggA and in vivo activity assay

In order to elucidate possible interaction and dimerization regions in the structure of GqgA,
several different mutations in the gene ggqgA were constructed. For this purpose, five different
mutations within the gggA gene (Table 12) were generated using quick exchange mutation
approach and the wt version of the overexpression construct pET-21a::gqqA (Table 2) as
template. The resulted PCR products were digested with Dpnl and a phosphate group was
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GqgA-6H-Mutl 1 MNGERIIAFQGRPGAYSDLACRQARPGWTITLPCQTFAQTIAAVHDGRAELAMLACENSLAGRVPDIHALLPEAGLFIVGEHFQRVEHCLL 90
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GqgA-6H-MutS 91 GIPGSTLADARRIHTHPVAMAQVRGIIVELGLDPVVEFDTAGAAREMVREWGRKEDVAVASALARELNGLEILRRNVEDATHNTTRFYIAS 180
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Figure 47: Overview of GgqA mutagenesis

The aa sequence of GqgA-6H wt and of all five mutants are shown. The different mutations are
highlighted in different colors. Mutation 1 (F262S) was shown in red, mutation 2 (ARKP) in blue and
mutation 3 (R25S) in yellow. The modification at the loop (Mut4) was highlighted in green and the aa
exchange T118S (mutation 5) in orange. The one- and three letter code for amino acids is attached
(Table 19)
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added to the amplificants with a Polynucleotide kinase. The linearized amplificants were
ligated and the final mutation constructs were transformed into E. coli DH5a. The correctness
of the mutations was checked by sequencing and the correct mutations constructs were
transformed into the overexpression strain E. coli BL21 (DE3). An overview of the mutants

showed all modifications in the aa- sequence (Figure 47).

In GggA-Mutl (red), the amino acid Phenylalanine at position 262 was changed into Serine.
This mutation could lead to the loss of hydrophobic interaction with symmetry-equivalent
monomer. The second mutation (blue, GqggA-Mut2) concerned the end of the protein. The last
three amino acids Arginine, Lysine and Proline was removed, and these deletions were
supposed to prevent interaction with neighboring molecules. An amino acid exchange was
performed with GqgA-Mut3 (yellow). Here, the amino acid Arginine was changed into Serine.
The mutations could lead like mutation 1 to the loss of interaction. The surface loop (aa: 187 -
191) shall be shortened and mutated in GqgA-Mut4 (green). This mutation was intended to
identify the function of this loop. The last mutation was an amino acid exchange, where the
Threonine at position 118 was changed into Serine. Here too, the hydrophobic interaction to

symmetry-equivalent monomer would be interrupted.

All GqgA variants were recombinant overproduced and purified using the fused His-tag. The
purified proteins were loaded onto a native gel to detect the first effects of mutations (Figure
48, A). The protein GqgA-wt, GggA-Mutl (M1), GqgA-Mut2 (M2) and GqgA-Mut5 (M5) could
be overexpressed and purified. Clear protein bands were seen on the native gel. But these
bands did not run on the same level so that difference in dimerization could be suggested.
GqgA-wt and GggA-Mutl run on the same level. It seemed that both had the same
quaternary structure containing of more homologue peptide chains. GqgA-Mut2 and GqgA-
Mut5 run on a lower level than GggA-wt or GqgA-Mutl. It seemed that these native proteins
consisted of less peptide chains than GqgA-wt or GggA-Mutl. A second protein band was
observed in the well of GqgA-Mut2. This protein band could be a degraded GqgA, because
this band was on a lower level than the other bands. The running lines of GggA-Mut3 and
GqgA-Mut4 showed no clear protein band as it was seen in the other running lines. A small
protein band was observed at the lower part of the native gel. This could be degraded peptide
chains of GqgA.

To verify if one of these mutations had an influence on the functionality of the enzyme, a in
vivo QQ activity test was performed. Therefore, the E. coli strains expressing the wt or the
different mutated GggA protein grew in LB medium supplemented with oxo-C8-HSL. After six

hours the supernatants were collected and spotted on a filter paper that was placed on LB
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Figure 48: Native protein gel and in vivo assay of GqqA proteins

A: A precast TGX protein gel (Bio-Rad) were loaded with 20 pg of GggA-wt, GqgA-Mutl (M1),
GqgA-Mut2 (M2), GqgA-Mut3 (M3), GgqA-Mut4 (M4) and GggA-Mut5 (M5) and was run under native
conditions. The gel was stained with Coomassie brilliant blue. B: Bioindicator assay of an in vivo
enzyme assay of GqgA wt and various mutants in E. coli. The reporter strain CV026 was used for
indicating not degraded Al molecules (violet color). An active enzyme is shown by a colorless plate.

plates inoculated with the QS reporter strain CV026. A purple filter paper indicated no GgqgA
activity whereas a white filter paper showed an active expressed GqgA protein (Figure 48; B).
An. E. coli Strain harboring the empty expression vector pET-21a was used as negative
control. The HSL solvent ethyl acetate had no impact of CV026 violacein production.

A white filter plate with light violet color at the side was seen for GqqA wt. The same effect
was observed for the positive control QsdR1. Also, by using the GggA mutants GggA-Mut2
and GqgA-Mut5, white filter paper lying on plates inoculated with CV026 were detectable. In
contrast, GqgA-Mutl, GggA-Mut3 and GqgA-Mut4 showed violet colored filter paper

indicating that these mutants were not enzymatically active.

ESI-MS/MS analysis of GqgA

For identifying the mechanism behind the QQ activity of the enzyme GqgA, GggA was
shipped to our cooperation partner Dr. Manuel Ferrer (Department of Applied Biocatalysis,
Institute of Catalysis, Madrid, Spain). His team performed electronic ionization coupled with
Gas Chromatography and ESI-MS. The substrate 3-0xo-C8-HSL was solved in DMSO and
was used for in vitro enzyme assay in 5 mM EPPs pH 8.0 and at 30°C. After three hours the
reaction products were analyzed by Mass Spectrometry (MS) experiments using a hybrid
quadrupole-time of flight mass spectrometer (QTOF, QSTAR pulsar, Applied Biosystems,

California, USA) equipped with a micro electrospray ion source. The products were dissolved
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in methanol and the samples were introduced into the spectrometer. The resulted products
were shown in the mass spectrums (Figure 49). In addition to the assay with GggA (+GggA),

a control assay without enzyme was also carried out (-GqgA).
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Figure 49: Mass fragmentation spectrum of the GgqA enzyme assay in positive and negative
mode

The upper spectra indicated the control that took place without enzyme (-GqgA) in the positive (left)
and in the negative (right) mode. MeOH was used as solvent during MS analysis, it appears an
esterified substrate or product. The control spectrum in the positive mode shows an [M + MeOH + Na]*
ion at an m/z of 264.14 and an [2M + 2MeOH + Na]* ion at m/z of 537.28 that indicate the substrate 3-
oxo-octanoyl homoserine lactone. The structural formula is drawn in the spectrum. The substrate is
also observed at an m/z of 240.14 [M — H] in the negative mode. By adding GqgA to the assay (lower
spectra) the substrate is only observed in lower intensity. An [M + MeOH + H]* ion is observed at an
m/z of 134.08 in the positive mode and indicates the product homoserine lactone. In the negative
mode an [M — HJ ion is detectable at an m/z of 157.09 and displays the 3- oxo- octanoyl acid. The
homoserine lactone and the 3-oxo- octanoyl acid are displayed in the spectra. The [M + Na]* ion at an
m/z 101.00 and the [2M + Na]+ at an m/z at 179.02 display.

The lower spectra represented the MS fragmentation of the reaction in positive and negative
mode. The resulted products of the enzyme assay with GqgA were shown as an [M + MeOH
+ HJ]* ion in the positive mode indicating a homoserine lactone and an [M - H] ion in the
negative mode that displayed the product 3-oxo-octanoyl acid. These ions were not
detectable in the control spectra without GqgA in the enzyme assay. Clear peaks were visible
in the control spectra (-GgqgA) representing ions for the substrate 3-oxo-octanoyl homoserine
lactone. Thus, the [M - H], [M + Na]* and [2M + 2MeOH + Na]* ions at an m/z of 240.14,
264.12 and 537.28 showed the substrate ion and an esterified substrate ion with the MS
solvent MeOH. The solvent DMSO, in which the Al molecules were dissolved, a peak was
recognizable with the [M + H]" and [2M + H]" ions at an m/z of 101.00 and 179.02.
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These enzyme assays with the corresponding MS analysis suggested that GqgA acts as an
HSL acylases, which cleaves the amide bond and releases a fatty acid and a homoserine

lactone ring.

5. Discussion

Bacterial communication such as quorum sensing bases on the amount of chemical
molecules called Al and is an established mechanism for recording the population density.
When a threshold population density is reached, the bacterial cells collective coordinate the
gene expression of certain genes. With this communications system, biofilm formation,
virulence factor production or bacterial- host interactions were synchronized under differing
environmental conditions (Ng and Bassler, 2009). In the past, several strategies of competing
organisms have been discovered to interrupt these signaling pathways. One of the interfering
strategies is the enzymatic degradation of signal molecules. The main enzymatic class of
these quorum quenching enzymes are AHL lactonases catalyzing hydrolytic ring opening of
lactones and AHL acylases cleaving the amide bond (Fast and Tipton, 2012; Fetzner, 2014).
The third group of interfering enzymes is the enzyme class of oxidoreductases. The resulting
products can also act as Al molecules but with less binding ability to regulator protein
(Chowdhary et al., 2007).

The genome of NGR234 codes for two QS systems belonging to the class producing AHL as
Al molecules (He et al., 2003). For example, NGR234 uses QS to coordinate bacteria-plant
interaction (Hartmann et al., 2014). All genes, which are necessary for this symbiotically
interaction, are located on a symbiotic plasmid that has high similarity to Ti-plasmid of the
plant pathogen bacterium A. tumefaciens (Perret et al., 1999; Schmeisser et al., 2009).

The fact that the plant symbiont S. fredii NGR234 has evolved a diverse and unique tool to
infect more than 120 legume and one non-legume plants makes NGR234 to a unique model
organism for the investigation of plant-bacteria interaction in conjunction with bacteria

communication and small proteins.

The aim of my research was first to identify the role of small proteins in a quorum sensing
dependent expression and second the structural and functional analysis of a novel quorum

guenching hydrolase designate as GqgA.
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NGR234 AngrlAtral_copy+ induces root hair curling in absence of
apigenin

The symbiosis is initiated by a signal exchange between the plant and the bacterium. The
plant releases secondary metabolites like flavonoids detected by the bacterial transcription
regulator NodD1. This complex activates the synthesis of strain-specific Nod factors
triggering root hair curling on susceptible legume plants (Barnett and Long, 2015) The mutant
NGR234 AngrlAtral_copy+ is not able to produce any Al molecules (Krysciak et al., 2014)
and it was shown that this mutant can trigger root hair curling in a flavonoid-independent
manner (Figure 6). In absence of the Al molecules the pNGR234a copy humber increases to
a 4 - 6-fold higher level compared to the parent strain and this overexpression of nearly all
genes on the symbiotic plasmid can induce the formation of the symbiosis in absence of plant
released flavonoids (Grote et al., 2016). This experiment shows that the mutant not only
upregulates the transcription of DNA into RNA, but also translated the mRNA to functional
proteins. Without Nod factor producing proteins that are encoded by nodABC genes, the
legumes were not stimulated to curl the root hairs as it was seen for NGR234
AngrlAtral_copy+ (Freiberg et al., 1997; Esseling et al., 2003; Parniske and Downie, 2003;
Jones et al., 2007; Grote et al., 2016).

Initially, it appears that the Al controls the symbiotic plasmid copy number in cooperation to
the non-coding RNA NGR_a00040 and NGR_a00050. Similar reports were already made for
Rhizobium leguminosarium. The transcription of repA was increased in presence of native Al

molecules (McAnulla et al., 2007).

I.  Quorum sensing dependent expression of small proteins

Small proteins are defined as synthesized directly by expression of smORFs rather than by
proteolytic processing of larger proteins (Storz et al., 2014). With the first annotation of
genomes an ORF cutoff of 300 nts were set and smaller ORFs of less than 50 aa were
largely underestimated. In recent years focused functional genomics efforts have led to the
identification of various numbers of new small proteins that were encoded in the genome of
Gram-positive and Gram-negative bacteria. It became clear that these small proteins have
influence to several cellular functions involving in regulatory networks, virulence, transporters
or sporulation (Storz et al., 2014). In NGR234 QS regulates all symbiotic genes located on
symbiotic plasmid pNGR234a (He et al., 2003).

Since nearly all genes on pNGR234a were upregulated in NGR234 AngrlAtral_copy+, this

strain can be used as a tool to analyze expression of small proteins on pNGR234a.
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The symbiotic plasmid pNGR234a encodes for additional 251 smORFs in-between the
422 features

The replicon pNGR234a encodes for 422 ORFs and in-between these ORFs are a lot of
intergenic regions, which are not annotated (Schmeisser et al., 2009). Thus, these obvious,
intergenic regions encode for a high number of unknown genes.

In the last years, the number of identified small proteins increased due to the possibilities for
deeper sequencing methods (Boekhorst et al., 2011). These investigations in small proteins
showed the high functional importance of small proteins (Wang et al., 2008). A smORF
search with subsequent mapping of the receiving sSmORFs to transcriptomic data resulted in
251 additional entries on symbiotic plasmid of NGR234. Due all new smORFs had transcripts
in NGR234 wt and/or NGR234 AngrlAtral_copy+ suggests that RNA was produced for
corresponding gene regions. Previous published analysis demonstrated that not only RNA
was transcribed in mutant strain but also the function protein was synthesized, hence.
NGR234 AngrlAtral_copy+ was able to trigger root hair curling in absence of flavonoids
because all genes on pNGR234a had a higher transcriptional level (Figure 6, Grote et al.,
2016).

Proteins encoded by ORFs start with a translation start (ATG, GTG or TTG) and end with a
translation stop (TAA, TAG or TGA). Between start and stop codon, there is a sequence of
nucleotide triplets lying in a reading frame and coding for a specific amino acid (Turanov et
al., 2009). All smORFs identified in this thesis have these described characteristics and lead
to suggest that these ORFs were expressed to small proteins. However, there are non-coding
RNAs (ncRNA) that have protein-like characters or sequences that have errors caused by
lining up the contigs of sequenced DNA fragments (Morozova and Marra, 2008).
Furthermore, internal ATG codons (coding for methionine) could be mistaken for start codons

and the received smORF could be a part of larger coding region (Sieber et al., 2018).

Using novel approaches such as the high-resolution Ribo-seq, the expression of the obtained
smORFs into functional small proteins can be identified. This Ribo-seq analysis was started
for NGR234 AngrlAtral_copy+. Since NGR234 cells are often challenging to handle, the
results of Ribo-seq analysis were expected soon. In the meantime, the mRNA protected by
ribosomes during translation was successfully isolated and sequencing approach was
started. When the results are available, a global overview of the expression of all SmORFs to

small proteins on pNGR234a will be shown.
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The intergenic region in-between tral and repABC encodes for an operon consisting
three small proteins were essential for plasmid maintenance

An Operon is a functional unit of DNA that contains a cluster of genes under the control of a
single promoter. All the genes belonging to the operon are co-transcribed into a single MRNA
(Jacob and Monod, 1961). A first indication of genes that are organized in an operon resulted
from the gene order and orientation, which are often conserved in two or more bacterial
genomes (Ermolaeva, 2001). In the intergenic region in-between the autoinducer synthase
tral and the plasmid replication operon repABC three smORFs were identified and ordered
closely together and only a few bases separated the single smORFs (Figure 35). In order to
identify whether these three ORFs were co-transcribed into a single mRNA, the total RNA
was isolated, and revers transcribed to cDNA for gPCR analysis. The results of the qPCR
proved that all three sSmORFs were co-transcribed into a single mRNA because all three
smORFs were detected on one mRNA fragment (Figure 36).

