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ABSTRACT

A previously created promoter probe library of Rhizobium leguminosarum 3841,
LB3, was investigated to identify genes that are induced under stressful conditions. Each
bacterium in the library contains a plasmid with a random chromosomal insert, upstream of
a promoterless gfpUV reporter. If the insert contains a promoter that responds to a stress it
will activate production of green fluorescent protein (GFP) and colonies will fluoresce
bright green when examined under UV light.

Over 30,000 colonies were screened on various media designed to reproduce hyper-
osmotic stress, acidic stress and metal toxicity and 32 were induced. The release of the
preliminary genome of 3841 allowed the genes, or operons, associated with each of the
isolated stress-induced fusions from LB3 to be identified.

Mutations were made in ten of the genes selected from LB3 that are upregulated by
hyper-osmosis. The mutants were then tested to see how they would grow in standard and
stressed conditions, and if the way which they interacted with pea plants was altered. This
led to the discovery of a two-component response regulator system (RL1156 and RL1157)
responsible for controlling the transcription of RL1155 in response to low pH and hyper-
0SMOsIS.

One of the genes isolated from LB3 was upregulated by hyper-osmosis and is part of
an operon for an ABC transporter that shares sequence identity to the well characterised
glycine betaine transporter (ProU). This led to the identification of five other ABC systems
that shared a significantly similar sequence identity to this transporter. One of these
transporters (termed QAT in this work) appears to be the homologue of the Cho system in
S. meliloti as it is induced by choline and is responsible for its uptake. Studies also
demonstrated that hyper-osmosis temporarily inactivates solute uptake via ABC transporters

(but not secondary permeases).
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CHAPTER 1: INTRODUCTION



1.1.  Rhizobium
1.1.1. Taxonomy

Rhizobia is the common name given to a group of small, rod-shaped, Gram-negative
bacteria that collectively have the ability to produce nodules on the roots of leguminous
plants and belong to the family Rhizobiaceae, which are part of the a-proteobacteria. In
early studies, the taxonomy of rhizobia was based on the rate of growth of isolates on
laboratory media and their selective interaction with their plant hosts. It was soon
established that no strain could nodulate all plants, but that each could nodulate some
legumes though not others (Long, 1989). This led to the concept of cross-inoculation
groups, with organisms grouped according to the hosts they nodulated. Within the genus
Rhizobium several strains nodulate a common host, but are distinct according to genetic
and/or phenotypic properties and are therefore classified as distinct species (e.g. R. tropici
and R. etli). However some strains cannot be distinguished other than by their host range,
therefore the species is further classified into biovars (bv.) (e.g. R. leguminosarum is split
into three biovars that nodulate clover, peas and beans) (Table 1.1).

For a time this was the basis on which rhizobia were identified. However,
developments in molecular biology and advances in bacterial taxonomy (Graham, et al.,
1991) in have resulted in a rhizobial taxonomy based on a wide range of characteristics and
to the distinction of new genera and species. Currently six genera and at least 42 species
have been distinguished (Table 1.1), but a number of these remain in question (Tighe et al.,
2000; Willems, et al., 2003; Young, 2003). These new classifications have corroborated
previous divisions, e.g. the genus Bradyrhizobium is made up of the strains that took the

longest to grow in laboratory conditions.



Table 1.1. Examples of the Genera and Species of Rhizobium. The major

host for each species is shown in bold. This is not a complete list. (Updated
from Zakhia & de Lajudie, 2001.)

Genera/Species

Host(s)

| Reference

Allorhizobium

A. undicola

Neptunia natans, Acacia,
Faidherbia, Lotus

de Lajudie et al., 1998a

Azorhizobium

A. caulinodans

Sesbania rostrata

| Dreyfus et al., 1988

Bradyrhizobium

B. elkanii Glycine max Kuykendall ef al., 1992
B. japonicum Glycine max Jordan, 1984
B. liaoningense Glycine max Xu et al., 1995

B. yuanmingense

Lespedeza, Medicago,
Melilotus

Yao et al., 2002

Mesorhizobium

M. amorphae Amorpha fruticosa Wang et al., 1999b
M. chacoense Prosopis alba Velasquez et al., 1998
M. ciceri Cicer arietinum Nour et al., 1994

.. - . Chen et al., 1991; Jarvis
M. huakuii Astragalus sinicus, Acacia et al., 1997
M. loti Lotus corniculatus Jarvis et al., 1982

Jarvis et al., 1997

M. mediterraneum

Cicer arietinum

Nour et al., 1995; Jarvis
etal., 1997

M. plurifarium

Acacia senegal, Prosopis
juriflora, Leucaena

de Lajudie ef al., 1998b

M. septentrionale

Astragalus adsurgens

Goa et al., 2003

M. temperatum

Astragalus adsurgens

Goa et al., 2003

M. tianshanense

Glycyrrhiza pallidflora,
Swansonia, Glycine,
Caragana, Sophora

Chen et al., 1995

Rhizobium
R etli Phaseolus vulgaris, Mimosa | Segovia et al., 1993;
) affinis Wang et al., 1999a

Galega orientalis, . _

R. galegae G officinalis Lindstrom, 1989;
Phaseolus vulgaris,

R. gallicum Leucaena, Macroptilium, Amarger et al., 1997
Onobrychis

R. giardini Phaseolus vulgaris, Amarger et al., 1997

Leucaena, Macroptilium

R. hainanense

Desmodium sinuatum,
Stylosanthes, Vigna,
Arachis, Centrosema

Chen et al., 1997

R. huautlense

Sesbania herbacea

Wang et al., 1998

R. indigoferae

Indigofera

Wei et al., 2002




R. leguminosarum
o bv. trifolii

e bv.viciae

e bv. phaseoli

e Trifolium
e Lathyrus, Lens, Pisum,
and Vicia

e Phaseolus vulgaris

Dangeard, 1926; Jordan,
1984

R. mongolense

Medicago ruthenica,
Phaseolus vulgaris

van Berkum, et al., 1998

Onobrychis

R. sullae Hedysarum coronarium Squartini, et al., 2002
.. Phaseolus VUIgarIS'. l?alea, Martinez-Romero ef al.,
R. tropici Leucaena, Macroptilium,

1991

R. yanglingense

Amphicarpaea trisperma,
Coronilla varia,
Gueldenstaedtia multiflora

Tan et al., 2001

Sinorhizobium

S. abri

Abrus precatorius

Ogasawara ef al., 2003

S. adhaerens

unknown

Willems et al., 2003;
Young, 2003

S. americanus

Acacia spp.

Toledo et al., 2003

S. arboris

Acacia senegal, Prosopis
chilensis

Nick et al., 1999

S. fredii

Glycine max

Scholla et al., 1984;
Chen et al., 1988

S. indiaense

Sesbania rostrata

Ogasawara ef al., 2003

S. kostiense

Acacia senegal, Prosopis
chilensis

Nick et al., 1999

S. kummerowiae

Kummerowia stipulacea

Wei et al., 2002

S. medicae

Medicago truncatula, M.
polymorpha, M.orbicularis

Rome et al., 1996

S. meliloti

Medicago, Melilotus,
Trigonella

Dangeard, 1926; de
Lajudie et al., 1994

S. morelense

Leucaena leucocephala

Wang et al., 2002

S. sahelense

Acacia, Seshania

de Lajudie et al., 1994;
Boivin & Giraud, 1999

S. terangae

Acacia, Seshania

de Lajudie ef al., 1994;
Lortet et al., 1996

S. xinjiangense

Glycine max

Peng et al., 2002

As mentioned above, rhizobia are all member of the a-subset of proteobacteria, but
some species of B-Proteobacteria, such as Burkholderia and Ralstonia have been found to

nodulate legumes (Moulin et al., 2001; Chen et al., 2003). More recently a member of the

y-proteobacteria has been found that also nodulates legumes (Benhizia et al., 2004).

There has been extensive study of the Rhizobium-legume symbiosis, identifying
many of the rhizobial genes required for nodulation and nitrogen fixation. However, the
genes allowing growth and survival of free-living Rhizobium in the soil remain largely

unknown. Identifying molecules that have effects on bacterial growth in the rhizosphere
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and determining the genes that are involved in responding to these factors is vital to
understanding how the bacteria develop in this environment. This could also lead to a
greater understanding into the Rhizobium-plant symbiosis and the relationship between the
two distinct growth states (as a free-living saprophyte in the soil and in a symbiotic

relationship with leguminous plants).

1.1.2. Symbiosis

As mentioned above, rhizobia are taxonomically diverse members of the a-sub-
division of the proteobacteria and can exist in two states: as a free-living saprophyte in the
soil and in a symbiotic relationship with leguminous plants. The latter interaction begins
with a specific molecular signal exchange between the legume and the free-living
Rhizobium. Plant roots secrete many different organic compounds into the soil, some of
which allow microorganisms to grow in the rhizosphere and include carbohydrates, amino
acids, organic acids, vitamins and phenolic derivatives. In terms of symbiosis, flavonoids
are the most important of these compounds, as they trigger the induction of bacterial
nodulation (nod) genes (Redmond et al., 1986), although oxygen limitation also plays a key

role in symbiotic gene expression (Soupene et al., 1995).

1.1.2.1. The nod Genes

The nod genes can be divided into three classes known as common, host specific
and nodD.

The first nod gene involved in nodulation is the only one that is constitutively
expressed, nodD (Long, 1989). The protein it encodes for, NodD, is a member of the LysR
family of transcriptional activators (Schell, 1993) and causes the transcription of the other
nod genes, when activated in response to specific plant stimuli. As well as activating the
transcription of other nod genes, it also regulates its own expression in R. leguminosarum
(Rossen et al., 1985). The N-terminus of NodD is highly conserved, indicating a role in
DNA binding. The nod genes/operons induced by NodD all contain a highly conserved
sequence termed the ‘nod box’ where it is believed the N-terminus of NodD binds and
initiates transcription of the genes/operons (Hong et al., 1987). NodD’s C-terminus is more
variable and it may have a function involving flavonoid binding (Shearman et al., 1986).
As shown above (Table 1.1), each Rhizobium is able to inoculate only certain legumes.
Different Rhizobium have different NodD proteins, which respond to different flavonoids
specific for different legume types. The ability of NodD to react to specific flavones is a
key part that determines the range of plants each species of Rhizobium can nodulate; either
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broad range, nodulating many different plants or narrow range, nodulating one or few hosts.
R. leguminosarum bv. viciae responds to hesperitin (Laeremans & Vanderleyden, 1998),
which is released by pea and vetch roots, whereas S. meliloti contains three nodD genes,
allowing it to respond to a wider array of flavonoids and hence leguminous plants (Honma
et al., 1990). Mutations in nodD can lead rhizobia to respond to a wider range of plant-
derived compounds (Burn et al., 1987).

The common nod genes are nodABC and a mutation in any of these prevents the
formation of nodules on inoculated plant roots (Nod phenotype) (Debruijn & Downie,
1991). The proteins encoded by nodABC, NodA (acyl-transferase), NodB (deacetylase) and
NodC (N-acetylglucosaminyltransferase or chitin synthase) function together to catalyze the
synthesis of the monoacylated tetrameric or pentameric chitin core structure required in
nodule formation (Spaink, 1996). They are found across the range of Rhizobium strains,
have no effect on plant specificity and so as such are functionally interchangeable between
strains (Kondorosi et al., 1984; Djordjevic et al., 1985; Fisher et al., 1985). The nodlJ
genes are often considered to be common nod genes as they are found in many rhizobial
species, including R. leguminosarum bv. viciae, bv. trifolii, R. etli and S. meliloti. Their
products, Nodl and NodlJ, are involved in the transport of Nod factors and are believed to be
part of an ATP-binding cassette (ABC) transporter (Evans & Downie, 1986; Cardenas et al.,
1996).

Additional nod genes appear to affect the nodulation efficiency on a given plant host
and also control host-plant sensitivity (Downie & Johnston, 1988); e.g. the main factor that
determines host specificity in R. leguminosarum is nodE (Spaink et al., 1989; Spaink et al.,
1991), whereas in S. meliloti nodH and nodPQ are responsible for specifying the nodulation
of alfalfa (Faucher et al., 1989, Roche ef al., 1991). By extensive genetic and
complementational analysis, thirteen different nod genes have been identified in R.
leguminosarum biovar viciae and are organised into five operons; nodABCILJ, nodD,
nodFEL, nodMNT and nodO (Downie & Surin, 1990; van Rhijn & Vanderleyden, 1995).
The organization of nod genes differs between different species, although nodDABCIJ are
normally clustered into one organizational unit.

Together these nod genes synthesize molecules known as Nod factors, which initiate

nodule formation in the plant.

1.1.2.2. Nodule Formation

On production of Nod factors, the bacteria then surround and attach to the root,

causing the root to start to curl (Yao & Vincent, 1969). Rhizobia trapped in a curled hair, or
6



between a hair and another cell, proliferate and begin to infect the outer plant cells, which in
turn stimulates plant cells to produce infection threads (Callaham & Torrey, 1981).
Bacteria released from infection threads into the cytoplasm of plant cells are surrounded by
the plant plasma membrane and then briefly replicate their DNA and divide before stopping
both processes (Robertson et al., 1978). Finally, the endosymbiotic forms of the bacteria
(referred to as bacteroids) make up a new organ of the plant on the root (called the root
nodule) and begin to fix nitrogen by the action of the enzyme nitrogenase (Xi et al., 2000).
As mentioned, the Rhizobium-legume symbiosis is very specific between both the
species of rhizobia and the species of legume involved (Long, 1989) and certain bacterial
genes will only activate under symbiotic conditions (Long, 1989; Cabanes et al., 2000).
Nodules formed on different plants by different bacteria nonetheless display striking

developmental similarities.

1.1.2.3. Nitrogen Fixation

Once the rhizobia are in the root nodules and have differentiated into bacteroids,
most nod genes are no longer expressed (Schlaman et al., 1991), probably due to the fact
that large quantities of Nod factors have been shown to bring about plant defence reactions
(Savouré et al., 1997), and the bacteroids express nitrogen fixing genes instead. Many
species of the family Rhizobiaceae possess the ability to fix atmospheric nitrogen, a
mechanism that is exclusive to prokaryotes (Long, 1989).

The bacterial genes for nitrogen fixation fall into two broad categories. Those that
have homologies amongst organisms (e.g. Klebsiella spp.) that can fix nitrogen in the free
living state are known as nif, whilst those that are unique to symbiotic nitrogen fixation are
known as fix (Arnold et al., 1988; Long, 1989). Mutations within these genes result in
Rhizobium that are still able to undergo nodulation with their legume hosts, but are unable
to fix nitrogen (Nod" Fix™ phenotype). While Rhizobium fix nitrogen within the nodules
produced by their host, a few have been shown to exhibit this property when growing in
pure culture; Azorhizobium caulinodans and some Bradyrhizobium strains exhibit low
levels of nitrogen fixation activity in older cultures (Dreyfus, ef al., 1988).

Nitrogenase is the two-component enzyme complex responsible for the process of
nitrogen fixation and is structurally highly conserved throughout nitrogen-fixing bacteria
(Dean & Jacobson, 1992). The a and B subunits of component I (the dinitrogenase or MoFe
protein) are encoded for by nifD and nifK respectively; component II (the dinitrogenase
reductase or Fe protein) is encoded for by nifH (Halbleib & Ludden, 2000). Component I
requires a co-factor, encoded by nifB, nifE and nifN genes, which is believed to be the site
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of substrate binding and reduction (Dean ef al., 1993; Kim et al., 1995). The genes nifH,
nifM, nifQ and nifV are also required for synthesis and maturation of the active enzyme
complex (Filler et al., 1986; Howard et al., 1986; Imperial et al., 1984). The enzyme is
slow in its action, large in size and can account for up to 30% of the protein present in
bacteroids (Haaker & Klugkist, 1987).

Just as there are rhizobial genes that are only expressed in roots as part of symbiosis,
there are also plant genes that only are expressed in these conditions; these are called
nodulins, which are only transcribed in nodules and include those responsible for the
production of leghaemoglobin (Fuller ez al., 1983). Leghaemoglobin binds oxygen but
releases it when the local concentration of O, drops below a certain level, thus providing a
high flux for the bacteroid to use in respiration, but an environment with low free oxygen
that is also required, as nitrogenase is irreversibly inactivated by oxygen (Appleby, 1984).
It is the pigment in leghaemoglobin that gives healthy nodules their pink/red colour.
Oxygen concentration is the trigger for nitrogen fixation and in S. meliloti it is the oxygen
sensing fixLJK that regulates this process (see section 1.2.2.3).

Nitrogenase made within these bacteroids converts N, into NH3 by reduction of di-
nitrogen gas and protons as indicated in the following reaction (Bergersen, 1965).

8H' + N, + 8¢ — 2NH; + H,

This is a very energy intensive process, as nitrogen is highly inert at normal
atmospheric temperature and pressure, and requires a minimum of 16 ATP molecules per
molecule of nitrogen reduced, although it has been estimated that the energy requirements
under certain circumstances may be as high as 42 ATP molecules per molecule of nitrogen
fixed (O’Brian, 1996). Therefore, bacteroids need to respire at a high rate to generate the
ATP required for nitrogen fixation, but it is believed that part of their metabolism is shut
down on entering symbiosis with the plant (Copeland et al., 1989). It has always been
believed that the plant provided carbon to the rhizobia (in the form of dicarboxylates) with
which to respire, in return for fixed nitrogen (in the form of ammonium); this was later
revised to fixed nitrogen (ammonium) and alanine (Allaway et al., 2000). However, recent
work has shown that the Rhizobium-legume symbiosis and the exchange between the two
organisms, is more complex (Lodwig et al., 2003).

The plant provides the bacteria with an environment with controlled amounts of
oxygen, dicarboxylates (taken in by rhizobia via the dicarboxylate transport (DCT) system)
and glutamate (or glutamine), which is then used for respiration in the Rhizobium via the
tricarboxylic acid (TCA), generating the ATP required for nitrogen fixation. In return the
bacteria supply the plant with ammonia, aspartate and alanine. Aspartate is converted into
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asparagine that is used by the plant, whilst the ammonia serves to replace the glutamate that
was donated to the bacteroid (Lodwig et al., 2003). This dependence on amino acid cycling
between rhizobia and legume has significant consequences on their symbiosis. The plant
provides amino acids to the bacteroids, allowing them to shut down ammonium
assimilation; likewise the bacteroids must export ammonia to the plant in order to obtain
amino acids. The plant cannot dominate the relationship by restricting amino acid
availability though, as the bacteroids act as plant organelles and as such are responsible for
the aspargine synthesis of the plant. This provides a selective pressure for mutualism
between the two organisms, rather than dominance on either side.

This process continues until the plant dies hence releasing its nitrogen into the
biomass and contributing to the nitrogen cycle. Rhizobium-legume symbiosis is the primary
source of fixed nitrogen in land-based systems, providing well over half of the biological

source (Zahran, 1999).

1.2.  Stress Response
1.2.1. What is a Stress Response?

When studying any living organism, it is important to know how each species grows
and responds to certain conditions that can be found in their natural environment.
Ascertaining how bacteria respond to environmental signals, or stressful conditions, is a
vital part to understanding how those microbes live, thrive and survive. Every bacterium
has optimum conditions that make this process easier, however in order to survive in a
changing environment (or some other form of stress) the bacteria must be able to adapt.
This adaptation is a stress response.

Two types of stress responses operate in microorganisms: the general stress response
and specific stress responses. The general stress response is normally controlled by a
single, or a few master regulators (Bremer & Krimer, 2000) and provides cross-protection
against a wide variety of environmental cues, regardless of the initial stimulant (Hecker e?
al., 1996, Hecker & Volker, 1998). This response is effective in allowing the cell to
survive, but it may not be enough to let the cell grow under the stressful conditions (Bremer
& Kramer, 2000). Under prolonged stress conditions cells employ specific stress responses,
which utilise highly integrated networks of genetic and physiological adaptation
mechanisms (Bremer & Kramer, 2000). Usually, there is also a complex relationship
between cellular response systems and global regulators, adding another level of control to
the cell’s emergency stress response and long-term survival reactions (Hengge-Aronis,

1999). Although the above description is usually what happens, not all general responses
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occur immediately on stressful stimuli as some activate on entry into stationary phase;
likewise some specific stress response are induced as soon as stress is detected.

Stress can take many forms, as shown below.

1.2.2. Examples of Stress Response in Rhizobium
1.2.2.1. Osmotic Stress

Water, and its availability, is one of the most vital environmental factors to affect the
growth and survival of micro-organisms (Potts, 1994). A change in the external osmolality
immediately causes water to be moved along the osmotic gradient, which could result in a
cell swelling and bursting (in hypotonic environments — hypo-osmosis), or plasmolysis and
dehydration (in hypertonic environments — hyper-osmosis). In general, cells respond more
rapidly to hypo-osmosis, than to hyper-osmosis as the risk of bursting is more severe than
that of dehydration (Wood, 1999). Maintenance of cell turgor is vital for almost any form
of life, as it provides the mechanical force for expansion of the cell wall (van der Heide et
al., 2001). Cells prevent these two possible outcomes by using active countermeasures to
retain a level of cytoplasmic water (Galinski & Triiper, 1994; Miller & Wood, 1996;
Poolman & Glaasker, 1998).

Bacteria may detect a change in osmotic pressure by many different ways,
including: a change in cell turgor, deformation of cell membrane and changes in the
hydration state of membrane proteins; but the key signal is believed to be a change in
intercellular ionic solutes (Poolman et al., 2002). Potassium ions (K') are rapidly
transported into cells and accumulated immediately after an osmotic upshift, although they
have no known function within bacteria other than to act as a secondary messenger to
activate other hyper-osmotic stress responses (Miller & Wood, 1996; Wood, 1999).

Two distinct mechanisms are responsible for initialising the movement of water
across a cell membrane under osmotic stress. Simple diffusion is usually adequate in
balancing solute levels under low osmotic conditions; however, a much faster transfer of
water is achieved through water-specific channels (aquaporins) (Bremer & Kramer, 2000).
Aquaporins facilitate rapid water movement across a cell membrane, are abundant in animal
and plant cells (Agre et al., 1995) and are also present in Saccharomyces (Bonhivers et al.,
1998) and in several bacterial species (Bremer & Kriamer, 2000). The E. coli aquaporin
(AgpZ) (Calamita et al., 1995) serves as a model for bacterial water channels and has been
shown to mediate rapid and large water fluxes, both into and out of a cell, in response to an
osmotic up- or downshift (Delamarche ef al., 1999). This shows that aquaporins can play

an important role in the survival of bacteria under osmotic stress.
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A more flexible and versatile osmotic stress response is used by bacteria that
generally inhabit environments of varying salinity or water activity (Bremer & Krimer,
2000). This group of bacteria, which include rhizobia, utilise osmoprotectants and
compatible solutes. Osmoprotectants are exogenous solutes that stimulate bacterial growth
in an environment with high osmolality, whilst compatible solutes are specific organic
osmolytes that accumulate in high amounts within a cell to counter a hyper-osmotic
gradient, but do not conflict with cellular functions (Miller & Wood 1996). Several
compatible solutes have also been shown to stabilise enzyme stability in cells under
stressful conditions (Poolman et al., 2002). Some compounds can function as
osmoprotectants and compatible solutes, whilst some can only function as one of these
groups. Many osmprotectants are transported into the cytoplasm where they act as, or are
converted into compatible solutes. = Compatible solutes can be collected in high
concentrations (several moles per litre) (Bremer & Krdamer, 2000). Since only a limited
number of compounds meet the required criteria, the same compatible solutes are employed
against hyper-osmosis throughout various bacteria (Braun, 1997). Different compatible
solutes work more effectively then others within their bacteria; e.g. glycine betaine is more
effective in S. meliloti and E. coli than it is in Bacillus subtilis (Botsford & Lewis, 1990);
whilst proline is a compatible solute in E. coli but not in rhizobia (Gloux & LeRudulier,
1989). Also, the strength of hyper-osmolarity can determine how the bacteria respond and
what osmoprotectants are used (Breedveld et al., 1990; Gouffi et al., 2000). In a similar
way, the compound used to bring about hyper-osmosis can stimulate a stronger stress
response compared to others; e.g. generally sodium chloride (NaCl) induced hyper-osmosis
causes a stronger stress response then sucrose induced hyper-osmosis, due to the ionic
nature of NaCl (Gloux & Le Rudulier, 1989). Compatible solutes can either by synthesised
de novo, when required by the bacteria, or they are accumulated from the environment,
depending on the situation. Under conditions where osmotic upshift is severe and
immediate, cells do not have the time required to synthesise compatible solutes and so must
acquire them from their environment. In general, rhizobia do not, or cannot, synthesise
their own solutes so use uptake systems to accumulate them (Gloux & Le Rudulier, 1989).

The two most studied systems used to transport compatible solutes are ProP and
ProU in E. coli. ProP is a secondary transporter that is predominately controlled post-
translationally and is strongly activated by an osmotic upshift; however, transcription of the
gene that encodes for it (proP) is also enhanced under hyper-osmosis but only two- to five-
fold (Csonka & Epstein, 1996). ProQ is known to be required post-translationally for the
optimum functionality of ProP, but the actual function ProQ has is unknown (Smith et al.,
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2004). ProU is an ABC transporter encoded by the proU operon (proVWX) that is
transcriptionally induced more than 100-fold under hyper-osmosis (Csonka & Epstein,
1999). ABC transporters have been identified in eukaryotes and prokaryotes. They can
transport a wide variety of substrates including amino acids, sugars, inorganic ions,
polysaccharides and peptides (Walshaw, 1995). In eukaryotes, ABC transporters have been
linked to cystic fibrosis and multidrug resistance (Higgins & Linton, 2004). ABC
transporters are made up of four domains; consisting of two integral membrane permeases
(IMP) and two ATP-binding cassette (ABC) domains that energise the transport (Fig. 1.1).
Both the IMPs and ABCs can be homodimers or heterodimers. As well as the four core
domains, prokaryotic ABC transporters involved in solute uptake use a substrate-binding

protein (SBP), which is found in the cell’s periplasm.
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Figure 1.1. Prokaryotic ABC Transporter Schematic.

SBPs are essential for optimum uptake via the transporter with which they are
associated, as shown by spheroplast studies (Heppel, 1969); however, some mutants show

limited uptake in the absence of SBPs (Petronilli & Ames, 1991). Spheroplasts are
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essentially cells with their outer membrane and cell wall removed, so all periplasmic
components escape. This means spheroplasts contain no SBPs and so transport via ABC
transporters is no longer possible. Spheroplasts can still maintain solute exchange with
their environment through secondary transporters, as these do not require SBPs. This
ability is used to check that spheroplasts are still viable and had not burst during the hyper-
osmotic conditions (20% sucrose) used in spheroplast generation (Hosie et al., 2002b).
SBPs tend to be highly solute specific, although in some cases ABC transporters can
interact with more then one SBP (Higgins & Ames, 1981). Generally, the number of ABC
transporters in an organism is proportional to its genome size, i.e. the larger the genome, the
more ABC transporters. However, o-proteobacteria often have a disproportionately
increased number of ABC transporters (Konstantinidis & Tiedje, 2004). It is theorised that
as o-proteobacteria are so ecologically versatile, they need a wider range of ABC
transporters in order to deal with the various conditions they may encounter.

Neither ProP or ProU respond to osmotic upshift directly, as both require K to be
activated (Csonka & Epstein, 1996). ProP and ProU were both named after proline, a
strong osmoprotectant of E. coli that both systems are responsible for transporting,
however, as mentioned above, proline does not act as an osmoprotectant in rhizobia (Gloux
& LeRudulier, 1989). Rhizobium can use proline betaine, as well as glycine betaine and
other betaines (or quaternary amine compounds — QACs) (Bernard ef al., 1986). QACs are
N-methylated compounds and other methylated compounds can also act as compatible
solutes, such as some S-methylated compounds, which have been shown to be effective in
E. coli. The protection provided by S-methylated compounds has been shown to be limited
to 3-dimethylsulfoniopropionate (DMSP) in S. meliloti, as 2-dimethylsulfonionacetate
(DMSA) is in fact toxic (Pichereau et al., 1998).

Given the models provided by the ProP and ProU systems, transporters that may
import compatible solutes into rhizobia have been investigated and there are potentially two
homologous systems in S. meliloti. The SBP component of an ABC transporter has been
found that is induced on osmotic upshift and specific to glycine betaine (Talibart et al.,
1990; LeRudulier et al., 1991), indicating the presence of a ProU-like system. Whilst a
secondary transporter, BetS, is present that is analogous to ProP in that it is also is
consitiutively expressed but activated rapidly by hyper-osmosis and transports proline
betaine and glycine betaine into stressed cells (Boscari et al., 2002). Choline is also
collected by S. meliloti when under hyper-osmosis, however, it is not accumulated and so is
an osmprotectant and not a compatible solute (Brhada et al., 2001). This is because the
Rhizobium has the ability to break choline (or choline-O-sulphate) down into glycine
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betaine, converting it into the compatible solute. This is accomplished by the bet/CBA
operon and its products; a choline sulfatase (betC), a choline dehydrogenase (betd), a
betaine aldehyde dehydrogenase (betB) and the regulator of this system (bet/) (Mandon et
al., 2003). There are three choline transport systems in S. meliloti but none of these are
induced by an osmotic upshift (Dupont at al., 2004). Hyper-osmosis also effects bacteroids
in root nodules and is detrimental to the nitrogen-fixing process; many genes involved in
osmotic upshift stress response in free-living bacteria are also required for efficient
symbiosis and nitrogen fixation (Nogales et al., 2002; Djordjevic et al., 2003). Choline,
glycine betaine and proline betaine uptake have been observed in S. meliloti bacteroids,
alleviating stress and restoring nitrogen fixation (Fougere & LeRudulier, 1990a & b).
Choline and other betaines are readily found in plants, providing a source for nodules under
stress (Fougére & LeRudulier, 1990b; Pichereau et al., 1998). Rhizobia, unlike E. coli, can
use choline, glycine betaine and proline betaine as carbon and/or nitrogen sources, although
the metabolic pathways associated with these compounds are all repressed when cells are
growing under hyper-osmotic stress (Miller & Wood, 1996).

Trehalose is another compatible solute used by rhizobia, however, this compound is
normally synthesised by the stressed bacteria instead of being transported into the cells
(Breedveld et al., 1990) although some import does occur (Miller & Wood, 1996). Like
choline and the betaines, trehalose can be used by Rhizobium as a carbon source, although
genes involved in this metabolic role are repressed under an osmotic upshift (Breedveld et
al., 1993). Glutamate is very similar to trehalose: it can be used as a compatible solute in
rhizobia, it is synthesised in stressed cells instead of transported in and is a carbon source,
but again these metabolic genes are repressed under hyper-osmosis (Botsfold & Lewis,
1990; Breedveld et al., 1990; Gonzalez-Gonzalez et al. 1990). Glutamate appears to be
accumulated at a lower osmotic threshold to trehalose though, showing that bacteria use
different solutes in response to different degrees of stress (Miller & Wood, 1996). N-
acetylglutaminylglutamine amide (NAGGN) is also synthesised by S. meliloti under
osmotic upshift but in higher concentrations than trehalose, however, NAGGN cannot be
used as a carbon or nitrogen source (Smith & Smith, 1989). The biosynthetic pathway of
NAGGN has not been fully characterised though an N-actetylglutaminylglutamine sythetase
has been identified that is transcriptionally induced under hyper-osmosis and is stimulated
by the presence of K (Miller & Wood, 1996). The role of NAGGN as a compatible solute
appears to be limited to S. meliloti as it is not accumulated in other rhizobia (including R.

leguminosarum and R. fredii) (Smith & Smith, 1989).
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Pipecolic acid (PIP), an imino acid, has been shown to act as an osmoprotectant in S.
meliloti as its presence promotes the restoration of growth in bacteria under severe hyper-
osmosis. Interestingly, both the p- and - isomers of PIP must be supplied together to be
effective; it is believed that only p-PIP accumulates to relieve osmotic pressure whereas | -
PIP participates in the synthesis of glutamate and NAGGN (Goulffi et al., 2000). Ectoine, a
tetrahydropyrimidine, is another osmoprotectant in several rhizobial species (and E. coli)
and has been shown to be as effective as proline betaine in improving the growth of S.
meliloti under an osmotic upshift (Talibart et al., 1994). It is believed to be imported into
cells by an ABC transporter (and by a separate system to that of glycine betaine), but it does
not accumulate in Rhizobium and instead stimulates the synthesis of trehalose, glutamate
and NAGGN (Talibart ef al., 1994). Ectoine can also be used by Rhizobium as a carbon
and/or nitrogen source (Miller & Wood, 1996).