Genes belonging to an operon were co-regulated at transcriptional level (Hodgman,
2000).Thus, a second evidence that these three genes belonged to an operon showed the
transcriptional data of NGR234AngrlAtral _copy+ (Table 25; appendix). The smORFs repX,
repY and repAO0 were all highly upregulated in mutant strain and thus manifested same
regulation of transcription. It can be assumed that the expression of this operon was under
the control of a promoter upstream of repX. Since the translation start of repX was located
153 nts downstream of the calculated transcription start showed that the operon consisted of
a leader sequence (also known as 5UTR) with a size of 153 nts (Figure 14). This
untranslated region could contain a possible riboswitch regulating the own translation in
response to effector molecules (Winkler, 2005).

Small proteins often need an interaction partner to gain a structural and functional
conformation (Storz et al.,, 2014). The binding assay with purified RepX and cell lysate of
NGR234 gave first indications that RepX and RepAO interact to each other and this
interaction indicated the assumption of a common functional role in bacteria cell that
characterized the definition of operons (Hodgman, 2000). Specific antibodies of RepX and of
RepAO were bound to proteins with same molecular weight of approx. slightly less than
30 kDa (Figure 21). All molecular weights of these three proteins RepX (5.6 kDa), RepY
(6.2 kDa) and RepAO (16.2 kDa) gave a molecular weight of slightly less than 30 kDa. A new
pulldown assay with detection of protein bands with a specific antibody for RepY should be
confirming this suggestion.

RepABC type plasmids were divided into four classes of conjugations systems (Wetzel et al.,
2015). The symbiotic plasmid of NGR234 belonged to class | RepABC type plasmids that
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were composed of traAFBH and traCDG operons and an IncP-like type IV secretion system
(Li et al., 1998).

The three smORFs repXYAO were also identified in related bacteria species harboring
RepABC type plasmids (Table 16) and a calculation of a phylogenetic three comparing the
genetic region of tral-repA, indicated a classification into two clusters. Cluster |l species
contained only a shorter intergenic region whereas strains of cluster | had an intergenic
region of 803 nts. These clusters formation could have been achieved by horizontal gene
transfer with a diverging evolution. The classification of RepABC type plasmids subdivided
this type of plasmids into further subclades as previously known. Many genomes of RepABC
type plasmids were not yet fully sequenced. When new sequences become available over
time, further clades will emerge in future with a high complexity (Wetzel et al., 2015). In a
previously published article, it was shown that A. tumefaciens did not have such a long
intergenic region as NGR234 (Grote et al., 2016). A. tumefaciens did not belong to Clade Il
group based on the organization of the conjugation system like NGR234 or other
Sinorhizobium species. On A. tumefaciens Ti-plasmid, the tra-operon is separated from rep
and trb operon (Wetzel et al., 2015). Thus, it seems that this long intergenic region in-
between tral and repABC is a unigue characteristic for genus Sinorhizobium and could be a
key to broad host range.

Since many genomes had not yet been completely sequenced, it was not possible to make a
clear statement as to whether RepXYAO only occurs in other closely related Sinorhizobium /

Ensifer species or whether they are more widely distributed.

The functional role of RepXYAO was not identified, but with the first results of characterizing
these three smORFs, different hypothesis could be formulated.

When the expression of repXYAO was not under control of repXYAO promoter and no Al
molecules were present (NGR234AngrlAtral_copy+ mutant), the symbiotic plasmid copy
number increased to a 6-8-fold amount compared to wt copy number (Figure 24). This
indicated that the smORFs repXYAOQO were essential together with both non-coding RNA in-
between repB and repC for plasmid copy number regulation (Schmeisser et al., 2009). This
phenomenon was not observed in the newly constructed Al double deletion mutant, where
the promoter region of repXYAO was reserved. Also, when repX was genetically added on a
high copy plasmid in NGR234AngrlAtral_copy+ cells, the effect of high symbiotic plasmid
copy number was quenched to wt level. These observations promoted the hypothesis that

repXYAO was involved in copy number regulation.
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A deletion of repX had the effect that non symbiotic plasmid was observed in NGR234 cells
(Figure 24). Without symbiotic plasmid the cells were not able to initiate symbiotic interaction.
No nodules were observed in NGR234 ArepX (Figure 25). Either the replication of symbiotic
plasmid failed without repX (Figure 50, B) or neither the energy budget for maintaining
pNGR234a was not acceptable for the cells and resulting in the loss of symbiotic plasmid
(Figure 50, C). Because the replication of DNA is a process that consumes ATP at different
steps of replication and partitioning (Jesu et al., 1998; Havey et al., 2012). All genes that were
essential for bacterial survival are located on chromosome and NGR234 is viable without
pNGR234a, hence (Morrison et al., 1983; Schmeisser et al., 2009). As a third hypothesis was
that without RepXYAO the partitioning of symbiotic plasmid failed during cell division (Figure
50, A). RepA and RepB were the responsible proteins for plasmid partitioning similar to ParA
and ParB that mediated the partitioning of chromosomes to nascent daughter cells (Mazur
and Koper, 2012) and RepXYAO could be involved in stabilization of RepA-RepB-parS
complex. Especially the mutation of repY indicated that distribution of pNGR234a did not
occur correctly during cell division because the symbiotic plasmid could not be detected in
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partitioning of symbiotic plasmid failed
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replication of symbiotic plasmid failed

l further generations

energy budget not acceptable for maintaining pNGR234a in NGR234 cells
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cNGR234 OpNGR234b O pNGR234a | NGR234 cell

Figure 50: Hypothesis on RepXYAO function

During cell division, the replicons must replicate and segregate to nascent daughter cells. In Rhizobia
the plasmid encoded at least one repABC operon, which products that were involved in plasmid
replication and partitioning to daughter cells in a process that was analogue to mitosis. The results of
this work indicated that repXYAO operon was involved in this system. A: A parent cell with high plasmid
copy number started to divide but the even partitioning failed, and the plasmid were not distributed
equal to both daughter cells. This led that in further generations existing free-plasmid cells. B:
RepXYAO were involved in replication and without repXYAO the replication could be failed thus that
one of the nascent daughter cells did not carry a plasmid. C: A third hypothesis for loosing pNGR234a
was that the maintenance of high plasmid copy number in bacterial cells require a lot of energy for
plasmid replication. This required energy could be too high for the cells and the only opportunity was to
forfeit the plasmid.

O
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each colony (Figure 31). The faulty partitioning led to the fact that there were plasmid-free
cells or even the whole culture did not carry pPNGR234a at all since this was the fact in
NGR234 ArepX. All these findings suggested that repXYAO was essential for plasmid
replication and partitioning. Hypothetically, it could be that RepX and RepY stabilized the
partitioning complex (RepA-RepB-parS) and RepAO stabilize the RepC-oriV complex

recruiting other components for plasmid replication (Wetzel et al., 2015).

A high copy number of pNGR234a allowed expression of all infection-related genes in
absence of host-specific signals and when the cell density was not detectable via QS (Figure
6). These findings that were made here implied that NGR had evolved an alternative system
to ensure a successful symbiosis even in absence of a compatible host or in absence of other
NGR234 cells by increasing the symbiotic plasmid copy number and expression of all
relevant proteins for symbiosis (Grote et al., 2016). Such similar behavior had already
discovered in human pathogenic bacterium Yersinia sp. The small secreted protein was
involved in regulation of copy number to increase sufficient of establishing virulence. The
colleagues showed that a single copy of pathogenic plasmid was insufficient in infecting in
mice (Wang et al., 2016).

All in all, it could be suggested that the small proteins RepXYAO could be the major key to
broad host range because repXYAO was only identified in strains that were able to infect
more than one host (Pueppke and Broughton, 1999; Grote et al., 2016; Temprano-Vera et al.,
2018).

QS-dependent expression of repXYAO

The opposite direction of repXYAO and tral, and the fact that the corresponding promoter
regions were located within mutually coding regions indicated a QS dependent expression of
repXYAO (Figure 51). When the Al level reached a threshold concentration, Al bounds to
transcriptional regulator TraR and activated the expression of tral (He et al., 2003). The TraR-
AI-DNA complex initiated the binding of RNA polymerase for tral transcription. In this case the
expression of repXYAO was inhibited (Figure 51, A) because The transcription components of
tral obstructed the bonding between RNA polymerase and -10 and -35 regions of repXYAO.
But when the Tral/R system of NGR234 was inhibited by TraM or the absence of Al or TraR,
the RNA polymerase could transcribed repXYAO and the expression of Al synthase was
blocked (Figure 51, B).
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Figure 51: The model of competing expression of tral and repXYAO

A: At high Al concentration, the TraR-Al complex binds to DNA (TRA box) withing repX coding region
and activates the transcription of tral gene. As long as TraR and RNA polymerase bind to tral promoter
region, repXYAO cannot be transcribed. The expression of repXYAQO is inhibited by TraR. B: When no
Al and thus no TraR is present in NGR234, RNA polymerase binds to repXYAQO promoter region and
the expression of repXYAQ starts causing pleiotrophic effects.

That the expression was dependent on QS was also shown with genomic translations fusion
and with promoter fusion in various NGR234 cells. Whereas, a red fluorescence that was
observed in NGR234 AtraR harboring the genomic translation fusion (S. fredii NGR234 AtraR
:gTFrepX::mCherry) verified the expression of repX in absence of TraR (Figure 19), a
genomic translation fusion of repX in NGR234 wt showed no red fluorescence and only the
blue stained DNA was observed (Figure 56, appendix). Also, the higher fluorescence that
was observed in NGR234AngrlAtral cells harboring repX-promoter fusion (Figure 17)
indicated the QS dependent expression of the small proteins RepX, RepY and RepAO.

The expression of four proteins encoded by smORFs was verified with a diverse set of
tools

The investigation of small proteins is still in the beginning and there are only few approaches
for verifying the expression of small proteins (Hobbs et al.,, 2011; Ramamurthi and Storz,
2014; Storz et al., 2014). The best methods to verify the translation of sSmORFs to functional
proteins are Ribo-seq analysis and protein mass spectrometry but these analysis are often
not accessible (Cassidy et al., 2016; Ingolia, 2016). Thus, some other approaches were used

for verification of small proteins.

The four characterized smORFs were chosen because of the high transcript in NGR234
AngrlAtral_copy+ mutant. Here, the expression of these smORFs should be verified with a

diverse set of genomics and biochemical tools.
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First, all smORFs could be expressed in vivo in E. coli expression strains to give hints if these
ORF would be expressed to proteins. All smORFs were cloned into expression vectors and
then overexpressed in E. coli. After some modifications it was possible for all sSmORFs to
express them in E. coli. The biggest protein (RepAO, 143 aa) could be overexpressed with
traditionally pET-vector systems harboring His-tag for purification (Mierendorf et al., 1998).
But the expression of small proteins in E. coli could be challenging because small proteins
could be a part of toxin antitoxin systems and contain a single hydrophobic helix that
promotes membrane insertion and the loss of membrane potential that leads cell death
(Hemm et al., 2008). Here, the use of larger tags helped to solve the problems with toxicity.
The larger tags improved also a better visualization onto protein gels because the proteins
bands at the lower part of gels were often grainy (Hobbs et al., 2011). Thus, the small protein
RepX, RepY and A1725 were recombinant overexpressed with pMALc2x-vector system. The
E. coli protein expression could be verified with specific antibodies for RepX and RepAO0. The
expression of A1725 and RepY could not be confirmed with specific antibodies. But this did
not mean that these ORFs were not expressed to small proteins. The expression strains of
E. coli can produce a wide range of different type of proteins, but often these recombinant
expressed proteins need some post translational modification or interaction partner that are
missing in E. coli. Thus, it could be possible that E. coli was not able to overproduce the

proteins and the overexpression resulted in inclusion bodies.

Here, the expression of all four small proteins was determined in NGR234 cells by using
specific antibodies and transmission microscopy. Each small protein was verified in NGR234
AngrlAtral_copy+ mutant (Figure 22, Figure 29, Figure 34 and Figure 40). Black dots
corresponding to the proteins were observed in each thin section. For determination of RepX
in NGR234 cells E. coli overexpressing RepX and an E. coli harboring an empty expression
vector were used as controls. These controls indicated the correctness of RepX-antibody
specificity. That these proteins could be detected with specific antibodies demonstrated the

expression of repX, repY, repA0 and NGR_a01725 to functional proteins.

The best evidence that RepX and A1725 were expressed to functional proteins was given
with two types of translation fusion. Translation fusions harboring translation start sites (ATG
or GTG) were compared to translation fusion lacking these start sites. Without ATG or GTG
no fluorescence was observed whereas with translation start strong red or green
fluorescence was seen (Figure 18 and Figure 38). These fusions indicated that the upstream
located Shine Dalgarno sequences (SD) were recognized by ribosomes and initiate

translation by aligning ribosome with start codon (Malys, 2012). In many published studies,
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fluorescent proteins have been used to detect gene expression at single cell level. Because
of a high signal intensity needed for detection, high copy number plasmid such as
pBBR1MCS were used. However, the use of high copy humber plasmids should be applied
with regard to regulation of genes through the corresponding regulator, which is normally
encoded on bacterial chromosome in a single copy. For repX also a genomic translation
fusion was conducted and integrated into pPNGR234a. A red fluorescence could be observed
indicating the protein biosynthesis. But normal confocal imaging reaches the limits for
detection. Only with using airyscan detection methods an observation of red fluorescence
was possible (Huff, 2015) but did not allow the localization of RepX. For this approach, a

super resolution microscope is necessary.

The translation fusion of NGR_a01725 and the detection with specific anti-al725-antibodies
indicated the expression of NGR_a01725 to a small protein consisting 25 aa. The handling of
protein with this small size was challenging. The most tools were not adapted for small
proteins (Wang et al., 2008; Storz et al., 2014). A deletion of NGR_a01725 gave first hints on
the function, as the symbiotic plasmid seemed not to be stable in mutant strain. Thus, it
seemed that NGR_a01725 was also involved in plasmid stability. But since pPNGR234a was
stable in a NGR234 Aal725+ mutant and the SNP analysis could not give a hint for sudden
stability in multiple generations, the investigation for the function starts again and only
hypothesis could be named. First, the transcriptomic data must analyze in more detail and an
interaction partner must determine. As a far-fetched hypothesis, NGR_01725 might be
involved in toxin anti-toxin systems (TA-system). A second smORF was identified 87 nts
upstream of NGR_a01725 that points in the opposite direction. Both smORF could be a part
of a toxin-anti-toxin system similar type VI TA systems, in which two proteins were toxin or
antitoxin involving in DNA replication (Aakre et al., 2013; Page and Peti, 2016). Thus, A1725
could be the toxin, which deletion has not directly influence to bacteria cell. But the first
reaction of lacking the gene resulted in the loss of symbiotic plasmid in few colonies. TA
systems are involved in several important cellular processes, including plasmid stability,
bacterial persistence or stress response (Gerdes and Maisonneuve, 2012; Page and Peti,
2016; Yamaguchi and Inouye, 2016).

In summary, there is a lot of evidence that these sSmORF are expressed to functional proteins.
The Ribo-seq results will further provide proof of this assumption. The function of these small
proteins was not identified directly but there were a lot of evidences that these small proteins

were involved in plasmid maintenance and copy number regulation. Until yet, there was
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nothing reported that small proteins are involved directly in plasmid maintenance and copy

number regulation in repABC plasmid.

ll. Structure analysis and characterization of GggA- a Quorum

Quenching hydrolase

Until now several bacterial enzymes are known that interfere with quorum sensing. These are
guorum quenching enzymes. The best studied class of QQ enzymes is the class of AHL
lactonases, which catalyzes the opening of AHL lactone ring (Dong et al., 2000). Enzyme that
cleaved the amid bond in-between lactone ring and acyl side chain were categorized to AHL
acylases. The most common AHL acylase family is the Ntn-hydrolases with the best
characterized enzyme PvdQ (Huang et al., 2003).