Disaccharides have also been recognised as osmoprotectants; however, this function
has not been investigated extensively as disaccharides are commonly used as growth
substrates and also as a means to induce hyper-osmosis experimentally (Gouffi ef al., 1999).
These sugars do not accumulate in the cell and instead act as a driving force for the
Rhizobium to grow and divide, employed if compatible solutes begin to deplete.
Interestingly, only certain disaccharides can function in this way; e.g. sucrose can whereas
lactose cannot (Gouffi et al., 1999). Further to this, a glucose-6-phosphate dehydrogenase
(encoded by the zwf gene) is required for sucrose (and trehalose) to be efficient
osmoprotectants, but not for ectoine or glycine betaine (Barra et al., 2003). It is believed
that the glucose-6-phosphate dehydrogenase involvement in the hyper-osmotic stress
response results from the production of reactive oxygen species that may have been
produced during the osmotic upshift. This suggests a cross over between hyper-osmosis
and oxidative stress response.

Although most work has been conducted on S. meliloti, there are similarities
between the compatible solutes used by this and by R. leguminosarum, R. tropici, S. fredii,
R. galegae, Agrobacterium tumefaciens, M. loti, M. huakuii, Agrobacterium rhizogenes, R.
etli and B. japonicum (Boncompagni et al., 1999). This further emphasises the fact that as
only a limited number of compounds meet the criteria and that the same compatible solutes
are employed against hyper-osmotic stress throughout many bacteria (Braun, 1997). When
the surrounding environment drops below hyper-osmotic, the bacteria need to be able to
dispose of the acquired compatible solutes quickly or suffer from hypo-osmosis. This is
done by either, initiating an efflux system (Wood, 1999), or by the active catabolism of the
compounds (Fougére & Le Rudulier, 1990b).
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Table 1.2 summarises the above osmoprotectant/compatible solute data specifically
for S. meliloti as that is the most studied organism, although as mentioned above the solutes

and their effects have been recorded in other species of rhizobia.

Table 1.2. Use of Osmoregulatory Solutes by S. meliloti. Table shows if
solutes are accumulated as compatible solutes or not, how they get into cells
(by syntheis or uptake) and if they can be used as a carbon/nitrogen source.

Solute Accumulated | Synthesized | Transported | C/N
Proline - - - T
Proline betaine + - +
Glycine betaine + - + +
Choline - - + T
Trehalose + + + +
Glutamate + + - +
NAGGN + + - -
PIP - - T T
Ectoine - - + +
Disaccharides - + + +

Other changes recorded in rhizobia experiencing hyper-osmosis include changes in
the synthesis of extracellular, capsular polysaccharides and lipopolysaccharides (LPS). This
alteration in the cell’s membrane can impair the Rhizobium-legume interaction; LPS is
especially important for nodule development (Zahran, 1999). Entry into stationary phase
caused by nutrient limitation can also protect cells from osmotic upshift (Thorne &
Williams, 1997) and cross over between acid stress, osmotic stress and the responses they
induce is very common as a change is osmotic gradient can lead to a change in pH gradient
and visa versa (Fujihara & Yoneyama, 1993; Leyer & Johnson, 1993). Hyper-osmotic
stress can also lead to nutrient stress (see below).

A study using a genome-wide DNA microarray to monitor the gene expression of S.
meliloti under osmotic upshift generated by NaCl has recently been conducted and revealed
the induction and repression of many genes (Riiberg et al., 2003). A decreased expression
of flagellum genes (flad, flaB, flaC, flaD) and chemotaxis genes (mcpZ, mcpX, cheYl,
cheW3) was observed suggesting S. meliloti can shut down flagella synthesis (a process
requiring large amounts of energy) under adverse conditions, which may help to save more
energy for survival; E. coli employs a similar strategy (Shi et al., 1993). The repression of
genes involved in cysteine (cysK2), proline (smc03253), serine (serd, serC) and thiamine
(thiC, thiE, thiG) biosynthesis as well as those related to iron uptake was also seen. The
latter included genes involved in the synthesis and regulation of the siderophore rhizobactin
1021 (rhbA, rhbC, rhbD, rhbE, rhbF, rhrA, rhtA and sma2339), genes connected to

siderophore-type iron transporters (exbD, exbB), genes encoding a haem compound
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transporter (hmuT, hmuS) and other genes related to iron uptake (smc02726, smb21431,
smb21432, smc00784, fhuAl, fhuA?).

In contrast, 14 genes involved in transport of small molecules like amino acids,
amines and peptides (smb20476, smb21572, dppA2, smc03124, smc04293, smc04439),
anions (phoD, phoE, phoT) and alcohols (smc02774) were induced under the osmotic
upshift. These genes are most likely involved in the accumulation of compatible solutes (as
mentioned above). Genes which are involved in surface polysaccharide biosynthesis and
regulation were also found to be induced in response to salt stress (smb20825, exoY, exoN,
exsl). This supports the data that the synthesis of extracellular, capsular polysaccharides
and LPS are altered under hyper-osmosis (see above).

All of the above examples (with the exception of aquaporins) deal with Rhizobium
encountering hyper-osmosis, as this is more common and the most studied form of water
stress, however, cells may also have to deal with hypo-osmosis. Under these conditions
bacteria can use mechanosensitive channels that detect tension in the cell membrane and
open, allowing water and solutes to escape with little discrimination except for size
(Poolman et al., 2002). E. coli has three main mechanosensitive channels, MscL
(mechanosensitive channel of large conductance), MscS (small conductance) and MscM
(mini conductance). These proteins are constitutively expressed and open at different
membrane tensions, with more tension required to gate the channels with larger
conductance, providing the cells with another degree of control to the response they use (Li
et al., 2002). Recently another mechanosensitive channel (MscK) has been found that is
regulated by K™ and appears to have more of a physiological role than the other channels (Li
et al., 2002). Initial studies showed no genes with significant sequence identity to any of

the msc genes in the preliminary genomic sequence of 3841.

1.2.2.2. pH Stress

One of the most important factors that affects the efficiency of symbiosis between
rhizobia and plants is the pH of the soil in which they interact (Glenn & Dilworth, 1994).
The host plant to any symbiotic Rhizobium appears to be the limiting factor for growth in
extreme pH, as most legumes require a neutral or slightly acidic soil for growth especially
when they depend on symbiotic nitrogen fixation (Zahran, 1999). Every bacterium has its
own optimum conditions, under which it grows at its best. Although neutral conditions are
generally optimum for bacteria, different species of Rhizobium display varying degrees of
pH resistance as measured by their ability to grow (not just survive) (Glenn & Dilworth,
1994). Some mutants of R. leguminosarum have been reported to be able to grow at a pH as
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low as 4.5 (Chen et al., 1993), S. meliloti is viable only down to pH 5.5 (Foster, 2000), S.
fredii can grow well between pH 4 — 9.5 but B. japonicum cannot grow at the extremes of
that range (Fujihara & Yoneyama, 1993). These values are the extremes, when the rhizobia
can no longer grow; their growth starts to be impeded between 1 and 2 pH units before
those figures, as does their ability to successfully nodulate (Richardson & Simpson, 1989).

The more common, and characterised, pH stress found in soil is acidic as opposed to
basic, though defence mechanisms are similar (Fujihara & Yoneyama, 1993). Many Gram-
negative and Gram-positive neutralophiles utilise different, and in several cases
overlapping, approaches for coping with acid stress. Some inducible systems raise the
internal pH of the bacterium, in order to counter any intruding acidic molecules or
protonated species. These systems employ ABC systems (see above) and other transport
mechanisms to either move acidic molecules out of the cell, or import basic ones (Foster,
2000; Priefer et al., 2001). This process is only usually successful if the difference between
internal and external pH is of approximately 1 pH unit (Foster, 2000).

Another common response to acid shock is for the bacteria to produce acid shock
proteins (ASPs). These contribute to acid tolerance by conferring acid protection on the
bacteria but do not alter the internal pH of the cell (Foster, 1993). Some ASPs are induced
by the internal pH, whilst others are induced by the external pH (Foster, 2000). There are
two main types of ASPs: chaperones and proteases. Chaperones are proteins that either
bind to other proteins, preventing them from misfolding under stress; some can also repair
proteins that have already misfolded as a result of the acidic conditions (Foster, 1993 &
2000). Proteases are enzymes that break down any misfolded proteins that the chaperones
cannot save (Foster, 1993 & 2000). This response generally takes over from the previously
described ‘pump’ mechanism when external pH gets too acidic.

At least twenty genes have been identified in R. leguminosarum that are specific to
acid stress response in rhizobia and are termed act genes (acid tolerance) (Kurchak et al.,
2001). In order to bring about an acid shock response the bacteria and/or root nodule must
have some form of sensing mechanism (Glenn & Dilworth, 1994). Such systems for
environmental sensing and response are generally made up of two components: a sensor and
a regulator, and one has been found in S. meliloti; the genes actR and actS encode for the
regulator and sensor respectively (Tiwari et al., 1996b). ActS is the membrane bound
product of actS that, on detection of external acidity, activates ActR (product of actR) via
phosphorylation. ActR then goes on to activate the transcription of other acid response
genes within the bacterium (Tiwari et al., 1996b). Research on S. meliloti has shown that
calcium can also play a key role in acid tolerance (Tiwari et al., 1996a). It has been shown
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that some tolerance mechanisms can function under greater stress (i.e. increasing acidity) on
addition of increasing amounts of calcium (Tiwari et al., 1996a). Although how calcium
facilitates this longevity is unknown, it has led to a new means of grouping acid stress
response, either calcium repairable or not (Tiwari et al.,, 1996a). In a similar way,
glutathione has been shown to be involved in acid tolerance (as well as other stresses) in
Rhizobium tropici, though it is not known how (Riccillo ef al., 2000). Perhaps the thiol
forms a complex with the reactive protonated species, thus removing their effect over the
bacterial cells.

TypA is also required for growth at low pH and is believed to act as a regulator by
controlling the phosphorylation of proteins (Kiss et al., 2004a). Acid shock has also been
shown to induce the pH regulated repressor (PhrR) protein (Reeve et al., 1998). It was
suggested that exopolysaccharides (EPS) may have a protective role, as Rhizobium that
produce greater amounts of EPS are able to survive in acidic conditions more successfully
than Rhizobium that can only produce smaller amounts (Cunningham & Munns, 1984).
Potassium and phosphorus are also known to increase in concentration in R. leguminosarum
cells exposed to acid stress, though the role they play is unknown — possibly secondary
messengers (c.f. potassium in hyper-osmotic stress) (Watkin et al., 2003).

The responses outlined above are all initiated by the stress, however, some genes are
constitutively expressed that function under stress conditions; e.g. act4 in S. meliloti, the
first rhizobial acid tolerance gene to be found (Tiwari et al., 1996a). The membrane bound
product of actA is basic and responsible for maintaining internal pH at around 7, when the
external pH drops below 6.5 (Tiwari et al., 1996a). Mutants defective in this gene are
unable to maintain intracellular pH and cannot grow at a pH lower then 6. Although it is
know to be expressed, it is unknown what the function of this gene, or its product, is under
neutral conditions (Tiwari et al., 1996a).

Entry into stationary phase caused by nutrient limitation can protect against acid
stress (Thorne & Williams, 1997) and cross over between acid stress, osmotic stress and the
responses they induce is very common as a change is osmotic gradient can lead to a change
in pH gradient and visa versa (Fujihara & Yoneyama, 1993; Leyer & Johnson, 1993).
Acidic stress can also lead to metal stress and nutrient stress (see below).

High pH can also prevent Rhizobium from growing and undergoing nodulation,
although R. leguminosarum bv. trifolii has been reported to colonise soil at a higher rate and
produce nodulates at a higher frequency in alkaline conditions; it is also known to grow

unaffected at pH 11.5 (Zahran, 1999). Homospermidine, a polyamine present in high

19



concentrations in root nodule bacteria, is also known to accumulate in B. japonicum in

alkaline conditions, although its function is unknown (Fujihara & Yoneyama, 1993).

1.2.2.3. Oxygen/Oxidative Stress

Given the prominent role of oxygen in the critical function of energy generation as
well as in the generation of oxidative stress, it is not surprising that many organisms sense
and adapt to changing oxygen concentrations in their environment (Patschkowski et al.,
2000). Such adaptive strategies are well illustrated in the lifestyles of many bacteria, where
oxygen tension serves as an important environmental cue to initiate major changes in gene
expression. The oxygen sensitive assimilatory process of nitrogen fixation in rhizobia-
legume symbiosis but the need for oxygen in order for cells to respire is an example of the
balance that must be carefully controlled (Fischer, 1994).

The root nodules formed as part of symbiosis between bacteria and plant, as
described above, provide the ideal and essential microaerobic environment for the nitrogen-
fixing bacteria. However, not all genes induced (or repressed) by low oxygen
concentrations are involved within a root nodule or in nitrogen fixation (and visa versa), so
there is a clear difference between genes regulated by limited oxygen and by the symbiosis
process (Becker et al., 2004). In S. meliloti a two-component regulatory system, encoded
by the genes fixL (sensor) and fixJ (regulator), is responsible for sensing microaerobic
conditions and controls the expression of at least 11 other loci, also induced by low oxygen
concentrations (Trzebiatowski et al., 2001). FixJ controls the expression of many symbiosis
specific genes via the activation of the FixK, which is otherwise repressed by FixT (Batut et
al., 1989; Foussard et al., 1997). FixK is the microaerobic regulatory protein for the
fixNOQP operon, which is essential for symbiotic nitrogen fixation (Lopez et al., 2001).
Although the FixL/FixJ system is responsible for the regulation of most of the genes in S.
meliloti under low oxygen conditions, mutational analysis has found some genes/operons
that can activate independently of the sensor/regulator, indicating the presence of at least
one other regulatory system or level of control (Trzebiatowski ef al., 2001). While the S.
meliloti requires FixLJK to regulate nitrogen fixation, the mechanism is much more
complex in R. leguminosarum; e.g. R. leguminosarum bv. viciae VF39 has two FixK/Fnr-
like genes but no FixJ, and a FixLL homologue that is a hybrid of FixL and FixJ that
performs the functions of both proteins (Patschkowski et al., 1996; Lopez et al., 2001).

Oxidative stress is quite different to changes brought about by oxygen gas; it is
caused by increased levels of superoxide anions (O,¢), hydrogen peroxide (H,O,) or
hydroxyl radicals (HOe¢) (Storz & Zheng, 2000). These reactive species, which can be

20



generated by exposure to radiation, metals and redox-active drugs, can lead to the damage
of all cellular components by a similar mode of action to protonated species generated
acidic stress (see above). In addition, animals, plants and microorganisms all possess
mechanisms to specifically generate oxidants as a defence against bacterial invasion (Storz
& Zheng, 2000). As legumes produce this defensive response regardless to the bacteria
‘attacking’ it, Rhizobium must overcome this stress in order to undergo symbiosis (Santos et
al., 2001). The general response for bacteria against oxidative stress is to produce
reductases and other compounds, such as catalases. These counter the oxidative nature of
the reactive species, preventing them from damaging the cell (Storz & Zheng, 2000).

S. meliloti contains three genes that encode for catalases, katA (induced by H,O,),
katB (constitutive) and katC (induced on entry to stationary phase) (Sigaud et al., 1999).
KatA is involved with protecting free-living cells from oxidative stress, whilst KatB and
KatC are required for cells to successfully by-pass plant defence systems and undergo the
nodulation process (Jamet et al., 2003). Catalase activity in R. leguminosarum bv. phaseoli
is dependent on growth phase, as stationary phase cells were more resistant to lethal
concentrations (3mM) of H,O, than those in exponential phase. Also cells that were
exposed to low-levels (200uM) of H,O, were more resistant to later exposure to 3mM H,0,
(Crockford et al., 1995). Oxidative shock has also been shown to induce the PhrR repressor
protein (Reeve et al., 1998).

Rhizobium cells have been shown to be resistant to oxidative shock in response to
other stresses, as part of a cross-protection, and by the NolR regulator (Thorne & Williams,
1997; Chen et al., 2000). Glutathione has also been shown to contribute to the oxidative
stress response in R. tropici, in the same way as it does in acid tolerance, though it is
unknown how (Riccillo et al., 2000). Perhaps the thiol forms a complex with the reactive

oxygen species, thus removing their effect over the bacterial cells.

1.2.2.4. Metal Stress

Many of the transitional elements function as essential cofactors in metabolic
pathways and are required for microbial growth. However, when in excess these, and other
metal ions, can lead to harmful effects in bacteria, including enzyme inhibition, biopolymer
hydrolysis and uncontrolled redox reactions within the cell (Outten er al., 2000).
Characterising the minimum and maximum concentrations of each metal is imperative in
determining the difference between a standard and a stress response. Stress response genes

are induced as metal ion concentrations increase from starvation to toxic levels.
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Metal ions are known to cause oxidative stress by the Fenton reaction and whilst
there is some knowledge as to how rhizobia counter oxidative stress (see above), there is
little known on that caused by heavy metals (Balestrasse et al., 2001). It has been shown
that there are genes that are expressed under general metal stress (Outten ef al., 2000) and
genes expressed to a specific metal, such as nickel (Singh et al., 2001). Responses to some
of these metals have been characterised; e.g. high intercellular carbohydrates and large cell
inclusions increase the resistance of R. leguminosarum to cadmium, copper, nickel and zinc,
whilst production of thiols has also been shown to counter heavy metal-induced oxidation
(Balestrasse et al., 2001; Singh et al., 2001). Thiols bind to the metal ions, forming a
complex and preventing any cell damage by inactivating the ion’s redox potential and have
been shown to be effective against cadmium, gold, mercury and lead toxicity (Singh et al.,
2001).

Some responses are not as well understood; e.g. the previously described acid
tolerance gene act4 seems to be required in S. meliloti to bring about copper and zinc
resistance, though it is not known why (Tiwari ef al., 1996a). Furthermore, mutations in the
acid-induced genes act4, actR or actS are sensitive to copper and zinc, although this
phenotype is calcium repairable (Reeve et al., 2002). A connection between acidity and
metal toxicity has previously been identified (Keyser & Munns, 1979; Dilworth et al.,
2001) and an acid-induced copper pump, ActP, has also been found in S. meliloti that is
controlled by a heavy metal-responsive regulator (HmrR) (Reeve et al., 2002). Copper and
zinc also bring about the activation of the PhrR repressor (Reeve et al., 1998).

In Rhizobium-legume symbiosis, it is usually the plant that is the limiting factor with
regard to tolerance to metal toxicity. This has been illustrated with aluminium, copper, iron
and cadmium (Richardson et al., 1988; Balestrasse et al., 2001) and can sometimes be the
case with other stresses as well (see pH and oxygen stress, above). Nodules can help plants
survive because the bacteroids counter metal stress (by thiol inactivation as outlined above),
further supporting the fact that symbiosis is mutually beneficial to legume and rhizobia

(Balestrasse et al., 2001).

1.2.2.5. Temperature Stress

As has been already mentioned, every bacterium has its own optimum conditions,
under which it grows at its best. For most rhizobia, the optimum temperature range for
growth is 28 — 31°C, and many are unable to grow at 37°C (Zahran, 1999). Not only do the
bacteria themselves have an optimum temperature range, but the processes within them do
as well. Temperature affects root hair infection, bacteroid differentiation, nodule structure,
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the functioning of the legume root nodule and nitrogen fixation. These processes usually
function over a range of ~5°C, but this differs between legumes and is obviously dependant
on the environment the rhizobia naturally occupy (Zahran, 1999). Temperature stress is
generally divided into two classes: heat shock and cold shock.

Bacterial heat shock is the more characterised of the two (Phadtare et al., 2000).
The heat shock response is very similar to the acid stress response, in that many proteins
with a similar mode of action are synthesised. Heat shock proteins (HSPs) contribute to
heat tolerance by conferring heat protection on the bacteria but do not alter the internal
temperature of the cell (Yura et al., 2000). Like ASPs, there are two main types of HSPs:
chaperones and proteases. These work in the same way as the ASPs, as outlined in pH
stress above. HSPs, and their regulation, structure and function, have been studied in great
detail. Their function appears to be highly conserved between both prokaryotes and
eukaryotes (Netzer & Hartl, 1998). Some of these proteins are also vital under normal
(non-heat shock) growth conditions (Miinchbach et al., 1999).

Most bacteria only have a small number of HSPs but Rhizobium seem to be an
exception to this observation (Michiels et al., 1994; Wallington & Lund, 1994); e.g.
research has shown that R. leguminosarum contains at least three copies of the HSP gene
cpn60 that encode for Cpn60 (or GroEL) (Wallington & Lund, 1994). The Cpn60 protein
interacts with another protein called Cpnl0 (or GroES) encoded by c¢pnl( and a copy of a
cpnl0 gene is upstream of at least two of the cpn60 genes (Wallington & Lund, 1994). A
superfamily of at least six small HSPs, one of which is essential for symbiosis, has also
been located throughout the Rhizobium, though initially in B. japonicum (Miinchbach et al.,
1999; Natera et al., 2000). It is unclear why rhizobia possess so many HSPs in comparison
to other bacteria, it may be so they can bring about an immediate response in times of heat
stress, minimising damage caused. It may also be that the genome of Rhizobium contains
many copies of many genes that could be homologues or paralogues; this indicates that a
high level of redundancy in some systems may be present.

Like acid tolerance, heat tolerance can also induce cross protection against other
stresses, indicating it is a can be part of a general stress response. However, the rhizobial
superfamily of small HSPs mentioned above have not been shown to offer any cross
protection indicating that a specific response to heat stress is also present (Miinchbach et al.,
1999).

Cold shock is essentially the opposite of heat shock. Instead of proteins misfolding
and denaturing, cells undergoing cold shock have to contend with a loss of membrane and
cytosol fluidity and with the stabilisation of secondary structures of RNA/DNA (Phadtare et
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al., 2000). RNA/DNA stabilisation leads to a decrease in the efficiency of translation,
transcription and replication. Bacterial cold shock response is an immediate and transient
response to the temperature downshift. This is followed by low temperature adaptation that
allows continued growth at low temperatures (Panoff et al., 1997). Generally, bacteria
overcome loss of fluidity by increasing the amount of unsaturated fatty acids in the
membrane phospholipids (Phadtare et al., 2000).

Cold shock response also leads to the production of many cold shock proteins
(CSPs). Just like ASPs and HSPS, these too are mainly chaperones and proteases (Phadtare
et al., 2000). However, instead of protecting against the misfolding of proteins, the CSP
chaperones are primarily used to bind to RNA/DNA to prevent stabilisation and allow
translation and transcription to proceed as usual (Phadtare ef al., 2000). CspA is an RNA
chaperone and a major CSP found in many bacteria (Jiang et al., 1997). A CspA
homologue is present in S. meliloti and is induced following a temperature downshift from
30 to 15°C, along with the three rRNA (rrn) operons. It is unknown what function the
genes and products of the r7n operons or CspA have in response to cold shock, as mutations
made in these genes showed no change in cell phenotype at 15°C compared to the wild-type
(O’Connell et al., 2000; Gustafson et al., 2002). TypA is also required for growth at low
temperatures and is believed to act as a regulator by controlling the phosphorylation of
proteins (Kiss et al., 2004a).

Both HSPs and CSPs have been shown to be induced by other stresses, as part of a
cross-protection, and by the NolR regulator, which is more associated with the nodulation

process (Thorne & Williams, 1997; Chen et al., 2000).

1.2.2.6. Starvation Stress

When in their natural environment, rhizobia are rarely in conditions with a constant
nutrient supply, sometimes, albeit even more rarely, nutrients are in abundance. More often
than not, the bacteria are starving with no, or only sub-optimal levels of, nutrients present.
When growing at sub-optimal levels of nutrients bacteria express appropriate cellular
responses and many different things can be termed as nutrients for bacteria, including
energy, carbon, nitrogen, phosphorus, sulphur and other trace compounds (Ferenci, 2001).
From this list carbon, nitrogen and phosphorus limitation are the best studied within
rhizobia. Non-growth is ordinarily the rule as opposed to the exception in most natural
environments with the majority of bacteria being in a nutrient-limited stationary phase (the
stringent response) (Wells & Long, 2002). Rhizobium have therefore developed a number
of mechanisms that allow them to survive even long-term nutrient starvation and then to
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resume growth once conditions are favourable again (Thorne & Williams, 1997; Djordjevic
et al.,2003).

Spore formation is a strategy used by some bacteria (Bacilli, Clostridia, Myxococcus
and Azospirilli) to survive these periods, however most bacteria, which include the
Rhizobiaceae, lack this survival mechanism (Thorne & Williams, 1997; Summers et al.,
1998; Davey & de Bruijn, 2000). In the majority of cases, nutrient starvation is not a rapid
occurrence, so Rhizobium are able to enter stationary phase on detection of the early stages
of nutrient limitation. If nutrients are removed quickly, R. leguminosarum in exponential
growth phase are unable to adapt and only cells that are in stationary phase will survive
(Thorne & Williams, 1997). Many mechanisms exist which detect and regulate the entry
into stationary phase in nutrient deprived bacteria. These include a novel two-component
sensor-regulator system pairing a TspO homologue (regulator) and the microaerobic sensor
FixL, in S. meliloti. This mechanism is required for full expression of a nutrient-deprivation
induced (ndi) locus, although it is unknown what function the genes, and products, of the
ndi locus have in response to starvation. The ndi locus is also activated under osmotic
stress and oxygen limitation, which further illustrates the cross-induction and overlapping
responses that can occur in rhizobia (Davey & de Bruijn, 2000).

On entering stationary phase, cells undergo many changes. The most important one
is that cell metabolism slows to an almost halt. This is due to the obvious fact that the
bacteria have little or no nutrients available to metabolise. The other important process that
occurs is the global control of mRNA in the Rhizobium. The mRNA pool is stabilised and
its turnover is retarded as a means of maintaining gene expression. This limits the
production of novel proteins and other compounds so that cells can then stabilise their
biomass in order to survive the nutrient limitation (Thorne & Williams, 1997; Summers et
al., 1998). Cells have been shown to survive nutrient-limited for up to two months and exit
from the stringent response is rapid, taking as few as five hours for R. leguminosarum to
enter exponential phase growth on availability of nutrients (Thorne & Williams, 1997)

Nutrient-limited conditions have been shown to have an effect on other rhizobial
processes. B. japonicum has been shown to have improved root association with soybean
under nitrogen-starved conditions (Lopez-Garcia et al., 2001). Osmotic stress and soil
acidity can also lead to nutrient-limited conditions, as the demands for calcium and
phosphorus increase under these conditions. This in turn can lead to Rhizobium being
unable to attach to root hairs during the nodulation process as the calcium-dependant cell
surface components can not function (Zahran, 1999). Also, the stringent response has
shown to cause cross protection in Rhizobium, as they are also tolerant to pH, heat, osmotic
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and oxidative stress (Thorne & Williams, 1997; Summers et al., 1998) and has also been

shown to affect many factors involved with symbiosis in S. meliloti (Wells & Long, 2002).

1.3. Research Objectives

1) The primary goal of this project is to identify markers of stress induction. This
involves determining the conditions that would qualify as stressful to R. leguminosarum
3841. As mentioned above, there can be a fine line between a stress response and a
‘normal’ response in bacteria. Ideally markers can be isolated that induce under one or two
of the common stresses encounter by rhizobia.

2) Are these markers cross induced? Do they respond to one stress alone, as part of
a specific stress response, or do they respond to many stresses, as part of a general stress
response? Determining when in the bacterial cell cycle these genes activate will also aid in
the determination of the type of stress response. When available, the genomic sequence of
R. leguminosarum 3841 will allow the identification of the genes, associated with each
reporter plasmid. This will allow potential operons to be recognised and may reveal how
stress-induced genes are arranged within the genome of R. leguminosarum. Identification
of stress-induced genes/operons will also allow similar genes/operons to be discovered,
which may then be investigated in conjunction with those found with the reporter plasmids.

3) How are these markers regulated? The potential regulatory systems employed by
3841 to bring about and control stress response may be identified using the stress-induced
markers. Determining if there is a global regulator of stress response in 3841 would be a
major development in the understanding of rhizobia. It is already known that Rhizobium do
not contain an rpoS (Galibert ef al., 2001) and so cannot produce the stress-related sigma
factor for which it encodes (¢%). Consequently, it is unknown how the bacteria control their
stress response; whether there is a one regulator that takes the place of ¢°, or many separate
regulators responsible for different stresses.

4) How vital are the stress-induced genes? Once identified, the importance of stress-
induced genes to the growth and survival of 3841 can be investigated with mutational

studies.
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2.1.  List of Strains

Strains are described in Table 2.1.