In 2016, a protein designated as GggA was identified in the cellulose overproducer and
biofilm-forming bacterium K. europaeus CECT 8546 interfering with AHL QS signals from
gram-negative bacteria (Valera et al., 2016). The mechanism behind GgqgA was not yet

known and was to identify.

GqgA quenches bacterial communication by acylase activity

The aa sequence of GqgA was aligned to 22 known and functionally verified QQ enzymes
and then visualized with a phylogenetic three (Figure 44). All enzyme classes were
highlighted in the different colors red, green and blue. The most prominent enzymes were
clustered to AHL lactonases especially in the subclasses of Metallo-B-lactamases with the
specific HXHXDH motif (Dong et al., 2000). The second largest representative group is the
enzyme family of AHL acylases with the best characterized class of Ntn-hydrolases (Utari et
al., 2017). GggA was clustered close to Ntn-hydrolases, however forming a new subclass of
acylases and showed the closed maximum likelihood to amidase enzyme [EC 3.5.1.4] from
Burkholderia lata acting on carbon-nitrogen bonds (Figure 52, B). The similarity to AHL
acylases suggested that GqgA cleaved the amide bond between homoserine lactone-ring
and acyl chain (Fetzner, 2014).

For verifying this suggestion, an in vitro assay was performed, and the resulted products were
measured with ESI-MS/MS. By comparing the in vitro enzyme assay with a negative sample
not supplemented with GgqgA, the mechanism behind GqgA activities was identified. The
spectra showed that the enzyme assay released a lactone ring (ESI positive mode, Figure
49) and the corresponding 3-oxo-octanoyl acid (negative mode, Figure 49) by using 3-oxo-C8
homoserine lactone as substrate. This proved the affiliation of GqgA to AHL acylases

cleaving the amide bond and releasing lactone ring and a carboxylate (Figure 52, B).
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Also, the crystallization with associated data processing of GggA and especially of Se-GqgA
gave evidence for an acylase activity. It seemed that GqgA was post-translationally modified
that is typically for Ntn-hydrolases (Fast and Tipton, 2012; Utari et al., 2017). A middle part of
enzyme was lacking in calculated protein structure (Figure 45). GggA consisted of three
domains. The a-peptide and the middle domain belonged to N-terminal periplasmatic domain.
Both subdomains consisted of the same folding. The 3-peptide belonged to PDT typical ACT
domain. With lacking the middle domain, the putative substrate domain was freely accessible
for substrate. Although the structure itself was not very similar to Ntn- hydrolases, but there
were characteristics in the structure that showed similarity to Ntn- hydrolases such as PvdQ
from P. aeruginosa (Huang et al., 2003). Typical for Ntn-hydrolases is the maturation process
of the pro-enzyme, in which the N-terminal end of B-peptide is auto-proteolyzed and
separates from a-peptide. This exposes the N-terminal single nucleophilic catalytic residue
giving the name of this enzyme class (Yoon et al., 2004; Fast and Tipton, 2012). At first
appearance, this N-terminal nucleophilic residue is missing in GqgA structure. But there was
also a THR170 that was located at C-terminal of the middle domain. Often the electron
density at the ends of peptides is usually rather unclear so that it is possible that Thr170 is
part of B-peptide. This ThrB1l (Thrl70) could assume the function of Ser1 such as in PvdQ.
Members of Ntn- hydrolases use the nucleophilic oxygen or sulfur of serine, threonine or
cysteine residues for initiating the hydrolysis mechanism. Ntn-Hydrolase is a widespread
superfamily that exists in different subfamilies with different structures and different types of

enzymes that share the same mechanism (Oinonen and Rouvinen, 2000).

So far, only a prediction of enzyme and substrate was performed using C8-HSL as substrate.
Here, three putative residues appeared which were identified as possible interaction sites.
But to gain insights into the substrate-binding mechanism of GqgA, a co-crystallization of

GqqgA with AHL with various side chain length and modifications has to determine.

Five mutated variants of GqgA were created and these mutants were tested for their
functionality. The mutant GqqA-Mut2 and GqgA-Mut5 were still able to degrade 3-oxo-C8
HSL whereas the mutant GggA-Mutl, GqgA-Mut3 and GqgA-Mut4 could not catalyze the
reaction and the reporter cells staid purple (Figure 48, B). In GggA-Mutl an amino acid
exchange was conducted (Phe261Ser). This exchange could lead the loss of hydrophobic
interaction between the monomers. But the native gel suggested that GqgA-Mutl had the
same formation as GqgA wt. Thus, Phe261 had no impact to hydrophobic interaction of the
monomers and was probably involved in reaction or other functional role which was inhibit
due to the substitution Phe262Ser. Also, the mutations of GqgA-Mut3 and GqgA-Mut5
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should have the same effect of monomer interactions. On native protein gel and also on
denaturing SDS protein gel the expression of GqgA-Mut3 and GqgA-Mut4 could not be
observed (Figure 48 and Figure 57, appendix). Furthermore, a second overexpression of
GqgA-Mut3 and GqgA-Mut4 did not work. It seems that these residues were important for
protein formation and the misfolded protein were degraded. GqgA-Mut2 was modified at the
end of aa-sequence. The last residues of a protein have often no important functional role.
The native formations showed difference to wt formation but did not influence QQ activity.
Possibly an interaction to neighboring molecule could be interrupt, which disturbed the
guaternary structure of GqgA but not the single functional unit. In GqgA-Mut5, a threonine
was substituted to serine (Thr118Ser). Both amino acids had hydroxylic characteristics and
can adopt the functional role. Only a formation change was observed in native protein gel that
had no impact of the degradation of AHLs (Figure 48). With further mutagenesis, the residues
that were involved in protein formation and in catalytic reaction should be identified in future.
A main approach will be to identify more similarities to Ntn-hydrolases (Fast and Tipton, 2012;
Fetzner, 2014; Utari et al., 2017) or to PDT enzymes (Tan et al., 2008).

GqgA and the functional role as PDT enzyme

Interestingly, GqgA did not show any structurally similarities to known QQ enzymes but
clearly affected QS dependent gene expression such as inhibition of biofilm formation in
K. europaeus CECT 8546. GggA was also predicted to belong to the PDT enzymes having all
characteristic domains (Valera et al., 2016). Prephenate dehydratase [EC:4.2.1.51] catalyzes
prephenate to phenylpyruvate through dehydration and decarboxylation reaction (Figure 52,
A) and are involved in biosynthesis of L-phe in organism that use shikimate pathway (Bentley,
1990). Also, the cofactor structure-based function prediction tool indicated the structural
similarity to PDT enzymes (Table 18). High structural similarities to five described PDT
enzymes were identified, while sequence similarities were not observed with high similarity.
PDT enzymes often form tetramers consisting of two dimers. These dimers have two
asymmetric PDT monomers (Tan et al., 2008). A prediction of the GqgA structure showed
also the asymmetric accumulation of two monomers to a dimer that forms a tetramer (dimer
of an asymmetric dimer) that could have four catalytic sites and could bind four L-Phe as
allosteric regulator as it is described for PDT enzymes (Tan et al., 2008). These L-Phe
binding site were also seen in crystal structure. With a prediction of substrate binding site,
only one substrate pocket was observed per dimer and differs from PDT enzymes, where
each monomer consists of a substrate pocket (Tan et al., 2008). In bacteria using shikimate

pathway PDT enzymes were important to synthesize the essential amino acids phenylalanine



111
Discussion

and tyrosine. Also, in K. europaeus CECT8546 GqgA was predicted to be involved in
phenylalanine synthesis. Previous studies implied that GqgA was not able to complement
E. coli PDT deleted mutant (Valera et al., 2016).

This analysis indicated that GggA did not act as PDT enzyme and had other function in
K. europaeus CECT8546. Thus, further work will have addressed this issue and clarify the
native function in K. europaeus CECT8564.

Thereby, it is very well possible that GggA acts as a bifunctional or even multifunctional and
promiscuous enzyme that relies on different substrates in different environmental conditions.
Another possibility in natural role of GggA is that GqgA acts as a bi- or multifunctional
enzyme that changes the substrate in different environmental conditions. One suggestion is

that more PDT enzymes could interfere with QS signals.

Prephenate
dehydratase ‘ AHL acylase
o RO O /\/\/u\)J\
o—u T —H

Figure 52: Prephenate dehydratase vs. AHL acylase

A: PDT dehydratase catalyzed the chemical reaction of prephenate to phenylpyruvic acid releasing
H20 and CO:2 as co-products. PDT enzymes [EC 4.2.1.51] were involved in phenylalanine, tyrosine
and tryptophan biosynthesis. B: AHL acylases [EC 3.5.1.97] catalyzed the cleavage of amid bond of
acyl homoserine lactone in presence of H20. The lactone ring and a carboxylic acid were released.

In summary, the work above was identified a completely new type of QQ enzyme, that has
previously not been observed. Thereby the structural data together with the analytical data
clearly support that hypothesis that GqgA is a hydrolase acting on the amide bond as outline
in Figure 52, B.
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6. Outlook

The bacterial communication system QS allows bacteria to synchronize collective behavior in
cell density-dependent manner. Only slowly we understand the complexity of these
processes on population wide manner and on the level of single cells. Therefore, in this thesis
two different projects were followed and that need to be continued as outlined below.

l.  Quorum sensing dependent expression of small proteins

The focus of small protein was started 10 years ago and is still in the beginning. All
applications that are used to identify protein functions must be adapted for small protein
investigation and cannot be applied one to one. In the past it became clear, that the most
genomes encode for a much higher number of genes than previously assumed. The plant
symbiont NGR234 encodes for additional 251 smORFs. The global expression of these
smORFs to proteins must be verified with Ribo-seq. The results of Ribo-seq will be available
soon and will then have to be evaluated.

Further there were many smORFs that showed a different transcription levels in the newly
constructed Al double deletion mutant that should analyzed in detailed. The detection of
putative newly TRA boxes upstream of the smORFs will be one approach.

The investigation of repXYAO operon must be continued by detecting the NGR234 cell lysate
with specific anti-RepY-antibodies. With this analysis, the same protein band probably
appears at approx. 30 kDa similar to observation with anti-RepX and anti-RepAQ antibodies.
For functional analysis, the role of RepXYAO on plasmid replication must be determined.
Therefore, a reporter strain should be constructed so that an effect can be seen by adding

RepX, RepY or RepAO to the reporter strain.

Il. Structure analysis and characterization of GggA- a Quorum

Quenching hydrolase

In general, the native function of QQ enzymes is not known until now. The identification of the
natural substrate can give hints for the origin of QS degrading enzymes. One of the main
guestions is the elucidation of the natural substrate of GggA in K. europaeus CECT8546.
GqgA shows high similarity to known PDT enzymes but is functionally different. Probably,
GQqQgA act as PDT enzyme or the genome of K. europaeus encodes for another PDT enzyme,
which is unknown so far and should be identified.

Another important investigation is the elucidation of the mechanism behind Al degradation of
GqgA. The fact that GggA has an acylase activity gives an important indication of the

mechanism behind it. For characterization of enzymatic mechanism, the next step is to
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mutate single amino acids that could be involved in enzyme activity. A co-crystallization of
enzyme with substrate helps to identify residues that are involved in substrate binding. The
first residues that shall be mutated are Thrl70 and Thrl74. One of these residues could be
the catalytic nucleophilic residue. All residues that are involved in substrate binding can give
hints for substrate specificity and the nature roll of GggA. Thus, all substrate interacting

residues should be identified.
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3-0x0-C12-HSL 3-oxo-dodecanoyl homoserine
lactone

3-0x0-C8-HSL 3-oxo-octanoyl homoserine lactone

A. Agrobacterium

aa amino acid

APS ammonium persulfate
AHL N-acyl-homoserine lactone
Al autoinducer

AP alkaline phosphatase

AT Agrobacterium tumefaciens

bidest bi-distilled

BLAST Basic Local Alignment Search

C. Chromobacterium

CV026 Chromobacterium violaceum

Da Dalton

DAPI 4’,6-diamidino-2-phenylindole
DKP Diketopiperzine

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

dpi days past infection

DSF diffusible signal factor

E. Escherichia

EPPS 4-(2-Hydroxyethyl)-1-
piperazinepropanesulfonic acid

ESI Electrospray ionization

EtOH ethanol

FU fluorescence unit

x g gravitational force equivalent
gDNA genomic DNA

gen® gentamycin resistance

HH103 Sinorhizobium fredii HH103
HRP horse radish peroxidase

HSL homoserine lactone

IPTG Isopropyl 8-d-1-thiogalactopyranoside

IS ion spray voltage

LB lysogeny broth
LC-MS/MS Liquid chromatography—mass
spectrometry

LCO lipo-chitin oligosaccharides

Mbp mega base pair
MBP maltose binding protein

MEGA Molecular Evolutionary Genetics Analysis

NCBI National Center for Biotechnology Information
NFR nod factor receptor

NGR234 Sinorhizobium fredii NGR234

Nod nodulation

NTA Nitrilotriacetic acid

nts nucleotides

OD optical density

ORF open reading frame

P. Pseudomonas
PAGE polyacrylamide gel electrophorese
PBS Phosphate-buffered saline

PCR polymerase chain reaction
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PQS Pseudomonas quinolone signal

gPCR quantitative polymerase chain reaction

QQ quorum quenching

QS quorum sensing

R. Rhizobium

RBS Ribosome binding site

Ribo-seq Ribosome profiling

RNA Ribonucleic acid

rpm rounds per minute

S. Sinorhizobium

SD Shine Dalgarno

SDS Sodium dodecyl sulfate

se- seleno-

SEM scanning electron microscopy

seq sequencing

smORF small open reading frame

SNP Single nucleotide polymorphism

Spec® spectinomycin resistance

TBS Tris-buffered saline

TBST Tris-buffered saline with tween
TEM transmission electrone microscopy
Tet® tetracyclin resistance

TLC Thin-layer chromatography

TM template modeling

TY tryptone-yeast

USDA257 Sinorhizobium fredii USDA257

V. Vibrio

vol volume

wt wild type

wt. weight

YEM yeat-extract-mannitol

A deletion of

Table 19: Twenty-one amino acids with corresponding three and one letter codes

Alanine Valine Isoleucine Leucine Methionine  Phenylalanine
Ala Val lle Leu Met Phe

A \Y I L M F
Tyrosine Tryptophan Serine Threonine Asparagine Glutamine
Tyr Trp Ser Thr Asn GIn

Y w S T N Q

Cystein Glycine Proline Arginine Histidine Lysine
Cys Gly Pro Arg His Lys

C G P R H K
Aspartic acid Glutamic acid

Asp Glu

D E
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Table 20: Nucleobase- functional units of the genetic code

Adenine Guanine Cytosine Thymine Uracil
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Table 21: Primers used in present work
Primer Sequence (5’-3’ direction) Tm Reference