Table 2.1. Strains Used

Strains | Details | Reference

Rhizobium leguminosarum

3841

Wild-type (wt) R. leguminosarum, str'

Glenn et al., 1980

LB3

pOT]1 off library in 3841, str' gen"

Allaway et al., 2001

3841::Tns5

3841 mutant library, str’ kan/neo"

This work

RU1158

Clone isolated from LB3 library with
constitutive low GFP expression, str' gen"

Allaway et al., 2001

RU1159

Clone isolated from LB3 library with
constitutive high GFP expression, str' gen'

Allaway et al., 2001

RUI1160

Clone isolated from LB3 library with no GFP
expression, str' gen"

Allaway et al., 2001

RU1505

Clone isolated from LB3 library that expresses
GFP on AMA (10mM gle, 10mM NH4) +
100mM sucrose, str' gen'

This Work

RU1506

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHj) +
100mM sucrose, str' gen"

This Work

RU1507

Clone isolated from LB3 library that expresses
GFP on AMA (10mM gle, 10mM NH4) +
100mM sucrose, str’ gen'

This Work

RU1508

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHy4) +
100mM sucrose, str' gen'

This Work

RU1509

Clone isolated from LB3 library that expresses
GFP on AMA (10mM gle, 10mM NH4) +
100mM sucrose, str’ gen'

This Work

RU1510

Clone isolated from LB3 library that expresses
GFP on AMA (10mM gle, 10mM NH4) +
100mM sucrose, str' gen'

This Work

RUI1511

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHj) +
100mM sucrose, str' gen"

This Work

RU1512

Clone isolated from LB3 library that expresses
GFP on AMA (10mM gle, 10mM NH4) +
100mM sucrose, str' gen'

This Work

RU1513

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHj) +
100mM sucrose, str' gen"

This Work

RU1514

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NH4) +
100mM sucrose, str’ gen'

This Work

RUI1515

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHy4) +
100mM sucrose, str' gen'

This Work
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RUI1516

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHy4) +
100mM sucrose, str' gen'

This Work

RU1517

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NH4) +
100mM sucrose, str’ gen'

This Work

RU1518

Clone isolated from LB3 library that expresses
GFP on AMA (10mM gle, 10mM NH4) +
100mM sucrose, str' gen'

This Work

RU1519

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHj) +
100mM sucrose, str' gen"

This Work

RU1520

Clone isolated from LB3 library that expresses
GFP on AMA (10mM gle, 10mM NH4) +
100mM sucrose, str' gen'

This Work

RU1521

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHj) +
100mM sucrose, str' gen"

This Work

RU1522

Clone isolated from LB3 library that expresses
GFP on AMA (10mM gle, 10mM NH4) +
100mM sucrose, str’ gen'

This Work

RU1523

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHy4) +
100mM sucrose, str' gen'

This Work

RU1524

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NH4) +
100mM sucrose, str’ gen'

This Work

RU1525

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHy4) +
100mM sucrose, str' gen'

This Work

RU1526

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHj) +
100mM sucrose, str' gen"

This Work

RU1527

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHy)
buffered at pH 5.75, str' gen'

This Work

RU1528

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHy)
buffered at pH 5.75, str' gen"

This Work

RU1529

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHy)
buffered at pH 5.75, str’ gen'

This Work

RU1530

Clone isolated from LB3 library that expresses
GFP on AMA (10mM gle, 10mM NHy)
buffered at pH 5.75, str' gen'

This Work

RU1531

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHy)
buffered at pH 5.75, str’ gen'

This Work

RU1532

Clone isolated from LB3 library that expresses
GFP on AMA (10mM gle, 10mM NHy)
buffered at pH 5.75, str' gen'

This Work
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RU1533

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHy)
buffered at pH 5.75, str' gen'

This Work

RU1534

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHy)
buffered at pH 5.75, str' gen"

This Work

RU1642

Clone isolated from LB3 library that expresses
GFP on AMA (10mM gle, 10mM NH4) +
100uM aluminium, str’ gen'

This Work

RU1643

Clone isolated from LB3 library that expresses
GFP on AMA (10mM glc, 10mM NHy4) +
30uM copper, str' gen"

This Work

RU1848

3841 with pRUI1216 that expresses GFP on
AMA (10mM glc, 10mM NH4) + 100mM
sucrose, str' gen'

This Work

RU2184

Insertion mutant of a two component response
regulator gene generated with pRU1451, strf
kan/neo”

This Work

RU2185

Insertion mutant of a carboxypeptidase-related

I

protein gene generated with pRU1336, str
kan/neo”

This Work

RU2186

Insertion mutant of a fatty aldehyde
dehydrogenase gene generated with pRU1337,
str' kan/neo’

This Work

RU2187

Insertion mutant of a hypothetical gene
generated with pRU1338, str' kan/neo”

This Work

RU2188

Insertion mutant of a hypothetical gene
generated with pRU1339, str' kan/neo”

This Work

RU2189

Insertion mutant of a hypothetical gene
generated with pRU1340, str' kan/neo’

This Work

RU2190

Insertion mutant of a major facilitator
superfamily transporter gene generated with
pRU1341, str' kan/neo”

This Work

RU2191

Insertion mutant of a nodT homologue
generated with pRU1342, str' kan/neo”

This Work

RU2192

Insertion mutant of the QAT6 ABC gene
generated with pRU1343, str' kan/neo’

This Work

RU2193

Insertion mutant of a gntR orthologue
generated with pRU1189, str' kan/neo”

This Work

RU2248

RU1736::Tn5 mutant that grew on AMA
(10mM glc, 10mM NH4) but not on AMA
(10mM gle, 10mM NHy4) + 300mM sucrose
AMA, str' kan/neo’ spc' tet'

This Work

RU2283

3841::Tn5 mutant that grew on AMA (10mM
glc, 10mM NH4) + 300mM sucrose but not on
AMA (10mM glc, 10mM NHy), str’ kan/neo”

This Work

RU2300

3841 with pRU1614, str’ gen'

This Work

RU2358

RU2184 with pRU862 and pRU1645, str' gen'
tet'

This Work

RU2359

RU2184 with pRU862 and pRU1646, str' gen'
tet'

This Work
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RU2184 with pRU862 and pRU1647, str' gen"

RU2360 tef This Work
RU2361 ig2184 with pRU862 and pRU1683, str' gen This Work
RU2385 3841 with pRU1700, str' gen' This Work
RU2410 Tn5 mutant of QAT operon, str' kan/neo’ This Work
RU2411 Tn5 mutant of QAT2 operon, str' kan/neo’ This Work
RU2412 Tn5 mutant of QATS5 operon, str' kan/neo’ This Work
RU415 Trerlnsductatgt ofSRL£2248 in 3841 background, This Work
str kan/neo’ spc” tet
RU2416 Trerlnsductatgt of RU2372 in 3841 background, This Work
str' kan/neo’ tet
RU2422 Trerlnsductatgt of RU2283 in 3841 background, This Work
str' kan/neo
RU2423 3841 with pRU1758, str' gen' This Work
RU2424 3841 with pRU1759, str’ gen' This Work
RU2425 3841 with pRU1760, str' gen' This Work
RU2426 3841 with pRU1761, str’ gen" This Work
RU2427 3841 with pRU1762, str' gen' This Work
RU2428 3841 with pRU1763, str' gen" This Work
RU2429 3841 with pRU1764, str' gen' This Work
RU2430 3841 with pRU1763, str' gen' This Work
RU2431 3841 with pRU1766, str’ gen" This Work
Insertion mutant in QAT3 operon generated .
RU2496 with pRU1800, str' kan/neo" This Work
RU2497 Insertion mutant in QAT4 operon generated This Work

with pRU1801, str' kan/neo"

Escherichia coli

DH5a. Escherichia coli, nal' Sambrook et al., 1989
DH5a T1 Escherichia coli, nal' Invitrogen
TOP10 Escherichia coli, str' Invitrogen
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2.2.  List of Plasmids/Cosmids

Plasmids/cosmids are described in Table 2.2.

Table 2.2. Plasmids/Cosmids Used

Plasml_d/ Details Reference
Cosmid
Promoter  probe vector containing
pOT1 promoterless gfpuv and a polylinker between | Allaway et al., 2001
two transcriptional terminators, gen'
pRK2013 Helper plasmid required to allow DHS5a to | Figurski & Helinski,
conjugate with 3841, kan/neo" 1979
pCR® 2.1- TA PCR Cloning vector containing lacZ, .
TOPO" amp' kan/neo’ Invitrogen
pBluescript® II o . r
SK- pUC19 derivative containing /acZ, amp Stratagene
pK 19mob Used 't(') generate insertiron mutants in 3841 Schifer et al., 1994
containing lacZ, kan/neo
pRK415 Broad host-range cloning cosmid vector, tet” | Keen et al., 1988
pSUP202- Comr:ams mobr site, used for Tn5 mutagenesis, Simon et al., 1983
1::Tnj amp kan/neo
pRU843 pOT derivative isolated from RU1507, gen" This work
pRU844 pOT derivative isolated from RU1508, gen" This work
pRU845 pOT derivative isolated from RU1509, gen" | This work
pRUS846 pOT derivative isolated from RU1510, gen" | This work
pRU847 pOT derivative isolated from RU1511, gen" | This work
pRU848 pOT derivative isolated from RU1512, gen" This work
pRU849 pOT derivative isolated from RU1513, gen" | This work
pRUS8S50 pOT derivative isolated from RU1514, gen" This work
pRUS8S51 pOT derivative isolated from RU1515, gen" | This work
pRU8S52 pOT derivative isolated from RU1516, gen" | This work
pRUS8S53 pOT derivative isolated from RU1517, gen" | This work
pRUS854 pOT derivative isolated from RU1518, gen" | This work
pRUSBSS5 pOT derivative isolated from RU1519, gen" This work
pRUS856 pOT derivative isolated from RU1520, gen" | This work
pRU8S57 pOT derivative isolated from RU1521, gen" | This work
pRUS8S8 pOT derivative isolated from RU1522, gen" | This work
pRU859 pOT derivative isolated from RU1506, gen" | This work
pRUS860 pOT derivative isolated from RU1505, gen" | This work
pRUS861 pOT derivative isolated from RU1523, gen" | This work
pRU862 pOT derivative isolated from RU1524, gen" This work
pRUS863 pOT derivative isolated from RU1525, gen" | This work
pRU864 pOT derivative isolated from RU1526, gen" | This work
pRUS865 pOT derivative isolated from RU1527, gen" | This work
pRUB66 pOT derivative isolated from RU1528, gen" | This work
pRU867 pOT derivative isolated from RU1529, gen" This work
pRUB68 pOT derivative isolated from RU1530, gen" | This work
pRU869 pOT derivative isolated from RU1531, gen" This work
pRUS870 pOT derivative isolated from RU1532, gen" | This work
pRU871 pOT derivative isolated from RU1533, gen" | This work
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pRUS872 pOT derivative isolated from RU1534, gen" | This work

pRU1059 pOT derivative isolated from RU1642, gen" | This work

pRU1060 pOT derivative isolated from RU1643, gen" | This work

pJP2 based reporter vector containing a | Karunakaran,

PRU1064 promoterless gusA and gfpuv, tet’ unpublished

pRU1097/D- Reporter vector containing a promoterless

TOPO®

gfp mut3.1, gen'

Invitrogen

pRU1181

p430 & p431 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp" kan/neo’

This work

pRU1189

Internal region of a gntR orthologue extracted
from pRUI1181 via EcoRI and ligated into
pK19mob, kan/neo’

This work

pRU1195

p453 & p454 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp' kan/neo"

This work

pRU1196

p455 & p456 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp' kan/neo"

This work

pRU1197

p457 & p458 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp" kan/neo’

This work

pRU1198

p459 & p460 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp" kan/neo’

This work

pRU1199

p461 & p462 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp" kan/neo’

This work

pRU1200

p463 & p464 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp" kan/neo’

This work

pRU1201

p465 & p466 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp" kan/neo"

This work

pRU1202

p467 & p468 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp" kan/neo"

This work

pRU1203

p469 & p470 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp" kan/neo"

This work

pRU1216

pRU857 with fragment excised via Pst to
remove 500bp from the 3’ end of the insert,
gen’

This work

pRU1336

Internal region of a gene encoding a
carboxypeptidase-related protein extracted
from pRU1196 via EcoRI and ligated into
pK19mob, kan/neo"

This work

pRU1337

Internal region of a gene encoding a fatty
aldehyde dehydrogenase extracted from
pRUI1197 via EcoRI and ligated into
pK19mob, kan/neo"

This work

pRU1338

Internal region of a gene encoding a
hypothetical protein extracted from pRU1198
via EcoRl and ligated into pKI19mob,
kan/neo”

This work

pRU1339

Internal region of a gene encoding a
hypothetical protein extracted from pRU1199
via EcoRI and ligated into pK19mob,
kan/neo’

This work
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pRU1340

Internal region of a gene encoding a
hypothetical protein extracted from pRU1200
via EcoRl and ligated into pKI19mob,
kan/neo”

This work

pRU1341

Internal region of a gene encoding a major
facilitator superfamily transporter extracted
from pRU1201 via EcoRI and ligated into
pK19mob, kan/neo"

This work

pRU1342

Internal region of a nodT homologue
extracted from pRU1202 via EcoRI and
ligated into pK19mob, kan/neo"

This work

pRU1343

Internal region of the QAT6 ABC gene
extracted from pRU1203 via EcoRI and
ligated into pK19mob, kan/neo"

This work

pRU1451

Internal region of a gene encoding a two
component response regulator extracted from
pRUI195 via EcoRI and ligated into
pK19mob, kan/neo"

This work

pRU1600

Genomic region of RU2248 extracted via
EcoRI and ligated into pBluescript® I SK,
amp' kan/neo’

This work

pRU1601

pRU1600 with 3kb region excised via BamHI
to remove an IS50R region, amp"

This work

pRU1611

p527 & p637 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp" kan/neo’

This work

pRU1613

p637 & p638 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp" kan/neo’

This work

pRU1614

p623 & p624 PCR product from pRUS843
DNA inserted into pRU1097/D-TOPO, gen"

This work

pRU1645

Two component response regulator gene
excised from pRU1611 via Kpnl and ligated
into pRK415

This work

pRU1646

Two component response regulator gene
excised from pRU1611 via Kpnl and ligated
into pRK415 (in opposite orientation to
pRU1645), tet'

This work

pRU1647

Two component response regulator and
kinase genes excised from pRU1613 via
Kpnl and ligated into pRK415, tet'

This work

pRU1683

Two component response regulator and
kinase genes excised from pRU1613 via
Kpnl and ligated into pRK415(in opposite
orientation to pRU1647), tet’

This work

pRU1700

Probable promoter region of QAT1 operon
(p663 & p664 PCR product) directionally
inserted into pRU1097/D-TOPO, gen'

This work

pRU1758

Probable promoter region of QAT2 operon
(p694 & p695 PCR product) directionally
inserted into pRU1097/D-TOPO, gen"

This work
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pRU1759

Probable promoter region of a [ysR
orthologue within QAT2 operon (p696 &
p697 PCR product) directionally inserted into
pRU1097/D-TOPO, gen"

This work

pRU1760

Probable promoter region of QAT3 operon
(p698 & p699 PCR product) directionally
inserted into pRU1097/D-TOPO, gen"

This work

pRU1761

Probable promoter region of QAT3 operon
(p700 & p701 PCR product) directionally
inserted into pRU1097/D-TOPO, gen'

This work

pRU1762

Probable promoter region of QAT4 operon
(p702 & p703 PCR product) directionally
inserted into pRU1097/D-TOPO, gen'

This work

pRU1763

Probable promoter region of QAT4 operon
(p704 & p705 PCR product) directionally
inserted into pRU1097/D-TOPO, gen'

This work

pRU1764

Probable promoter region of QATS5 operon
(p706 & p707 PCR product) directionally
inserted into pRU1097/D-TOPO, gen'

This work

pRU1765

Probable promoter region of of a [ysR
orthologue within QATS operon (p708 &
p709 PCR product) directionally inserted into
pRU1097/D-TOPO, gen"

This work

pRU1766

Probable promoter region of QATS operon
(p710 & p711 PCR product) directionally
inserted into pRU1097/D-TOPO, gen'

This work

pRU1784

p718 & p719 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp' kan/neo”

This work

pRU1785

p793 & p794 PCR product from 3841 DNA
inserted into pCR TOPO 2.1, amp' kan/neo”

This work

pRU1800

Internal region of a gene encoding the QAT3
IMP gene extracted from pRU1784 via
Hindlll/Xbal and ligated into pKI19mob,
kan/neo”

This work

pRU1801

Internal region of a gene encoding the QAT4
ABC gene extracted from pRUI785 via
Hindlll/Xbal and ligated into pKI19mob,
kan/neo”

This work
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2.3.

Primers Used

Primers are described in Table 2.3.

Table 2.3. Primers Used

Name

Sequence 5’ - 3’

Target

IS50R

AGGTCACATGGAAGTCAGATC

Sequencing primer used for Tn5
mutants

1S50
Downie

GAACGTTACCATGTTAGGAGGT

Primer used for screening Tnj
mutants

pOTfor

CGGTTTACAAGCATAAAGC

Sequencing primer used for the 5’
end of inserts in the pOT1 vector

pOTfor far

GACCTTTTGAATGACCTTTA

Sequencing primer used for the 5’
end of inserts in the pOT1 vector

pOTrev

CATTTTTTCTTCCTCCACTAGT
G

Sequencing primer used for the 3’
end of inserts in the pOT1 vector

pOTrev_gfp

GAAAATTTGTGCCCATTAAC

Sequencing primer used for the 3’
end of inserts in the pOT1 vector

pK19/18A

ATCAGATCTTGATCCCCTGC

Antisense primer used for PCR
amplification for region of
pK19/18mob

pK19/18B

GCACGAGGGAGCTTCCAGGG

used for PCR
for region of

Sense primer
amplification
pK19/18mob

p430

GTCGGGATCGCCGGTTTCGAT

Antisense primer used for PCR
amplification of an internal region
of a predicted gntR-like gene

p431

GCCATGCTGTCCGTCAGCCGC

Sense primer used for PCR
amplification of an internal region
of a gntR orthologue

p453

GGGACGGGCTGTTTCAGGCG

Sense primer used for PCR
amplification of an internal region
of a predicted two component
response regulator gene

p454

TATGGGTCTCGACGACGCTGG
T

Antisense primer used for PCR
amplification of an internal region
of a predicted two component
response regulator gene

p455

CCGATTCCGTCACCGAGCAT

Sense primer used for PCR
amplification of an internal region
of a predicted carboxypeptidase-
related gene

p456

GAGTTCGTTGCGGGCGTAAT

Antisense primer used for PCR
amplification of an internal region
of a predicted carboxypeptidase-
related gene

p457

GTTCCGAAGCCGTTGACCAG

Antisense primer used for PCR
amplification of an internal region
of a predicted fatty aldehyde
dehydrogenase gene
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p458

CGAGCGATTGACGAGACTGG

Sense primer used for PCR
amplification of an internal region
of predicted fatty aldehyde
dehydrogenase gene

p459

CCTTCCAGTGTTCCTCCACG

Antisense primer used for PCR
amplification of an internal region
of a predicted hypothetical gene

p460

TTTCAGGGCGGTGGTGCTCT

Sense primer used for PCR
amplification of an internal region
of a predicted hypothetical gene

p461

GTTCAATGGTTCCGACACAAG
G

Antisense primer used for PCR
amplification of a region of a
predicted hypothetical gene

p462

CGACGAATGGCGATGGCTTC

Sense primer used for PCR
amplification of an internal region
of predicted hypothetical protein
gene

p463

CTGGATCTGGGAACAGGGAT

Antisense primer used for PCR
amplification of an internal region
of a predicted hypothetical gene

p464

TCGAATGGAACGCCTGCTGG

Sense primer used for PCR
amplification of an internal region
of a predicted hypothetical gene

p465

CGCACGCTGCTTTTGACCCTG
A

Sense primer used for PCR
amplification of an internal region
of a predicted MFS gene

p466

GAAGGCGGAATGGTTGGACG

Antisense primer used for PCR
amplification of an internal region
of a MFS gne

p467

ATTCCTCAGCCGTCTGCACT

Antisense primer used for PCR
amplification of an internal region
of a predicted nodT-like gene

p468

GCCTGCCGAGCCTCGATGTC

Sense primer used for PCR
amplification of an internal region
of a predicted nod7-like gene

p469

GATCATGCCGTGATAGGTCT

Antisense primer used for PCR
amplification of an internal region
of the QAT6 ABC gene

p470

AATTCATGCAGCAACGGGCT

Sense primer used for PCR
amplification of an internal region
of the QAT6 ABC gene

p473

AGAAAGTATCCATCATGGCT

Sense primer used for PCR
amplification of an internal region
of Tn5

p474

AATTCGTTCTGTATCAGGCG

Antisense primer used for PCR
amplification of an internal region
of Tn5

p496

TAATTAAGTCGACCCTTCACC

Sense primer used for PCR
amplification of a  region
upstream of the insertion site of
pRU1097/D-TOPQ"
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Primer used for PCR
amplification of region

p519 TGCGGTAGAGCGGCGATCCG ;
downstream of a predicted
carboxypeptidase-related gene
Primer used for PCR
p520 GGTCAACGCATCAATCGAGG | mplification — of a ~ region
upstream of a predicted fatty
aldehyde dehydrogenase gene
Primer used for PCR
p521 CTTTCGAGGATTTTCGCCTC amplification of ~ region
downstream of a predicted
hypothetical gene
Primer used for PCR
p522 TGCATGTCGAGCGGGCAGAG | Amplification — of region
downstream of a predicted
hypothetical gene
Primer used for PCR
amplification of region
p>23 GOGATGTCTCGACCAGCCTCT downstream of a predicted nodT-
like gene
Primer used for PCR
p524 GAAGGCGTCGTCGCTGTGTT amplification of a  region
upstream of the QAT6 ABC gene
Primer used for PCR
amplification for region
p323 CGGCGAAATCCCGCTTCACC downstream of a predicted gntR-
like gene
Primer used for PCR
amplification for region
p>27 CGCCCGLCTGCATCCGTCAG downstream of a predicted gntR-
like gene
Primer used for PCR
p528 CCGCAGGAGTGCTGGTAGCG amplification for region upstream
of a predicted hypothetical gene
Primer used for PCR
p529 CAATGCGTCGGCTACCTGCT | Amplification of region upstream
of a predicted carboxypeptidase-
related gene
Primer used for PCR
amplification of a  region
p330 CTCTCGCCAGGTCTAGTCGA downstream of a predicted fatty
aldehyde dehydrogenase gene
Primer used for PCR
p531 TGGTCGAACGGAGTAGCAAG amplification of region upstream
of a predicted hypothetical gene
Primer used for PCR
p532 GGTTCAACTTGGCGGCGACT amplification of region upstream
of a predicted hypothetical gene
Primer used for PCR
p533 CTGAACCGAGATGTGCGACG amplification of region upstream

of a predicted nod7-like gene
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p534

CCAGAGGGCGATGTGATTGA

Primer used for PCR
amplification of a  region
downstream of the QAT6 ABC
gene

p535

TCAGCAACAGAACGAAAGGA

Primer used for PCR
amplification for region upstream
of a predicted gntR-like gene

pS37

AAGACCTTCCACAAAAGGCT

Primer used for PCR
amplification for region upstream
of a predicted two component
response regulator gene

p538

ATCGTCTCGGTCGCCGATAG

Primer used for PCR
amplification for region
downstream of a predicted
hypothetical gene

p545

TCGAAGCGACGCTGACTTAC

Primer used for PCR
amplification for region
downstream of a predicted MFS
gene

p546

TCCTGACAAAGGGCAGAAAT

Primer used for PCR
amplification for region upstream
of a predicted MFS gene

p564

TCTTGTAGTTCCCGTCATCT

Antisense Primer used for PCR
ampliication of an internal region
of the gfpuv reporter

p623

CACCCGTTGTGAAACCTTACT
ACG

Primer used for PCR
amplification upstream of
intergenic region before the
QAT6 ABC gene capped with
CACC (in bold)

p624

AATCTAGACGGATGCTCGCC
GAAGACTT

Primer used for PCR
amplification downstream  of
intergenic region before the
QAT6 ABC gene capped with
Xbal (in bold)

p637

GGTACCTTGCAGTGTGCAGA
GGTAGC

Primer used for PCR
amplification upstream of a
predicted two component
response regulator gene & kinase
capped with Kpnl (in bold)

p638

AAGGCAGCAGGCTGGATTGC

Primer used for PCR
amplification downstream of a
predicted two component
response regulator gene & kinase

p663

CACCGAAGGCTGCGATCAGT
TGCA

Primer used for PCR
amplification upstream of
intergenic region before the
QATT1 operon capped with CACC
(in bold)
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p664

CCTCTAGAAAGCGGACGGTA
GTGCAGTT

Primer used for PCR
amplification = downstream  of
intergenic region before the
QAT1 operon capped with Xbal
(in bold)

p694

CACCAACGTCATCGCCAGTTC
GGT

Primer used for PCR
amplification upstream of
intergenic region before the
QAT?2 operon capped with CACC
(in bold)

p695

CCCAAGCTTCGTTGCCGAGC
AGCGTGCCT

Primer used for PCR
amplification = downstream  of
intergenic region before the
QAT2 operon capped with
HindIlI (in bold)

p696

CACCACGTTGCCGAGCAGCG
TGCC

Primer used for PCR
amplification upstream of
intergenic region before a [ysR
orthologue in the QAT2 operon
capped with CACC (in bold)

p697

CCCAAGCTTAACGTCATCGCC
AGTTCGGT

Primer used for PCR
amplification  downstream  of
intergenic region before a IlysR
orthologue in the QAT2 operon
capped with HindIII (in bold)

p698

CACCTTGAAACCTTTGTCGGC
TAT

Primer used for PCR
amplification upstream of
intergenic region before the
QATS3 operon capped with CACC
(in bold)

p699

CCCAAGCTTACCTCCGCACTC
TGCCAGTT

Primer used for PCR
amplification downstream  of
intergenic region before the
QAT3 operon capped with
HindlIlI (in bold)

p700

CACCCCTGCCGTCATCGCCAA
GGC

Primer used for PCR
amplification upstream of
intergenic region before the
QAT3 operon capped with CACC
(in bold)

p701

CCCAAGCTTAACCAGTAGAA
ACTCGTGCG

Primer used for PCR
amplification downstream  of
intergenic region before the
QAT3 operon capped with
HindlIII (in bold)

p702

CACCAGATGGATGCTGTCAG
GGCG

Primer used for PCR
amplification upstream of
intergenic region before the
QAT4 operon capped with CACC
(in bold)
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p703

CCCAAGCTTCGTACTTTTCGC
TCAAACTG

Primer used for PCR
amplification = downstream  of
intergenic region before the
QAT4 operon capped with
HindIlI (in bold)

p704

CACCAGCCCCGAACTCGACC
GATA

Primer used for PCR
amplification upstream of
intergenic region before the
QAT4 operon capped with CACC
(in bold)

p705

CCCAAGCTTCGTCAGGTCCTC
CCACGACA

Primer used for PCR
amplification = downstream  of
intergenic region before the
QAT4 operon capped with
HindIlI (in bold)

p706

CACCGACGCCATAGGAGGTC
TCGA

Primer used for PCR
amplification upstream of
intergenic region before the
QATS operon capped with CACC
(in bold)

p707

TTTAAGCTTGCCAGGAAACG
CTCCTCGAC

Primer used for PCR
amplification  downstream  of
intergenic region before the
QATS5 operon capped with
HindlIlI (in bold)

p708

CACCGCCAGGAAACGCTCCT
CGAC

Primer used for PCR
amplification upstream of
intergenic region before a [ysR
orthologue in the QATS operon
capped with CACC (in bold)

p709

TTTAAGCTTGACGCCATAGGA
GGTCTCGA

Primer used for PCR
amplification downstream  of
intergenic region before a IlysR
orthologue in the QATS operon
capped with HindIII (in bold)

p710

CACCCGAATTGGGCAAAGGA
TCGG

Primer used for PCR
amplification upstream of
intergenic region before the
QATS operon capped with CACC
(in bold)

p711

TTTAAGCTTGGCTCGATGACG
GTTTCGCC

Primer used for PCR
amplification downstream  of
intergenic region before the
QATS operon capped with
HindlIII (in bold)

p718

CGAAAGCCTCTTCTCCCCGC

Sense primer used for PCR
amplification of an internal region
of the QAT3 IMP gene

p719

CCGATCATCGAAGCGACGAC

Antisense primer used for PCR
amplification of an internal region
of the QAT3 IMP gene
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TTCAACTGCGTCGTCGGCGTGT

Sense primer used for PCR

p793 CC amplification of an internal region
of the QAT4 ABC gene
CAGCGAGGCGATGTCGGAATTC | AAntisense primer used for PCR
p794 G amplification of an internal region
of the QAT4 ABC gene
Primer used for PCR
p8&39 AGACGGTTGATGTGGCGGAT amplification of region
downstream of QAT3 IMP
Primer used for PCR
p840 GGGTTTCGCCTGAGGCAGCC amplification of region upstream
of QAT3 IMP
Primer used for PCR
p841 GACCAGGTAGAAAGGCGGAA amplification of region
downstream of QAT4 ABC
Primer used for PCR
p842 CGGCCACAAGGGCTTCTCCG amplification of region upstream
of QAT4 ABC
PRL120515 Primgr . used .for PCR
th CCTGTTCTAAGTTGAATAGTG amplification of region upstream
of QAT3 IMP
Primer used for PCR
fﬁ{ 1120532 GCGACCAGGTAGAAAGGC amplification of region
downstream of QAT4 ABC
Primer used for PCR
{)hR L120753 CGCTCCGCTATTGGTTGC amplification of region upstream
of QATS IMP
Primer used for PCR
RLO5111h CCAGCCGGTTGATCATCC amplification of region
downstream of QAT2 IMP
Primer used for PCR
RL3534lh | TGGGCAAGATTCTCAACGAC amplification of region upstream

of QAT1 IMP
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2.4. Media & Growth Conditions Used

Media are described in Table 2.4.

Table 2.4. Media Used

Media Reference Adaptations (if any)

Tryptone-Yeast (TY) Beringer, 1974 None

Acid Minimal Salts/Agar | Poole et al., 1994 None

(AMS/A)
20mM MES replaces

o ) MOPS (pH 5.75

Acidic AMS/A This Work (2% age(llr)require)d for solid
media)

Sucrose AMS/A This Work AMS/A + 100mM Sucrose

NaCl AMS/A This Work AMS/A + 100mM NaCl

Mannitol AMA This Work AMA + 100mM Mannitol

Aluminium AMA This Work AMA + 100uM AICI;

Copper AMA This Work AMA + 30uM CuCl,

Zinc AMA This Work AMA + 100uM ZnCl,

iiﬁogen Peroxide This Work AMA + ImM H,0,

Paraquat AMA This Work A.MA + 250uM Paraquat
dichloride

%’\f{‘gmm Minimal Salts | g1 & Ditworth, 1975 None

Luria Agar/Broth (LA/B) | Miller, 1972 None

N-free Rooting Solution | Allaway, et al., 2000 None

AMS consists of 0.5ml 1M K,;HPOy; 0.5g MgS04.7H,0; 0.2g NaCl; 4.19¢ MOPS
Buffer; 1ml Rhizobium solution A (15g EDTA-Nap; 0.16g ZnS04.7H,O; 0.2g
NaMo00,4.2H,0; 0.25g H3BOs; 0.2g MnSO4.4H,0; 0.02g CuS04.5H,0; 1mg CoCl,.H,0;
made up to a litre with GDW); 1ml Rhizobium solution B (12.8g CaCl,; 3.3g FeSO4; made
up to a litre with GDW); buffered to pH 7.0 with 1M NaOH; made up to a litre with GDW.
Iml Rhizobium solution C (1g Thiamine HCI; 2g D-Pantothenic acid Ca salt; Img Biotin;
made up to a litre with GDW) is added after autoclaving along with any antibiotics and
carbon and nitrogen sources.

R. leguminosarum strains were grown at 27°C on either Tryptone-Yeast (TY) media
or on acid minimal salts (AMS) with any adaptations in text. AMS was supplemented with
10mM glucose (glc) as a carbon source and 10mM ammonium (NHy) as a nitrogen source,
unless otherwise stated in text. E. coli strains were grown at 37°C in Luria-Bertani (LB)
broth.

Strains were routinely stored at -20°C and -80°C in 15% glycerol after snap freezing

in liquid nitrogen.
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2.5. Antibiotics Used

Antibiotics, fungicide and stains are described in Table 2.5.

Table 2.5. Antibiotics, Fungicide and Stains Used

Concentration (ug/ml)
E. coli R. leguminosarum

Antibiotic
Ampicillin 50 -
Gentamycin 10 20
Kanamycin - 40
Nalidixic Acid 20 -
Neomycin 20 80
Spectinomycin - 100
Streptomycin - 500
Tetracycline 10 2 (in AMA)

5 (in TY)

Fungicide

Nystatin - 50
Stains

IPTG 40 -
X-Gal 40 -
X-Glc-A - 125

2.6.  Molecular Techniques
2.6.1. DNA Isolation

Plasmid and Cosmid DNA were isolated using the Wizard® Plus SV Miniprep kit
(Promega) following the protocol (using a microcentrifuge) supplied. Chromosomal DNA
was isolated using the DNAce Spin Cell Culture kit (Bioline) or the DNeasy Tissue kit
(Qiagen). R. leguminosarum was freshly grown on a TY Slope and was resuspended into
10ml of TY broth, before being spun down and resuspended in 1ml of TY broth. When the
DNAce Spin Cell Culture kit was used, protocol 4 as supplied with the kit, was performed.
When the DNeasy Tissue kit was used, Isolation of Total DNA from Animal Tissue
protocol (with Appendix D adaptations) as supplied with the kit, was performed. The
method described by Chen & Kuo (1993) was also used to isolate chromosomal DNA.