[°C]

oKP42 GCGTCGACATGAATTTCTCCGTCGTTGTTG 61 This work
oKP43 GCAAGCTTCTACAAGACGCAAGGGGGCCTTC 69 This work
oKP68 GCGTCGACATGAATTTCTCCGTCGTTGTTG 61 This work
oKP76 GCGAATTCATGGTGAAAGCAAGTCGAGCAGAAC 67 This work
OKP77 GCAAGCTTTTGCAGGGGAACTCTCGAATAACG 66  This work
oKP82 GCAAGCTTCTACAAGACGCAAGGGGGCCTTC 69 This work
oKP112b GGGAATTCGAGCGTCGCCTCATGAATGG 65 This work
oKP116 GGGCTAGCGATTCACAGGAGAACAATTCGTGTC 64 This work
oKP117 GCGTCGACTACTGTCCGTTACAGGCCATGC 66 This work
oKP130 ATGAATTCGTGCTCCGCCTGGATCG 64 This work
oKP131 GCAAGCTTATAGACTCGCTCCGACG 60 This work
oKP135 AAGAATTCATGGTGAGCAAGGGCGAGGAG 68 This work
oKP136 GCAAGCTTACTTGTACAGCTCGTCCATGC 67 This work
oKP141 TTACGCGACATGCCGCTCCTCCC 73 This work
oKP142 CTCGCCGGCAAAACATGCGTGTTTC 71 This work
oKP146 CTCCTTACGCTGATTGG 56 This work
o0KP147 TCATTGCAGGGGAACTC 58 This work
oKP153 GCGGATCCATCCAACCACTCGATCGTTGC 65 This work
oKP154 CAGAATTCGCAGATTCTCGCGATCTCAAAGCC 68 This work
oKP155 AAGCTAGCCAAGACGCAAGGGGGCCTTC 67 This work
oKP156 GCCTCGAGATCCAACCACTCGATCGTTGC 65 This work
oKP157 GCCTCGAGCGTAAGGAGAAATCAGTGGAACAG 59 This work
oKP158 GCGAATTCCATCACACCGGAGCGGACATAG 66 This work
oKP164 TTGAGAGCGGTAGTTGG 57 This work
oKP165 ACCGCTACACCGAAATC 58 This work
oKP166 GCGCTAGCCTAGGAACCTTGTAGGATCCTACAACTG 64 This work
oKP178 GCGAATTCTAGAGGAATGAGCGTTGAGGTGAC 65 This work
oKP179 GCCTCGAGGAATTGTTCTCCTGTGAATCCTAC 61 This work
oKP180 GCCTCGAGCCCATTGTCAATCCCAATCTTCTG 63 This work




CXXXII

Appendix
Primer Sequence (5’-3’ direction) Tm Reference
[°C]
oKP181 AAGTCGACGCGTGTTTCTCCTTCATTCCTAGGC 67 This work
oKP199 AATGTCGACGTGTCCATAGACGGCCGTGATC 66 This work
oKP200 GGCAAGCTTTTACAGGCCATGCCCCGCAAAAATAG 69 This work
oKP221 CGAACTTTCGTCCTTTTCGGAACAGCAGGAGATC 71 This work
oKP222 TCCAGCGCACGCGCCAGT 70 This work
oKP223 CTCGAGCACCACCACCACC 65 This work
oKP224 CCGGAAGGGCGATGCGGG 68 This work
OKP225 CATGCAAGGTCCGAATAGGCCCCGGCAGGCCTCGCC g5 This work
CGGCTGGA
oKP226 CATGCAAGGTCCGAATAGGCCC 66 This work
oKP229 CGGCATCATTGTCGAACTGGGACTGGACCCAG 74 This work
oKP230 CGCACCTGCGCCATGGCG 70 This work
oKP235 ACAATCTCCATGCGGCCGGAAGGAGAC 71 This work
oKP236 TTCATGATGATCCAGCAGCGCAACGG 72 This work
oKP237 CGCGCCTCAGCAGAACAATTCGG 68 This work
oKP238 GCAGCTCAACAAAGCCGTCGATGACCTC 70 This work
pET-for ATATAGGCGCCAGCAACC 59 Merck KGaA
PET-rev TCCGGATATAGTTCCTC 52 Merck KGaA
RT_recA-f CGGCTCGTAGAGGACAAATCG 62 J. Grote
RT_recA-r CAATGATGCGCCCTTTCGG 61 J. Grote
RT_c03800-f GCGAGATGAAGGGCTATCTGG 62 J. Grote
RT_c03800-r GCGCGACGTCCTTGATATG 60 J. Grote
RT_repA-f GCAGCAGTTCCCACCGAATG 63 J. Grote
RT_repA-r GCACGTAGTTCCTGGCTTCC 62 J. Grote
RT_nifB-f GCTTGAAAGCCTGACCAACAC 62 J. Grote
RT_nifB-r GGCGCAGTCATATTTGCGATTG 62 J. Grote

Restriction sites are underlined, Annealing temperature was calculated with the Tm calculator of Thermo Scientific
(https:/iwww.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-

center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html


https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html
https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html
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Table 22: P-values of the various NGR234 strains containing repX promoter fusion

Angrl
pvalue |\ Agal- B9 Aq725+ AtraR  Atral Angrl ANU2es ANU265 Anu265
analysis copy+ Atral +repX +al725

Wit - 0.2390 0.0000 0.1803 0.3085 0.1360 0.0075 0.0000 0.0000 0.0000

Angrl
Atrgal 0.2390- 0.0000 0.7549 0.7437 0.7303 0.1145 0.0000 0.0000 0.0000
copy+

AATngI 0.0000 0.0000 - 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
ra

A1725+ | 01803 07549 0.0000 - 0.5348 0.9984 0.2740 0.0000 0.0000  0.0000
AwraR |0.3085 07437 00000 05348 - 04803 0.0374 0.0000 0.0000 0.0000
Atral |0.1360 0.7303 0.0000 0.9984 0.4803 - 0.2238 0.0000 0.0000 0.0000
Angrl ‘0.0075 0.1145 0.0000 0.2740 0.0374 0.2238 - 0.0000 0.0000  0.0000
ANU265 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 - 0.0041  0.0287

ANU2)6(5 ‘o.oooo 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0041 - 0.1719
+rep

A”;72§55 ‘o.oooo 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0287 0.1719 -
+a

GeneRuler™ 1 kb DNA Ladder GeneRuler™ 100 bp Plus DNA Ladder
2 & 0’GeneRuler™ 100 bp Plus DNA Ladder,
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Figure 53: GeneRuler DNA ladders that were used for agarose gel electrophorese.

The Ladders were ordered from Thermo Scientific (Darmstadt, Germany).
https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/thermo-scientific-
nucleic-acid-electrophoresis-purification/dna-electrophoresis-thermo-scientific/dna-ladders-thermo-
scientific/generuler-dna-ladders.html



https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/thermo-scientific-nucleic-acid-electrophoresis-purification/dna-electrophoresis-thermo-scientific/dna-ladders-thermo-scientific/generuler-dna-ladders.html
https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/thermo-scientific-nucleic-acid-electrophoresis-purification/dna-electrophoresis-thermo-scientific/dna-ladders-thermo-scientific/generuler-dna-ladders.html
https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/thermo-scientific-nucleic-acid-electrophoresis-purification/dna-electrophoresis-thermo-scientific/dna-ladders-thermo-scientific/generuler-dna-ladders.html
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Table 23: Gene fragment for construction of GqgA-Mut4

(5> 3)
CGGGCTTGAAATCCTGCGCCGCAATGTGGAGGACGCCACGCATAACACCACGCGCTTTTA
CATCGCATCCCGCAGGCCCGCGACCCTGGCGTCGGGCTTCATGACCACGCTGCTGTTCCG
CGTCAACAACCAGCCCGGCGCGCTGTACAAGGCGCTGGGTGGCCTTGCCACGGCGGGGG
TGAACATGACGC

Gene fragment was ordered at Eurofins genomics GmbH (Ebersberg, Germany)

PageRuler Spectra PageRuler Precision Plus Protein™ PageRuler
unstained LR multicolor LR Unstained WesternC™ Protein Prestained
protein ladder  protein ladder  protein ladder Standards proteipgadder
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— 200 —
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R 5 100
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Figure 54: PageRuler Protein Ladders that were used for protein gel and western blot

The Ladders were ordered from Thermo Scientific (Darmstadt, Germany).
https://www.thermofisher.com/de/de/home/life-science/protein-biology/protein-gel-electrophoresis/protein-
standards-ladders.html.

The Precision Plus ProteinTM WesternCTM Protein Standard was ordered from Bio-Rad (Munich, Germany),
https://www.bio-rad.com/de-de/category/protein-ladders-standards-
markers?gclid=EAlalQobChMIhfm14b_i5AIVB-
N3ChlylwtvEAAYASAAEgIM6PD_BWE&WT.knsh_id=315733ef-91c2-494f-98a8-
7e38b38b7176&WT.srch=1&ID=09507551-2848-4bd1-a3c1-650b4d41aa48&WT.mc_id=170125005874

Table 24: Sequencing results of the produced constructs and mutants

(all sequences are shown in 5’ 3’ direction)

>NGR234 AngrlAtral
TCGGCCGTTGGCGAAGCGCTCGACCTGGATGATGTCGCGCACACGCCGGCCTCGCGGCG
TACGCTCGATGGAAACGATGAGGTCGACAACCTCCCCGATCACCTCGTGCATCGGCTGTT
GGCTTGCTTCGGCCGTCAGCTGCTCCAGGCGCCGGAGCGCGGAAGTCGCCGTGTTCGAG
TGGATTGTTGCCACGCCGCCTGGATGTCCGGTGTTCCATGCCTTGAGCAAGGTGAGGGCA



https://www.thermofisher.com/de/de/home/life-science/protein-biology/protein-gel-electrophoresis/protein-standards-ladders.html
https://www.thermofisher.com/de/de/home/life-science/protein-biology/protein-gel-electrophoresis/protein-standards-ladders.html
https://www.bio-rad.com/de-de/category/protein-ladders-standards-markers?gclid=EAIaIQobChMIhfm14b_i5AIVB-N3Ch1y1wtvEAAYASAAEgJm6PD_BwE&WT.knsh_id=315733ef-91c2-494f-98a8-7e38b38b7176&WT.srch=1&ID=09507551-2848-4bd1-a3c1-650b4d41aa48&WT.mc_id=170125005874
https://www.bio-rad.com/de-de/category/protein-ladders-standards-markers?gclid=EAIaIQobChMIhfm14b_i5AIVB-N3Ch1y1wtvEAAYASAAEgJm6PD_BwE&WT.knsh_id=315733ef-91c2-494f-98a8-7e38b38b7176&WT.srch=1&ID=09507551-2848-4bd1-a3c1-650b4d41aa48&WT.mc_id=170125005874
https://www.bio-rad.com/de-de/category/protein-ladders-standards-markers?gclid=EAIaIQobChMIhfm14b_i5AIVB-N3Ch1y1wtvEAAYASAAEgJm6PD_BwE&WT.knsh_id=315733ef-91c2-494f-98a8-7e38b38b7176&WT.srch=1&ID=09507551-2848-4bd1-a3c1-650b4d41aa48&WT.mc_id=170125005874
https://www.bio-rad.com/de-de/category/protein-ladders-standards-markers?gclid=EAIaIQobChMIhfm14b_i5AIVB-N3Ch1y1wtvEAAYASAAEgJm6PD_BwE&WT.knsh_id=315733ef-91c2-494f-98a8-7e38b38b7176&WT.srch=1&ID=09507551-2848-4bd1-a3c1-650b4d41aa48&WT.mc_id=170125005874
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GCACCATCGCGCACCTCGCCGACGACTATTCGGTCGGGACGCAGGCGCATCGTGCTCTTG
AGCAGCCGCGCCATGTCAACCGTATCGCTGGTACGAAGAAGAACGGCGTTGTCGGCCGCA
CACTGGATTTCGGCGGTGTCTTCGAGGATGACGAGCCGGTCTTCCGGCGCGCTCCTCACG
ATCTCATGGATTACTGCATTTGCGAGCGTCGTTTTGCCGGAGGCAGTTCCACCGGAAATGA
TGATGTTGAGGCGTGAGTCAATGGCGCTGCGGATCGTCGCAGCCTGGGCCTCGGTCATCA
CACCGGAGCGGACATAGTCGTCGAGTGGGATCAGGCGAGATGCCCGACGACGGATTGTG
AAGGAGGGCTTCGCGACCACTGGCGGCAATAGACCCTCGAAACGATGTCCGCCTATCGGA
AGCTCACCGGAAATGATGGGTTGTTCGGTGTCCACTTCGGATTGGAGGGCATGAGCAACC
GTCCCAATCACCATTTCCGCCGCAGCCGACGACATCTCGCCAGCGGGCGCGACGCCGTG
CCCGAGCCGTTCTATGAACAGCTTACCATCGGGATTCAGCATTATCTCTACTACGTTGCTAT
CGTCCAAAGCAACGCAGAGCTGGTCGCCAAGCGCCTCCTGAAGCTTGCGGACGAGGCGA
GGATGAGAGCGAAGCTGTTCCACTGATTTCTCCTTACGCTCGAGATCCAACCACTCGATCG
TTGCTCGATACGGCTAGGATGTAGGTCGGTTGAAGATCGTCGAAAGTATCTGACTCACAGC
CTCCGACGACATTGACTTCCCAGCCCAAACGATCGGAAAAGACGCGGGCGCGCAGTTCGT
GATGGCTGCGGAGAAGTTGGGCTTCTTCGATATTTCGCGGCTTTGAGATCGCGAGAATCTG
CATGAATTTCTCCGTCGTTGTTGGACCGCGGGGAAATCAGCACAAATCGGAATCGGGTGG
CAGTTGTAGGATCCTACAAGGTTCCCTGGAACGCGTTGGGCGTTGCGTCGCGTCACGTCT
GCCTTTGCAGACCCGAAGGCCCCCTTGCGTCTTGTAGGATTCACAGGAGAACAATTCGTGT
CCATAGACGGCCGTGATCCGCGTCTAACCCTCAGCGGACAAATACAAATTTGCGAAAGTAA
TCCTTCGGCTCACTTGAGCCAAGCAGGGTCTTTTCAACCCATTGTCAATCCCAATCTTCTGG
ACGGTCAGGAAGAATCACCTTCTATTTTTGCGGGGCATGGCCTGTAACGGACAGTACGCCG
CAGAGAGGGACAGATGGTGAAAGCAAGTCGAGCAGAACCAATTGCTGGGCCCAATGAAGA
AGTTGGCAGCAAAGTTATGTGCCCCGGCTCTCTTTCCGGGCAACCGCAGCAACTCAGAACT
CGAATATATTCACCAAGGCTGAGTCGGGTGAGTCGCGGGGAGCAATACGACCGCTATTTC
GCGGTGACGTTTGGTAGTCAGGCGAACGGCCGTATTTCTCCCCTGGAAAAGTGCTGGCGC
CNNGCGGAGCGCAAG