2.6.2. Agarose Gel Electrophoresis, Staining and Extraction

DNA was separated on 1% agarose (Bioline) gels run at ~100V in a Tris Acetate
(40mM) EDTA (1mM) (TAE) buffer. DNA samples were loaded onto each gel with a
solution of 30% glycerol, 0.25% bromophenol blue used as a loading buffer (x6

concentration). A lkb ladder, or 1kb plus ladder (both Invitrogen), was used as a size
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marker. Gels were stained in ethidium bromide solution (0.8ug/ml) before the DNA was
visualised under UV light. DNA was extracted from gels as required using the QIAquick
Gel Extraction Kit (Qiagen) following the QIAquick Gel Extraction Kit microcentrifuge
protocol as supplied with the kit.

2.6.3. DNA Digests

DNA samples were digested using restriction enzymes supplied by Invitrogen or
New England Biolabs, following the guidelines supplied. If required, digested DNA was
dephosporylated with Bacterial Alkaline Phosphatase (BAP) (Invitrogen), using the
simplified protocol as supplied with the kit.

2.6.4. Ligation

DNA was ligated using T4 DNA Ligase (Invitrogen) following the guidelines
supplied. Reactions were carried out overnight at ~15°C. TOPO ligations (pCR® 2.1-
TOPO®, or pRU1097/D-TOPO® (Invitrogen) ) were carried out following the guidelines
supplied with each kit.

2.6.5. Transformation

Plasmid and cosmid DNA was routinely transformed into competent E. coli cells
(TOP10, DH5a or DH5a T1). DNA was incubated with the competent cells on ice for 30
minutes before being heat shocked at 42°C for 30 seconds (90 seconds if using lab made
cells). Cells were then incubated with rotation shaking in SOC media (as supplied with
competent cells) for 1 hour at 37°C, before being plated onto LA that contained selective
antibiotics.

Cells were either purchased from Invitrogen or made in-labs as follows. Cells were
grown in LB to ODggonm of 0.3 - 0.4 before being chilled on ice for 20 minutes. Cells were
then washed, resuspended and concentrated (~x20) in cold 0.1M CaCl,. Competent cells

were stored at -80°C in 15% glycerol after snap freezing in liquid nitrogen.

2.6.6. Polymerase Chain Reaction (PCR)

Primers were designed using Vector NTI, version 6, 7 or 9 (InforMax), and were
obtained from MWG-Biotech (see section 2.3).

DNA was amplified from Rhizobium by using the polymerases, BIOTAQ, BIO-X-
ACT (long) (Bioline), Pfu turbo (Stratagene) or NEB Taq (New England Biolabs) as
described in text. Buffers and additives (if needed), were used as guided in the protocol
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supplied with each polymerase. 50pmol of each primer, 0.2mM of each ANTP and 2mM of
additional MgCl, (if needed) was used in each final PCR mix (50ul).

Colony PCR was carried out in the same manner, except no DNA was added to the
PCR mix. Instead, the 50ul final reaction mix was split into 10ul aliquots before a
toothpick was stabbed into a colony and then stabbed (not mixed or shaken) into each
aliquot.

PCR machines used were an Omn-E thermal cycler or a Px2 thermal cycler (both
Thermo Hybaid)

PCR conditions were 95°C for 5 minutes (10 minutes for colony PCR) followed by
30 cycles of denaturing at 95°C for 1 minute, annealing at 55-60°C for 1 minute and
extension at 72°C for 1 minute (plus 1 minute per kb of DNA product); followed by a final
extension at 72°C for 10 minutes, unless otherwise stated in text.

PCR products were visualised on an agarose gel before purification or extraction, if

required. If required, products were then cloned in suitable vectors as described in text.

2.6.7. Enzyme/Nucleotide Removal

Enzyme activity was removed from the samples when necessary by heat inactivation
or by using the QIAquick Gel Extraction Kit (Qiagen), following the QIAquick Gel PCR
Purification Kit microcentrifuge protocol supplied. The latter technique was also used to

remove residual nucleotides from completed PCR reactions.

2.6.8. DNA Purification

DNA was purified using phenol extraction or ethanol precipitation.

Phenol extraction was carried out by adding 100% volume of
phenol:chloroform:isoamyl alcohol to the DNA sample, which was vortexed before
centrifuging at 13,000 rpm for 5 minutes. The aqueous layer was then removed and kept.

Ethanol precipitation was carried out by adding 10% volume of 3M sodium acetate,
then 100% volume of 100% ethanol to the DNA sample. The sample was stored at -20°C
for at least 20 minutes. Sample was then centrifuged at 13,000 rpm for 20 minutes. The
sample was then washed twice in 70% ethanol before the sample was left to air-dry. If

required the sample was resuspended in the suitable amount of nH,O.

2.6.9. DNA Sequencing

DNA sequencing was performed by either MWG-Biotech, as per their website
(http://www.mwg-biotech.com), or by the AMSEQ Sequencing Unit, as per their website
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(http://www.ams.rdg.ac.uk/SequencingService/index.html). DNA (~1ng) was provided for
sequencing reactions, which was estimated from visualisation of DNA after gel
electrophoresis with quantitative standards included.

Sequencing primers were designed using Vector NTI and were obtained from
MWG-Biotech (see section 2.3).

DNA sequences were analysed using Vector NTI. Comparisons of DNA and/or
amino acid sequences were made using the Artemis software (Genome Research Limited)
in tandem with the preliminary genome sequence from the Sanger Institute website
(http://www.sanger.ac.uk/Projects/R_leguminosarum). Comparisons were also made using
the BLAST (Altschul et al., 1997) program hosted by the National Center for
Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/BLAST/) and
Vector NTI. Homology searches were made using the BLAST programs from both the
NCBI  website and from the  Sinorhizobium  meliloti  genome  website
(http://bioinfo.genopole-toulouse.prd.fr/annotation/iANT/bacteria/rhime/). Analysis of
proteins, encoded for by obtained DNA sequences, were also carried out with the BLAST

program and with the Pfam program too (http://www.sanger.ac.uk/Software/Pfam/).

2.7.  Conjugation

Conjugations to transfer DNA into Rhizobium were accomplished via a tri-parental
mating using the helper plasmid pRK2013 in E. coli 803 (Figurski & Helinski, 1979).
Cultures of donor plasmid and helper plasmid were grown in LB plus antibiotics overnight
and sub-cultured (100ul into 10ml fresh LB + antibiotics) the next morning. Sub-cultures
were incubated shaking at 100rpm (to prevent pili from shearing) for a further 5 hours. 1 ml
of each donor and helper plasmid was harvested and washed three times in TY broth to
remove any antibiotics from the media, before resuspension in TY broth. Rhizobium that
had been freshly grown on TY slopes was washed off with 3ml of TY broth. 400ul of
donor plasmid, 400ul of Rhizobium and 200ul pRK2013 were mixed, span down and
resuspended in a final volume of 30ul TY broth. This resuspension was transferred to a
sterile filter placed on a TY plate and incubated overnight at 27°C. Bacteria were
resuspended from the filter by vortexing with TY broth the next day before being streaked,

or a serial dilution was plated, onto selective media.
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2.8.  Mutagenesis
2.8.1. Tn5 Mutagenesis

Tn5 mutagenesis was carried out on Rhizobium via conjugation (as for 2.7. as a bi-
parental mating, i.e. without the need for pRK2013 helper plasmid), as described by Simon
et al. (1983). Two Tn5::3841 libraries were made, a pooled one and an individual one.

For the pooled library, the conjugation mix was diluted and plated out onto TY
(containing streptomycin to select for R. leguminosarum and kanamycin to select for the
TnJ5) to give ~500 colonies per plate. Once grown, 45 plates were then washed with TY
broth, which was pooled, spun down and resuspended in 10ml TY broth + 15% glycerol.
The wash was divided into Iml aliquots and stored at -80°C after snap freezing in liquid
nitrogen.

For the individual library, the conjugation mix was diluted and plated onto QTrays
filled with TY, (containing streptomycin to select for R. leguminosarum and kanamycin to
select for the TnJ) at a serial dilution so 1500 — 2000 cfu grew per tray. Colonies were then
individually picked by a QPix colony picking robot (Genetix) into 96 well plates containing
TY broth + 15% glycerol with streptomycin, kanamycin and nystatin. Each well therefore
contained an individual 3841::Tn5 clone. Microtitre plates were grown for 48 hours at

27°C shaking at 150rpm. The plates were then stored at -80°C.

2.8.2. pK19mob Mutagenesis

pK19mob (Schéfer et al, 1994) was used, using the methods previously described by
Prell et al., 2002 to generate insertion mutants. PCR was used to amplify an internal region
of the target gene. This product was then ligated into pK19mob via pCR® 2.1-TOPO". The
pK19mob-based plasmid was then conjugated into wild-type 3841 (see section 2.7). The
conjugation mix was grown on TY with streptomycin and neomycin at 27°C. Any colonies
isolated were colony PCR screened to confirm the presence of the pK19mob vector in the

target gene.

2.9.  Transduction
2.9.1. Phage Propagation

Bacteriophage RL38 (Beringer ef al., 1978) was used in a method based on that of
Buchanan-Wollaston, 1979.

Phage was propagated by mixing 0.1ml of phage (serial dilutions of 107 to 107)
with 0.1ml of Rhizobium (bacteria were freshly grown up on TY slope for 3 days and
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resuspended in 3ml nH,O). The mixture was added to 3ml of soft TY (50% molten TY:
50% TY broth) at 42°C before being poured on top of a TY agar plate. Plates were
incubated for 3 days at 27°C. Plates with the dilution that contained confluent plaques and
almost confluent plaques were then eluted with 10ml nH,O. The solution was filtered
through a 0.2pum micropore filter, had 5 drops of chloroform added (to kill any remaining

bacteria) and was kept at 4°C until required.

2.9.2. Non-UV Transduction

Wild-type 3841 was grown up on a TY slope and was resuspended in TY broth, of
which 200pl was mixed with 1pl of each phage propagation (at serial dilutions of 10° to
10°). This mixture was left for 1 hour at 27°C before being spread onto TY plates
containing 80pg/ml kanamycin. Plates were left to grow at 27°C and any colonies isolated
were purified on TY plates containing 80ug/ml kanamycin, before being colony PCR
screened to confirm the presence of the Tn5 transposon. If required, antibiotic screening
was also used to confirm that no other transposable elements (apart from the TnJ5) were

transduced from donor to recipient.

2.10. GFP-UV Quantification

The reporter gene gfpuv was utilized in promoter activity experiments and encoded
for GFPuv. GFPuv, an improved version of GFP created by Crameri et al. (1995), has an
18 fold increase in fluorescence whilst keeping the excitation and emission maxima of wild-
type GFP. GFPuv is also partially optimized for use in prokaryotes by replacing rarely used
codons for those preferred by E. coli. Also, GFPuv is expressed as soluble, fluorescent,
protein whereas the majority of wild-type GFP is expressed in non-fluorescent inclusion
bodies.

GFP has an excitation maximum of 395nm, a minor peak at 470nm and an emission
maximum of 509nm (Clontech). The protein was originally isolated from the
bioluminescent jellyfish Aequorea victoria and is only fluorescent when located in the
complete protein. When cloned into bacterial cells this fluorescence was visible in colonies
and microscopically in single cells under UV light. No cofactors, substrates or other gene
products are needed for fluorescent production.

From liquid cultures 200ul aliquots were pipetted into a 96-well microtitre plate and
were read in a Genios plate reader (Tecan). Fluorescence was measured using a 490nm
excitation filter and a 510nm emission filter, whilst optical density (OD) was measured
using a 595nm absorbance filter. Blank readings were also made using 3841 containing no
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GFP reporter fusion for the fluorescence value and uninoculated media for the OD value.
Specific fluorescence was calculated by dividing the sample’s fluorescence value (minus
blank value) by its OD value (minus blank value).

Cultures grown on AMA were observed on a TL-33E transilluminator (UVP) with
365nm excitation bulbs and a long wavelength emission filter (420 nm). Fluorescence was
scored (-, -/+, +, ++ or +++) by comparison with control strains RU1158 (+), RU1159

(+++) and RU1160 (-).

2.11. Plant Experiments

Pea seeds (Pisum sativum cv. Avola) were first surface sterilised to remove any
micro-organisms present. This was accomplished by washing seeds in 95% ethanol for 30
seconds, before washing twice with sterile water. Seeds were then soaked in 2% sodium
hypochlorite for 5 minutes, before washing at least 5 times in sterile water.

Two litre pots were filled with washed vermiculite (Vermiperl) and 800ml of N-free
rooting solution (Allaway et al., 2000), before sterilisation. Three seeds were sown per pot
and each was inoculated with 1ml of the suitable bacterial culture obtained from washing
freshly grown Rhizobium from a TY slope with 3ml TY broth. Pots were then aseptically
covered in cling-film to prevent contamination. On Germination, the cling-film was
carefully pierced to allow seedlings through but still protect each pot from cross-
contamination. At this stage seedlings were thinned to from 3 to 2, if all had germinated.

Plants were grown in a growth room under Sonti Agro grow lights, at 22°C with a

16 hour light cycle, for 6 weeks.

2.12. Transport Assays

Uptake of radiolabelled compounds by R. leguminosarum was determined by an
adapted form of the rapid filtration method (Poole et al., 1985).

Cell cultures were grown overnight in AMS (or AMS modified as described in text).
On the day of the uptake assay, cells were washed and resuspended in RMS to an ODggg of
~1. Cells were then left to starve for 1hour in RMS, shaking at 60rpm at 28°C. 200ul cells
were used in an assay volume of 500ul in which amino acids where added to give a
concentration of 25uM (0.125uCi '*C/°H). For transport of '*C proline betaine this
concentration was increased to 40pM (0.06uCi) (Boscari ef al., 2002) and for '*C alanine
transport via the monocarboxylate transport permease (MctP) it was increased to 500uM

(0.5uCi) (Hosie ef al., 2002b).
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For assays carried out under hyper-osmotic conditions in Chapter 6, the above
protocol was adapted in the following ways a) cells were grown up overnight in AMS
(10mM glc, 10mM NH,) + 100mM NaCl, b) whenever cells were washed and resuspended,
it was with RMS + 100mM NacCl and c) there was no hour starvation period before assays
were performed (LeRudulier & Dupont, personal communication).

For inhibition studies, the same cultures were used as in uninhibited assays, to
reduce variance in data. Inhibitory solutes were added at the concentrations described in

text.

2.13. Protein Assays
2.13.1. Periplasmic Fraction Isolation

Rhizobia cell cultures were grown overnight at 27°C. These were then spun down at
3800rpm in a Megafuge 1.0R centrifuge (Heraeus), washed once in RMS then resuspended
in 10ml of Tris-HCL pH 8 with 20% sucrose and 1mg/ml of lysozyme. Cells were then
incubated at room temperature for 15 minutes before addition of 10ul of 0.5M EDTA pH 8
20 minutes further incubation. Cells were then spun down at 3800rpm for 20 minutes and
the supernatant containing the periplasmic fraction was removed.

2.13.2. SDS-PAGE

Samples were subjected to SDS-PAGE as previously described (Laemmli, 1970),
using a 14% Separating gel (made up of 2.5ml 1.5M Tris-HCI pH 8.8, 0.1ml 10% SDS,
2.6ml nH,0, 4.66ml 30% Acrylamide and 0.1ml 10% APS). This mix was degassed for 5 —
15 minutes before 2.5ul TEMED was added and the gel poured. Following polymerisation
the gels were topped with a 5% stacking gel (made up of 1.25ml 0.5M Tris-Hcl pH 6.8,
50ul 10% SDS, 2.82ml nH,0, 0.83ml 30% Acrylamide, 50ul 10% APS and 2.5ul TEMED).
On completion of polymerisation, the gel was covered in wet tissue paper and stored
overnight at 4°C.

The gel was set up in a tank with running buffer (made up of 5g Tris Base, 14.4g
Glycine and 5g SDS in a litre of nH,O). Prior to loading, samples were mixed with 4x
loading buffer (made up of 12.5ml 0.5M Tris-HCI pH 6.8, 2g SDS, 10ml Glycerol, 0.402ml
IM DTT, 2.4mg 1% Bromophenol Blue and 25ml nH,0O) and boiled for 3 — 5 minutes.
Samples were loaded alongside a SDS-PAGE standard, low range protein marker (Bioline)
and run at 150V through the stacking gel and then at 200V through the separating gel. The
gel was then stained for 30 — 60 minutes (in 2.5g Coomassie Blue R250, 450ml Methanol,
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450ml nH,0 and 100ml acetic acid) and destained for 1 — 2 hours (in a 30% methanol, 10%

acetic acid solution).
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CHAPTER 3: IDENTIFICATION OF KEY STRESS CONDITIONS AND
STRESS INDUCED FUSIONS
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3.1. Introduction

In order to study stress responses, the conditions that elicit such a reaction must first
be determined. Soil bacteria face a constantly changing environment, made up of many
different elements — some interrelated, others not. The aim of this research was to identify
genes that are induced under stress conditions. Some previous work has been conducted on
Rhizobium and its response to stress (Keyser & Munns, 1979; Miller & Wood, 1996),
especially with S. meliloti, which recently had its genome completely sequenced (Galibert et
al., 2001). These previous reports provided a foundation upon which this research can
build.

It is known that the sequenced rhizobia have no 7poS gene and therefore no product
of this gene, sigma factor 38 (also called sigma S or ¢°) (Tanaka et al., 1993; Galibert et al.,
2001; Wells & Long 2002). ¢° has been extensively characterised and is known to be the
major sigma factor involved in the regulation of stationary phase and general stress
response in a variety of bacteria (Tanaka et al., 1993; Zgurskaya et al.,1997).
Consequently, the manner in which stress response is regulated in Rhizobium is of great
interest. On identifying genes induced under stress conditions, the next goal of this project
was to determine how they are regulated.

The pOT1 plasmid was specifically designed to detect promoter activity in the
environment (Schofield, 1995) (Fig. 3.1). It contains the gfpuv reporter gene, an improved
version of gfp, which has been optimised for use within bacteria and has increased
fluorescence (Crameri et al., 1995). Other reporter genes were considered for pOTl,
including sacRB, gus, lacZ, luxAB and phoA, but were rejected in favour of gfpuv. GFPuv
is a superior reporter as it is both visible in colonies on an ultra-violet (UV) transilluminator
and under the microscope (with UV) in single cells. No cofactors, substrates or other gene
products are needed for production of GFP and its fluorescence. Most notably, GFPuv is
not toxic and does not suffer from background expression through native genes intrinsic to
R. leguminosarum (Schofield, 1995). GFP can therefore be used in a differential
fluorescence induction (DFI) strategy to distinguish between genes that are induced or not.

A R. leguminosarum genomic library was created by taking DNA from wild-type
3841 and cloning it into the pOT1 vector at a unique Sall site. The Sall site was destroyed
in the process of inserting the rhizobial DNA. The cloning strategy was specifically
designed so that pOT1 would not self ligate and so that only a single DNA fragment would
insert into the vector (Schofield, 1995). Before its destruction, the Sall site was in the
middle of a multiple cloning region (or polylinker) allowing for the manipulation and

removal of the DNA inserted in its place (Fig. 3.2).
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Figure 3.1. pOT1. The construct has a gfpuv (Gfp—UV) reporter gene flanked by omega
and pharmacia transcriptional terminators. An artificial ribosome-binding site (rbs-gfp) was

created in the 5’ primer next to gfpuv. Unique restriction sites are shown in red and the
others are shown in black. Also shown is the Sall site, into which DNA inserts were
cloned, as well as the genes for mobilisation (mob), replication (rep) and gentamycin

resistance (GentR) (Allaway ef al., 2001).
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RBS Spel PstrI

~~ A A A~ A ~~ A~~~ A ~ A~ A~

3960 CATTTTTTCT TCCTCCACTA GTGGATCCCC CGGGCTGCAG CCCGGGCTTA
GTAAAAAAGA AGGAGGTGAT CACCTAGGGG GCCCGACGTC GGGCCCGAAT

PacI PmeI SalzI Claz Xbaz

N N I N RV ~a A~~~ ~A A~~~ ~~ A A A~

4010 ATTAAAGTTT AAACTCTAGA TGTCGACTTA ATTAATCGAT ATCTAGATCC
TAATTTCAAA TTTGAGATCT ACAGCTGAAT TAATTAGCTA TAGATCTAGG

HIindIII

~~ A~ A~ A~

4060 GGTGATTGAT TGAGCAAGCT T
CCACTAACTA ACTCGTTCGA A

Figure 3.2. The pOT1 Polylinker. A simplified map of the pOT1 polylinker,
showing unique restriction enzymes in red and the Sa/l site, which was destroyed by
the insertion of 3841 DNA fragments, in blue. Duplicated sites, shown in black, are
only found within the polylinker and allow the removal of cloned inserts. The
ribosome-binding site (RBS) is also shown, as well as the end of the omega
transcription terminator (underlined) (Allaway et al., 2001).

This genomic library was conjugated into R. leguminosarum and divided into sub-
libraries depending on the amount of GFP produced. LB3 contains clones that did not
produce any GFP when screened on AMA (10mM glc, 10mM NHy), therefore LB3 clones
either lack a promoter or contain promoters that are inactive on standard minimal media
(Schofield, 1995).

The aim of the work presented in this chapter was to test three or four different
stresses in order to isolate stress-induced genes and also to investigate the possibility of
cross-induction. To accomplish this, LB3 was used in an attempt to isolate promoters that
are activated by stress. L.B3 was screened on media designed to mimic stress found in R.

leguminosarum’s natural environment.
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3.2.  Results
3.2.1. Minimal Induction Concentrations (MICs)

LB3 had been briefly investigated to establish if any fusions were inducible under
various conditions (Schofield, 1995). The conditions tested were; phosphate limited (20uM
instead of 500uM), added hesperitin (1uM) and the use of succinate (10mM) instead of
glucose (also 10mM) as a carbon source. Thirteen colonies were identified; nine phosphate-
limitation induced colonies, one succinate induced, two hesperitin induced and one induced
on hesperitin and on succinate. This proved that LB3 library clones could be induced by
altered growth conditions.

It had previously been described that 100mM sucrose added to AMA will bring
about a stress response and can activate the GFP reporter gene in the pOT1 plasmid (Poole,
personal communication). Therefore, this was the concentration that was used to induce
hyper-osmosis and no MIC tests were conducted.

Previous studies have shown that, in general, the growth of Rhizobium
leguminosarum is severely impeded around a pH of 5 (Richardson et al., 1988), but mutants
do exist with a higher tolerance to acidity (Chen et al., 1991 & 1993). It was therefore
decided to test the growth of 3841 at pH 5.5, 5.75, 6.0, 6.25, 6.5 and 6.75. During this MIC
experiment it was discovered that once buffered to a pH lower than 6.0, AMA plates would
not set and had a ‘sloppy’ consistency. In order to counter this, the amount of agar used in
AMA was increased to 2% (w/v). After 3 days, colonies appeared on all AMA (10mM glc,
10mM NHy) plates that were buffered to a pH greater then 6. After 5 days, colonies
appeared on AMA (10mM glc, 10mM NHy) plates at pH 5.75 and pH 6. There were no
colonies on the pH 5.5 plates even after 7 days growth. A pH of 5.75 was therefore used as
a screen for acidic growth.

Heavy metal toxicity can occur at relatively low concentrations (Keyser & Munns,
1979; Richardson et al., 1988; Tiwari et al., 1996a). Metals were therefore tested at the
concentrations of 50uM, 100uM, 200uM, 500uM and ImM. The metals chosen to be
investigated were aluminium, copper and zinc (Keyser & Munns, 1979; Reeve et al., 1998).
Their chlorides (AlCIs;, CuCl, and ZnCl, respectively) were mixed into AMA (10mM glc,
10mM NH,y) at each concentration. After 3 days, colonies appeared on the AMA (10mM
gle, 10mM NH,) plates containing 50uM aluminium and on the 50uM zinc plates. After 5
days, colonies grew on the AMA (10mM glc, 10mM NH4) plates containing 100uM
aluminium and on the 100uM zinc plates. After 7 days, no colonies had grown on any of

the AMA (10mM glc, 10mM NHy,) plates containing copper; nor had any colonies grown on
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AMA (10mM glc, 10mM NH,) plates containing aluminium or zinc at 200uM and above.
The copper tests were therefore repeated at concentrations of S5uM, 10uM, 20uM and
50uM. After 3 days, colonies had appeared on all AMA (10mM glc, 10mM NHy) plates
with a concentration lower then 20uM. After 5 days, colonies had appeared on the AMA
(10mM glc, 10mM NHy) plate containing 20uM copper. After 7 days, 1 colony had
appeared on the AMA (10mM glc, 10mM NHy) plates containing S0uM copper. Therefore,
3841 was tested in the on AMA (10mM glc, 10mM NH,4) plates containing 100uM
aluminium or with 30uM copper added. (As the aluminium and zinc results were very

similar, only aluminium was used in the initial screening process.)

3.2.2. Mass Screenings

Once the conditions that were to be investigated were established, LB3 was then
diluted appropriately so that ~50 colony forming units (cfu) would grow on each plate. LB3
was spread onto 200 plates of AMA (10mM glc, 10mM NH,) containing 100mM sucrose
and 200 plates of AMA (10mM glc, 10mM NH,) buffered to pH 5.75. This meant that
approximately 10,000 cfu were screened on each of these stresses. LB3 was also spread
onto 100 plates of AMA (10mM glc, 10mM NHy) containing 30uM copper and 100 plates
of AMA (10mM glc, 10mM NH,) containing 100uM aluminium. This screened 5,000 cfu
for copper and aluminium each, 10,000 cfu overall for metal toxicity. All AMA contained
streptomycin and gentamycin. AMA containing 100mM sucrose also contained nystatin as
contaminant fungi growth had previously been problematic on AMA with added sucrose.

Plates were incubated to allow colonies to grow. After 4 days, plates that were
examined under UV light for any signs of GFP expression. Any colonies expressing GFP
were isolated onto TY plates containing streptomycin and gentamycin. At this stage, the
amount of GFP was not scored. Plates were examined daily under UV light, before being
discarded after 10 days growth. Exposure to UV light was kept to a minimum to prevent
any radiation-induced stress.

Microaerobic screens were also attempted, however, the reduced oxygen
environment did not provide enough oxygen to activate the fluorophore of GFP, making its
detection problematic and so a mass screen was not performed.

Table 3.1 shows the initial number of clones expressing GFP found under each

screen, after 10 days of growth.
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Table 3.1. Initial Screening Results. Number of
clones initially found on each stress to have GFP

present
No. of Clones
Stress expressing GFP
100mM Sucrose 33
Acidic (pH 5.75) 26
100uM Aluminium 1
30uM Copper 26

These clones all had to be confirmed as being stress-induced. Colonies had already
been grown up on TY, after their initial isolation. A single colony from the TY plate was
then streaked onto a standard AMA (10mM glc, 10mM NH,) plate as a control and an
AMA (10mM glc, 10mM NHy) plate containing the appropriate stress, i.e. the stress from
which they had originally been isolated. Again all AMA contained streptomycin and
gentamycin. The plates were left to grow in tandem. Both sets of plates were then
examined and compared under UV light for signs of GFP as before.

If no GFP was present in colonies on both the stress and the control plates, then the
isolation of the original clone was erroneous. If GFP was present in colonies on both the
stress and the control plates, then those clones must contain a fusion with an insert that is
potentially constitutive and therefore not induced by the stress. Any colonies that matched
either of these two criteria were discarded as they were not stress-induced. If GFP was
present only in colonies on the stress plate, then those clones must contain a fusion with a
promoter that was induced by the stress condition.

Table 3.2 shows the number of clones from each screen confirmed as expressing

GFP under stressful conditions, after 10 days of growth.

Table 3.2. Confirmed Screening Results.
Number of clones confirmed to have GFP present
under stress

No. of Clones
Stress expressing GFP
100mM Sucrose 22
Acidic (pH 5.75) 8
100uM Aluminium 1
30uM Copper 1

Each one of these clones was stocked and given a unique strain number (Table 3.3).
Additionally, each one of the plasmids was then transferred into E. coli DHS5a via a tri-
parental conjugation, using the helper plasmid pRK2013 (contained in E. coli 803) (Chapter

2, section 2.7). Each plasmid was stocked and given a unique plasmid number (Table 3.3).
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Table 3.3. Strain and Plasmid Numbers. Strain numbers given to
each clone identified from LB3 as containing a stress induced pOT
fusion and plasmid number given to said fusion.

Strain

Plasmid

Comment

RUI1505

pRUSG0

RU1506

pRU859

RU1507

pRUS843

RU1508

pRUS844

RU1509

pRUS845

RU1510

pRU846

RUI1511

pRU847

RU1512

pRUS48

RU1513

pRUS49

RU1514

pRUS50

RUI1515

pRUS51

RUI1516

pRU852

RUI517

pRUS&S53

RUI1518

pRU854

RU1519

pRUS55

RU1520

pRU8S56

RU1521

pRUS57

RU1522

pRUBSSE

RU1523

pRUS61

RU1524

pRUS62

RU1525

pRUS63

RU1526

pRUS64

Clone isolated under AMA (10mM glc,
10mM NHy) containing 100mM sucrose

RU1527

pRUB6S

RU1528

pRUS66

RU1529

pRU867

RU1530

pRUS68

RU1531

pRUSG9

RU1532

pRU8&70

RU1533

pRUS71

RU1534

pRUS72

RU1642

pRU1059

RU1643

pRU1060

Clone isolated under AMA (10mM glc,
10mM NHy) buffered to pH 5.75

3.2.3. Cross Induction of Stress-Induced Fusions in R. leguminosarum

To this point, the 32 isolated strains were known only to react to one stress. In order
to determine how specific each fusion’s induction was, each strain was tested on other
stresses. To score the amount of GFP produced, the 30 strains that were isolated on hyper-
osmotic or acidic stress were all screened on AMA, AMA + 100mM sucrose and AMA at
pH 5.75. The 2 strains that were isolated under metal toxicity were screened on AMA,
AMA + 100puM aluminium, AMA + 30uM copper and AMA + 100uM zinc. These strains
were grown in tandem with the GFP control strains RU1158, RU1159 and RU1160, which
were plated on standard AMA. All AMA contained 10mM glc, 10mM NHy, streptomycin
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and gentamycin. Comparisons between each strain and the GFP control strains allowed the
GFP expression of each fusion to be as accurately scored as possible. This showed what
fusions (if any) responded to another stress, other than the one on which they were
originally isolated.

As before, plates were left to grow for 4 days before daily UV examinations took
place. Strains were grown until 10 days old before being discarded. The results obtained
from these sets of screenings are shown in tables 3.4 and 3.5.

Table 3.4. Metal Toxicity Scores. The GFP expression scored for each
plasmid/strain tested on each stress. AMA contained 10mM glc and 10mM

NH,.
. . | AMA +100pM | AMA + 30puM AMA +
Plasmid | Strain Aluminium Copper 100uM Zinc
pRU1059 | RU1642 ++ ++ ++
pRU1060 | RU1643 - ++ -

In addition, each plasmid that was conjugated into E. coli was transferred back into
3841 to check they exhibited the same GFP profile as their original strain. This was done to
verify that each plasmid had been isolated correctly and was not damaged or altered after
undergoing the conjugation process into E. coli. As expected, plasmids had the same
induction pattern.

Following these results, it was decided to concentrate on the fusions that responded
to acidic and hyper-osmotic stress. This decision was made so that the research could be
focused on the screens that yielded the most results, as the metal toxicity screens were not

as successful.

3.2.4. Further Cross Induction

Although each fusion had been screened under acidic and hyper-osmotic stress
generated by 100mM sucrose, it was decided that this was not enough data to establish
whether each response was general or specific. Furthermore, organisms can respond to
hyper-osmosis in different ways, depending on what generates the osmotic conditions (i.e. if
the molecule is non-ionic or ionic) (Gloux & Le Rudulier, 1989; Breedveld et al., 1990).
Therefore, in order to determine whether each plasmid responds to stress specifically or
generally, further screens were performed. In all screens strains were grown in tandem on
standard AMA (10mM glc, 10mM NHy) as a control and alongside RU1158, RU1159 and
RU1160 as GFP controls.