>NGR234 gTFrepX::mCherry
GATTGGCCAAAAGTGCTGATGATTTGAGAGCGGTAGTTGGCGGGGCGGAGCCTCATGAAT
GTGTCTGCCTTTGCCGGCAGAGTGCCCGCCACGGCCACGGTCGCTCCGATCGGCCTTGG
CTCGCCAATGCGCTGAAGCGGCCAACCGACGCGGGCGAGGATCCGTTCGAACCGAAGAT
CCGTCACCGTGACGATTTCGGTGTAGCGGTTAGCCACCGACCATTCGATGATCCCCGCGA
ACATTGTGAGCGTCGCCTCATGAATGGAGCCGTCTCCCCTGCTCTCAGCAAGGAAGGTGT
CCACGCAAAAGCGCGAGCTCTCGACCATAGAGGAATGAGCGTTGAGGTGACCGGCAGAAA
GGAGCGAGGGGAAAACGTTGGCCACCATCGTGGGGCCGAGCGCAGGCAGTAGGCGAGCA
CATCCAACCACTCGATCGTTGCTCGATACGGCTAGGATGTAGGTCGGTTGAAGATCGTCGA
AAGTATCTGACTCACAGCCTCCGACGACATTGACTTCCCAGCCCAAACGATCGGAAAAGAC
GCGGGCGCGCAGTTCGTGATGGCTGCGGAGAAGTTGGGCTTCTTCGATATTTCGCGGCTT
TGAGATCGCGAGAATCTGCATGAATTTCTCCGTCGTTGTTGGACCGCGGGGAAATCAGCAC
AAATCGGAATCGGGTGGCAGTTGTAGGATCCTACAAGGTTCCCTGGAACGCGTTGGGCGT
TGCGTCGCGTCACGTCTGCCTTTGCAGACCCGAAGGCCCCCTTGCGTCTTGTCTAGAATG
GTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTG
CACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCLCCG
CCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGLCCCCCTGCCCT
TCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACC
CCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCG
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TGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACNCCTCCTTGCAGGAC
GGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTA
ATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGG
CGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACG
CTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACG
TCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGA
ACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGTAAGCTAGCG
ATTCACAGGAGAACAATTCGTGTCCATAGACGGCCGTGATCCGCGTCTAACCCTCAGCGGA
CAAATACAAATTTGCGAAAGTAATCCTTCGGCTCACTTGAGCCAAGCAGGGTCTTTTCAACC
CATTGTCAATCCCAATCTTCTGGACGGTCAGGAAGAATCACCTTCTATTTTTGCGGGGCATG
GCCTGTAACGGACAGTACGCCGCAGAGAGGGACAGATGGTGAAAGCAAGTCGAGCAGAAC
CAATTGCTGGGCCCAATGAAGAAGTTGGCAGCAAAGTTATGTGCCCCGGCTCTCTTTCCGG
GCAACCGCAGCAACTCAGAACTCGAATATATTCACCAAGGCTGAGTCGGGTGAGTCGCGG
GGAGCAATACGACCGCTATTTCGCGGTGACGTTTGGTAGTCAGGCGAACGGCCGTATTTCT
CCCCTGGAAAAGTGCTGGCGCCTGGCGGAGCGCAAGCGTCCATCTAAGTGCCTAGGAATG
AAGGAGAAACACGCATGTTTTGCCGGCGAGCAGGGGCTGCTCGGGACGCGGTATAAACCC
TTTGTTAACTCTATATTCCTTGTCAGTCGGCGAGAATCGCACATAA

>NGR234 ArepY
AAACGTTGGCCACCATCGTGGGGCCGAGCGCAGGCAGTAGGCGAGCACATCCAACCACTC
GATCGTTGCTCGATACGGCTAGGATGTAGGTCGGTTGAAGATCGTCGAAAGTATCTGACTC
ACAGCCTCCGACGACATTGACTTCCCAGCCCAAACGATCGGAAAAGACGCGGGCGCGCAG
TTCGTGATGGCTGCGGAGAAGTTGGGCTTCTTCGATATTTCGCGGCTTTGAGATCGCGAGA
ATCTGCATGAATTTCTCCGTCGTTGTTGGACCGCGGGGAAATCAGCACAAATCGGAATCGG
GTGGCAGTTGTAGGATCCTACAAGGTTCCCTGGAACGCGTTGGGCGTTGCGTCGCGTCAC
GTCTGCCTTTGCAGACCCGAAGGCCCCCTTGCGTCTTGTAGGATTCACAGGAGAACAATTC
CTCGAGCCCATTGTCAATCCCAATCTTCTGGACGGTCAGGAAGAATCACCTTCTATTTTTGC
GGGGCATGGCCTGTAACGGACAGTACGCCGCAGAGAGGGACAGATGGTGAAAGCAAGTC
GAGCAGAACCAATTGCTGGGCCCAATGAAGAAGTTGGCAGCAAAGTTATGTGCCCCGGCT
CTCTTTCCGGGCAACCGCAGCAACTCAGAACTCGAATATATTCACCAAGGCTGAGTCGGGT
GAGTCGCGGGGAGCAATACGACCGCTATTTCGCGGTGACGTTTGGTAGTCAGGCGAACGG
CCGTATTTCTCCCCTGGAAAAGTGCTGGCGCCTGGCGGAGCGCAAGCGT

>NGR234 Aa1725
GCTAGATCTATAAGGCGACCAGAGCCCGGGGTCGGCATGATACGTATCACGAGCTCCATG
CGCTTCATGCGGTTGTTGAGAATACGTTTAACGTCGCCGATACCATCTAATGCGAACACGA
TCGTTTTTTGTACCCCCGCCTGTGCCAATTGAGAGACCAAGCGGGCAAGAATTGGCATGCC
GCCGACCGAGCTCAGCGGCGCTGGACAGCGATCTTTCCAAGTCGAGATTATCAGTCGCGG
GTCAGTGACAATAATCGCTAAACTCTGGACGTTGGGCATTCTTCAACTCGCATTGCGGGGG
CTAACATTACCAGATCACGTGCAAACTTTGATCATGCTGACCGAGAAGATAAGCATGTGGTC
GGCACCGCCACTAACGTGAACAAAGGCATAATCGCACTGAGCTTCGTGGAGAGTCTCAGC
ATAGAGCGCCATCTCGTGCACCTATTTACGTTGGTAGTATCGTGTTGGGCTATTCTTCGATT
TCCATCAATGCCTATATCTTAGGAAGGAGGCGAGCGGGTCTAGATCAGACACTCGACTTGT
TAGACTGGCGACACGGCCAAAAGCAGTGCCGATTGTCTGATGCGGGAAGGTGTCGGCGG
CTACGGATACGCTGCTCTTGGACTTGTCGTGTGCTCGAAAGGACCCGGCCCCCCAGTAAC
ACGTCCGGATGTCTCGTAAACTGCAACCAACATAGCGCCCGTGTGCAGGTCACCATGGAA
CGACAAATTTCATACAGAAGCCTTTCGAAGATACCTGGCCTATTCTCCTTGCTTCTTGCTGC
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AACCTTGTCCCGCCTGGCCGGACGCATGTTCGTCCTCACATTGGTGCTGTTCGCGCTGGC
GCGTTTTTCGTCACCAGTTCTGGCTGGGTGGCTTA

>pMALc2x::repX
ATGAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAACGGTC
TCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGTTGAGCATCC
GGATAAACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGCCCTGACATTATC
TTCTGGGCACACGACCGCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCC
CGGACAAAGCGTTCCAGGACAAGCTGTATCCGTTTACCTGGGATGCCGTACGTTACAACGG
CAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTTATCGCTGATTTATAACAAAGATCTGC
TGCCGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGA
AAGGTAAGAGCGCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGC
TGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGC
GTGGATAACGCTGGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAAC
ACATGAATGCAGACACCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGC
GATGACCATCAACGGCCCGTGGGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGT
GTAACGGTACTGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGC
GCAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTATC
TGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTAGCGC
TGAAGTCTTACGAGGAAGAGTTGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGC
CCAGAAAGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGT
ACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCG
CAGACTAATTCGAGCTCGAACAACAACAACAATAACAATAACAACAACCTCGGGATCGAGG
GAAGGATTTCAGAATTCGGATCCTCTAGAGTCGACATGAATTTCTCCGTCGTTGTTGGACC
GCGGGGAAATCAGCACAAATCGGAATCGGGTGGCAGTTGTAGGATCCTACAAGGTTCCCT
GGAACGCGTTGGGCGTTGCGTCGCGTCACGTCTGCCTTTGCAGACCCGAAGGCCCCCTTG
CGTCTTGTAG

>pMALc2x::repY
ATGAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAACGGTC
TCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGTTGAGCATCC
GGATAAACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGCCCTGACATTATC
TTCTGGGCACACGACCGCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCC
CGGACAAAGCGTTCCAGGACAAGCTGTATCCGTTTACCTGGGATGCCGTACGTTACAACGG
CAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTTATCGCTGATTTATAACAAAGATCTGC
TGCCGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGA
AAGGTAAGAGCGCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGC
TGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGC
GTGGATAACGCTGGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAAC
ACATGAATGCAGACACCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGC
GATGACCATCAACGGCCCGTGGGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGT
GTAACGGTACTGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGC
GCAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTATC
TGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTAGCGC
TGAAGTCTTACGAGGAAGAGTTGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGC
CCAGAAAGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGT
ACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCG
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CAGACTAATTCGAGCTCGAACAACAACAACAATAACAATAACAACAACCTCGGGATCGAGG
GAAGGATTTCAGAATTCGTGTCCATAGACGGCCGTGATCCGCGTCTAACCCTCAGCGGACA
AATACAAATTTGCGAAAGTAATCCTTCGGCTCACTTGAGCCAAGCAGGGTCTTTTCAACCCA
TTGTCAATCCCAATCTTCTGGACGGTCAGGAAGAATCACCTTCTATTTTTGCGGGGCATGG
CCTGTAA

>pET-21a::repAo
TTAAGAAGGAGATATACATATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGCGGATCC
GAATTCATGGTGAAAGCAAGTCGAGCAGAACCAATTGCTGGGCCCAATGAAGAAGTTGGCA
GCAAAGTTATGTGCCCCGGCTCTCTTTCCGGGCAACCGCAGCAACTCAGAACTCGAATATA
TTCACCAAGGCTGAGTCGGGTGAGTCGCGGGGAACAATACGACCGCTATTTCGCGGTGAC
GTTTGGTAGTCAGGCGAACGGCCGTATTTCTCCCCTGGAAAAGTGCTGGCGCCTGGCGGA
GCGCAAGCGTCCATCTAAGTGCCTAGGAATGAAGGAGAAACACGCATGTTTTGCCGGCGA
GCAGGGGCTGCTCGGGACGCGGTATAAACCCTTTGTTAACTCTATATTCCTTGTCAGTCGG
CGAGAATCGCACATAATAACGATTATGTCGGTTCTCGGGCCGAAAAACCGTTATTCGAGAG
TTCCCCTGCAAAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGG
CTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATA

>pMALc2x::al725
TTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTGG
GCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTTCA
AGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAGTC
CGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTATCTGCTGACTGATGAAGGTCTGGA
AGCGGTTAATAAAGACAAACCGCTGGGTGCCGTAGCGCTGAAGTCTTACGAGGAAGAGTT
GGCGAAAGATCCACGTATTGCCGCCACCATGGAAAACGCCCAGAAAGGTGAAATCATGCC
GAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACGCCGC
CAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTAATTCGAGCTCGAA
CAACAACAACAATAACAATAACAACAACCTCGGGATCGAGGGAAGGATTTCAGAATTCGTG
CTCCGCCTGGATCGCTGGAGGAGGTTTTCATTTTCAGCCTTAATCATGCGGCACGCCGTCG
GAGCGAGTCTATAAGCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCT
GGCGTT

>pBBR1MCS-2::Piepx::mCherry
TCTAGAACTAGTGGATCCATCCAACCACTCGATCGTTGCTCGATACGGCTAGGATGTAGGT
CGGTTGAAGATCGTCGAAAGTATCTGACTCACAGCCTCCGACGACATTGACTTCCCAGCCC
AAACGATCGGAAAAGACGCGGGCGCGCAGTTCGTGATGGCTGCGGAGAAGTTGGGCTTCT
TCGATATTTCGCGGCTTTGAGATCGCGAGAATCTGCGAATTCATGGTGAGCAAGGGCGAG
GAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCC
GTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCA
CCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATC
CTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCC
GACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAG
GACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCTTGCAGGACGGCGAGTTCATCTAC
AAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACC
ATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGA
GATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCA
CCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGG
ACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCC
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GCCACTCCACCGGCGGCATGGACGAGCTGTACAAGTAAGCTTATCGATACCGTCGACCTC
G

>pBBR1IMCS-2:: TFrepX::mCherry
TCTAGAACTAGTGGATCCCCCGGGCTGCAGGAATTCCATCCAACCACTCGATCGTTGCTCG
ATACGGCTAGGATGTAGGTCGGTTGAAGATCGTCGAAAGTATCTGACTCACAGCCTCCGAC
GACATTGACTTCCCAGCCCAAACGATCGGAAAAGACGCGGGCGCGCAGTTCGTGATGGCT
GCGGAGAAGTTGGGCTTCTTCGATATTTCGCGGCTTTGAGATCGCGAGAATCTGCATGAAT
TTCTCCGTCGTTGTTGGACCGCGGGGAAATCAGCACAAATCGGAATCGGGTGGCAGTTGT
AGGATCCTACAAGGTTCCCTGGAACGCGTTGGGCGTTGCGTCGCGTCACGTCTGCCTTTG
CAGACCCGAAGGCCCCCTTGCGTCTTGTCTAGAATGGTGAGCAAGGGCGAGGAGGATAAC
ATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGC
CACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCG
CCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTC
AGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAA
GCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCG
TGGTGACCGTGACCCAGGACTCCTCCTTGCAGGACGGCGAGTTCATCTACAAGGTGAAGC
TGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGG
AGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAG
AGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGC
CAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTC
CCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCAC
CGGCGGCATGGACGAGCTGTACAAGTAAGCTTGATATCGAATTCCTGCAGCCCGGGGGAT
CCACTAGTTCTAGA

>pBBR1MCS-2::TFneg-repX::mCherry
GAATTCCATCCAACCACTCGATCGTTGCTCGATACGGCTAGGATGTAGGTCGGTTGAAGAT
CGTCGAAAGTATCTGACTCACAGCCTCCGACGACATTGACTTCCCAGCCCAAACGATCGGA
AAAGACGCGGGCGCGCAGTTCGTGATGGCTGCGGAGAAGTTGGGCTTCTTCGATATTTCG
CGGCTTTGAGATCGCGAGAATCCTCGAGAATTTCTCCGTCGTTGTTGGACCGCGGGGAAAT
CAGCACAAATCGGAATCGGGTGGCAGTTGTAGGATCCTACAAGGTTCCCTGGAACGCGTT
GGGCGTTGCGTCGCGTCACGTCTGCCTTTGCAGACCCGAAGGCCCCCTTGCGTCTTGTCT
AGAATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTC
AAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGA
GGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCC
TGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAA
GCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGA
GCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCTTGCA
GGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCC
CGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGG
ACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTAC
GACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTA
CAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAG
TACGAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGTAAGC
TT

>pBBR1IMCS-2::TFal725::eGFP
TCTAGAACTAGTGGATCCCCCGGGCTGCAGGAATTCCAAACTTTGATCATGCTGACCGAGA
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AGATAAGCATGTGGTCGGCACCGCCACTAACGTGAACAAAGGCATAATCGCACTGAGCTTC
GTGGAGAGTCTCAGCATAGAGCGCCATCTCGTGCACCTATTTACGTTGGTAGTATCGTGTT
GGGCTATTCTTCGATTTCCATCAATGCCTATATCTTAGGAAGGAGGCGAGCGGGTGCTCCG
CCTGGATCGCTGGAGGAGGTTTTCATTTTCAGCCTTAATCATGCGACACGCCGTCGGAGCG
AGTCTATCTAGAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTG
GTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGG
CGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGT
GCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCC
CGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGA
GCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGA
GGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCA
ACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGA
CAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAG
CGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGLCLCCCGTGLTGL
TGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGC
GCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACG
AGCTGTACAAGTAAAAGCTT

>pBBR1MCS-2::TFneg-al725::eGFP
TCTAGAACTAGTGGATCCCCCGGGCTGCAGGAATTCCAAACTTTGATCATGCTGACCGAGA
AGATAAGCATGTGGTCGGCACCGCCACTAACGTGAACAAAGGCATAATCGCACTGAGCTTC
GTGGAGAGTCTCAGCATAGAGCGCCATCTCGTGCACCTATTTACGTTGGTAGTATCGTGTT
GGGCTATTCTTCGATTTCCATCAATGCCTATATCTTAGGAAGGAGGCGAGCGGCTCGAGCT
CCGCCTGGATCGCTGGAGGAGGTTTTCATTTTCAGCCTTAATCATGCGACACGCCGTCGGA
GCGAGTCTATCTAGAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATC
CTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGA
GGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCC
CGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTA
CCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCA
GGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTT
CGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACG
GCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGC
CGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGG
CAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGLCCCeGTGC
TGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGA
AGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGG
ACGAGCTGTACAAGTAAAAGCTT

>pBBR1MCS-2::repX
CAGGAAACAGCTATGACCATGATTACGCCAAGCGCGCAATTAACCCTCACTAAAGGGAACA
AAAGCTGGGTACCGGGCCCCCCCTCGAGGTCGACATGAATTTCTCCGTCGTTGTTGGACC
GCGGGGAAATCAGCACAAATCGGAATCGGGTGGCAGTTGTAGGATCCTACAAGGTTCCCT
GGAACGCGTTGGGCGTTGCGTCGCGTCACGTCTGCCTTTGCAGACCCGAAGGCCCCCTTG
CGTCTTGTAGAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGA
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1725 " repX

wt AAc+ AA A Reg: . [

NGR_c17700 NGR_c17720 NGR_c17740
NGR_c17710 NGE_017730
1,000 nts

Figure 55: Colony PCR for detecting transposase fragment in various NGR234
strains

colony PCRs were performed with oKP235/0KP236 and oKP237/0KP238 that only
can amplified these region on cNGR234

—

Figure 56: Confocal microscope imaging of the RepX::mCherry genomic translation
fusion in NGR234 wt

The gene repX was fused to the red fluorescence protein mCherry and integrated into the
genome of NGR234 wt. For microscopy the cells grew for 48 h and were prepared for
fluorescence imaging. The settings for the microscope LSM800 airyscan are listed in material
and methods (Table 7).
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Table 25: Transcriptomic data of new small ORFs on pNGR234a

wt vs AngrlAtral (transcriptom Goéttingen, this work)

SMORFs wt vs AngrlAtral_copy+ (transcriptom wirzburg, Grote et al.
2016

Ori_en- AT baseMe log2Fold . AngriAt  baseMe  log2Fold .

start end tatlon smORF- No aa WT CAérpe;l+ am Change pvalue padj WT ral - Change pvalue padj
3,933 4,070 smORF-1 45 27.36 12.60 19.98 -1.03 0.020 0.101 196.89 82.51 139.70 -1.25 0.000 0.000
4,441 4,575 SMORF-2 44 28.29 5.82 17.06 -2.12 0.000 0.001 119.27 117.14 118.21 -0.02 0.916 0.959
4,868 4,948 smORF-3 26 10.22 1.73 5.97 -2.33 0.001 0.008 66.14 61.15 63.64 -0.12 0.639 0.810
5,560 5,640 smORF-4 26 51.27 9.16 30.22 -2.38 0.000 0.000 21.34 17.93 19.64 -0.25 0.562 0.756
7,649 7,816 SmMORF-5 55 23.48 17.88 20.68 -0.40 0.354 0.607 14.88 14.14 14.51 -0.07 0.879 0.934
8,015 8,080 smORF-6 21 16.54 11.23 13.89 -0.47 0.377 0.634 21.73 17.47 19.60 -0.32 0.448 0.667
30,092 30,241 SmMORF-7 49 31.86 18.42 25.14 -0.82 0.049 0.182 201.35 106.16 153.76 -0.92 0.000 0.000
31,333 31,488 smORF-8 51 71.12 40.49 55.81 -0.80 0.033 0.147 24.14 35.58 29.86 0.57 0.103 0.259
37,314 37,231 c smORF-9 27 40.56 9.00 24.78 -2.09 0.000 0.000 50.50 105.08 77.79 1.06 0.000 0.000
37,875 37,726 c smORF-10 49 16.89 8.07 12.48 -1.07 0.033 0.146 57.18 177.15 117.16 1.64 0.000 0.000
38,147 37,974 c smORF-11 57 469.63 136.51 303.07 -1.73 0.000 0.000 223.50 445.90 334.70 1.00 0.000 0.000
40,016 39,882 c sSmMORF-12 44 37.58 31.74 34.66 -0.24 0.524 0.750 3277.88 = 2710.65 @ 2994.27 -0.27 0.032 0.099
40,193 40,294 smORF-13 33 51.62 32.79 42.20 -0.66 0.053 0.190 9.59 11.58 10.59 0.26 0.645 0.810
41,037 40,915 c smORF-14 40 469.04 369.77 419.40 -0.34 0.138 0.352 196.18 210.55 203.36 0.11 0.536 0.734
41,203 41,114 c SmMORF-15 29 470.47 359.83 415.15 -0.37 0.266 0.526 104.50 112.20 108.35 0.11 0.610 0.787
43,081 43,179 smORF-16 32 14.49 5.93 10.21 -1.09 0.050 0.184 26.28 20.80 23.54 -0.33 0.382 0.612
43,347 43,457 sSmORF-17 36 26.39 9.57 17.98 -1.51 0.001 0.012 148.49 70.14 109.32 -1.08 0.000 0.000
45,166 45,128 c smORF-18 12 110.52 82.13 96.32 -0.41 0.151 0.377 374.53 581.01 477.77 0.63 0.000 0.000
48,411 48,467 sSmORF-19 18 141.20 95.25 118.22 -0.53 0.112 0.306 5.29 37.42 21.35 2.83 0.000 0.000
49,507 49,656 smORF-20 49 88.47 88.68 88.57 0.01 0.980 0.995 44.10 258.95 151.53 2.57 0.000 0.000
51,972 52,028 smORF-21 18 31.62 30.86 31.24 -0.13 0.772 0.884 37.25 76.68 56.96 1.05 0.000 0.001
52,402 52,515 smORF-22 37 9.12 36.65 22.88 1.84 0.004 0.032 0.49 3.40 1.95 2.85 0.065 NA
52,739 52,879 smORF-23 46 1.04 15.81 8.43 2.98 0.001 0.009 2.62 14.83 8.72 2.50 0.001 0.006
58,458 58,363 c smORF-24 31 2.59 19.98 11.29 2.38 0.001 0.008 34.95 58.50 46.73 0.74 0.011 0.041
58,605 58,769 smORF-25 54 26.96 25.44 26.20 -0.19 0.653 0.810 100.40 69.50 84.95 -0.53 0.017 0.058
58,847 58,803 c smORF-26 14 10.43 52.17 31.30 2.07 0.000 0.000 242.91 213.55 228.23 -0.19 0.260 0.494
59,328 59,089 c smORF-27 79 126.96 538.74 332.85 2.02 0.000 0.000 39.27 36.63 37.95 -0.09 0.770 0.889
60,693 60,568 c smORF-28 23 3.04 11.71 7.38 1.88 0.014 0.078 20.52 32.80 26.66 0.67 0.070 0.194
60,939 60,895 c smORF-29 14 12.35 31.42 21.89 1.22 0.014 0.078 3.98 7.34 5.66 0.89 0.243 0.477
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SMORFs TS S ESleAs (traggfgi)ptom AN, s e el wt vs AngrlAtral (transcriptom Gottingen, this work)
start end g;i?)r; smORF- No aa WT iAEE{/IL basa(re]Me Ig%iic;led pvalue padj WT AnrgarIIAt baZﬁMe Ig%iﬁglg pvalue padj
61,013 61,096 SmMORF-30 27 42.89 32.39 37.64 -0.41 0.303 0.568 8.23 7.54 7.89 -0.13 0.835 0.923
63,132 63,031 c SmMORF-31 33 14.71 24.44 19.57 0.75 0.109 0.302 87.19 122.18 104.69 0.49 0.035 0.107
65,351 65,250 c SMORF-32 33 22.33 39.53 30.93 0.78 0.075 0.236 230.86 90.17 160.52 -1.35 0.000 0.000
65,903 66,037 SmMORF-33 44 10.26 14.85 12.56 0.48 0.368 0.622 57.26 49.83 53.54 -0.20 0.447 0.667
67,198 67,103 c SmMORF-34 31 31.28 100.01 65.64 1.50 0.001 0.006 19.75 15.34 17.54 -0.36 0.397 0.622
68,211 68,092 c SMORF-35 39 99.59 72.49 86.04 -0.46 0.091 0.273 37.64 35.93 36.79 -0.08 0.803 0.906
68,550 68,603 SmMORF-36 17 29.07 16.10 22.58 -0.72 0.124 0.328 6.42 10.20 8.31 0.65 0.309 0.535
75,019 75,084 SmMORF-37 21 6.39 12.71 9.55 1.25 0.058 0.201 8.18 6.84 7.51 -0.27 0.679 0.841
75,736 75,587 [« SmMORF-38 49 24.00 21.58 22.79 -0.18 0.679 0.825 20.46 23.27 21.87 0.19 0.646 0.810
84,215 84,271 smORF-39 18 12.57 26.03 19.30 1.12 0.018 0.092 0.40 1.75 1.08 1.88 0.298 NA
85,236 85,093 [« SmMORF-40 47 5.66 14.83 10.24 1.24 0.043 0.171 8.80 5.13 6.97 -0.78 0.239 0.471
87,172 87,321 SMORF-41 49 7.45 16.77 12.11 1.31 0.037 0.159 29.76 74.52 52.14 1.32 0.000 0.000
94,595 94,443 c SmMORF-42 50 1.60 11.68 6.64 2.23 0.008 0.048 41.84 34.57 38.20 -0.27 0.368 0.594
99,004 98,840 [« SMORF-43 25 5.16 21.10 13.13 1.81 0.013 0.074 8.16 8.47 8.32 0.03 0.963 0.978
99,437 99,532 SmORF-44 31 33.15 36.05 34.60 0.20 0.734 0.856 19.30 18.75 19.02 -0.01 0.979 0.989
99,743 99,814 SMORF-45 23 6.37 165.65 86.01 4.18 0.000 0.000 32.73 43.53 38.13 0.43 0.183 0.403
100,450 100,274 c SmMORF-46 58 1.08 10.47 5.77 2.46 0.007 0.043 8.77 10.56 9.67 0.26 0.643 0.810
101,494 101,598 SMORF-47 34 12.53 45.00 28.76 1.86 0.000 0.004 15.59 49.63 32.61 1.66 0.000 0.000
103,108 103,170 SmMORF-48 20 51.98 98.84 75.41 0.86 0.093 0.276 2.10 1.24 1.67 -0.80 0.557 NA
103,310 103,462 sSmMORF-49 50 7.24 25.49 16.36 1.61 0.002 0.017 18.12 44.30 31.21 1.27 0.001 0.004
103,796 = 103,972 SmMORF-50 58 5.62 13.94 9.78 1.15 0.074 0.236 15.73 34.72 25.22 1.16 0.003 0.015
104,936 = 105,010 SmMORF-51 24 35.92 36.79 36.35 0.09 0.831 0.926 5.75 241 4.08 -1.24 0.183 0.403
109,225 109,389 SMORF-52 54 9.24 14.17 11.71 0.90 0.195 0.445 5.64 6.24 5.94 0.13 0.868 0.934
110,044 110,163 SMORF-53 39 8.06 20.94 14.50 1.28 0.052 0.188 27.94 41.50 34.72 0.56 0.092 0.237
110,808 110,918 SmMORF-54 36 11.68 8.98 10.33 -0.31 0.568 0.781 13.63 16.31 14.97 0.26 0.575 0.762
111,321 111,395 SMORF-55 24 4.56 24.89 14.72 2.25 0.000 0.003 15.44 11.61 13.53 -0.41 0.410 0.635
114,381 114,467 SMORF-56 28 31.66 98.80 65.23 1.66 0.000 0.001 7.04 8.28 7.66 0.24 0.708 0.855
114,548 114,670 SMORF-57 40 10.60 16.08 13.34 0.62 0.255 0.512 27.01 32.72 29.87 0.28 0.411 0.635
116,003 = 115,869 c SMORF-58 44 22.16 24.45 23.30 0.09 0.837 0.929 3.84 6.35 5.10 0.70 0.399 0.622
116,619 116,717 SmMORF-59 33 194.40 238.40 216.40 0.30 0.320 0.582 138.74 127.27 133.00 -0.12 0.542 0.739
117,137 117,081 c SmMORF-60 18 14.28 63.37 38.82 2.05 0.000 0.000 0.92 1.24 1.08 0.46 0.784 NA
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SMORFs TS S ESleAs (traggfgi)ptom AN, s e el wt vs AngrlAtral (transcriptom Gottingen, this work)

start end g;i?)r; smORF- No aa WT iAEE{/IL basa(re]Me Ig%iic;led pvalue padj WT AnrgarIIAt baZﬁMe Ig%iﬁglg pvalue padj
119,224 119,325 SMORF-61 33 13.13 23.52 18.32 0.85 0.124 0.328 34.87 36.04 35.45 0.05 0.875 0.934
119,880 119,824 c SMORF-62 18 16.05 63.50 39.78 2.00 0.000 0.005 8.35 41.64 25.00 2.27 0.000 0.000
119,889 119,975 SMORF-63 28 9.72 18.64 14.18 0.87 0.088 0.267 41.85 82.28 62.07 0.98 0.000 0.002
120,602 = 120,432 c SmMORF-64 56 296.99 186.02 241.51 -0.68 0.004 0.029 53.11 86.36 69.73 0.69 0.009 0.035
122,427 122,308 c SMORF-65 39 26.35 18.40 22.37 -0.46 0.343 0.597 30.47 28.39 29.43 -0.10 0.770 0.889
122,683 122,558 c SMORF-66 41 40.15 26.30 33.22 -0.53 0.336 0.593 85.64 66.55 76.09 -0.37 0.163 0.373
124,044 123,967 [« SMORF-67 25 27.02 11.03 19.03 -1.21 0.052 0.188 54.13 24.90 39.51 -1.12 0.004 0.018
124,153 124,049 c SmMORF-68 34 77.71 33.33 56.52 -1.19 0.014 0.078 100.59 24.08 62.34 -2.07 0.000 0.000
125,563 125,492 [« SMORF-69 23 879.64 127.59 503.62 -2.62 0.000 0.000 748.08 52.69 400.38 -3.83 0.000 0.000
125,817 125,963 SmORF-70 48 59.74 70.34 65.04 0.16 0.662 0.816 55.65 29.19 42.42 -0.93 0.001 0.006
127,021 126,935 [« SMORF-71 28 2.10 10.48 6.29 1.79 0.019 0.099 74.80 63.60 69.20 -0.24 0.329 0.552
130,145 130,050 [« SMORF-72 31 10.11 7.12 8.61 -0.41 0.472 0.715 747.75 53.96 400.86 -3.79 0.000 0.000
130,244 130,209 c SMORF-73 11 70.72 14.11 42.41 -2.30 0.000 0.000 871.95 47.81 459.88 -4.19 0.000 0.000
130,275 130,391 SMORF-74 38 15.57 14.26 14.92 -0.05 0.932 0.968 8.32 4.47 6.39 -0.91 0.197 0.420
130,521 130,411 c SmMORF-75 36 471.06 39.70 255.38 -3.30 0.000 0.000 511.39 27.23 269.31 -4.24 0.000 0.000
131,010 131,180 SMORF-76 56 552.95 68.69 310.82 -2.83 0.000 0.000 207;)9'1 525.82 106;7'4 -5.30 0.000 0.000
132,161 132,039 [« SMORF-77 40 24.54 35.84 30.19 0.46 0.327 0.586 294.78 411.97 353.38 0.49 0.004 0.016
132,654 132,607 c SmMORF-78 15 9.70 12.88 11.29 0.35 0.503 0.739 7.19 11.13 9.16 0.60 0.336 0.563
142,712 142,813 SmMORF-79 33 5.68 10.14 7.91 0.72 0.256 0.512 44.03 81.06 62.55 0.88 0.001 0.003
148,759 148,923 SmORF-80 54 11.32 9.84 10.58 -0.27 0.613 0.797 7.41 7.22 7.31 -0.05 0.939 0.975
149,972 149,877 c SmORF-81 31 6.59 21.21 13.90 1.67 0.004 0.032 53.71 54.14 53.93 0.01 0.969 0.982
150,122 = 150,205 SmMORF-82 27 33.24 136.51 84.88 1.95 0.000 0.000 50.46 53.20 51.83 0.08 0.759 0.884
150,997 150,830 c SmMORF-83 55 13.13 25.72 19.42 1.02 0.028 0.132 24.47 23.61 24.04 -0.05 0.905 0.954
151,132 151,188 SmORF-84 18 18.10 44.24 31.17 1.27 0.010 0.058 26.09 20.20 23.15 -0.37 0.340 0.567
159,388 159,212 c SmMORF-85 58 9.20 13.10 11.15 0.45 0.446 0.694 141.09 219.42 180.25 0.64 0.000 0.002
166,486 166,424 c SmMORF-86 20 18.42 5.37 11.90 -1.72 0.002 0.020 3231.00 734.76 1982.88 -2.14 0.000 0.000
188,328 188,281 c SmMORF-87 15 16.87 10.73 13.80 -0.63 0.230 0.479 152.12 51.17 101.64 -1.57 0.000 0.000
189,688 189,575 c SmMORF-88 37 14.06 13.09 13.57 -0.25 0.631 0.799 13.44 8.86 11.15 -0.59 0.268 0.497
195,626 = 195,730 SmORF-89 34 2.64 14.58 8.61 1.96 0.006 0.039 91.27 107.02 99.15 0.24 0.315 0.539
195,978 195,814 c SmMORF-90 54 7.75 10.54 9.15 0.28 0.642 0.803 67.80 43.35 55.57 -0.64 0.015 0.053
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SMORFs TS S ESleAs (traggfgi)ptom AN, s e el wt vs AngrlAtral (transcriptom Gottingen, this work)