Each strain was tested on AMA (10mM glc, 10mM NH,4) + 100mM NaCl and AMA

(10mM glc, 10mM NH4) + 100mM mannitol, in order to test an ionic osmolyte and a
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different non-ionic osmolyte. Another polar molecule was tested as strains could have been
reacting to the sucrose specifically and not osmotic upshift. To prove that strains did not
respond to sucrose, strains were also tested on AMA (10mM glc, 10mM NH,) + 10mM
sucrose and on AMA (5mM sucrose, 10mM NHy), replacing glucose with sucrose as the
carbon source.

From the data retrieved (Table 3.5), it could be seen that some strains fluoresced
more strongly when a non-ionic molecule was used to induce an osmotic upshift (i.e.,
RU1519, RU1524 and RU1525); in fact, RUI519 only reacted strongly to hyper-osmosis
generated by sucrose. This could have been due to an effect caused by a polar molecule and
not an ionic one or it could be due because NaCl is more stressful than sucrose (Gloux &
LeRudulier, 1989). These data show that none of the isolated fusions were induced solely
on sucrose, as no GFP was observed in any of the strains when grown on AMA (5mM
sucrose, 10mM NHy), just as there was no GFP production on AMA (10mM glc, 10mM
NHy4) (Table 3.5). However, the results for the strains on AMA + 100mM sucrose and
AMA + 10mM sucrose were similar (Table 3.5). It was unexpected that 10mM sucrose
would have brought about a hyper-osmotic stress response. However, 10mM glucose was
also present, so that the only difference between standard plates and agar meant to elicit
hyper-osmosis was the additional sucrose. Therefore a total of 20mM of osmolyte was
present. These data indicates that a relatively small amount of osmolyte is required to
generate a hyper-osmotic response in R. leguminosarum; sucrose present at SmM or glucose
present at 10mM was not enough to cause a stress response, but 10mM sucrose in addition
to 10mM glucose was sufficient to induce an osmotic upshift.

To determine the minimum amount of osmolyte required to induce osmotic upshock
in 3841, some of the strains (RU1507, RU1519, RU1524 and RU1525) were grown on
AMA (10mM sucrose, 10mM NH4) and AMA (10mM glc, SmM sucrose, 10mM NHy).
These strains were also grown on AMA (100mM glc, 10mM NH4) and AMA (100mM
sucrose, 10mM NHy) so that only one compound was present as both the carbon source and
the osmolyte. No GFP production was observed with AMA (10mM sucrose, 10mM NHy),
but the 10mM glucose plus SmM sucrose did activate the pOT fusions (Fig. 3.3); data only
shown for RU1525 but the other strains had the same induction pattern as shown in Fig. 3.3.
These data confirmed that it was not sucrose itself was not the cause of the GFP production,
but was the osmotic upshift and also showed that at least 15mM of osmolyte must be

present to generate hyper-osmotic conditions and induce pOT fusions in R. leguminosarum.
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AMA (10mM glc) AMA (5mM suc) AMA (10mM suc)

ST - ) '.II-.- i
B rl-] .
AMA (10mM glc, 5SmM suc) AMA (100mM glc) AMA (100mM suc)

Figure 3.3. RU1525 on Various AMA (10mM NHy). All plates also contained 10mM NHy; suc = sucrose. GFP production is only seen in plates
with 15mM or more osmolyte present.
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As well as stress stimulated by hyper-osmosis, oxidative stress was also investigated
in all strains. This was conducted in two ways; by a direct inducer of oxidative stress
(hydrogen peroxide — H,O,) and by an oxidative stress generator (paraquat). H,O, and
paraquat were both chosen, as some oxidative stress responses respond to the stress itself,
whilst some respond to generators of the stress (Sigaud et al., 1999; Santos et al., 2000).
Concentrations used were taken from previous reports (Crockford et al., 1995; Sigaud et al.,
1999; Santos et al., 2000).

Results for all these screens are shown in Table 3.5.
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Table 3.5. Overall Screening Results. GFP expression scored for each plasmid/strain
under each screen on AMA (10mM glc, 10mM sucrose) (except for SmM sucrose,
which had no glucose present) + either, sucrose (suc), sodium chloride (NaCl),

mannitol (man), H,O,, paraquat (para) (at the concentrations indicated), or were
buffered at pH 5.75.

. . 5mM | 0.1M | 0.01M | 0.1M | 0.1IM | pH | 1ImM | 0.25mM
Plasmid | Strain | "g/\» | 'S¢ | suc | NaCl | Man | 5.75 | H,0, | Para
pRU843 | RUI1507 - +++ ++ +++ ++ + - -
pRU844 | RU1508 - ++ ++ + ++ |+ T -
pRU845 | RU1509 - ++ ++ + +++ |+ - -
pRU846 | RU1510 - 4+ - - H4+ | + -
pRU847 | RUISI1 - + + + + - - -
pRU848 | RUIS512 - ++ ++ ++ + + - -
pRU849 | RU1513 - + ++ + + + - _
pRUS850 | RU1514 - + ++ + + |+t - _
pRUS8S51 | RU1515 - + + + + - - -
pRU852 | RUI516 - +H+ | + + + - -
pRUS8S53 | RUI1517 - ++ ++ + + + - -
pRUS854 | RU1518 - + ++ + + - - -
pRUS8S5 | RUIS19 - +++ | + + + - -
pRU856 | RU1520 - +++ | + + + - -
pRUS857 | RU1521 - ++ ++ + + + - i
pRUS8S8 | RU1522 - + ++ + + + - -
pRUS859 | RU1506 - + + + + - - -
pRUS86O | RU1505 - +++ ++ +++ ++ + - -
pRUS861 | RU1523 - ++ ++ + | | - +/-
pRU862 | RU1524 - | - +++ | ++ - -
pRUS863 | RU1525 - +++ |+ + ++ - - -
pRU864 | RU1526 - +H++ | + + + - -
pRUS865 | RU1527 - ++ + + + + - +
pRU866 | RU1528 - + ++ + + || - ++
pRU867 | RU1529 - ++ ++ | | - +
pRU868 | RU1530 - - + - - + - i
pRUS869 | RU1531 - - - + - + ++ +
pRU870 | RU1532 - ++ ++ - + + - T
pRU871 | RU1533 - - + - - +++ + -
pRUS872 | RU1534 - - 4 -+ ++ |+ + +/-
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3.3. Discussion
3.3.1. Initial Screens

When the genomic libraries were created it was estimated that the main library
(before it was sub-divided) covered 40% of 3841°s genome (Schofield, 1995). This of
course meant that 60% of the genome was not represented in any of the fusion libraries. It
was therefore highly likely that some genes that could be activated under stress are not
present in LB3. This could explain why some screens were more successful then others.
Genomic coverage of LB3 will be discussed further in Chapter 4.

As expected, many fusions were found that were activated by osmotic stress
(generated by 100mM sucrose) and at pH 5.75. Hyper-osmotic stress responses have been
reported in many species of Rhizobium, as have acidic stress responses (Keyser & Munns,
1979; Miller & Wood, 1996). The DFI strategy worked even under acidic conditions. It
has been documented, that GFP expression is hindered under low pH (Kneen et al., 1998;
Llopis et al. 1998; Hansen et al., 2001). Fusions found from these two screening will prove
to be very beneficial for this project, as later chapters will show.

Metal stress results were not as successful, with only two inducible reporter fusions
isolated. Previous studies have shown that metal ions play an important role in eliciting a
stress response in Rhizobium. Vital metals include calcium (O’Hara et al., 1989), cobalt
(Watson et al., 2001), iron (Todd et al., 2001) and magnesium (Zahran, 1999; Kiss et al.,
2004b). Toxicity studies conducted have shown that many metals can induce stress in
Rhizobium, including aluminium (Keyser & Munns, 1979), cadmium and iron (Balestrasse
et al., 2001), copper (Tiwari et al., 1996a), manganese (Slattery et al., 2001), nickel and
zinc (Singh et al., 2001). Responses to some of these metals have been characterised;
notably by production of thiols to counter heavy metal-induced oxidation (Balestrasse ef al.,
2001; Singh et al., 2001) or by the activation of a heavy metal-responsive regulator (Reeve
et al., 2002). With so many different studies indicating metals in inducing a reaction in
Rhizobium, it was surprising that only two fusions were isolated. However, some of these
studies showed a link between acidity and metal toxicity. As pH decreases, the availability
of metals also increases (Dilworth ef al., 2001). As the AMA used in these screenings was
buffered at pH 7.0, the metal ions present may not have been readily available to generate
stress or could well have formed complexes with the buffer. Dilworth ez al. (2001) showed
that in a minimal media containing 100umol/l total copper, the free Cu®" concentration
changed from 0.002 to 0.56 umol/l when the pH was decreased from 7.0 to 5.5. This could

explain the lack of results for the metal toxicity screens. Other research has shown that
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when metal stress is present in the soil, it is sometimes the plants that are the limiting factor
and not the symbiotic bacteria (Kidd et al., 2001; Hall, 2002). This shows that metal stress
does play an important role in plant-microbe interactions, although this is not necessarily
reflected in the results from these screens.

Overall, the work presented in this chapter shows a successful screening process,

with 32 stress-induced fusions being isolated.

3.3.2. Cross Induction Screens

The data shows that 13 fusions were induced specifically under hyper-osmotic
conditions. Of these, 2 had significantly more GFP produced under hyper-osmotic stress
generated by polar molecules (pRU855 and pRU863); 1 of these being specifically due to
sucrose (pRU8BS55). Two fusions induced specifically under acidic conditions, 6 fusions
were induced under both hyper-osmotic and acidic conditions and 9 fusions were induced

under stressful conditions in general (Table 3.6).

Table 3.6. Stress Induced Fusions. Numbers of each
plasmid and what stress/es under which they were
induced.

Stress Plasmid

pRU843, pRU847, pRUB4S,
pRUS51, pRUS52, pRU854,
Hyper-osmosis | pRUS855, pRU856, pRU8S7,
pRU859, pRU8S60, pRUB63,

pRU864
Acidic pRU850, pRU871
Hyper-osmosis | pRU844, pRU849, pRUS8S3,
& Acidic pRUSBS8, pRUB62Z, pRUSHS
Hyper-osmosis, | pRU845, pRU846, pRUS6I,
Acidic & pRURB6S, pRUB6O, pRUB6HT,
Oxidative pRUS869, pRU8B70, pRUT2

Few of the isolated strains were induced under oxidative stress (further to their
induction under hyper-osmosis and/or acidic stress); 7 with hydrogen peroxide and 8 with
paraquat. There are two possible reasons for this. The first is that the majority of the
isolated fusions were specific to one stress and so little or no induction was seen under
oxidative stress. The other possible reason is that these cross-induction screenings were all
carried out on solid AMA plates, so as to correspond to the initial screenings. Previous
work on oxidative stress in Rhizobium had been conducted in liquid cultures (Crockford et
al., 1995; Sigaud et al., 1999; Santos et al., 2000). It is possible that the solid conditions in

some way affected the nature of the oxidative stress.
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Interestingly, the majority of fusions that displayed any signs of GFP production
under oxidative stress were plasmids initially isolated under acidic conditions (Table 3.6).
Whether this was mere coincidence or not, will be investigated more in the next chapter.
However, both oxidative stress and a low pH can alter the electro-chemical gradients within
a cell. Any genes involved in maintaining or restoring redox potentials in Rhizobium could
therefore have been induced under both these conditions.

Another interesting discovery was the low amount of osmolyte required to induce
hyper-osmosis (section 3.2.4). It is not believed that 15mM of disaccharide is potentially
fatal to a cell, so why were some genes induced by such a relatively low concentration? It
is possible that in order to survive the drastic changes to water availability in the
environment, Rhizobium must respond quickly. Such a low concentration of osmolyte in
the environment is not enough to harm cells, but could serve as an ‘early warning system’
allowing the bacteria to respond early in case hyper-osmotic conditions increased. To my
knowledge, this is the lowest concentration recorded as inducing a hyper-osmotic stress
response.

Overall, the work presented here was successful and showed that some of the
isolated fusions were induced under specific conditions, whilst others were induced to stress

in general. This work will be further investigated in the next chapter.
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CHAPTER 4: CHARACTERISATION OF STRESS INDUCED FUSIONS
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4.1. Introduction

In order to determine how R. leguminosarum responds to each stress, it is necessary
to establish what genes are transcribed under such conditions. As reported in the previous
chapter, 32 pOT fusions were isolated and identified as being stress-induced and from these
30 underwent further investigation. At this point it was only known what stresses induced
GFP production in each fusion and not the genes and/or promoters contained within each
plasmid. In this chapter the DNA of each fusion was sequenced and the stress-induced
genes identified. Sequence data shows the size of each insert, which was previously
indicated by PCR mapping to be between 1.5 and 2.5kb (Schofield, 1995). R.
leguminosarum 3841 is currently being sequenced and fortunately this preliminary data has
been made available and so greatly assisted in the identification of genes. It also allowed
potential operons to be recognized. This is very important as a single promoter may govern
the transcription of many genes and only some of which may be involved in a stress
response.

This chapter also shows which fusions exhibit a specific stress response and which
display a general stress response. Although the last chapter showed under what conditions
each fusion was induced, there are many differences between a specific stress response and
a general stress response. A general stress response tends to occur first, whilst a specific
stress response is activated after prolonged exposure (Bremer & Kriamer, 2000). However,
some specific responses occur immediately (Stokes et al., 2003), whereas some bacteria
enter stationary growth phase as part of a general stress response (the stringent response)
(Hecker et al, 1996; Hecker & Volker, 1998). Therefore, ascertaining the timing of
induction is a key part in determining the type of stress response.

It was expected that many of the genes associated with the stress-induced fusions to
be hypothetical or unknown, as ~40% of the Sinorhizobium meliloti genome is made up of
such genes (Galibert et al., 2001). It was also expected that some of the genes identified
may show similarity to genes that have either previously been characterised within
Rhizobium, or as part of a stress response in another bacteria. This would be of a great
benefit to this research as it will provide a link between the 3841 genome and an earlier

characterised gene.
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4.2. Results
4.2.1. Sequencing Fusions

Once stress-induced fusions had been identified it was necessary to determine the
sequence of the DNA insert each contained. Initially, the pOT fusions were sequenced
using two primers, pOTfor and pOTrev. The pOTrev primer binds to pOT vector close to
the 3’ end of the insert (nearest the gfpuv gene) and sequences upstream. The pOTfor
primer binds around the 5 end of the insert and sequences downstream towards gfpuv gene
(Fig. 4.1).

Although both of these primers worked satisfactorily and provided good sequencing
data, the start of the sequences obtained were not always ideal. Generally, the first twenty
to fifty bases from where the primer binds and starts sequencing were incoherent, or
missing. The pOTrev primer binds 51bp downstream from where the Sa/l site was, whilst
pOTfor binds 41bp upstream of the former site. This meant that for most of the fusions no
sequence data was being acquired for the very start and/or the very end of each insert. The
complete insert sequence was required in order to thoroughly analyse the DNA and identify
potential promoters. In order to counter this problem two more primers were designed,
namely pOTfor far and pOTrev_gfp, which bind 131bp upstream and 132bp downstream
from former Sall site respectively (Fig. 4.1).

Not only did these two primers allow the very ends of each insert to be sequenced,
but also some of the flanking polylinker region from pOT1 allowing the start and end of
each insert to be determined precisely. Sequencing data acquired from all four primers for

each insert was combined as described below.
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Figure 4.1. Binding Sites of the Four Sequencing Primers. The blue arrows indicate not
only where each primer binds, but also the direction in which they sequence. Also shown is
the start of the gfpuv gene and the polylinker region flanking the insert (unique restriction
sites are shown in red, others in black).

4.2.2. Analysing Sequence Data

As mentioned above, the sequencing data obtained were aligned with the polylinker
region of pOT1, so that both ends of each insert could be precisely identified. When the
library was created it was predicted that inserts would be approximately 2kbp in length
(Allaway et al., 2001). Most of the sequencing data obtained was between 800bp and
1000bp in length. This meant that there could potentially be missing sequence from the
middle of some of the inserts. The complete sequence for each insert was therefore not
determined from the two end sequences alone.

Fortunately, the Wellcome Trust Sanger Institute has sequenced the genome for R.
leguminosarum 3841. At the time of writing, sequencing is in the final stages of annotation
and the Sanger Institute have set up a BLAST server on their website
(http://www.sanger.ac.uk/Projects/R_leguminosarum), allowing DNA sequences to be
submitted and aligned with the preliminary genome. Sequencing data for each insert was
submitted to the BLAST server, allowing the entire DNA sequence for each insert to be

identified and any missing sequence was retrieved from the genome.
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In addition to allowing the sequence of each insert to be completed, the availability
of the genome meant that the DNA flanking each insert in its native genome could be
identified. This meant that potential operons or the proximity of related genes could be
recognized.

It was during the analysis of the sequencing data for each insert, that identical

isolates amongst the fusions were discovered (Table 4.1).

Table 4.1. Siblings. Plasmid number (strain number in
brackets) alongside its sibling(s)

Plasmid (Strain) Sibling(s)
pRU843 (RU1507) | pRU860 (RU1505)
pRU852 (RU1519)
pRU855 (RU1519) | pRU856 (RU1520)
pRUB64 (RU1526)
pRU847 (RU1511)
PRUBSI(RUIS06) | pigs1 (RUI515)

Furthermore, it was discovered that the insert of pRU871 was itself contained within
the insert of pRU868 (Fig. 4.2). The insert size of pRU86S is 4685bp, whereas pRU871 has
an insert size of 2589bp (55% of pRU868). The insert of pRUS71 starts 2014bp
downstream of the start of pRU868’s insert and ended 82bp before pRU8S68’s insert ended
(Fig. 4.2).

Figure 4.2. Inserts of pRU868 and pRU871. The insert of pRU871 is within the
insert of pRU86S.

Due to the recent release of the preliminary genome of 3841, the discovery of
identical isolates amongst the fusions was made after most of the screenings had taken
place. To accommodate the presence of siblings amongst the data, their results were pooled
and an average taken where appropriate, however, as would be expected the GFP
expression amongst siblings was practically identical. The pooled results for each sibling
will subsequently be referred to by the plasmid or strain number in the first column of Table

4.1; 1.e. pRU843/RU1507, pRU8S55/RU1519 and pRU859/RU1506.
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pRU868 and pRU871 did not have their results pooled, as they are not identical
isolates and so may not have the same results.

Sequencing data for each of the inserts are shown in full in the appendix.

Once the inserts and their native flanking regions had been identified, open reading
frames (ORFs) and predicted genes were ascertained using Vector NTI and Artemis. Each
ORF/predicted gene had its nucleotide sequence submitted to the BLAST servers supplied
by NCBI (http://www.ncbi.nlm.nih.gov/BLAST/) and was also compared to the S. meliloti
genome (http://bioinfo.genopole-toulouse.prd.fr/annotation/iANT/bacteria/rthime/).  The
Sanger Institute has assigned each predicted gene with a stable number that will remain
constant on release of the fully completed genome. These numbers are used in the data
presented here.

From all of these data, the gene within each insert that is most likely to be activated

by stress was deduced (section 4.2.4).

4.2.3. Quantifying GFP Induction in AMS Cultures

In order to quantify the level and timing of GFP produced by each fusion, each
strain was grown in liquid media to allow fluorescence levels to be examined in a plate
reader. Strains were freshly grown up on a TY slope and resuspended in AMS to an optical
density (ODgoo) of ~1.0 before 10ml cultures were inoculated with 100ul of each
suspension. Strains were grown for 3 days in AMS, AMS + 100mM sucrose and AMS
buffered at pH 5.75, shaking at 200rpm. All AMS contained 10mM glc, 10mM NHy,
streptomycin and gentamycin. A control of 3841 was also grown in identical media (but
without gentamycin) in tandem with the strains. Samples were taken daily from each
culture so their ODgo and relative fluorescence could be measured in a plate reader and the
experiment was performed in triplicate.

The data produced from this is calculated by dividing the absolute fluorescence of
each culture by its optical density, minus the appropriate blanks (see Chapter 2, section
2.10). These data are presented individually for each strain in section 4.2.4. Each figure
shows an average of triplicate results for each strain grown in each media (outlined above)
plus standard errors. Where appropriate, sibling strain data were combined. Figure 4.3
shows an example of the growth rates of 3841 under the three test media. All strains

matched the pattern shown.
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Figure 4.3. Growth Rates of 3841 on AMS, AMS + 100mM Sucrose and AMS
Buffered at pH 5.75. Example of 3841 growth rates on the three test media (all
supplemented with 10mM glc, 10mM NHy). All strains showed similar rates.

4.2.4. Overall Results

The nature of this research has produced a large amount of data for each
plasmid/strain. The data for each one, including results obtained from solid and liquid
media, is presented individually below. The region of DNA from 3841 for each insert is
indicated using the nucleotide numbers annotated by the Sanger Centre R. leguminosarum
3841 sequencing project.

Once the insert for each pOT fusion had been sequenced, the most probable
activated promoter (and therefore gene) for each one was deduced. The best BLAST result
that showed the most likely protein encoded by each gene is shown for each insert. The
region of DNA present in each insert, and the neighbouring region in the genome, is also
shown. All diagrams are proportional, with a 1kb scale shown. Genes have been labelled
with their gene number (annotated by the Sanger Centre R. leguminosarum 3841
sequencing project). Where applicable, genes have also been labelled by the most likely
function of the protein they encode for, as determined through BLAST analysis. If no
homologous gene was found by BLAST analysis, then just the predicted gene number is

given.
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Some predicted gene starts have been trimmed from those calculated by the Sanger
Centre, although the gene numbers have remained the same. This was because the data the
Sanger Centre provided was only preliminary, so the exact translational start of each
predicted protein may not be correct and trimming the gene made a more probable protein.
In some BLAST results the low complexity filter was disabled in order to obtain a more

precise match. These cases are indicated in text.

4.2.4.1. pRU843/RU1507

0.lM | 0.01M |0.1M| 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,0O, | Paraquat
e ++ e ++ + - -
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800 -
600 -
()]
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=)
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—A— pH 5.75
—&— Sucrose
0 T T T
24hrs 48hrs 72hrs
Time

Figure 4.4. RU1507 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgp. Each
line is the average and standard error produced from three independent cultures of siblings
RU1505 and RU1507 (as in explained in section 4.2.2).

The screening results on solid media for this fusion showed that it responded
strongly to hyper-osmotic stress, whether caused by polar or ionic molecules. Liquid

growth showed that this fusion was induced early in its growth cycle, with a 1.8-fold
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induction after 24 hours, which led to a 3.5-fold induction after 72 hours (Fig. 4.4).
Rhizobium DNA from this fusion mapped to the pRL10 plasmid, nucleotides 79468 —
81350 (Fig. 4.5).

regulator
pRL100082 pRL100084 pRL100085

Prow | transposase
pRL100075 pRL100077 pRL100080 PRL100083 | pRL100086 pRL100088
| ProV ProX | AcdS | hypothetical
pRL100074 | pRL100076 pRL100078 pRL100079 pRL100081 ‘ pRL100087 | pRL100089

Figure 4.5. Genomic Region of pRU843’s Insert. Black arrow shows the region of DNA
within pRU843, grey arrows show predicted genes and black line shows ~1kb scale. Gene
numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
pRL100079 (pRL10 nucleotides 80451 to 81680, 410aa). The promoter within the insert
could activate the transcription of pRL100080 to pRL100085 inclusive as an operon.
However, as there is an intergenic region (that may contain a promoter) between most of
these genes, this may not be the case so those genes were not investigated. As BLAST
analysis of pRL100078 did not reveal a homologue it was not analysed further, besides
which, it would be encoded in the opposite orientation to a promoter within the insert. The

best BLAST result for pRL100079 is shown below.
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Glycine Betaine/L—Proline transport ATP-binding protein ProV BMEII0548 (imported)
[Brucella melitensis 16M] Length = 398aa

Score = 504 bits (1297), Expect = e-141
Identities = 265/396 (66%), Positives = 314/396 (79%)
Frame = +1

Query: 40 ATTREIGLFNIYEVFGEHPEEAFALLRAGKETESEIHAATGCSIGVHNDASFDIRAGEIFVIN 2189
b TEISL ++EVFG+H+P +4 L AGE+E++IH+ G +IGV++A+FDIR GE+4+FVIH
Sbjet: 15 AETEISLNGVFEVF GDNPMRANREL GAGEIEAQIHEDLGATIGYDNATFDIREGEVFWVIN 74

Query: 220 GL3IGEGEKSTLLELLMNRLIERISGEIEIDGRDITGHMIRIELIALERRDISHVFOIVALLPN 3899
GLIGEGESTLLRLLNELIEP++GSIE++GRD I M5+ ELI LERRD+3MVFQS ALLPHN
Sbjet: 75 GLAGEGKSTLLRLLNELIEPTAGE IEVEGRD INVEMZKRELIDLERRDMSHVFOIFALLPN 134

Cuery: 400 RTVLNNAAFGLEVAGVGEAGREOKALAALKAVGLDGYADIRPDOLAGGHNEQRYVGLARALLE 579
E+VLNNAAFGLEVAG+GE R QKAL AL AVGL+ ¥4 3 PDOLESGGMEQRVGLARALL
3bjct: 135 RSVLNNAAFGLEVAGMGEVERHOKALKALAAVGLEPYAHIMPDOLAGGMEQRVGLARALL 194

Couery: 580 SEPTILLMDEAFIALDPLIRTEMODELVELOIEHSRTIVFVIHDLDEAMRIGDEICIMON 753
SEPT+LLMDEAFIALDPLIRTEMOQDEL RLO++HIRTIVFVIHDLDEAMRIGDEICIMO+
3hjet: 185 SEPTVLLMDEAFIALDPLIRTEMODELERLOAOHSRTIVFVIHDLDEAMRIGDEICIMOH 254

ouery: 760 GHNVWOVGAPDEIVTOPRANDYVRESFFRNVDVAHVFELAGDVARKIOVWTIIEREGVIAAAALE 939
= VWOVS P+EI++ PANDYVESFFRNWVDV+ WFEL DVAR ++ + E E L ALE
Jbhjet: 255 GEVWOVGTPHNEIISAFANDYVESFFRNVDVIEVFELLADVARDDELIVFEAE--QLATALE 312

ouery: 940 BRMENYDREYVAIILGRDETYHGMISOTILIEKMRAEAADPYRGAFLTEIQATIPASEFLINY 1119
E + ¥ +++ D+TY G++5+ +L E L + AT & PL3 +
Jbjet: 313 RFDASGEAYGVLVDADRTYRGLVIRDALAAGOR--—————————- LNDFAATEADAPL3GL 361

ouery: 1120 LGEVAARPUWPVPVVCDENRYIGSISEIALLETLDRAL 1227
L W& SFWPVEV +HNREY+53+I3+3 LLETL R4
Jbhjet: 362 LVHVAESPWPVPVTDRONRYWVGAISRIVLLETLGRAL 397

This result showed a good sequence identity to the ProV component of the ProU
transport system in B. melitensis (a member of the a-proteobacteria, the same group as R.
leguminosarum).  ProU (encoded by the proVWX operon) is a broad-specificity
osmoprotectant uptake system, which belongs to the ABC transporter class. ProU is
specifically activated when hyper-osmosis is imposed on bacteria grown in an environment
of low-osmolality (Faatz et al., 1988). (This class of transporter is more thoroughly
reviewed in Chapter 6.) Encouragingly, the product of pRL100080 shared sequence
identity with ProW and the product of pRL100081 shared sequence identity with ProX.
These data indicated that a region with sequence identity to the entire ProU operon was
present in 3841 and as such was probably transcribed as an operon under the same
promoter. In E. coli, ProU has been extremely well characterised as one of the systems
responsible for rapid uptake of the compatible solutes proline and glycine betaine. This is a
classic example of a bacterial response to hyper-osmotic stress. Bacteria accumulate
compatible solutes in an attempt to raise internal osmolality to match that of the

environment and so relieve the hyper-osmosis. These data shows that R. leguminosarum
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may employ a similar system under hyper-osmosis. This set of BLAST results was well
suited to the data obtained, as the induction of pRU843 was rapid and specific for hyper-
osmotic stress.

This indicates that pRL100079, pRL100080 and pRL100081 were induced as an
operon as part of a specific stress response to hyper-osmotic stress. This made pRU843 an

ideal fusion for further investigation (see later chapters).

4.2.4.2. pRU8B44/RU1508

0.lM | 0.01M |0.1M| 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,O, | Paraquat
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Figure 4.6. RU1508 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgp. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded to
hyper-osmotic, acidic and slightly under oxidative stress. Liquid growth showed that this

fusion induced early in its growth cycle, with a 2 to 2.5-fold induction after 24 hours, which
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remained constant thereafter (Fig. 4.6). Rhizobium DNA from this fusion mapped to the
chromosome, compliment of nucleotides 631647 — 634153 (Fig. 4.7).

lipoprotein  transmembrane protein hypothetical
RL0584 RLO0586 RLO0589

hypothetical
RLO583

transmembrane protein hypothetical Nod
RLO0587 RLO588 RLO590

reductase
RL0585

Figure 4.7. Genomic Region of pRU844’s Insert. Black arrow shows the region of DNA
within pRU844, grey arrows show predicted genes and black line shows ~1kb scale. Gene
numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
RLO587 (compliment of chromosome nucleotides 630561 to 631481, 307aa). The insert
starts within RL0O588 and so it cannot contain its promoter. Although the insert ends before
the predicted transcriptional start of RLO587, it may still contain its promoter, although it
could be a cryptic promoter within the end of the RLO588 gene. As the annotation of the
3841 genome is only preliminary, the transcriptional start may have been predicted
incorrectly and may be further upstream, which would put it within the DNA mapped from
the insert. The best BLAST result for RLO587 is shown below.
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Conserved hypothetical protein Atu0498 (imported) [Agrobacterium tumefaciens C58]
Length = 308aa Low Complexity Filter disabled

Score = 512 bits (1318), Expect = e-144
Identities = 259/304 (85%), Positives = 288/304 (94%)
Frame = +1

Duery: 1 VTIYLPIAELSWNIFIILGHGAAVGFLIGNFGVGGGFLITPLLIFYHNIPPVAVATGANG 150
+T+YLPIAELSVNIF IILGHGAAVGFLEGNF GV GG GFLITPLLIF YN IPPVAVATGAN O
Sbject: 1 MTWYLPIAELSVNIF IILGHGAAVGFLIGHFGVGGGFLITPLLIFYNIPPYVWAVATGANG a0

ouery: 181 VVASSISGAITHFRRGILDVELGTVLLVGGLAGATVGIWIFSLLRATIGOLDLITISLMYWI 340
VWVASS+3G+ITHFRRGHLD+ELGTVLLVGGL GATVGHTIFS LE+IGOLDLI+3L+¥WVI
Jhjct: 61 VVARASVIGIITHFRRGTLDIKLGTVLLVGGLVGATVGVWIFSFLREIIGOLDLIVILLYWI 120

Cuery: 361 FLGTVGGLMLLESVMNAMRERLARNEPPAPREPGHOHWYHELPLEVEFEESEIFLIVIPIVA 540
LTV LML E3++A+FERAARNE F+PGH +WWH+LPLE+RFEESEI+L3+IFPIVA
Jbhjct: 121 LLGTVGTLMLEESISALRRAARNETVTLERFGHHNIWVHELPLENMREFEESEIYLIIIFIVA 130

ouery: 541 LGFAIGILTIIMGVGGGF IMVPAMIVLLERIPTNVWWGTSLFOQITIFVTAYTTIVOQALATHNFS Y20
LGF IGILTSIMGVGGGF IMVPAMIVLLEIPTH/ VWG TILFOQIIFVTAY TTHVOALATI+S
Jbhjct: 181 LGFGIGILTSIMGVGGGF IMVPAMIYLLEIPTSVWWGTILFOQITFVTAYTTWWOQALATHNYS 240

ouery: Y21 VDIVLAFILMVAGVIGAOYGWVEVGOKLREGEQLRALLGLLVLAVGVRLATALVWTRADVYS 200
VD+VLAF ILMVAGVIGAQVGVEVGOELRGEQLEALL LLVLAY +RLA++LVY P D++5
Sbjet: 241 VDVVLAFILMVAGYIGAOYGVREVGOKLRGEQLRALLALLVLAVALRLAVSLVVERPEDLFS 300

Cuery: 201 VWHMG 912
Vo+G
3bject: 301 VAVG 304

This result showed an excellent sequence identity to a hypothetical protein in A.
tumefaciens (a member of the a-proteobacteria, the same group as R. leguminosarum). As
the result was for a hypothetical protein, not much more could have been inferred from that
data alone. Pfam analysis was carried out and showed the predicted protein contains a
domain of unknown function (DUF81). This domain is known to include two duplicated
modules of three transmembrane helices, which indicated that the molecule was found in
the cell membrane. A protein with membrane-spanning regions could form a pore or
channel in its host membrane. This channel could be used to maintain or restore balance to
a cell’s internal environment after encountering a general external stress. The pores may
aid in the removal of protonated species (under acidic stress) or reactive oxygen species
(under oxidative stress). Furthermore, aquaporins (pores that can selective transport water
across cell membranes under stress) are known to have six transmembrane domains
(Preston et al., 1994). These channels have been characterised in both eukaryotes and
prokaryotes (Calamita et al., 1995). Under hyper-osmotic stress, cells passively lose water
through diffusion and so cells must respond quickly to avoid this loss. As bacteria have
active control on aquaporins, they could have helped maintain internal water concentrations

by preventing water efflux through these channels. Mechanosensitive channels have been
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observed to activate rapidly, just as pRU844 did, in cells responding to osmotic stress
(Stokes et al., 2003). Although these channels deal with hypo- and not hyper-osmotic
stress, they illustrate how quickly cells can respond to stress.