start end g;i?)r; smORF- No aa WT iAEE{/IL basa(re]Me Ig%iic;led pvalue padj WT AnrgarIIAt baZﬁMe Ig%iﬁglg pvalue padj
196,726 196,643 c SmMORF-91 27 36.18 31.40 33.79 -0.18 0.618 0.797 12.58 15.59 14.08 0.30 0.529 0.729
196,727 196,819 SMORF-92 30 20.56 43.14 31.85 1.00 0.027 0.127 3.05 1.27 2.16 -1.29 0.341 NA
198,438 198,304 c SMORF-93 44 13.11 10.71 11.91 -0.43 0.446 0.694 25.31 21.35 23.33 -0.24 0.527 0.728
202,335 202,373 SmMORF-94 12 6.63 14.23 10.43 1.10 0.105 0.294 1.82 2.99 241 0.74 0.526 NA
204,996 = 204,853 c SMORF-95 47 7.71 16.19 11.95 0.88 0.117 0.316 141.85 138.04 139.95 -0.04 0.839 0.923
205,162 205,043 c SMORF-96 39 26.63 48.78 37.70 0.80 0.040 0.164 16.57 17.69 17.13 0.09 0.843 0.923
207,153 207,049 [« SMORF-97 34 114.17 172.20 143.18 0.56 0.198 0.445 37.68 18.50 28.09 -1.01 0.009 0.034
208,327 208,280 c smORF-98 15 12.44 122.38 67.41 2.98 0.000 0.000 12.57 2.95 7.76 -2.08 0.002 0.011
208,886 208,752 [« SmMORF-99 44 15.07 15.36 15.22 0.13 0.792 0.895 19.19 11.01 15.10 -0.79 0.089 0.234
209,245 209,355 smORF-100 36 14.56 17.60 16.08 0.17 0.718 0.848 73.97 46.28 60.12 -0.67 0.010 0.037
212,536 212,601 smORF-101 21 11.49 5.95 8.72 -0.74 0.216 0.462 26.34 44.93 35.64 0.77 0.016 0.056
215,385 215,215 [« SmORF-102 56 5.77 47.57 26.67 2.58 0.000 0.001 11.71 26.60 19.15 1.17 0.008 0.032
217,940 217,821 c SmORF-103 39 3.13 50.65 26.89 3.40 0.000 0.000 19.33 11.81 15.57 -0.70 0.133 0.322
218,028 218,105 SmORF-104 25 30.37 162.28 96.32 2.31 0.000 0.000 31.11 24.40 27.75 -0.36 0.309 0.535
220,079 @ 219,936 c smORF-105 47 53.71 11.93 32.82 -2.12 0.000 0.001 111.90 132.31 122.11 0.24 0.290 0.516
221,703 221,671 [« SmMORF-106 10 23.74 21.39 22.56 -0.21 0.604 0.795 0.83 3.43 2.13 1.98 0.154 NA
227,580 227,470 c SmORF-107 36 23.46 15.95 19.70 -0.56 0.183 0.433 51.62 31.59 41.61 -0.70 0.021 0.070
227,599 227,769 SmORF-108 56 3.13 14.63 8.88 1.73 0.016 0.086 131.34 34.25 82.80 -1.94 0.000 0.000
239,136 239,056 [« SmORF-109 26 36.50 42.51 39.50 0.16 0.689 0.830 115.56 64.12 89.84 -0.85 0.000 0.001
239,302 239,225 c smORF-110 25 6.93 17.42 12.18 1.52 0.014 0.078 3.49 2.69 3.09 -0.38 0.695 0.846
241,354 241,452 SmORF-111 32 175.70 1029.68 602.69 2.49 0.000 0.000 572.29 80.86 326.57 -2.83 0.000 0.000
241,479 @ 241,592 SmORF-112 37 0.54 25.53 13.04 4.14 0.000 0.000 628.58 79.61 354.09 -2.98 0.000 0.000
243,020 242,931 [« SmORF-113 29 7.17 23.70 15.43 1.67 0.008 0.052 6.94 10.79 8.87 0.62 0.304 0.532
246,962 247,129 smORF-114 55 6.03 41.06 23.54 2.70 0.000 0.000 77.98 69.52 73.75 -0.17 0.482 0.691
250,010 250,162 sSmORF-115 50 53.15 50.19 51.67 -0.06 0.872 0.951 113.76 122.82 118.29 0.12 0.578 0.762
250,310 250,459 SmMORF-116 49 90.61 86.34 88.47 -0.07 0.845 0.934 254.95 138.85 196.90 -0.88 0.000 0.000
250,633 250,785 SmORF-117 50 10.67 22.67 16.67 1.10 0.037 0.159 12.59 24.98 18.79 0.96 0.051 0.148
251,244 251,173 c SmORF-118 23 17.86 16.08 16.97 -0.15 0.731 0.856 88.75 72.28 80.52 -0.29 0.264 0.496
251,505 | 251,392 c smORF-119 37 113.43 132.91 123.17 0.22 0.510 0.742 32.62 33.93 33.28 0.06 0.854 0.929
251,508 251,621 SmORF-120 37 16.82 16.87 16.85 0.00 0.993 0.997 84.21 38.78 61.49 -1.11 0.000 0.000
255,795 255,715 c smORF-121 26 4.25 11.55 7.90 1.07 0.099 0.284 9.26 6.88 8.07 -0.43 0.485 0.692




CXLVI

Appendix
SMORFs TS S ESleAs (traggfgi)ptom AN, s e el wt vs AngrlAtral (transcriptom Gottingen, this work)

start end g;i?)r; smORF- No aa WT iAEE{/IL basa(re]Me Ig%iic;led pvalue padj WT AnrgarIIAt baZﬁMe Ig%iﬁglg pvalue padj
259,158 = 259,223 SMORF-122 21 38.36 40.92 39.64 0.05 0.923 0.962 56.00 67.92 61.96 0.27 0.285 0.514
259,496 259,434 c SmORF-123 20 61.00 55.25 58.12 -0.18 0.601 0.794 12.42 21.91 17.17 0.83 0.066 0.182
261,585 @ 261,505 c sSmORF-124 26 10.02 18.18 14.10 0.58 0.267 0.527 11.61 11.31 11.46 -0.03 0.958 0.978
262,130 261,996 c SmMORF-125 44 2.85 12.43 7.64 2.59 0.003 0.021 8.61 10.85 9.73 0.31 0.593 0.775
262,856 = 262,725 c SmMORF-126 43 8.88 10.87 9.87 0.57 0.338 0.593 5.65 17.39 11.52 1.61 0.005 0.023
263,032 263,094 SmMORF-127 20 170.38 251.69 211.04 0.56 0.067 0.229 12.70 13.31 13.00 0.06 0.907 0.954
264,262 264,110 [« SmORF-128 50 262.69 83.78 173.24 -1.63 0.000 0.000 171.56 133.88 152.72 -0.36 0.052 0.150
265,063 265,158 sSmORF-129 31 13.76 5.97 9.87 -1.18 0.029 0.135 16.81 28.96 22.88 0.79 0.048 0.141
265,269 265,382 sSmORF-130 37 31.75 10.39 21.07 -1.57 0.000 0.003 60.32 66.71 63.52 0.15 0.549 0.745
273,894 273,992 smORF-131 32 9.85 18.16 14.00 0.69 0.180 0.430 28.67 17.34 23.00 -0.72 0.055 0.155
274,115 274,062 [« SmMORF-132 17 5.66 14.68 10.17 1.22 0.039 0.162 7.94 5.51 6.72 -0.51 0.469 0.684
274,139 274,231 SmORF-133 30 11.84 15.74 13.79 0.59 0.315 0.581 35.43 9.56 22.50 -1.90 0.000 0.000
274,527 274,408 c sSmORF-134 39 21.62 39.49 30.55 0.79 0.046 0.178 81.42 49.85 65.64 -0.71 0.004 0.016
276,917 276,804 [« SmORF-135 37 396.73 352.23 374.48 -0.18 0.543 0.764 233.77 105.84 169.81 -1.14 0.000 0.000
290,323 | 290,222 c SmMORF-136 33 14.08 7.44 10.76 -0.84 0.169 0.414 1.35 0.99 1.17 -0.44 0.784 NA
292,269 292,358 SmMORF-137 148.03 74.20 111.11 -0.94 0.003 0.021 82.20 80.22 81.21 -0.04 0.862 0.933
292,448 292,513 SmORF-138 21 47.06 36.20 41.63 -0.42 0.350 0.607 331.88 578.55 455.22 0.80 0.000 0.000
293,185 293,328 SmORF-139 47 12.44 13.68 13.06 0.07 0.914 0.962 37.03 26.31 31.67 -0.50 0.132 0.322
293,906 293,944 SmORF-140 12 396.77 276.20 336.48 -0.52 0.073 0.236 14.84 15.94 15.39 0.10 0.831 0.923
294,436 294,570 SmORF-141 44 3415.49  2362.28  2888.88 -0.52 0.073 0.236 1768.63  2186.88  1977.75 0.31 0.011 0.040
296,668 296,808 SMORF-142 46 617.64 2207.20 = 1412.42 1.81 0.000 0.000 3248.59  1817.76 = 2533.17 -0.84 0.000 0.000
298,934 299,089 SmMORF-143 51 12.46 27.63 20.05 0.95 0.057 0.201 87.24 82.51 84.87 -0.08 0.736 0.874
299,423 299,346 [« SmMORF-144 25 6.52 16.50 11.51 1.34 0.023 0.114 8.77 14.91 11.84 0.80 0.159 0.367
309,244 309,357 SmMORF-145 37 19.70 13.16 16.43 -0.48 0.300 0.568 19.93 11.86 15.90 -0.74 0.107 0.267
309,428 309,463 SmMORF-146 11 23.20 15.08 19.11 -0.55 0.219 0.464 15.80 9.46 12.63 -0.73 0.167 0.381
312,697 312,650 c SMORF-147 15 28.58 115.74 72.16 1.88 0.001 0.006 28.49 41.45 34.97 0.54 0.093 0.240
312,815 312,768 c SmMORF-148 15 15.46 54.64 35.05 1.86 0.001 0.011 15.30 46.17 30.73 1.59 0.000 0.000
313,094 312,984 c SmMORF-149 36 4.54 44.43 24.48 3.01 0.000 0.000 6.60 27.59 17.10 2.06 0.000 0.000
313,252 313,356 smMORF-150 34 9.01 15.98 12.49 0.90 0.101 0.284 13.41 11.10 12.25 -0.26 0.604 0.786
313,854 313,738 c SmORF-151 38 11.90 10.91 11.40 -0.19 0.711 0.844 113.75 75.37 94.56 -0.59 0.012 0.044
314,165 314,016 c SmMORF-152 49 15.01 24.61 19.81 0.58 0.201 0.445 118.68 13.36 66.02 -3.15 0.000 0.000




CXLVII

Appendix
SMORFs TS S ESleAs (traggfgi)ptom AN, s e el wt vs AngrlAtral (transcriptom Gottingen, this work)

start end g;i?)r; smORF- No aa WT iAEE{/IL basa(re]Me Ig%iic;led pvalue padj WT AnrgarIIAt baZﬁMe Ig%iﬁglg pvalue padj
331,989 = 332,111 SmMORF-153 40 5.68 15.40 10.54 1.27 0.035 0.149 5.39 9.52 7.45 0.78 0.273 0.499
332,180 332,317 SmMORF-154 45 12.92 8.27 10.59 -0.44 0.453 0.699 1357.05 678.03 1017.54 -1.00 0.000 0.000
334,288 = 334,332 SmMORF-155 14 27.04 19.52 23.28 -0.48 0.234 0.485 148.98 95.91 122.44 -0.64 0.001 0.005
334,429 334,575 SmMORF-156 48 72.46 58.96 65.71 -0.31 0.383 0.640 249.06 230.94 240.00 -0.11 0.516 0.717
336,385 @ 336,302 c SMORF-157 27 249.42 110.95 180.19 -1.10 0.071 0.236 4947.43 489.57 2718.50 -3.34 0.000 0.000
336,799 336,734 [« SmORF-158 21 123.27 26.99 75.13 -2.09 0.000 0.001 15854'2 606.53 8230.36 -4.71 0.000 0.000
338,268 338,435 smORF-159 55 15.07 22.75 18.91 0.69 0.152 0.377 120.90 27.46 74.18 -2.15 0.000 0.000
338,808 338,894 SmORF-160 28 3.56 10.74 7.15 151 0.034 0.147 7.37 3.94 5.65 -0.92 0.220 0.448
339,466 339,603 SmORF-161 45 14.19 16.75 15.47 0.29 0.552 0.773 121.48 61.49 91.48 -0.98 0.000 0.000
339,854 339,949 SmMORF-162 31 42.83 33.07 37.95 -0.36 0.303 0.568 259.68 108.08 183.88 -1.27 0.000 0.000
340,210 340,160 c SmMORF-163 16 15.08 10.52 12.80 -0.63 0.254 0.512 511.53 117.32 314.43 -2.12 0.000 0.000
340,475 340,320 [« SmORF-164 51 174.62 61.86 118.24 -1.50 0.000 0.000 1647.12 509.76 1078.44 -1.69 0.000 0.000
340,647 340,582 [« SmMORF-165 21 71.77 38.42 55.09 -0.84 0.025 0.123 135.80 156.40 146.10 0.21 0.268 0.497
341,663 @ 341,770 SMORF-166 35 25.94 14.69 20.31 -0.78 0.077 0.240 5.43 2.46 3.95 -1.13 0.212 0.438
343,825 343,980 SMORF-167 51 26.35 14.17 20.26 -0.89 0.101 0.284 33.43 39.64 36.53 0.23 0.486 0.692
344,483 344,542 SmMORF-168 19 70.17 48.11 59.14 -0.53 0.283 0.550 73.89 46.88 60.38 -0.65 0.009 0.034
344,771 344,896 SmORF-169 41 25.08 70.69 47.88 1.47 0.008 0.048 75.39 55.24 65.32 -0.46 0.081 0.218
344,913 345,092 smORF-170 59 35.23 69.98 52.60 1.00 0.039 0.163 112.55 114.34 113.45 0.02 0.918 0.959
346,113 = 346,018 c sSmORF-171 31 74.71 49.48 62.09 -0.61 0.081 0.251 265.32 226.07 245.69 -0.23 0.177 0.396
346,276 346,190 [« SMORF-172 28 42.01 24.47 33.24 -0.62 0.198 0.445 201.05 189.33 195.19 -0.09 0.606 0.786
346,351 346,307 c SmORF-173 14 16.95 15.53 16.24 -0.12 0.824 0.922 18.02 14.34 16.18 -0.34 0.476 0.690
346,429 346,494 SMORF-174 21 27.17 34.24 30.70 0.32 0.420 0.671 3.55 5.91 4.73 0.74 0.368 0.594
346,595 346,660 SmORF-175 21 9.85 13.81 11.83 0.32 0.576 0.786 26.67 33.08 29.87 0.30 0.387 0.613
346,908 346,861 c SMORF-176 15 16.91 7.00 11.95 -1.26 0.015 0.082 4.07 4.90 4.49 0.29 0.726 0.868
351,249 351,326 SMORF-177 25 14.58 6.59 10.59 -1.24 0.029 0.135 2.10 3.25 2.67 0.58 0.604 0.786
357,429 = 357,560 sSmORF-178 43 7.82 18.03 12.92 1.02 0.091 0.273 13.03 16.14 14.59 0.30 0.522 0.723
358,061 358,171 SmMORF-179 36 6.85 18.05 12.45 1.06 0.064 0.222 25.84 21.49 23.66 -0.27 0.481 0.691
368,557 368,384 c smORF-180 57 58.14 24.47 41.31 -1.24 0.000 0.003 292.83 773.26 533.04 1.40 0.000 0.000
369,419 369,279 [« SmORF-181 46 12.92 10.89 11.90 -0.32 0.526 0.750 40.41 39.36 39.89 -0.05 0.868 0.934
369,570 369,451 c sSmORF-182 39 11.68 7.47 9.58 -0.58 0.287 0.554 83.49 61.04 72.27 -0.44 0.080 0.216