These data, and the data recorded from tests with pRU844, support the theory that

RL0587 is induced as part of a general stress response in R. leguminosarum.

4.2.4.3. pRU845/RU1509

0.lM | 0.01M |0.1IM| 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,0O, | Paraquat
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Figure 4.8. RU1509 GFP Values. Readings were taken daily from strains grown over 3

days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded to
hyper-osmotic stress and acidic stress. Liquid growth showed that this fusion induced later
in its growth cycle as it took 48 hours before any significant induction was observed (Fig.
4.8). Rhizobium DNA from this fusion mapped to the pRL9 plasmid, nucleotides 190856 —

193166 (Fig. 4.9).
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decarboxylase

pRL90174 pRLI0188
MFS TnpA transposase  hypothetical BdhA dehydrogenase iminopeptidase
pRL90170 pRLY0171 pRLI0172 pRLI0173 pRLI0175 pRL9I0176 pRL90177 pRLI0179

Figure 4.9. Genomic Region of pRU845’s Insert. Black arrow shows the region of DNA
within pRU845, grey arrows show predicted genes and black line shows ~1kb scale. Gene
numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
pRLI90174 (pRLY nucleotides 193066 to 193803, 246aa). Although the insert is also made
up of DNA from pRL90172, it is encoded in the opposite orientation to the promoter. The
promoter within the insert could also transcribe pRL90173 and pRL90175 as a part of an
operon with pRL90174, as there was no intergenic region between these genes. As such,
the products of these genes were taken into account during the analysis. The best BLAST

result for pRL90174 is shown below.

Acetoacetate decarboxylase [Burkholderia fungorum LB400] Length =252aa

Score = 366 bits (939), Expect = e-100
Identities = 174/246 (70%), Positives = 204/246 (82%)
Frame =+1

ouery: 1 MEIEDVWVERNAF AMPLTSPSYPPGPYRFVHNREYMIITYRTDPEALREVVPEFPLOQFDEFLVE 180
M ++ V+ NAFAMP+TSF++F GPYRF+NEE++IITYRTDF+ LE WWFEFL+ EPLV
hjct: 1 MDVESVLSNAF AMPITSFPAFPHNGPYRF INREFLIITYRTDPDELRAVVPEPLEIGEFLVH a0

Query: 131 YEFIRMPDSTGFGDYTEIGOVIPVTYQGVHGGTVHIMYLNDDAP IAGGREIWGFPEELAE 360
TEFIRMPDITGFGDYTESGOVIPV+Y+GY GGY  +MYL+D FPIAGGRE+WGFPEELL
J3bjct: 61 YEFIRMPDATGFGDYTESGOVIPVSYEGVAGGYTLAMYLDDHPP IAGGRELWSFPEELAN 120

Cuery: 361 PILTAVEDALVGTLDYGGORVATATHGFEHRILDEAKILESLEQPNFHLEITPHVDCTPR 540
F L In LVGTLDYE R+ALT TMG+EHE LD A+ + L+ FHNF+LE+IPHVD TFPR
Jbhjct: 121 PVLAVHTDTLWVGTLDYGPWRIATGTMGYEHROLDLAOQEEKRLETPNFLLEVIFHVDGTEFR 150

ouery: 541 ICELVREYYLEDLTVEGAWEGPGALALFPHALAPVADLPVLEVESAVHIL3IDLTLGLGEWVY 720
ICELVRYYL+D+ +KGAW F AL L PHALAPVAL LPVLEV 4 H+++DLTLGLGEWVV
Sbjot: 1831 ICELVREYYLODIDLEGAWTGPAALELAPHALAPVAALPVLEVVEARHLIADLTLGLGEVY Z40

Duery: 721 HDYLAE 738

DYL +
Jhjct: 241 FDYLGD Z24a
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This result showed a good sequence identity to an acetoacetate decarboxylase in B.
fungorum (a member of the B-proteobacteria, whereas R. leguminosarum is a member of the
a-proteobacteria). An acetoacetate decarboxylase is a transferase which could have many
possible functions. It is likely that it converts a non-metabolisable compound into one that
the 3841 can use. pRL90175 appears to encode for a protein with sequence identity to
BdhA. BdhA is a B-hydroxybutyrate-dehydrogenase, responsible for breaking down the
storage compound polyhydroxybutyrate (PHB). pRL90175, like pRL90174, may also have
a metabolic role within the cell and be used to generate an energy source (Hofmann et al.,
2000). The PHB degradation pathway has been well characterised in S. meliloti and
involves PHB being broken down to B-hydroxybutyrate, which is then converted to
acetoacetate by BdhA (Aneja & Charles, 1999). Acetoacetate is then converted into
acetoacetyl-coA, which can then re-enter the PHB cycle or go through to the TCA cycle
(Fig. 4.10) (Lodwig & Poole, 2003). pRL90175 has a 40% identity and 57% similarity with
the bdhA of S. meliloti, whereas another gene from R. leguminosarum, RL3569, has a 69%
identity and 84% similarity with the same gene. (pRL90175 and RL3569 share a 62%
identity and a 62% similarity with each other.)  This indicates that RL3569 is the
equivalent bdhA gene of R. leguminosarum and pRL90175 is either a homologue or
paralogue. Interestingly, the product of pRL90174 is a decarboxylase of acetoacetate, the
product of B-hydroxybutyrate degeneration by BdhA, and converts acetoacetate to acetone
releasing CO,. This suggest that in R. leguminosarum PHB degradation may also follow
another pathway, utilising the products of pRL90174 and pRL90175, perhaps as a method
of removing acid from the cells. PHB is converted to B-hydroxybutyrate by a
dehydrogenase, and BdhA converts this to acetoacetate (Fig. 4.10). Both B-hydroxybutyrate
and acetoacetate have a carboxylic acid group as part of there structure, making them acidic
in nature. During acidic stress, cells need to remove acidic compounds in order to counter
the stress. As mentioned above, the product of pRL90174 converts acetoacetate to acetone,
a neutral compound. This combination of the products of pRL90175 and pRLI0174 seems
to be a novel mechanism of removing protons from acid stressed cells and appears to be
linked to PHB, one of the major storage compounds of the bacteria. The presence of these
two genes in other a-proteobacteria was investigated by sequence comparisons and
homology studies, and no gene similar to pRL90174 could be found indicating this
mechanism may be unique to R. leguminosarum. Whilst novel to rhizobia, previous work
has shown the use of other decarboxylases in response to a low pH (as described here) in E.

coli; e.g. the gad genes (glutamic acid decarboxylation) involvement with the conversion of
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glutamic acid to GABA under acidic conditions (Castanie-Cornet & Foster, 2001; Hommais
et al.,2004).

pRL90173 appears to encode a hypothetical protein. As the result was a
hypothetical protein, not much more could have been inferred from that data alone. Pfam
analysis was carried out and showed the predicted protein contains a patatin-like
phospholipase. Patatin can be a storage protein but it also has the enzymatic activity of a
lipid acyl hydrolase, which catalyses the cleavage of fatty acids from membrane lipids.
Changes in fatty acid composition have been observed in Bradyrhizobium japonicum under
osmotic stress (Boumadhi et al., 2001). A similar response may be seen in R.
leguminosarum and the product of pRL90173 could be responsible for catalysing changes
in fatty acid composition in the membrane. Membrane composition also undergoes a
change in Mesorhizobium loti during acidic stress (Correa et al., 1999), further supporting
this hypothesis for the role of pRL90173’s product, as pRU845 induced under hyper-
osmosis and acidic stress. Whether pRL90173’s product is involved in the same pathway as
the products of pRL90174 and pRLI0175 is currently unknown.

These data indicates that pRL90174 and pRL90175 were induced as an operon as

part of an acidic stress response.
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Figure 4.10. Pathways leading to the Synthesis and Degradation of PHB in rhizobia (adapted from Lodwig & Poole, 2003). Additional
pathways suggested by this work are indicated by dotted outline.
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4.2.4.4. pRUB46/RU1510
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Figure 4.11. RU1510 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgp. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded to
hyper-osmotic, acidic and slightly under oxidative stress. Liquid growth showed that this
fusion induced later in its growth cycle as it took 48 hours before any significant induction
was observed (Fig. 4.11). Rhizobium DNA from this fusion mapped to the chromosome,

nucleotides 387562 — 389867 (Fig. 4.12).
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Figure 4.12. Genomic Region of pRU846’s Insert. Black arrow shows the region of
DNA within pRU846, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre except RLO350A, which had not
been assigned a number at time of writing. Where appropriate, potential function of the
protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
RL0356 (chromosome nucleotides 389637 to 390446, 270aa). Although most of the insert
is made up of DNA from RL0354 and RLO0355, they are both encoded in the opposite
orientation to the promoter. The best BLAST result for RL0O356 is shown below.

Further analysis showed that the insert for pRU855 mapped in close proximity to where
pRU846 mapped (Fig. 4.24).

Hypothetical protein SMc01162 [Sinorhizobium meliloti 1021] Length =271aa

Score = 417 bits (1071), Expect =e-115
Identities = 199/255 (78%), Positives = 221/255 (86%), Gaps = 2/255 (0%)
Frame = +1

ouery: 1 MCRWAAYRGDPLYLEELVSSPAHSLIEOSHCATRAETATNGDGFGIAWYGDRPEPGRYRD 150
MCRWAAYRG+PLYLEELWV+3F H3LIEQSHCA RAKTATHNGDGFGIAWYGDEPEPGEYED
Jhjct: 1 MCRWAAYRGEPLYLEELVTSPEHILIEQSHC AVRAETATNGDGFGIAWYGDRPEPGRYRD a0

Query: 181 ILPAWIDCHLESLARQIRSPLFLAHVRAATGGGTRRDNCHPF TOGTWIFMHNGQIIGFER 360
ILPAWSDCHNLES+ARQIRESPLFLAHVRAATGGGTRRDNCHPF G W3FMHNGOI FE
Sbjet: 61 ILPAWIDCHMLESTIAROIREPLFLAHVRAATGGGTRRIDMNCHPFVFGRWIFMHNGOQIGDFEH 120

ouery: 361 LERPMEAMLDDELFNARGGTTDIELMFLLALQFGLREAPVALMAENIGVIEDLAESVIGS 540
LERFME MLD4+EL++ALFR GTTDIEL+FLLALOFGL P+ A+AE + +E LAE +
3bhjct: 121 LERPMETMLDNELYIARSGTTDIELLFLLALQFGLDRDPLGAVAEALAFVERLAERLGEFR 130

Cuery: 541 ILLRFTAAFIDGRALYATRYATDREAPTLYASPVGA--GYCLVEEPLNDDVDAWAETIFDG 714
L+RFTAAF3DG+ LYA+RYATD EAPTLYA P+3+ GYCLWV3IEPLNDD AW E+FPDG
Jbhjct: 181 ALVRFTAAFSDGRDLYAVEYATDWEAPTLYAGPHMGISGGYCLYVIEPLNDDDSAWVEVEDE 240

ouery: V15 JAVTVGEDGIDWADE 759

3h+ VE+H+HG+DV  F
Sbjoct: 241 JATIVGENGVDVWELF 255
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This result showed an excellent sequence identity to a hypothetical protein in S.
meliloti (a member of the a-proteobacteria, the same group as R. leguminosarum). As the
result was a hypothetical protein, not much more could have been inferred from that data
alone. Pfam analysis was carried out and showed the predicted protein contains a glutamine
amidotransferases class-II domain. These are a large group of biosynthetic enzymes that
can catalyse the removal of the ammonia group from glutamine and then to transfer this
group to a substrate to form a new carbon-nitrogen group. Perhaps this gene was involved
in biosynthesis of carbon or nitrogen sources, providing the Rhizobium with a much needed
energy supply (Nelson & Cox, 2000). Furthermore, glutamine amidotransferases are
induced as part of the stringent response in E. coli (Smulski et al., 2001). A stringent
response would fit the data collected, as pRU846 was induced later in its cell cycle and
under many stresses.

These data indicates that RL0356 was induced as part of a general stress response.

Further analysis of pRU846 is given in section 4.2.4.10.

4.2.4.5. pRU8B48/RU1512

0.lM | 0.01M |0.1M| 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,O, | Paraquat
o ++ ++ + + - -
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Figure 4.13. RU1512 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded mainly
to hyper-osmotic with some induction under acidic conditions. Liquid growth showed that
this fusion induced later in its growth cycle as it took 48 hours before any significant
induction was observed (Fig. 4.13). Rhizobium DNA from this fusion mapped to the
chromosome, compliment of nucleotides 2420820 — 2423356 (Fig. 4.14).

hydroxylase = hypothetical dehydrogenase  oxidoreductase hydrolase dehydrogenase hypothetical
RL2292 RL2294 RL2296 RL2298 RL2300 RL2302 RL2304
hypothetical|  transporter | dehydrogenase | oxidoreductase | ion transporter CcesA

RL2291

RL2293 RL2295 RL2297 | RL2299 ‘ RL2301 RL2303

Figure 4.14. Genomic Region of pRU848’s Insert. Black arrow shows the region of
DNA within pRU848, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.
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Analysis of this DNA indicated that the gene most likely activated by stress was
RL2296 (compliment of chromosome nucleotides 2419291 to 2420817, 509aa). Although
most of the insert is made up of DNA from RL2298 it is encoded in the opposite orientation
to the promoter. The insert started within RL2299 and so it cannot contain its promoter. As
BLAST analysis of RL2297 did not reveal a homologue it was not analysed further. The
promoter in the within the insert could activate the transcription of RL2296 to RL2293
inclusive as an operon. However, as there is an intergenic region (that may contain a
promoter) between each of these genes, this may not be the case and so only RL2296 was

investigated. The best BLAST result for RL2296 is shown below.

Fatty aldehyde dehydrogenase (imported) [Caulobacter crescentus CB15] Length = 528aa
Low Complexity Filter disabled

Score = 614 bits (1583), Expect =e-174
Identities = 318/507 (62%), Positives = 379/507 (74%), Gaps = 2/507 (0%)
Frame =+1

ouery: 7 L3GDLITGGANVRGAAAAFIATNPANGNPHEPSF AGATEECVEEATSLAWDAFFVYEETS 186
L+G+L+IG5 G +MEL G +EP+F GAT WVE A +LL +AF ¥+
Jhjct: 4 LTGELLIGGERRFGIHGEIEGVNPATGETLEP AF GGATTADVEAACALALAEAFGPYRSLE 63

ouery: 187 LDDRARFLEATAEGIVALGDDLVMRAIDETGLFRGRIEGERARTWGOLRLFAKEVRDGRF 366
+ RA+FLE+4+IAE I A+GDDL++FE + ETGLPR R+EGER RTVGQLELFAE  +RDG F
Jhjct: 64 TETRACFLESIAEHIEATGDDL IVRTHAETGLPRPRLEGERGRTVGOLRLF AGVLEDGGF 123

ouery: 367 QELRFDPADTERRPVAKPDLELENVALGPVAVFGASHNFPLAFIVAGGDTASALALGCPVY 546
E R DPA +FE+P+ +PDLELENV LGPVAVFGASNFPLAFIVAGGDTASALAAGCPV+
Jbhjct: 124 LEARIDPAMPDREEPLFRPDLELENVPLGPVAVFGASHNFPLAFIVAGGDTASALALAGCPVI 153

ouery: 547 VEAHIAHPGTIELVGRAVADAVAACGLPRGTFGLLFDAGFEVGOTLVADHRIRAVGFTGS 7Za
WVEAH AHPG 3ELVGRA+ AVAACGLP G F L+ D+G+EV O LVAD R++A GFTGE
Jhjct: 184 VEAHPAHPGASELVGRAIQALVAACGLPPGVFALIHDIGYEVIQALVADFRVELLGFTGS 243

ouery: V27 RRGGTALMEIASERKOFIPVYAEMIZINPVILYFNALRSRGAEIGESFASSLILGAGOFC 204
RRGG AL+ IA R +PIF YAEMISINPVIL P AL++E  +1I F ++L LGAGQFC
Jbhjct: 244 RRGGLALLATACGRPEFIPFYAEMISTNPVILLPAALKARADKIAPDFVALLTLGAGQFC 303

ouery: 907 THPGLITAVEGAGLDAFIGIAAAALIEICACTMLTGGIFDAYCHGVARLISSPSVIOVAL 1036
THMPGLI+A++5 LDAFI +A A+ + A MLT GI A+ +5WAL L+ + W+ WA
Jbjct: 304 THPGLILAIDGPELDAFIEALGEAVEAAPASVMLTPGICOQAFAHGVAALTDALEVTTVAER 363

ouery: 1087 GEDGT--PHNOAAAALFETTALAFLAWNPELOEEVFGASGLIVRCRDDEELETVWVGILEGQL 1Za0
3 G + AALF TAL FLANF L EEVFGAL+ L+VERC EL %+ +LEGQL
Jbhjct: 364 GVPGPDGIHTGRAALFSVTALDFLANPHLHEEVFGAASLVVRCAGOAELEAVIAALEGQL 423

ouery: 1261 TIALHVDAGDIGAASFMISOLELLAGRLLVNGFGTGVEVIPANVHGGPYPATSDGRITIV 1440
TIALH+DI I & A ++ LEL AGE+LVNGFGTGVEV+PAMVHGGP+P+TIDGRE+ATIV
Jbhjct: 424 TIALHMDEADHGIAGALLPALELEAGRILVNGFGTGVEVAPANVHGGPFESTSDGRTTIV 453

ouery: 1441 GTLAIYRFLEPVSYODFPIDLLFEPLE 1521

TLATI RFLEPV3IYQ+ P LLF LK
3bjct: 4584 GTLAIARFLEPVSYONLPEALLFAELE 510
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This result showed a good sequence identity to a fatty aldehyde dehydrogenase in C.
crescentus (a member of the a-proteobacteria, the same group as R. leguminosarum).
Dehydrogenases are enzymes involved in cell metabolism, specifically in generating energy
and/or in electron transfer systems. It could be that this gene, like RL0356 above, is
involved in energy generation.

However, cells that have undergone membrane stress, like that caused by hyper-
osmosis or acidity, may also have been affected by a change in electrochemical-gradient.
Aldehyde dehydrogenases have been shown in Bacillus subtilis to maintain the redox
balance of bacteria as part of a general stress response (Petersohn et al., 2001). It could be
that RL2296 performs a similar function in R. leguminosarum.

Additionally, fatty aldehyde dehydrogenases have also been key components in the
detoxification of aldehydes formed under oxidative stress (Demozay et al., 2004).
Although pRUS848 did not react to oxidative stress, this information shows that aldehyde
dehydrogenases can be involved in a stress response.

These data indicates that RL2296 was induced as part of a general stress response.

4.2.4.6. pRU8B49/RU1513

0.lM | 0.01M |0.1M| 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,O, | Paraquat
+ ++ + + + - -
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Figure 4.15. RU1513 GFP Values. Readings were taken daily from strains grown over 3

days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded weakly
to hyper-osmotic and acidic stress, however, liquid growth showed little induction at any
point (Fig. 4.15). Rhizobium DNA from this fusion mapped to the chromosome,
compliment of nucleotides 4471789 — 4475121 (Fig. 4.16).

kinase ABC transporter ABC IMP transcriptional regulator acetylhexosaminidase
RL4212 RLA4215 RL4217 RL4219 RL4222
regulator |phosphotase MtIK ABCIMP | ABC SBP ExoD  hypothetical efflux system
RLA4211 RL4213 RL4214 RL4216 | RL4218 | RL4220 RL4221 RLA4223
. insert 849

Figure 4.16. Genomic Region of pRU849’s Insert. Black arrow shows the region of
DNA within pRU849, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.
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Analysis of this DNA indicated that the gene most likely activated by stress was
RL4220 (compliment of chromosome nucleotides 4471294 to 4471860, 189aa). Although
most of the insert is made up of DNA from RL4221 it is encoded in the opposite orientation
to the promoter. The insert starts within RL4222 and so it cannot contain its promoter. The
promoter within the insert could activate the transcription of RL4220 to RL4212 inclusive
as an operon. However, as there is an intergenic region (that may contain a promoter)
between most of these genes, this may not be the case and so only RL4220 was

investigated. The best BLAST result for RL4220 is shown below.

ExoD [EDTA-degrading bacterium BNCI1] Length = 217aa Low Complexity Filter
disabled

Score = 214 bits (544), Expect = le-54
Identities = 104/169 (61%), Positives = 127/169 (75%)
Frame = +1

Query: 1 MaADOSRERISIGDIFD THGDRALISALML IFALPNAFPTPPGTSAVLGAPLVFLALQLTE 130
MAh In +ERERIS+ D+ MGDEA  ALML+FALPMN PTPPGTS +LG PLWV+LALCL
Jhjct: 1 MAED TARERISVNDLVVANGDEAF GALMLVFALPNVLPTPPGTIGLLGLPLVYLAAQLNL &0

Cuery: 151 GLEPWLPEVIANRIMRREDFETIVGEIHRWLAWAERMLEPRLAIFAEPPAEYLAGAACLL 360
= +PWLPE I +ES+REEDF + R WL ALER+L+PEL P AE L G4 CL+
S3bject: 61 GORPUWLPEFIGIRIIRREDFAAFIERAAPWLERAERLLEPRLVFLVIFAAERLVGAVCLY 120

ouery: 36l LSIVLLLPVPLGNILPAVTISVFAFGILGRDGLFALIGFVHMTAVELWWA 507
L+IVL LPFVPLGN+LPA++ISVF+FGILGRDGL+ + & ++ +3 VWA
Jbjcoct: 121 LATVLFLPVPLGNMLPALIISVFSFGILGRDGLIWVICGVLLAVISAVVAE 169

This result showed a good sequence identity to ExoD in EDTA-degrading bacterium
BNCI1 (a member of the a-proteobacteria, the same group as R. leguminosarum). ExoD is
involved in exopolysaccharide (EPS) synthesis and is one of the genes required for nodule
invasion (Reed & Walker, 1991b). It was suggested that EPS may have had a protective
role, enabling Rhizobium producing greater amounts of EPS to survive in acidic conditions
better then Rhizobium that produce smaller amounts (Cunningham & Munns, 1984).
Furthermore, ExoD mutants are alkaline sensitive, but can nodulate in slightly acidic
conditions (Reed & Walker, 1991a). This data indicates that ExoD, and its transcription, is
significantly linked to changes in pH. The fact that ExoD can only deal with slightly acidic
conditions is corroborated by the result of pRU849 and its low GFP induction on acidic
stress. Perhaps in order to survive a greater decrease in pH, more EPS is required, but the
pRU849 data clearly showed that RL4220 induction is not great enough to meet these

demands.
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Regarding the induction under hyper-osmotic conditions, acidic stress could induce
a hyper-osmotic stress response (and visa versa) by altering electrochemical gradients; an
effect that has been previously reported (Leyer & Johnson, 1993). However, the data
strongly suggested low pH as the main cause of induction. RL4220 showed 25% identity
and 40% similarity to the S. meliloti version of the gene that encodes ExoD and analysis
indicated it to be the only copy of an ExoD-like gene in 3841.

These data indicates that RL4220 was induced as part of a stress response specific to

acidic stress.

4.2.4.7. pRU850/RU1514

0.1M 0.01M | 0.1M 0.1M pH [ 1ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,0O, | Paraquat
+ ++ + + +++ - -

2000

1800 -

1600 -

1400 -

1200 A

1000 -

Flu/OD

800 A

600 A

400 A —@— Control
—A— pH5.75
200 A —m— Sucrose

O T T T
24hrs 48hrs 72hrs

Time
Figure 4.17. RU1514 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded

strongly to acidic stress, with some hyper-osmotic activation. Liquid growth showed that
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this fusion induced later in its growth cycle as it took 48 hours to get a 5-fold induction
(Fig. 4.17). Rhizobium DNA from this fusion mapped to the chromosome, nucleotides
1360288 — 1361851 (Fig. 4.18).

ATP synthase ribosomal protein

RL1297 RL1300
peroxidase hypothetical Csp resistance protein
RL1292 RL1295  RLI299 RL1302
unknown hypothetical hypothetical | hypothetical  ligase hypothetical ‘ CspA regulator
RL1293 RL1294

RL1289 RL1290 RL1291 RL1296  RL1298 | RL1301 RL1303

e | ——"

Figure 4.18. Genomic Region of pRU850’s Insert. Black arrow shows the region of
DNA within pRUS850, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
either RL1295 or RL1296 (chromosome nucleotides 1360817 to 1361800, 328aa and
1361993 to 1362796, 268aa respectively). The insert started within RL1294 and so it
cannot contain its promoter. Although most of the insert is made up of DNA from RL1295,
its transcription should end before the insert does and so another promoter (one for RL1296)
could be downstream of it. However, the insert stops before the predicted transcriptional
start of RL1296 and so it may not contain its promoter. Even if this is not the case RL1296
may be transcribed by the same promoter as RL1295 as an operon. As such both RL1295
and RL1296 were analysed.

The promoter in the within the insert could also transcribe RL1297 to RL1302
inclusive as an operon. However, as there is an intergenic region (that may contain a
promoter) between most of these genes, this may not be the case so those genes were not

investigated. The best BLAST results for RL1295 and RL1296 are shown below.
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RL1295 — Conserved hypothetical protein Atu0841 [Agrobacterium tumefaciens str. C58]
Length =321aa Low Complexity Filter disabled

Score = 281 bits (718), Expect = 3e-74
Identities = 144/297 (48%), Positives = 195/297 (65%), Gaps = 5/297 (1%)

Frame =+1
Query: 97

Shijct: 23

Query: 265
Shijct: 53

Cuery: 442
Bbjet: 143
Query: 622
Sbjct: 203
Juery: B02
Sbjoct: Ze2

LORRAVLAGLAG————-ALILPEMALAFDVPDEPRLAKRD YAEVREHOFRTELLOEGPAPDE 264
L RR++LAG & L + PR A4 F+ L ++DIY¥a+ B +F T LL+E AFP+E
LTRRSLLAGAMGLIAAAFLPPRAKAGIVAPEVLFLEROD YAEARKRFHTHLLEEMAAPEE 52

TEPLMNAPADADEIFYRIGT-GELELAAWMVIEYERERAARPAVLFLHGGNANGIGHTOLNE 441
L F A+++ ¥ & & +EL AT+S ¥+ + +FPAVLFLHGGNA & GHW LHE
SEVLGTPPGAERVTYPGGPDGIIELVAWLIHYQP IETLEPAVLF LHGGHNATGDGHVALNE 142

PYMDAGYVWVHMNPELEGENGONGHNF SGFYDEVDDVLAATERLAHLPGVDPERLFIAGHSIG 621
PY +A4GYVV++PS RGENGQ G++3GFY+E D LAR L +LPG+D E FIAGHZ &
PYWEAGYVVLLPSFRGENGOIGHY 3GFYNETADALARATYLENLPGIDENEFF IAGHSNG 202

GTLTMLTAMTTHEFRAAAP TSGHNPDAFRFFNRYPODIRFDDSHNAHEFEVRIALCYAHIFE S01
TLT+L AM + EFRALAAPIS +++R+FNEY +I FD+++ EF +R3++C+ 5 K
GTLTLLAAM-SREFRAAAP TS AGVHSWRYFNRYSDEICFDETDEREF IMR3ISVCFGPILE 261

CPVEVVHGTEEPHFNDEADLLARRARGAGVHIETETWVAGNHTIALPAETEQSIRFFH 972
CF ++ GTEE F+ L Rh +5 I+ + + G H +F +E+5IR F+
CPALLLRGTEERFFDADHOLFVDRALTIGFEIDEELLPGTHNGVWPHAVEESIRLFN 3138

RL1296 — Conserved hypothetical protein Atu0844 (imported) [Agrobacterium tumefaciens
C58] Length = 302aa

Score = 328 bits (840), Expect = 1e-88
Identities = 170/296 (57%), Positives = 200/296 (67%), Gaps = 32/296 (10%)

Frame = +1
Duery: 13

Sbijet: 10

Query: 193
Ibjet: 67

Duery: 277
Sbjoct: 127
Query: 457
3bject: 187
Query: 637
Sbjct: 247

FRVFPFAGLVIAVAILIGCNILIPDVAADSPARFVOETSPVFYQPPGVDFRRVEPIFDOF 192
EER L+ + +3GC + + D F FV+ET+FVF W E +F QF
RRAASLLGLAL-LPLMSGC-LFVTDTTRNDPDVFVRETAPVF-NFNSVISHNEQPELPPOP 66

VP-QTR——ELYKTQFHQ-—————— === == ——mmm e TYGLEVTNPVHMAM 276
TR  +L++T+FHQ YGLPVANP+H N
GOLSTRPPDLFRTRFHQE YGPPVRGOGLOAP OVOGYNVE QAOGOTHATGLPVSNPLHRVE 126

TEOORDEDF TLRATPVIRVOPOFLEOEVDYOQTTERPGTVVIDTETHFLYFVEGHGEANEY 456
T> RDED +LFPALIF F+ P++LEQEV ¥QT E PGT+V+DT+ HFLY V+ GEA+RY
TGPIRDEDRSLPATFYGRIDPEYLEOQEVIYOTAEAPGTIVVDTROHFLYLVOQIGGEATIRY 186

GVGLGRDGYANSGRGVIOTEQETP RN TP S3VEMVIROPEVRPF GAENGGMNPCLMNPLGAR 636
GUGLGREDGYAWSGRG IQWE EWFRWTF EMWV ROPE+ A WNGGM PGL NPLGLE
GUGLGRDGYANSGRGEIQTEAKTP RN TPFDEMVERQPEL TA TS AANGGHTPGLNPLGAR 246

AMYIFEDGODTLYRVHGTPDWOI IGEATIIGCVENLMQDVIDLYDRVPARAETVVY S04

A+TIFEDG+DTLYRVHGTPDWOI+GEATIIGCVENLNOQDWIDLY+RVE A+IVV+
ALY IFEDGEDTLYRVHGTPDWOSVGEATISGCVENLNODVIDLYERVPOGAQIVVI 302
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RL1295 showed a reasonable sequence identity to a hypothetical protein in A.
tumefaciens (a member of the a-proteobacteria, the same group as R. leguminosarum). As
the result was a hypothetical protein, not much more could have been inferred from that
data alone, however, Pfam analysis was carried out and revealed no domains for within the
protein. Therefore, not much more can be predicted about RL1295 with the data retrieved.