CXLVII

Appendix
SMORFs TS S ESleAs (traggfgi)ptom AN, s e el wt vs AngrlAtral (transcriptom Gottingen, this work)

start end g;i?)r; smORF- No aa WT iAEE{/IL basa(re]Me Ig%iic;led pvalue padj WT AnrgarIIAt baZﬁMe Ig%iﬁglg pvalue padj
370,718 @ 370,608 c sSmORF-183 36 12.76 15.68 14.22 0.28 0.582 0.789 27.59 30.69 29.14 0.16 0.645 0.810
380,414 380,542 SmORF-184 42 26.18 19.23 22.70 -0.45 0.298 0.568 372.33 494.49 433.41 0.41 0.003 0.015
381,984 @ 381,868 c sSmORF-185 38 73.13 44.47 58.80 -0.73 0.041 0.166 43.33 75.49 59.41 0.80 0.005 0.020
384,389 384,255 c SmORF-186 44 59.55 51.20 55.37 -0.17 0.632 0.799 116.06 163.30 139.68 0.50 0.015 0.053
384,540 @ 384,379 c sSmORF-187 53 86.26 59.63 72.95 -0.51 0.080 0.247 262.25 193.26 227.75 -0.44 0.010 0.037
389,930 @ 389,844 c smORF-188 28 14.51 9.33 11.92 -0.48 0.393 0.643 16.68 10.81 13.74 -0.65 0.196 0.419
392,354 392,235 [« smORF-189 39 28.44 18.97 23.71 -0.57 0.165 0.408 317.84 167.21 242.52 -0.92 0.000 0.000
392,606 392,532 c sSmORF-190 24 25.53 25.48 25,51 0.01 0.986 0.997 46.75 22.65 34.70 -1.05 0.001 0.006
395,125 395,244 SmORF-191 39 11.75 9.06 10.41 -0.33 0.567 0.781 1.35 1.95 1.65 0.55 0.690 NA
398,815 398,868 SmMORF-192 17 17.11 10.34 13.73 -0.76 0.218 0.464 3.12 4.88 4.00 0.66 0.462 0.680
398,926 399,102 SmORF-193 58 940.81 857.31 899.06 -0.13 0.727 0.854 602.16 412.70 507.43 -0.54 0.000 0.001
399,375 399,298 [« SmMORF-194 25 30.26 20.12 25.19 -0.61 0.127 0.329 72.59 73.88 73.23 0.02 0.922 0.962
399,423 399,518 SmORF-195 31 366.84 179.85 273.35 -1.01 0.001 0.005 1236.58 1029.95  1133.27 -0.26 0.037 0.115
407,808 @ 407,710 [« SmORF-196 32 10.93 26.39 18.66 1.07 0.026 0.127 10.52 11.53 11.02 0.13 0.812 0.911
408,130 = 407,987 c SmORF-197 47 14.92 21.79 18.36 0.49 0.302 0.568 4.10 3.45 3.78 -0.23 0.803 0.906
416,317 = 416,222 [« SmMORF-198 31 113.00 83.68 98.34 -0.43 0.194 0.445 1186.17 754.95 970.56 -0.65 0.000 0.000
417,172 = 417,107 c smORF-199 21 33.91 34.30 34.11 -0.04 0.915 0.962 36.89 32.90 34.89 -0.17 0.581 0.762
417,761 = 417,808 smORF-200 15 2253.89 207.37 1230.63 -3.22 0.000 0.000 2196.55 91.60 1144.08 -4.59 0.000 0.000
418,962 418,997 SmORF-201 11 1625.29 256.19 940.74 -2.56 0.000 0.000 7300.75 384.07 3842.41 -4.25 0.000 0.000
419,020 @ 419,169 SmORF-202 49 228.45 101.18 164.81 -1.15 0.004 0.027 38962.9 2880.81 @ 20921.9 -3.76 0.000 0.000
419,342 419,497 SmORF-203 51 1224.71 271.46 748.08 -2.09 0.000 0.000 3517.07 418.80 1967.93 -3.07 0.000 0.000
420,456 @ 420,494 smORF-204 12 17.71 32.27 24.99 0.86 0.097 0.283 27.21 7.52 17.37 -1.85 0.000 0.000
423,217 = 423,125 [« SmORF-205 30 14.97 8.64 11.80 -0.57 0.317 0.582 3.31 3.41 3.36 0.00 0.999 0.999
423,899 @ 424,075 smORF-206 58 19.72 41.02 30.37 1.04 0.021 0.105 131.26 178.22 154.74 0.45 0.016 0.056
428,628 @ 428,551 c smORF-207 25 24.64 17.45 21.05 -0.39 0.469 0.715 16.43 27.61 22.02 0.75 0.065 0.180
428,765 428,667 c SmORF-208 32 28.38 27.29 27.83 0.00 0.997 0.997 58.39 96.66 77.52 0.74 0.002 0.010
430,298 430,164 c smORF-209 44 39.20 49.60 44.40 0.42 0.291 0.560 58.92 70.30 64.61 0.26 0.304 0.532
430,687 = 430,550 c smORF-210 45 39.16 50.67 44.92 0.32 0.361 0.614 52.72 64.21 58.47 0.29 0.262 0.494
431,031 430,942 c smORF-211 29 48.57 60.47 54.52 0.36 0.269 0.527 171.73 94.95 133.34 -0.85 0.000 0.000
431,152 431,087 [« SMORF-212 21 42.27 100.49 71.38 1.22 0.009 0.052 3.11 241 2.76 -0.35 0.741 0.876
432,332 432,466 smORF-213 44 11.36 14.94 13.15 0.32 0.526 0.750 12.71 11.77 12.24 -0.11 0.828 0.922




CXLIX

Appendix
SMORFs TS S ESleAs (traggfgi)ptom AN, s e el wt vs AngrlAtral (transcriptom Gottingen, this work)

start end g;i?)r; smORF- No aa WT iAEE{/IL basa(re]Me Ig%iic;led pvalue padj WT AnrgarIIAt baZﬁMe Ig%iﬁglg pvalue padj
433,016 @ 433,066 smORF-214 16 12.12 10.98 11.55 -0.13 0.822 0.921 1.33 1.73 1.53 0.38 0.785 NA
434,297 434,470 SmORF-215 57 35.16 71.78 53.47 0.96 0.051 0.184 11.67 33.62 22.64 1.51 0.000 0.002
442,070 @ 442,210 SmORF-216 46 23.91 36.54 30.23 0.57 0.205 0.446 61.66 79.53 70.59 0.37 0.128 0.313
444,353 = 444,397 SmORF-217 14 5.55 32.86 19.21 2.57 0.000 0.000 73.07 145.79 109.43 0.99 0.000 0.000
449,691 « 449,524 c sSmORF-218 55 5.33 13.96 9.65 1.04 0.104 0.293 7.28 15.11 11.19 1.03 0.071 0.194
449,809 @ 449,720 c sSmORF-219 29 15.42 37.99 26.70 1.45 0.001 0.012 67.15 45.45 56.30 -0.56 0.041 0.123
451,289 451,188 [« smORF-220 33 7.86 23.02 15.44 1.24 0.048 0.181 7.47 10.57 9.02 0.51 0.414 0.635
451,880 @ 451,749 c smORF-221 43 5.33 22.07 13.70 1.67 0.005 0.035 24.99 37.19 31.09 0.56 0.122 0.302
451,955 451,893 [« SmMORF-222 20 6.20 11.01 8.60 0.70 0.245 0.501 2.19 1.42 1.81 -0.60 0.641 NA
452,298 452,399 SmORF-223 33 3.69 10.62 7.16 1.12 0.099 0.284 12.63 23.33 17.98 0.88 0.047 0.139
452,960 @ 453,109 SmORF-224 49 17.95 24.01 20.98 0.35 0.465 0.713 28.84 54.43 41.63 0.91 0.003 0.013
461,020 461,148 SmORF-225 42 5.72 13.03 9.38 1.02 0.137 0.352 26.74 20.56 23.65 -0.38 0.305 0.532
462,970 462,869 c SmORF-226 33 26.11 47.24 36.68 0.79 0.068 0.229 59.71 107.82 83.76 0.86 0.000 0.001
463,923 = 464,057 SmORF-227 44 17.06 13.77 15.42 -0.34 0.510 0.742 4.01 4.36 4.19 0.14 0.873 0.934
465,605 @ 465,706 SmORF-228 33 13.41 9.93 11.67 -0.26 0.635 0.800 15.19 9.52 12.36 -0.66 0.190 0.410
478,801 = 478,920 SmORF-229 39 6.78 10.67 8.73 0.52 0.400 0.650 23.12 18.38 20.75 -0.32 0.413 0.635
479,236 = 479,292 smORF-230 18 17.47 14.39 15.93 -0.33 0.462 0.711 0.86 2.19 1.52 1.33 0.398 NA
479,994 479,827 [« SmORF-231 55 9.76 28.26 19.01 1.43 0.005 0.034 72.89 76.00 74.45 0.07 0.786 0.896
483,313 = 483,405 SMORF-232 30 73.35 40.20 56.77 -0.82 0.045 0.175 12.76 16.28 14.52 0.36 0.452 0.669
484,053 = 483,973 c smORF-233 26 98.25 58.23 78.24 -0.72 0.069 0.230 782.29 581.81 682.05 -0.43 0.004 0.015
490,485 = 490,565 SmMORF-234 26 11.38 9.75 10.57 -0.26 0.657 0.814 73.05 72.03 72.54 -0.02 0.946 0.975
491,239 | 491,340 smORF-235 33 27.36 22.14 24.75 -0.34 0.425 0.672 100.72 99.46 100.09 -0.01 0.952 0.978
491,418 491,594 SmORF-236 58 34.36 32.59 33.48 -0.06 0.886 0.951 117.85 102.21 110.03 -0.21 0.345 0.574
492,093 = 492,046 c SmORF-237 15 15.53 20.17 17.85 0.25 0.573 0.785 7.72 10.90 9.31 0.53 0.381 0.612
492,447 492,328 c SmORF-238 39 9.78 21.68 15.73 1.06 0.042 0.169 165.78 133.58 149.68 -0.31 0.103 0.260
495,593 = 495,685 SmORF-239 30 36.48 76.85 56.66 1.08 0.006 0.038 7.01 7.93 7.47 0.18 0.781 0.896
497,767 = 497,862 smORF-240 31 11.47 13.24 12.35 0.05 0.926 0.963 18.24 42.89 30.56 1.25 0.001 0.003
498,200 @ 498,120 c SMORF-241 26 0.54 12.25 6.39 3.18 0.001 0.012 14.03 20.77 17.40 0.56 0.200 0.422
499,735 499,652 c SMORF-242 27 37.19 39.37 38.28 0.11 0.792 0.895 160.18 113.45 136.82 -0.50 0.013 0.046
502,837 502,685 [« SMORF-243 50 10.84 7.87 9.36 -0.17 0.790 0.895 8.27 7.31 7.79 -0.18 0.774 0.890
503,061 503,129 SmMORF-244 22 169.41 152.37 160.89 -0.14 0.587 0.789 752.58 444.07 598.32 -0.76 0.000 0.000
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Appendix
SMORFs TS S ESleAs (traggfgi)ptom AN, s e el wt vs AngrlAtral (transcriptom Gottingen, this work)

start end g;i?)r; smORF- No aa WT iAEE{/IL basa(re]Me Ig%iic;led pvalue padj WT AnrgarIIAt baZﬁMe Ig%iﬁglg pvalue padj
508,248 @ 508,159 c SMORF-245 29 30.06 29.11 29.59 -0.02 0.963 0.987 54.81 58.35 56.58 0.08 0.745 0.877
523,516 523,439 c SmMORF-246 25 112.31 94.45 103.38 -0.26 0.389 0.643 283.83 192.04 237.93 -0.56 0.000 0.003
525,154 | 525,092 c SMORF-247 20 24.43 25.51 24.97 0.07 0.861 0.946 9.54 12.46 11.00 0.41 0.463 0.680
525,172 525,237 SMORF-248 21 18.88 13.55 16.21 -0.49 0.279 0.544 74.89 56.35 65.62 -0.41 0.089 0.234
535,461 535,616 SMORF-249 51 8.92 799.15 404.03 6.50 0.000 0.000 44.71 19.45 32.08 -1.20 0.000 0.002
535,637 535,810 sSmORF-250 57 3.20 1298.75 650.97 7.86 0.000 0.000 6.40 2.87 4.64 -1.12 0.209 0.433
535,838 104 SmORF-251 = 143 4.08 5565.27 279.68 6.66 0.000 0.000 58.03 28.88 43.45 -1.00 0.002 0.010

*orientation: C indicates that the ORF is complement and is located on the antisense strang
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M FT W1 W2 wt M1 M2 M3 M4 M5
kDa

50

30

Figure 57: SDS PAGE of GqgA wt and the constructed GqgA
mutants

12 % Mini-PROTEAN® TBE Precast Gel was loaded with protein
solution of GqgA protein purification. The steps flow through (FT),
washing step 1 (W1) and 2 (W2) and the pooled elution step of
GqgA wt (wt) were loaded on the gel. Only the pooled elution step
of the five mutants was used for SDS PAGE (M1- M5). The
PageRuler Unstained protein ladder was used as protein standard
(BIO-RAD)