RL1296 showed a reasonable sequence identity to a hypothetical protein in A.
tumefaciens (a member of the a-proteobacteria, the same group as R. leguminosarum). As
the result was a hypothetical protein, not much more could have been inferred from that
data alone. Pfam analysis was carried out and showed the predicted protein contains an
ErfK/YbiS/YcfS/YnhG domain. This function of this domain remains largely unknown, but
it is found in a wide range of bacteria. The conserved region contains a conserved histidine
and cysteine, suggesting that these proteins have an enzymatic activity. Several members of
this family contain peptidoglycan binding domains, indicating they may use peptidoglycan
or a precursor as a substrate. Therefore, RL1296 could have encoded an enzyme that in
some way helps alleviate cells from stress. Unfortunately not much else can be predicted
from these data.

Interestingly, the BLAST results for predicted proteins encoded by the genes
immediately downstream of this insert showed that they share sequence identity with
previously characterised stress related proteins. RL1297 resembles an ATP-synthase
component, an enzyme reasonable for energy production in the form of ATP (general stress
response), RL1298 and RL1299 both resemble cold shock proteins (cold shock response)
and RL1302 resembles a hydroperoxide resistance protein (oxidative stress response).
Although none of these genes would have been necessarily activated by low pH, their close
proximity to an acid inducible promoter indicates that this region of R. leguminosarum’s
DNA may be important to the stress response of 3841.

These data indicates that RL1295 and RL1296 were induced as an operon as part of

a stress response specific to acidic stress.

4.2.4.8. pRU853/RU1517

0.lM | 0.01M |0.1IM| 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,0O, | Paraquat
o ++ + + + - -
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Figure 4.19. RU1517 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgp. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded equally
to acidic and hyper-osmotic stress. Liquid growth showed that this fusion induced later in
its growth cycle as it took 48 hours before any significant induction was observed (Fig.
4.19). Rhizobium DNA from this fusion mapped to the pRL9 plasmid, compliment of
nucleotides 14407 — 15441 (Fig. 4.20).
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Cycl FixS

pRLY0011 pRLO0012A
synthase | regulator FixH FixOc
pRL9Y0008 pRL90010 | pRLI0012 pRL90014 pRLY0017
hypothetical : : FixI : FixG FixPc FixNd FixK FixL
pRL90018 pRLIO0I9 pRLIO020

pRL9Y0009 Z ‘ PRL90013 | pRL90015  PRLY0016 |

1-kb insert 853 ‘

Figure 4.20. Genomic Region of pRU853’s Insert. Black arrow shows the region of
DNA within pRUS853, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre except pRL90012A, which had
not been assigned a number at time of writing. Where appropriate, potential function of the
protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
pRL90014 (compliment of pRL9 nucleotides 13840 to 14322, 161aa). The entire insert
starts and ends within pRL90015 and so it cannot contain its promoter. This also means
that there may be a cryptic promoter for pRL90014 within pRL90015, which was induced
by the stress and caused the GFP production observed with pRU853. If such a promoter is
within the insert, it could activate the transcription of pRL90014 to pRL90008 inclusive as
an operon. However, as there is an intergenic region (that may contain a promoter) between
most of these genes, this transcription may be limited to pRL90012, pRL90012A,
pRLI90013 and pRLI0014. The best BLAST result for pRL90014 is shown below.

100



FixH protein [Rhizobium leguminosarum] Length = 158aa Low Complexity Filter
disabled

Score = 274 bits (700), Expect = 7e-73
Identities = 136/142 (95%), Positives = 141/142 (99%)
Frame = +1

ouery: 1 METSAOGF TGLHMLLATIAFF G TAVNV THAF T AS S WA GLVVENTYVAIQEFNEEAAL 150
METSAOGF TGLHMLL+TIAFF A TAVNV THAF T AS 33 W3 GLVV+NTYVAIQEFNREELLR
Jhjct: 1 METSAQGF TGLHMLLS T3 AFF GV TAVNV THAF TASSSWIGLVVENTYVAIQEFNEELALL a0

Cuery: 181 MEAMAARGIEGNLIIKGHEIRYDIHDEIGIZPAIVDDVVLNFERPVGDHEDFLLTLEERLR 360
MEAMAASGIEGNL3IKGHEIRYD IHDESGEPAIVDDV+LNFERPVGDHEDFLLTL+E AL
Sbjot: 61 MEAMAASGIEGNLIIKGHEIRYDIHDEIGIPAIVDDVILNFERPVGDHEDFLLTLERETALR 120

ouery: 361 GRFEAEHDLAEGDWIVEALAISEN 426
GRFEAEHDLA+GDWIVEATISFI
Jbhjct: 121 GRFEAEHDLADGDWIVEAISFN 142

Score = 33.9 bits (76), Expect = 1.7
Identities = 14/15 (93%), Positives = 15/15 (100%)
Frame = +2

ouery: 431 AWIICHMRODAIIPRS 475
LAW3SCHEQ+ASTPRS
Jbhjoct: 144 AWISCHMRONAIIPRS 155

This result showed an excellent sequence identity to FixH found within R.
leguminosarum itself. The whole fixGHIS operon is present in the pRL10 plasmid and so
pRL90014 appears to be a homologue to FixH. This explains why the sequence of
pRL90014 did not get 100% identical to fixH during BLAST analysis, as it was compared
to the sequence of the fixH in pRL10 (pRL100209). FixH is known to be transcribed as part
of the fixGHIS operon (Kahn et al., 1989). FixG has five transmembrane helices and a
central region resembling bacterial-type ferredoxins (Neidle & Kaplan, 1992), indicating a
potential role with metal stress/acquisition or in redox reactions. The fixGHIS operon
encodes proteins that form a membrane-bound complex involved in symbiotic nitrogen
fixation, combining the FixI cation pump with a redox process catalyzed by FixG (Kahn et
al., 1989). Acidic stress could cause protonated species to form and a cation pump would
aid in their removal; whilst a redox reaction would restore altered electrochemical gradients
that could also be caused by the lowered pH.

However, it has been postulated that FixI is involved in copper uptake in
Bradyrhizobium japonicum (Preisig, et al., 1996) and as mentioned in Chapter 3, copper
availability increases as pH decreases (Tiwari et al., 1996a; Dilworth et al., 2001). This
could mean that low pH caused the concentration of free copper to increase, which led to

the induction of pRL90015 and its operon. If this is the case, then pRL90015 may be
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induced by copper but this was directly due to the acidic conditions and it would remove
copper and other reactive metals from the cell.

As the fixGHIS is known to be induced as an operon it seems strange that a promoter
exists that would only activate three of the four required genes, given that the promoter
within pRU853 cannot be for pRLI0015. One explanation is that fixG is activated by the
stress and contains a cryptic promoter, which in turn transcribes the fixHIS operon.

These data indicates that pRL90015 to pRL90012A were induced as an operon as
part of a stress response specific to acidic stress. However, due to the unknown nature of

the transcription of this operon, this fusion was not investigated further.

4.2.4.9. pRU854/RU1518

0.lM | 0.01M |0.1M| 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,O, | Paraquat
+ ++ + + - - -
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Figure 4.21. RU1518 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures.
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The screening results on solid media for this fusion showed that it responded
specifically to hyper-osmotic stress, however, liquid growth showed little induction at any
point (Fig. 4.21). Rhizobium DNA from this fusion mapped to the pRL12 plasmid,
compliment of nucleotides 615295 — 617202 (Fig. 4.22).

regulator ArdC Type IV secretion
pRLI120561A pRL120563 pRL120565
Zwf LysR hypothetical TraA
pRL120561 pRL120562 pRL120564 pRL120566 pRL120567

1kb insert 854
|

Figure 4.22. Genomic Region of pRU854’s Insert. Black arrow shows the region of
DNA within pRU854, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre except pPRL120561A, which had
not been assigned a number at time of writing. Where appropriate, potential function of the
protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
pRL120564 (compliment of pRL12 nucleotides 616236 to 616478, 81aa). The insert starts
within RL120565 and so it cannot contain its promoter. Although the insert contains all of
DNA from pRL120564, its transcription should end before that of the insert and so another
promoter (one for pRL120563) could be downstream of it. However, pRL120563 was
transcribed in the opposite orientation to that of the insert and so that it is impossible that
the promoter for pRL120563 is present in the insert. This made it highly likely that the
promoter is for pRL120564 but transcription reads through pRL120563, which led to the
production of GFP observed in pRU854. The best BLAST result for pRL120564 is shown

below.

Hypothetical 22.9 kD protein Y4dW [Rhizobium sp. NGR234] Length = 204aa Low
Complexity Filter disabled

Score = 112 bits (279), Expect = 4e-24
Identities = 51/78 (65%), Positives = 61/78 (78%)
Frame = +1

ouery: 1 MTREPYRLYIERIDPIFNMARYYALSIEPNLF GGTALVEIWGRIGIRGOOEIHVFDSEAE 150
M +PYELY+ER+DP3I+NMARYTA+STEFNLFG L+R WGRIG++52 +H F E
3hjct: 54 HMISCPYRLYVERLDPSRNMARYYAMSIEFNLFGDICLLREWGEIGTEGOMMUVHHFGOEED 143

Ccuery: 151 AVDLLLTLLREER3IRGYR 234
AV L L LLE+ER RGYR
S3bjet: 144 AVBELFLDLLROQERERGYE 161
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This result showed a good sequence identity to a hypothetical protein in Rhizobium.
As the result was a hypothetical protein, not much more could be inferred from that data
alone. Pfam analysis was carried out and showed the predicted protein is made up of a
WGR domain. This domain is found in a variety of polyA polymerases, as well as in the E.
coli molybdate metabolism regulator and in other proteins of unknown function. PolyA
polymerases are known to add a polyA tail to mRNA post-transcriptionally, which regulates
the stability of the mRNA and the initiation of its translation (Gallie, 1991). As mentioned
above, when bacteria undergo stress they need to produce novel compounds to counter the
shock. Production of protein obviously requires mRNA, and therefore the role for a polyA
polymerase could be pivotal to stress response.

These data indicated that pRL120564 was induced as part of a stress response

specific to hyper-osmotic stress.

4.2.4.10. pRU855/RU1519

0.1M 0.01M | 0.1M 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,O, | Paraquat
+++ +++ + + + - -
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Figure 4.23. RU1519 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgp. Each

line is the average and standard error produced from three independent cultures of siblings
RU1516, RU1519, RU1520 and RU1526 (as in explained in section 4.2.2).

The screening results on solid media for this fusion showed that it responded to
hyper-osmotic stress and a little under acidic stress. Liquid growth showed significant
induction after 24 hours under hyper-osmotic stress (Fig. 4.23), although as mentioned in
Chapter 3 this was specific to an osmotic upshift generated by sucrose. Rhizobium DNA
from this fusion mapped to the chromosome, compliment of nucleotides 385144 — 387536

(Fig. 4.24).
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peptide chain release factor hypothetical

RL0347 RLO0350
transcriptional regulator | regulator carboxypeptidase GntR hypothetical

RL0348 | RLO350A RL0352 RL0354 RL0356

dUTPase hypothetical
RL0346 . RLO349 |

hypothetical | flavoprotein

RL0357

1kb .
| insert 855

Figure 4.24. Genomic Region of pRU855’s Insert. Black arrow shows the region of
DNA within pRUS8S5S, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre except RLO350A which had not
been assigned a number at time of writing. Where appropriate, potential function of the
protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
RL0352 (compliment of chromosome nucleotides 384542 to 386068, 309aa). Although
most of the insert is made up of DNA from RL0353, its transcription should end before that
of the insert and so another promoter (one for RL0352) could be downstream of it. Even if
this is not the case it would suggest that RL0352 was activated by the same promoter as
RL0353. In both scenarios RL0O352 would be transcribed from the promoter within the
insert of pRU855 (RL0353 was also investigated during analysis).

The promoter within the insert could also transcribe RL0O351 as an operon with
RL0352. However, as there was an intergenic region (that may contain a promoter)
between RLO0351 and RL0352, this may not be the case and so RL0351 was not
investigated. The best BLAST result for RL0352 is shown below.

Further analysis showed that the insert for pRU846 mapped in close proximity to
where pRUS8S55 mapped (Fig 4.12).
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Carboxypeptidase C (cathepsin A) [Mesorhizobium sp. BNC1] Length =511aa Low
Complexity Filter disabled

Score = 298 bits (762), Expect = 3e-79
Identities = 185/511 (36%), Positives = 257/511 (50%), Gaps = 14/511 (2%)
Frame =+1

Query: 10 RTLFLLATFMASLAPALZHAQESNOPRANVOI———————— GARDGVLELLPPDIVTEHAL 165
+ L L+ ++ HAQE +F + 3 + + LF THL
Sbjct: & KRLLSARALNLLIZTOILHAQEEAEPSSQOTSEQEERPAEASSENKOSRLPEARRTLHEL &5

Query: 166 TIGDREFAYTATAGTLDLFGODGAQTGATIFYTAYVVARDSG-ANRPLTFAFNGGPGALSLY 342
I + + ATAG + L & + I + +¥ + ANBEP+TFA NGGPGRLAZAT
Sbjct: a6 OIDGEELPFOATAGATTLTGTHDRPEAETIAFVE Y TEEGADEANRPVTFAINGGPGARIAY 125

Query: 343 LHLGLVGPEVLDF-GPDGRDGANAKLVDNFOSWLDFTDLVLIDPIGTGUWSRETTEADDA—— 513
LHLG +5F +L e + LV+NF +WL FTDLWV IDFP GTG+SER i
Sbhject: 126 LHLGAIGPWLLPMIGERIVPIOQIIALVENPDTWLSFTDLVFIDPAGTGFIRLIDPTDRELE 185

Query: 514 -NYYNVDADAOSTAKATALYWAHMMNES TIPEYLLGESYGGFRAAEKVASIVLOQIOGITIVAS a20
¥+ I ++&+ I ++ HN+E 3FPEY +GESYGGFR  +WAR Lo T+ + G
3bjeoct: 186 ERYYIVRGDVDALARF IROWLVENDRLVEPEYFVGESYGGFRGPREVAEALQTRYGVALEG 245

Query: 691 AVHLIPLIEGOLMFMNADOFALGAALELPILAAAELDRHEAFDEEEQEEAETFALGDYLTT 370
++3P+++ i L & LP3L ik L+FR AF E @Q4ELE +4 & ++T
Sbject: Z46 LTLVSPVLDFGWFDOPDYIPLAKAZYLPILVALALERRGAFIEARQREAEAYAAGPFVTD 305

Query: 871 LAGPPPTGADARAFYGRIARLTGIPEDIVERNRGFLGIS-FVEHIDAGIGEVHEIYDASF 1047
L i 4 GRE+L LTG+ I + T+ + T+ 5 YD +
Sbjct: 306 LLRGTODEAAKARIVGRVAELTGWIPDALRDFEGRIDMEVLTRELLEDGGRIAZFYDTTI 365

Query: 1045 AAPDPYPESDYDRGDDAILDGFTRAYGGAFADYTARMNELGFRTEMTYSLLDGDISERWEWS 1227
L P 3 + G + +LD LE ++F L+ + ¥ LL ++ WEWG
Sbhjct: 3660 VADAPDHGIILENGPEPVLDAMLAPITIAMLNHYRQNLOQWLPOQRPYHLLARWNLD--WEWS 423

Query: 1228 GGRGGGSRFOASATDDIRQLLAANPAFHLLIAHGYIDVVTPYGVIRYWWVDHLPPILAGGE 1407
G+ o A +F +L4 +P F +L+ HGY+D+VTPY + ++ L P R
Jbjct: 424 EGEKE-———- OPEAVSALFNVLALDPEFRVLVVHGYTDLYTPYFGTELILEQLEFFEPLGE 475

Query: 14058 VGLELYRGGHMFYTRAEOQRAAFTADAFKAFYA 1500
Vv K Y GGHMFYTRA+ R L Da T+
Sbjct: 472 VLRENYEGGHMFYTRADSRHALEROQDAFQLYZI 509

This result showed a sequence identity to carboxypeptidase C in Mesorhizobium
species BNC1 (a member of the a-proteobacteria, the same group as R. leguminosarum).
Carboxypeptidases catalyze the hydrolysis of the terminal amino acid of a polypeptide from
the end that contains a free carboxyl group and are usually employed as digestive enzymes
within eukaryotic organisms. Carboxypeptidase C has a broad specificity and is at its
optimum between pH 4.5 and 6.0 (interesting to note, given there was some induction
observed with pRU8S55 at pH 5.75). Despite extensive research, no previously recorded link
between bacterial stress response and carboxypeptidases could be found. However, Nelson
and Cox (2000) did report that carboxypeptidases target precursors of signalling molecules

and/or enzymes. The cleavage of the carboxyl end of such a protein could activate any
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signalling or enzymatic properties it has. Signalling sequences are usually at the amino
terminus of a protein (Nelson and Cox, 2000). If this activated protein is a signal molecule
it may bring about other stress responses in the cell as part of a signalling cascade. This
would mean the carboxypeptidase has an indirect role in stress responses.

Alternatively, as carboxypeptidases can as a as digestive enzyme involved in
breaking down molecules, it may function in a role similar to proteases. These enzymes are
used to degrade misfolded proteins that have been generated by stress, although they are
usually associated with an acid (or heat) stress response.

These data indicated that RL0O353 may be induced as part of a stress response
specific to hyper-osmotic stress.

Interestingly, RL0354 appears to encode for a protein with sequence identity to a
GntR regulator. This class of regulator repress the transcription of genes until such time
when they are required (Haydon & Guest, 1991). RL0354 could encode for a similar type
of regulator involved in regulating RLO353 and stress response in R. leguminosarum. The
proximity of the insert of pPRU846 and pRUS8S55 to RL0354 made them useful fusions and so
RL0354 was investigated further (see later chapters).

4.2.4.11. pRU857/RU1521

0.1M 0.01M | 0.1M 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,O, | Paraquat
++ ++ + + + - ++
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Figure 4.25. RU1521 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded to
hyper-osmotic and oxidative stress and a little under acidic stress. Liquid growth showed
significant induction after 24 hours under hyper-osmotic stress, but little induction for
acidic stress (Fig. 4.25). Rhizobium DNA from this fusion mapped to the chromosome,
compliment of nucleotides 1529872 — 1532220 (Fig. 4.26).

transcriptional regulator oxidoreductase MFS permease glutamine synthetase
RL1460 RL1462 RL1464 RL1466

transmembrane protein /| Mg transporter hypothetical
RL1459 RL1461 RL1463

hypothetical aminotransferase hypothetical
RL1465 RL1467 RL7468

Figure 4.26. Genomic Region of pRU857’s Insert. Black arrow shows the region of
DNA within pRUS857, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.
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Analysis of this DNA indicated that the gene most likely activated by stress was
RL1464 (compliment of chromosome nucleotides 1530146 to 1531369, 308aa). Although
the insert contains the DNA from RL1465, it is encoded in the opposite direction to the
promoter. RL1464’s transcription should end before the insert but RL.1463 is encoded in
the opposite direction to the promoter within pRU857, a similar situation to that
encountered with pRU854 (section 4.2.4.9). It was therefore theorised that RL1464 is
induced by the stress and the transcription reads through RL1463, which led to GFP
production in pRU857. However, unlike pRU854 where the final 894bp (47% of insert) are
encoded in the ‘wrong’ orientation, only the last 310bp (13% of insert) are encoded in the
‘wrong’ orientation in pRU857 and so this theory could be tested. To do so it was
necessary to get rid of the last ~300bp of the insert (thus removing the hypothetical gene
region) and fortunately a Ps/I site was present upstream of the end of RL1464 (Fig. 4.27).

Pstl Pstl

hypothetical MEFS permease Hypothetical
RL1463 RL1464 RL1465

insert 557 (.

Figure 4.27. Close-up of Figure 4.26. Section of Figure 4.26, black arrow shows the
region of DNA within pRU857, grey arrows show RL1463, RL1464 and RL1465, Where
Pstl cuts this region of DNA is also shown.

The same site is present in pOT downstream of the Sall insertion site but upstream
of the gfpuv gene, which allowed this enzyme to be used to remove 543bp from pRU857
and therefore all of the RL1463 DNA that was present. This removal did not affect the
potential promoter containing region upstream of RL1464’s DNA. This trimmed fusion
(pRU1216) was tested in R. leguminosarum (strain RU1848) on AMA (10mM glc, 10mM
NH4) + 100mM sucrose and AMA (10mM glc, 10mM NHy) buffered at pH 5.75. Results
were identical as those recorded with pRU857. This result proved that the promoter within
the insert of pRU857 is nothing to do with RL1463 and therefore transcribes RL1464.
These data supported the theory that pRL120564 is induced by stress (section 4.2.4.9),
which led to GFP production in pRU854.

The best BLAST result for RL1464 is shown below.
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MEFS permease (imported) [Agrobacterium tumefaciens C58] Length = 409aa Low
Complexity Filter disabled

Score = 550 bits (1416), Expect = e-155
Identities = 275/386 (71%), Positives = 325/386 (84%)
Frame = +1

Query: 55 SAMTVALVOLALACGGFGIGTGEF ATHGLLPNVAQTFAVTTPQAGYWISAYALGWWVGAP 234
3 + +AL++LALALA GGFGIGTGEFAIMGLLP+VA T+ VT POAGYVI+ATALGVVHGAP
Sbjct: 23 SPLATALIELALAAGGFGIGTGEFATHGLLPDVATTYGWTWRQAGYVITAYALGIGAP 32

Query: 235 VIAVLAAKMARRETLLLTLMLIFALGHMIZZAMAPTFESFTLLRFVIGLPHGAYFGVAALVA 414
+IAVLAA++ RRTLLL LM +FAAGNI SA+AP F SFTLLEFV+GLPHGAYFGVALLVA
Sbjct: 53 ITAVLAARTTRRTLLLGLMGLFALGHNILZALAPDFLEFTLLRFVTGLPHGAYFGVALLVA 142

Query: 415 ASMWVPAHRRARAVGEVMLGLTVATLLGTPFTTFFGOQSLDWOVAFFIVGVLGLLTVWVLIWE 594
A3M P H+RARAVGEVMLGLT+ATLLGTE TFFGQ L W+ AF WG +GLLTV LA+W
Sbjct: 143 ASHMAPIHERARAVGEVMLGLTIATLLGTPLATFFGOQLLIWRAAFMLVGGIGLLTVALLWL 202

Query: 595 YVPEDRVSAEAGFLRELGAFRRPOVWLTLGIAAVGYGGMFANFSYIASTTTEVAMLPETA 774
+ P+D+V i RELGAFRER OVWLTL IALVGHGGMF++F3IYIAL TTT+VAM+F +
S3bjet: 203 FOPRDEVEEGASVWRELGAFRRVOVWLTLATAAVGFGGMFIVFIYIAKTTTDVAMMPVET 262

Query: Y75 VPINLVLFGWGHMMAGHNF IGEWLADEILLGTIGGSLIYNIVVLTTFSLTAANPYLLGLIVE 954
WV ++L LFG+GMN GWN +G3 LAD 3L GTIGG L +N++ +T F +Ti NF++L + VF
Sbhjct: 263 VEMVLALFGIGHMMVGMNWVVGIRLADISZLNGTIGGHMLAFNVLANTYFGHTADNPFMLCICVE 322

Query: 955 LVGCGFAAGPALOTRLMDVAADACTLALLSNHIAFNIANATGAWLGGLYIAGGYGFALTG 1134
L+GCGFAL PA+QTRLMDVAE DAQTLAAASNHSAFMNIAWNA+GAWLGGLVIA G+G+A+TG
S3bhjet: 323 LIGCGFLACPAVOTRLMDVAQDAQTLALASMNHIAFMIANALGAWLGGLVILMGFGYASTSG 382

Query: 1135 YWGAALBFLGLFVYFALAASLRLERRDES 1212
TWGL LS LGL WVF 3+ +ERR ++
Sbjct: 383 YVGAVLELLGLGWFLVYIVTVERRLEL 408

This result showed a good sequence identity to a major facilitator superfamily
(MFS) permease in A. tumefaciens (a member of the a-proteobacteria, the same group as R.
leguminosarum). The MEFS class of permeases is the second largest family of membrane
transporters found, after the ABC transporters (Pao et al., 1998). MFS permeases belong to
the secondary, shock-insensitive transporters that are energized by the electrochemical
gradient (Saier, 2000). Many MFS transporters have been shown to be involved in
compatible solute uptake in cells that have undergone hyper-osmotic stress and ProP from
E. coli is one of the best characterised (Culham et al., 1993). Uptake via ProP is mainly
activated post-translationally, although transcription of ProP is induced two- to five-fold
under hyper-osmosis (Csonka & Epstein, 1996). This MFS could therefore act in a similar
way to ProP.

Regarding the acid stress induction, many bacteria use inducible systems to raise the
internal pH of the bacterium, in order to counter any intruding acidic molecules. These

systems employ ATPases and other transport mechanisms to either move acidic molecules
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out of the cell, or take in basic compounds (Foster, 2000; Priefer et al, 2001). This process

is only usually successful if the difference between internal and external pH is of

approximately 1 pH unit (Foster, 2000), which was the case with the pRU857 data. This

MEFS could therefore act in as a pump to remove acidic molecules and relieve stress in the

cell. However, whilst this response is possible the data strongly suggested hyper-osmosis as

the main cause of induction.

These data indicated that RL1464 was induced as part of a stress response specific to

hyper-osmotic stress.

4.2.4.12. pRU858/RU1522

0.1M 0.01M | 0.1M 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,0O, | Paraquat
+ ++ + + + - -
600
500
400
o
E 300 A
o
200
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100 A —A— pH5.75
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0 T T T
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Time

Figure 4.28. RU1522 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgp. Each
line is the average and standard error produced from three independent cultures.
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The screening results on solid media for this fusion showed that it responded equally
to hyper-osmotic stress and acidic stress. Liquid growth showed significant induction after
24 hours under hyper-osmotic stress, but it took 48 hours under acidic stress before
significant induction was observed (Fig. 4.28). Rhizobium DNA from this fusion mapped to
the pRL12 plasmid, nucleotides 82068 — 83577 (Fig. 4.29).

ABCIMP ABC transporter hypothetical K+ channel hypothetical
pRL120079  pRL120081 pRL120083 pRL120085 pRL120088 pRL120090

| | . | . .
ABC SBP ABC IMP | hypothetical hypothetical | hypothetical |  hypothetical dioxygenase
pRL120078 | pRL120080 | pRL120082 = PRL120084 pRL120086  PRLI20089 | pRL120091 pRL120093

GntR hypothetical
pRL120077 pRL120087 | ‘ pRL120092

— -7 insert 858

Figure 4.29. Genomic Region of pRU858’s Insert. Black arrow shows the region of
DNA within pRUS858, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

Analysis of this DNA indicated that all of the potential genes in and adjacent to the
insert are transcribed in the opposite orientation to that of the insert. This made it highly
improbable that a promoter for any of these genes was within pRU858. As annotation of
the 3841 genome is preliminary, it could be that a gene is present in this region of DNA in
the ‘correct’ orientation and has yet to be identified. However, BLAST analysis of this
region did not reveal any such gene.

Given the dubious nature of the transcription of this fusion/gene and the
unlikelihood of transcription of nearby genes, no gene could be associated with pRU858

and so it was not used in any further research.

4.2.4.13. pRU859/RU1506

0.lM | 0.01M |0.1IM| 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,0O, | Paraquat
+ + + + - - -
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Figure 4.30. RU1506 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures of siblings
RU1506, RU1511 and RU1515 (as in explained in section 4.2.2).

The screening results on solid media for this fusion showed that it responded to
hyper-osmotic stress alone. Liquid growth showed that this fusion induced early in its
growth cycle with significant induction observed after 24 hours, although it also appeared to
induce on entry into stationary phase (Fig. 4.30). Rhizobium DNA from this fusion mapped
to the DNA from pRL10 plasmid, compliment of nucleotides 148627 — 150043 (Fig. 4.31).

dehydrogenase unknown unknown hypothetical Exsl transposase  integrase
pRL100145 pRL100146 pRL100147 pRL100148 pRL100149 PRL100150 pRL100151 pRL100152 pRL100153

)—anen

Figure 4.31. Genomic Region of pRU859’s Insert. Black arrow shows the region of
DNA within pRUS859, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

1kb
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Analysis of this DNA indicated that the gene most likely activated by stress was
pRL100149 (compliment of pRL10 nucleotides 147202 to 147909, 236aa). The insert
contains the DNA from pRL100151, but it is encoded in the opposite direction to the
promoter. Although the insert contains the entire DNA from pRL100150, BLAST analysis
did not reveal a homologue and so it was not analysed further. The promoter within the
insert could activate the transcription of pRL100148, however, BLAST analysis did not
reveal a homologue for that gene either and so it was not analysed further. Also, if the
insert did contain the promoter for pRL100149, it would be quite far upstream from the start
of the gene, which is unusual. As the annotation of the 3841 genome is only preliminary,
maybe the transcriptional start has been predicted incorrectly and it is actually further
upstream within the DNA mapped from the insert.

The best BLAST result for pRLL100149 is shown below.

Conserved hypothetical protein Atu6162 (imported) [Agrobacterium tumefaciens C58]
Length = 236aa

Score = 407 bits (1046), Expect =e-112
Identities = 206/236 (87%), Positives = 216/236 (91%)
Frame = +1

ouery: 1 MESLCSARCIRTAAL RATATVLGTOIATAQERPIIGSOWLNTPASEVEAL AVLOTLIANLLS 130
M3LZC +KC RIAALARR +IVLGTOIATAQEPIIGISOWLNTPASEVEALAVLOTLIANLLS
J3hjct: 1 MESLCPSRCFRIAALAAASTIVLGTOIATAQERPIIGSOWLNTPASEVEAL AVLOTLIANLLE a0

Cuery: 131 NAZATLTLDEWC AAHELAPEGIEIVAQRVDRQGEPADEHIHELLTVGPFGELIATREVELY 360
NASATLTLDEWCA HELAP+GIEI+AQREYW © EKPAD+HI ELLTWGP E TAYREEVELW
Sbijct: 61 NAIATLTLDREWCAGHELAPEGIEILAQRVRGOAKPADDHIRELLTVGFDEFIAYREVELYV 120

Query: 361 CGDRVLIEADNWYVPAELTAEMWNERALNTSDIAFGRAVOALNF TRETNLSAKLLWSFLIEGW 540
CGDEVLIEADNITYVE A+L TAEMN+ALNTSD IAF GRAVOALNF TRTNL3AELLWIFPL3IEG
Jbhjct: 121 CGDREVL3IEADNWYVEARLTAEMMWNOALNTIDIAFGRAVOALNF TRTHLIAKLLW3IPLIEGIT 130

ouery: 541 DHDGLITHETSSL3LPPFLLEHRAILELODGTPFSALVESYTDEVLDFPVFRLLIQ YOS
DHDGLT 3 +LPPFLLEHRA+LEL DGTFF3 LVESYT EVLDFFVFE L+0Q
Jbhjct: 181 DHDGLIASGRGSPTLPPFLLEHRAVLELFDGTPFSTLVESYTSEVLDFPVFRILAOD 236

This result showed an excellent sequence identity to a hypothetical protein in A.
tumefaciens (a member of the a-proteobacteria, the same group as R. leguminosarum). As
the result was a hypothetical protein, not much more could be inferred from that data alone.
However, Pfam analysis was carried out and did not identify any domains within the gene.
With no further insight into the make up of the protein that pRL100149 encoded for, it
made it very difficult to assign any potential function to this gene.

These data indicated that pRL100149 was induced as part of a stress response to
hyper-osmotic stress, although it also appeared to be induced on entry into stationary phase,
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so the specificity of this response is unknown. However, as no function could be attributed

to its predicted protein and as such pRU859 was not investigated further.

4.2.4.14. pRU8B61/RU1523

0.IM | 0.01IM [0.1IM| 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,0O, | Paraquat
++ ++ + +++ | +/- +/-
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Time
Figure 4.32. RU1523 GFP Values. Readings were taken daily from strains grown over 3

days. Values given are the units of relative fluorescence measured per unit of ODgg. Each
line is the average and standard errors produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded equally
to hyper-osmotic and acidic stress, with fractional induction under oxidative stress. Liquid
growth showed that this fusion induced early in its growth cycle under acidic stress, with a
3-fold induction after 24 hours, but only after 72 hours was significant induction observed
for hyper-osmotic stress (Fig. 4.32). Rhizobium DNA from this fusion mapped to the
chromosome, compliment of nucleotides 1234091 — 1239833 (Fig. 4.33).
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hypothetical cytochrome protein

RL1155 RL1160
hypothetical kinase  hypothetical | regulatory protein  hypothetical
RL1154 RL1156 RL1159 RL1163 RL1165
‘ : :
hypothetical | | adol . :
RL1153 | adolase hypothetical hypothetical
RL1151 RL1158 IRL1161 RL1164 RL1166
arylsulfatase unknown | 2CRR ‘ transcriptional regulator
RL1149 RLI150  RLI1152 'RLI1157 ‘ RL1167

Figure 4.33. Genomic Region of pRU861’s Insert. Black arrow shows the region of
DNA within pRUS861, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
RL1157 (compliment of chromosome nucleotides 1234570 to 1235256, 232aa). The insert
contains the entire DNA for RL1163 to RL1158, but their transcription should end before
that of the insert and so another promoter (one for RL1157) could be downstream of them.
Also, RL1159 is transcribed in the opposite orientation to that of the insert. This means that
it is unlikely that a promoter for RL1163 to RL1160 would read through and transcribe
RL1159 and subsequent genes as transcription from that promoter may terminate before
RL1159. BLAST analysis revealed no homologue for RL1158 and so it was not further
analysed. RL1157 overlaps RL1156, and so RL1157’s promoter probably also transcribes
RL1156 as an operon and as such RL1156 was also investigated during analysis. The best
BLAST result for RL1157 is shown below.

Further analysis showed that the insert for pRU862 mapped in close proximity to
where pRU861 mapped (Fig 4.35).
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Two-component response regulator [Mesorhizobium loti] Length =227aa

Score = 358 bits (920), Expect = 5e-98
Identities = 173/224 (77%), Positives = 200/224 (89%)
Frame = +1

ouery: 22 MRILLIEDDTETIDYIAKGFIEAGHVCDVVGDGRDGLFOAQREAYDVIVVDENMLPGLDGL 201
ME+LL+EDD ET+DYI +& +EAGHVCD++ +5 D LF A4 +¥I IV DRM+PGLDGL
Jhjct: 1 MELLLVEDDOQETADY IVRGLTEAGHVCDLLENGHDALF AATSGIYIVIVADRMIPGLDGL &0

ouery: 202 ATVRILRAAEVGTIALFLTIIGGVDDRVEGLEAGGDDYLVEPFAFIELMARVIALGEREFF 351
++i7++ Bhbh V¥V T A+FLTSIGG+DDEVEGLEAGGDDYLVEFPFAFIEL+AR+IALGERF
3bhjct: 61 SMVERARAAGVRTPAIFLTIIGGIDDRVEGLEAGGDDYLVEPFAFSELLARTINALGEEFA 120

Cuery: 382 VOEQRTVLEVADLELDLIRREARRAGOVIELOPREFTLLEVLMRGEGEVITETHLLERVW 561
QEQ+TVL+VADLE4+DLI R R G0 I+LOPREF+LLEVLHRGEGREVITH+THLLERVW
Shjct: 121 AQEQETVLEVADLEMDLIMERVTEOGOPIDLOQFREFSLLEVLMRGEGEVITRTHLLEEWW 180

ouery: 562 DFHFDPETSVVETHISRELERAFENDEFFQIQLLHTVENTGY3ILHAF 693
DFHFDPET3VVETHISRLEAEVDEFF+ QL+HT+ENTGYSLHAF
3bjet: 181 DFHFDPETEVVETHISRLRAKVDEPFEAQLIHTIBNTGYILHAP 224

This result showed an excellent sequence identity to a two-component response
regulator in M. loti (a member of the a-proteobacteria, the same group as R.
leguminosarum). Bacteria use two-component signal transduction systems to detect and
respond to changes in the environment. This system consists of a sensor histidine kinase
and a response regulator (Albright et al., 1989). On detection of an external stimulus, such
as environmental stress, the kinase component autophosphorylates in a histidine residue.
The phosphate is then transferred to a highly conserved receiver domain of the response
regulator (Forst et al., 1989; Bearson et al., 1998). Phosphorylation activates a variable
effector domain of the response regulator, which triggers the cellular response (Albright et
al., 1989).

There are many examples of two-component response regulators being involved in
stress response. The EnvZ/OmpR sensor/regulator pair in E. coli is probably the best
characterised two component system involved with osmoregulation (Forst et al., 1989).
This pair is directly responsible for the production of the porins OmpC and OmpF, two
pores involved in maintaining osmotic gradients in E. coli. The PhoP/Q regulator/sensor
pair is transcribed under acid shock in Salmonella typhimurium and is responsible for the
induction of several genes involved in acid tolerance response (Bearson et al., 1998). As
RL1156 encoded for protein with sequence identity to a sensory histidine protein kinase, it
was likely that the products of RLI1156 and RL1157 formed a two-component
sensor/regulator pair similar to the examples outlined above. This predicted regulator could
be responsible for the regulation of stress response in R. leguminosarum and as such made

pRUS861 a very usual fusion (see later chapters).
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These data indicated that RL1157 and RL1156 was induced as an operon as part of a

general stress response.

4.2.4.15. pRU862/RU1524
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Figure 4.34. RU1524 GFP Values. Readings were taken daily from strains grown over 3

days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded equally
to hyper-osmotic and acidic stress. Liquid growth showed a significant induction after 24
hours under hyper-osmotic stress and it also appeared to induce on entry into stationary
phase (Fig. 4.34). Rhizobium DNA from this fusion mapped to the chromosome,
nucleotides 1232278 — 1232671 (Fig. 4.35).
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hypothetical cytochrome protein
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hypothetical kinase  hypothetical regulatory protein  hypothetical
RL1154 RL1156 RL1159 | RL1163 RL1165
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RL1151 RL1158 IRL1161 RL1164 RL1166
arylsulfatase unknown 2CRR ‘ transcriptional regulator
RL1149 RL1150 RL1152 RL1157 RL1167

& * _ insert 862

Figure 4.35. Genomic Region of pRU862’s Insert. Black arrow shows the region of
DNA within pRU862, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
RL1155 (chromosome nucleotides 1232474 to 1233214, 247aa). The best BLAST result
for RL1155 is shown below.

Further analysis showed that the insert for pRU861 mapped in close proximity to
where pRU862 mapped (Fig 4.33).

Conserved hypothetical protein Atu2058 (imported) [Agrobacterium tumefaciens C58]
Length =300aa Low Complexity Filter disabled

Score = 230 bits (587), Expect = 2e-59
Identities = 124/233 (53%), Positives = 157/233 (67%)
Frame = +1

ouery: 10 YLINLDRAPLERFEMERLLASFGLAFERVAAVDGAGLILPHPGFDDAAYLSEHGRRFNEF 1339
+LIN+D B R ul L + <L ERWVA V+: L P P F + +¥+ HGEERE +F
3bject: 44 FLINMDSATERLTDMWNARLDAMGLEAERVAGVINGRELOQYPIFEFIEISYMLMHGERTIFP 103

cuery: 190 EIGCYL3IHVECAKRFLGSPAEFALILEDDLDFDDDLAELLDAALDHOARWDILEL3ITVING 369
EIGCYLIHY C4 +F+ A+ ALILEDD+ F+DD + +DI A+ + WD ILEL+TV++
Sbjct: 104 EIGCYL3HVACANEFMTGDADIALILEDDVVFEDDFLDAIDEAVLNGHNDWDILRLTTWVEN 163

ouery: 370 GEEHEVEPLTASRILATALTREKGIGAYLINRELAGWIAGVLVPMRLPYDLAFDLEFDDG 549
G+E L+ EBESLA+ALTREEG3IGAYL+WNE+A4 WI+ L+FMRL YD+AFDLE+ &
Jbhjct: 164 GREFAFRALSNGRILAVALTREKGIGAYLVNRRAGEWIZ-ELIPMRLAYDIAFDLEYLSG ZE22

ouery: 5530 LIACFVDPLPVSORADPCSOIQAGLIAYRLGRRRPWSVLPYRAAAELREFALR 7OS

L A F+ PLL +2 &> 30QI0 L YRL R E ++WVLPYRL E ERF R
Jbhjct: 223 LEAAFIVPLCATODADGESOIONNLRIYELPRUWRYFTVLPYRAYLETIEFLLE Z75

This result showed a reasonable sequence identity to a hypothetical protein in A.
tumefaciens (a member of the a-proteobacteria, the same group as R. leguminosarum). As

the result was a hypothetical protein, not much more could be inferred from that data alone.
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Pfam analysis was carried out and showed the predicted protein is made up of a
glycosyltransferase family 25 domain. This is a family of glycosyltransferases is involved
in lipopolysaccharide (LPS) biosynthesis. These enzymes catalyse the transfer of various
sugars onto the growing LPS chain during its biosynthesis (Jennings et al., 1995).

LPSs are major components of the outer membrane of Gram-negative bacteria,
including Rhizobium species. Changes in the structure of LPS have been related to
adaptation to different environmental situations in R. leguminosarum, such as a change pH
and/or osmotic pressure (Kannenberg & Brewin, 1989; Bhat & Carlson, 1992; Tao et al.,
1992; Zahran et al., 1994). Therefore, it was highly likely that RL1155 was involved in the
LPS adaptation under environmental stress.

Data gathered from liquid growth of RU1524 showed an initial strong induction
under hyper-osmosis (5-fold) but also induction on entering stationary phase. These data
indicated that RL1155 was induced as part of a general stress response.

The extremely close proximity of RL1155 to RL1156 and RL1157 was very
interesting, especially as data obtained for pRU861 and pRU862 were very similar. These
data suggest that the putative two-component sensor/regulator could regulate RL1155. This
made both pRU861 and pRU862 useful fusions and so the RL1155, RL1156 and RL1157

were investigated further (see later chapters).

4.2.4.16. pRU8B63/RU1525
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Figure 4.36. RU1525 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded
specifically to hyper-osmotic stress. Liquid growth showed that this fusion induced later in
its growth cycle as it took 48 hours before significant induction was observed (Fig. 4.36).
Rhizobium DNA from this fusion mapped to the pRL12 plasmid, compliment of nucleotides
723528 — 725390 (Fig. 4.37).
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Figure 4.37. Genomic Region of pRU863’s Insert. Black arrow shows the region of
DNA within pRUS863, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
pRL120671 (compliment of pRL12 nucleotides 722616 to 723626, 337aa). The insert starts
within pRL120673 and so it cannot contain its promoter. Also, the insert contains the entire
DNA for pRL120672, but its transcription should end before that of the insert and so
another promoter (one for pRL120671) could be downstream of it. The promoter within the
insert could activate the transcription of pRL120670 and pRL120669, as well as
pRL120671, as an operon, however, as there is an intergenic region (that may contain a
promoter) between each of these genes, this may not be the case and so only pRL120671
was investigated. The best BLAST result for pRL120671 is shown below.

Further analysis showed that the insert for pRU863 mapped in close proximity to
where pRU870 mapped (Fig 4.49).
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ABC transporter, substrate-binding protein [Mesorhizobium loti] Length = 337aa Low
Complexity Filter disabled

Score = 521 bits (1343), Expect =e-147
Identities = 253/337 (75%), Positives =297/337 (88%)

Frame = +1

ouery: 1 MESSRSLFHTVAFSALL ALASFATS AAHAADKEITINVGGTEROITLPAELAESLGYFEDE 180
M +R L + & +AL+A + + + HALADE++IMVGGYEEQIYLEAEL E+LGYFEDE

Shict: 1 MSLARILLDSAATTALVATMALS APSVHAADEVS IMVGGYERQITLEAELTEALGYFEDE 60

ouery: 131 GLDVELLNEAAGVDAENOQLLAGAVOGVVWGFYDHCVDLOAKGEFVESIVOFIOAPGEVEMY 360
GLDWVELLNE AGVDAEN++LAGAVOFAIGF YDHC+DLOARGEFVES+VOF SQAPGEVE+Y
Jbhjct: a1l GLDVELLNEPAGVD AENENL AGAV QA GF YDHC IDLOARGEFVESVWVOF IQLAPGEVELY 120

ouery: 361 SSEYPDIESPADFEGETLGVTGLGSSTHNFLTLFMAIKAGLEPGDVWVITWPVGAGGTFIALM 540
3+FK+P+IESPADFEG +LGVTGLG3I3THNFLT ++4 E GLE G+ +VPVGAG TFIAAM
Jbhjct: 121 STEHPEIESPADFEGMILGVTGLGSSTHNFLTEYLAVENGLELGEF TEVWVPVGAGHNTFIALM 150

ouery: 541 QODOICAGMTTEPTISRMIETGEASVLVDMRTWVEITRQALGGTYPAASLYMEASWVDAHE 720
QUD+IQAGHTTEFTI+R++ETGER VL+DMRET+E T+ ALGGTYPAASLYM+ TWW+AHE
Jbhjct: 181 OQODEICAGMTTEPTITRLLETGEAEVLIDMRTHMEGTEAALGGTYPAASLYMOTDWVEAHE 240

ouery: 721 EEAQKLANAFVETLRYINTHIAAETADEMPEDFYWGDEDGY IKALDDGEGMFTPDGVHMEE 200
+ OQELANAFVET ++INTH3 AEIADEMPED+YWVGDE+GT+EALLD GE MFTPDG+MFPE
Jbhjct: 241 DIVOELANAFVETOEF INTHIGAEIADEMPEDYYWGDEEGYVEALDAGEAMFTPDGINFE 300

ouery: 901 DGPETVLAVLIEFIFNVEGEQIDLIETYTTEFVENWVE 1011
GP+TWVL VL3 F K ++GEQIDL+ETYT+EFVEN K
Jbhjct: 301 GGPETVLTVLIAFEEELOQGEQIDLAKTYTIEFVENAE 337

This result showed an excellent sequence identity to a substrate-binding component
of an ABC transporter (mlr7949 — the NitT family) in M. loti (a member of the o-
proteobacteria, the same group as R. leguminosarum). Encouragingly, the product of
pRL120670 shared sequence identity with an ABC domain and the product of pRL120669
shared sequence identity with an IMP domain. These data indicated that a region with
sequence identity to an entire ABC operon is present and is probably transcribed as an
operon. As mentioned in section 4.2.4.1, ABC transporters have been shown to be involved
in the uptake of compatible solutes (see section 4.2.4.1 for review). This set of BLAST
results is well suited to the data obtained, as the induction of pRU863 was specific for
hyper-osmotic stress. The ABC transporter encoded by pRL120669, pRL120670 and
pRL120671 could very well play a role identical to that theorised for the ProU-like system
in section 4.2.4.1.

These data indicated that pRL120669, pRL120670 and pRL120671 were induced as
an operon as part of a stress response specific to hyper-osmotic stress.

Interestingly, pRL120674 appears to encode for a protein with a sequence identity of
a GntR regulator. This may be involved in the regulation of pRL120669, pRL120670 and
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pRL120671 and the stress response in R. leguminosarum, as mentioned above (section

4.2.4.10).

4.2.4.17. pRU8B65/RU1527
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Figure 4.38. RU1527 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded equally
to hyper-osmotic and acidic stress, with some induction under oxidative stress. Liquid
growth showed that this fusion induced early in its growth cycle with a significant induction
after 24 hours that led to a ~2.5-fold induction after 72 hours stress under both stresses (Fig.
4.38). Rhizobium DNA from this fusion mapped to the chromosome, compliment of

nucleotides 3771546 — 3773151 (Fig. 4.39).
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hypothetical hypothetical hypothetical ~ hypothetical oxidase
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hypothetical hydrolase = hypothetical / hypothetical
RL3582 RL3584 | RL3586 RL3588

hypothetical hybrid sensor/kinase
RL3590 RL3591

1kb

insert 865
Figure 4.39. Genomic Region of pRU865’s Insert. Black arrow shows the region of
DNA within pRUS865, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
RL3589 (compliment of chromosome nucleotides 3770573to 3771748, 392aa). The insert
starts within RL3591 and so it cannot contain its promoter. Although most of the insert is
made up of DNA from RL3590 it is encoded in the opposite orientation to the promoter.
The promoter within the insert could activate the transcription of RL3589 to RL3582
inclusive as an operon, however, as there is an intergenic region (that may contain a
promoter) between most of these genes, this may not be the case and so only RL3589 was

investigated. The best BLAST result for RL3589 is shown below.
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Probable D-amino acid oxidase (PA4548) (imported) [Agrobacterium tumefaciens C58]
Length =410aa Low Complexity Filter disabled

Score = 466 bits (1199), Expect =e-130
Identities = 245/402 (60%), Positives = 297/402 (73%), Gaps = 12/402 (2%)
Frame = +1

QJuery: 1 HEEADSPAPVIGOS ——————— SCELLIVGGGINGLIWAVHAERRGIRTFVADAGEL GG 159
M EiD+PA G5 3  LLIVGGGIMGLW AV AER GI T + +AG LGGGL
Sbjct: 7 MAEADMNPAFEQGOIPRMELPDEVPLL IVGGGINGLWAAVEAERLGIGTLLVEAGRLGGSA &6

Query: 160 SGGLLGALMPHMPDRWIEEEQFOFDALVSLEAEIAGLEAETGLSACYNRIGELIPLPEFH 339
AGGLLGALMPHMPDEWI+ERQF QFDALV+LEAETAGLEAETGLS Y R GE+IFLFPEFH
Sbjct: &% SGGLLGALMPHMFDRWIDEEOFQFDALVALEAETAGLEAETGLAGGYRRCGRIIPLPERFH 126

Query: 5340 LNEIALGHSKDAEHHWREZDERFHWHVLDEPPVDGWIEASAGESGFVHDTLAARVAPRAL 519
L Ii H +Ia +WR3 +RRF WHV +RF ¥V GUW++ +AGE+GFYV DTLAARV+PERAL
Sbijet: 127 LRGIAERHERDAAEMNWRIGERRFOWHVGERPIVAGWVDDAAGELGFYFDTLALARVIPRAL 156

Query: 520 IAVLIAFLRRARHVEIMEHAGVTGLDPERGIAEV-GGETVAFGRCITAAGHOQSFPLLE-- 820
Ii+L AFLE+ARHV++ E Vv LD + % 4 + GE ++F&5 ++4 GH+3FFPL+
Sbjct: 187 IALLSAFLREARHVOVAEGCREVWILDADAGRALLBIGEEIZFGHVVVANGHESFPLIRDA 246

Query: 691 -GLTPGLEQPLGOAVEGQAALLEADIDPALPTIFLDGLYWWVAHEGGHAATIGSTIENRFED Sa7
GL G+ LGQAVEGQAALL & DPA+FP +FL+GLY+W HE & AIGSTIE+ F +
Sbjet: 247 LGLEAGYV-——-ALGUAVEGQAALLDAZADPAMPVVFLNGLYIVPHEDGTVAIGSTIEDCFSE 304

Query: 563 PTSTDAQLDALIDAARATIVPALRSAPVVERWAGLRPEAIDRDPMWGCHPDHPELIALTGE 1047
P 3TD +L+ L+ &4 +VP+L APV+ERWAGLEFPEA+ RDPMVG +L+AL+GG
Sbjct: 305 PFSTDEKLEELLVDACTVWPSLAGAPVLERWAGLRPEAVGRDPMWVGAMAGTAKLVALIG: 364

Query: 10453 FEVIFGLAHRLAEAAT-CTAGDEPHEFSLPOIFATISHIAVAE 1170
FEV3FGLAH LA+AA+ + & F +F F + H+++id
Sbjct: 365 FEVIFGLAHFLADAALETVCGHTP---VIPSGFELQEHWIIL 403

This result showed a good sequence identity to a D-amino acid oxidase in A.
tumefaciens (a member of the a-proteobacteria, the same group as R. leguminosarum). An
amino acid oxidase is an enzyme that catalyzes the oxidative deamination of an amino acid
to a keto acid. This enzyme has been reported as being involved in biosynthesis and cell
metabolism in Rhizobium (Miranda-Rios et al., 1997). Like some of the genes identified
above, RL3589 could have played a role in generating a metabolisable source, or some form
of energy, which would have been of great benefit to the cell and its survival (Nelson &
Cox, 2000). In addition, as this gene probably encoded for an oxidase it may generate a
redox reaction, which could restore altered electro-chemical gradients that may have also
been caused from the stress. Maintaining cell viability by either producing a metabolite or
restoring electro-chemical gradients is a well characterised general stress response, which
usually occurs after bacteria have acclimatised to the initial shock of the stress and they
begin a specific stress-response (Hengge-Aronis, 2000). This was reflected in the results
obtained with pRU865, as not only was it induced by more then one stress, but also this

induction increased over time and after the initial shock of stress.
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These data indicated that RL3589 was induced as part of a general stress response.
Interestingly, RL3591 appears to encode for a protein with sequence similarity to a
sensor/kinase hybrid which could regulate RL3589 and stress response in R. leguminosarum

(see section 4.2.4.21).

4.2.4.18. pRU8B66/RU1528
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Figure 4.40. RU1528 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgp. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded mainly
to acidic stress, with some induction under hyper-osmotic and oxidative stress. Liquid
growth showed that this fusion induced later in its growth cycle as it took 72 hours before
any significant induction was observed under stress (Fig. 4.40). Rhizobium DNA from this
fusion mapped to the chromosome, compliment of nucleotides 4876419 -878126 (Fig.

4.41).
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transcriptional regulator
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RL4584 RL4586 RL4589
ABC IMP dehydrogenase hypothetical GumH? hypothetical glycosyltransferase ~ mannosidase
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Figure 4.41. Genomic Region of pRUB866’s Insert. Black arrow shows the region of
DNA within pRU866, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
RL4591 (compliment of chromosome nucleotides 4875611 to 4877470, 620aa). The best
BLAST result for RL4591 is shown below.
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Hypothetical protein Atu2576 (imported) [Agrobacterium tumefaciens C58] Length =
619aa Low Complexity Filter disabled

Score = 446 bits (1146), Expect = e-123
Identities = 259/582 (44%), Positives = 341/582 (58%), Gaps = 4/582 (0%)
Frame = +1

Duery: 121 GLGRIAALPVVFDGTIGLFMPENFPLAKKRIAAVLFVIPWGFEEMCSREFFRVALAEHFSDTI 300
) + 4 PV FDIG G+F F ++ + AVLFWSPWG EE+C3EEF BV AE  +
3hjct: 37 GLDGATAHPVEFDGLAGIFHRF ARRDVRO-AHAVLFVSPWGHEELCSREFORVLAERLALR 35

ouery: 301 GVPSLRFDYRGTGDALDFDALPARLETWEDIIRAATDELESLSGCDRIILIAQGLGATLA 450
W 3LRFDY & GDA D + E+ W RAL LE L3GC ++++40GLG +A
Jhjct: 296 GVAILRFDYLGAGDAFDPED A-GEVADWLSD TRAAF AYLERLIGCAEVMVWVAOGLGCLIA 154

ouery: 451 HREVGISIEGVDILVMLAPVLIGRAYLRELNMWIKIIDADLGLGEEHIQTAEVQIAGLVME 660
+ + & 24 LAPV+3IGRAYLREL MW3 +ID LGL IAiG+ MFP
Jbjct: 155 AQALTDAVGAGIMAFLAPVVIGRAYLRELAMWISIMIDDGLGLEPGORLAEAGATAGHMTNE 214

ouery: 661 EETAAELGELNITIPOGLATSREYLILERFAKAEDTGFADALEKALGADVEQEAFEGYDELA 540
E +& + E N+ + L+L RF + D0 Fi L A+G +VWVE+ AF GYD+L
Jbhjct: 215 EGVADAVEETNLANLAAAPAHTILVLIRPGEVTDADFAEHLAATGCEVEEAAFIGYDDLY 274

ouery: §41 THPLFAKTPFMTVVALLTAWLETRTTETSAAHISAATD-NPPLAGDGFAETPVRFGIHNHL 1017
++F +E VW L W+ ++4T 3 A++ I WP & GF E WVAFG L
Jbjot: 275 SAPTLIEISGDVVIERLYDWWVLIOTHAEIPANTGEDIILMAPORGRGF IECQIVOFGDGERL 334

Cuery: 1015 VGVVIRPLGEIKGNAVLFLETAYDRHAGWGRTTVDMAREL AROQGVVILEFDIANVGDIPE 1197
= RF ++VL L AYDRHAGWGR +V MAR LAR+GY SLEFD+AN+ D3FF
3bjct: 335 FGVFCRPHDREAVISVLLLGAAYDRHAGWGRLIVOMARTLAREGVASLERFDAANTIADIPE 394

Duery: 11958 RPDAPECVLY3IDTOTADAVAALDLLESVVAGPVMVAGRCIGEYVAFRAGVADERLEAVVI 1377
+AP+OVLY 2 D RALD L + =P + AGRCSG T+AF +AD+E+ AV++
Jbhjct: 395 VENAPDOVLYDAAOWDDVAAALDFLGTRGEGPFIAAGRCIGAYLAFNGALADDRIGAVIA 454

ouery: 137Y8 INPFVYYWDFDMPVRREHVVIVPRSLDDTIQRLARLDTLERLLEGOVDVVIALONIVIAL 1557
+ME W+ + W E + PR3 +¥230FR + T KRL+ G VDV S4 NI+ A
3bjct: 455 VNPVVFHWEREGLIV-DEALHERPRSFGETIQRFROGATFERLISGDVDVAIAGLNILEAT 513

ouery: 1558 GRELIPWIAFLLELLPDERHIAREVRHIFALFGEREVPLT---LIVIEGDVGLDHVYFHF 1728
+ERL3 AL FE. +ER F F + K T L+¥3+ DI GL+H ++F
3bjct: 514 HMERL3TETARLF--———-—- RRGIEEGRAVF GAFDRLELENTAVHLLYSDNDDGLEHF QYYF 567

duery: 1729 GPHGAKLARYPNVELLMLPDADHWNLTPPOSEEFVLDEIIRLA 1554
F L+ ¥ NV L ++PDADHNL+ P+++ ++ + RL&
Sbhijct: 568 DADGDGLAAYRNVSLTIIPDADHNLSTPEAETIYIETVERLA 609

This result showed a reasonable sequence identity to a hypothetical protein in A.
tumefaciens (a member of the a-proteobacteria, the same group as R. leguminosarum). As
the result was a hypothetical protein, not much more could be inferred from that data alone.
However, Pfam analysis was carried out and did not identify any domains within the gene.
With no further insight into the make up of the protein that RL4591 encoded for, it made it

very difficult to assign any potential function to this gene.
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These data indicated that RL4591 was induced as part of a general stress response,
although no function could be attributed to its protein and as such pRU866 was not
investigated further.

4.2.4.19. pRU867/RU1529
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Figure 4.42. RU1529 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded equally
to hyper-osmotic and acidic stress, with some induction under oxidative conditions. Liquid
growth showed that this fusion induced later in its growth cycle, with a 2.5-fold induction
after 48 hours for both stresses (Fig. 4.42). Rhizobium DNA from this fusion mapped to the
DNA from the pRL10 plasmid, nucleotides 300050 — 304524 (Fig. 4.43).
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Figure 4.43. Genomic Region of pRU867’s Insert. Black arrow shows the region of
DNA within pRUS867, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
pRL100291 (pRL10 nucleotides 303571 to 305022, 484aa). The insert contains the entire
DNA for pRL100288 to pRL100290, but their transcription should end before that of the
insert and so another promoter (one for pRL100291) could be downstream of them. Also,
as BLAST analysis for pRL100290 did not reveal a homologue it was not analysed further.
The best BLAST result for pRL100291 is shown below.
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Hypothetical protein 471 [Rhizobium leguminosarum] Length = 471aa Low Complexity
Filter disabled

Score = 605 bits (1561), Expect =e-172
Identities = 316/468 (67%), Positives = 375/468 (80%)
Frame = +1

Query: 31 SLREYAASATITLLLAGCVIGPDHAPPOMPLP AKFQEGGSESNGDVWVALOWWTAYRDEQLDG 210
3LE+A A+ LLL+GCYV GFD  PP+MPLPAEF EGG+ES+GDYV A WNTA++D +L+G
3bjct: 3 SLRFATPALLLLLIGCVWGFDLVYPPEMPLPARF GEGGTESDGDVATAANTTAFED3IELNG 62

ouery: 211 LVAHGLIENLDVLOALERINIAIANWTWVAGAGGLPSLDVGASHTWYGERGSORTTIGTEN 320
Vo oL +NL WV QA+ERTIN+ASANVT AGAGGLFPIL WGAS TV G+E ET + T+N
Jhjct: 83 TWEAGLDONL TVOOATERTNAAS ANV TTAGAGGLPIL TWGASOTVSGOEAELRTOQLDTEN 122

ouery: 391 TTGGEAILIWLLDFFGOYRRSKESATAILGAAYATADDAKLTFLEDLVISIYWVDARYYQOR 570
T+ G+ SLESWLLD FG T+FE+ ESA+ASL +AYA+AD A+LT ++DLVISY+D R+TOOR
Jhject: 123 TSAGDVILIWLLDLFGLYERNTEIALAILDSAYASADVARLTLIQDLVWISYIDVRFYQOQR 152

ouery: 571  IALIQANLEIRCOETYELTOLOLEAGAAIRLDVVOAEGLVOITEADIPGLEOQSFTVIAHHI 750
+A+3+ANLESROQETYELT+ QL+AGL LDVWOAEGLVOQST A+IPGLE + +5AHHI
Jbhjct: 183 LAVIKANLEIROETYELTEFQLEAGARP-LDVVOAEGLVOITLAETPGLETNIRISAHHI 241

ouery: 751 ALLLGMPAAILMWELORITGOPVFRGDIRAGIFADLIRNRPDIRKAERDLAAAVADIGAL 230
& LLG+Fi+ L++EL + +GOPVFRG I +GIPADLIFWEPDIE ERDLAALL A+TG A
Jbhject: 242 ATLLGLPAIRLVDELLEGIGOPVFRGGITIGIFADLIRNEPDIRIRERDLAAATANIGYVA 301

Query: 931 EAQLYPRISLAGEISPRWVEIIGAIGGTHMTEWIFGPTLNLPIFDGGELRANVDIEESDAE 1110
+AQLYPSISLIGII3IF WV T G3 + W3FGPTLNLPIFDGG+LEANN +3DA
3bjet: 302 QAQLYP3ISLEGIISPLHVNORGIHGG-LDRWIFGPTLNLPIFDGGRLEANVESAQIDAL 360

Query: 1111 AQYLAWEEAVLNGVEEVEMALSAVRRDTOQTLAPLEROVOTAEESLALITTIVEDGAISLL 12590
TL WE VL VE+VENALSAVRERD OT+i L+ OWV+T E+L L3T 3YEDGAISLL
Jbhject: 361 TAVLNWEITVLTAVEOWENALIAVRRDACTVAALOACVETTTETLELSTASYEDGASILL 420

Query: 1291 DVLDAQRSVIDAQASLAATVOEVAKDYVDLYVAIGAGYLTEQGQNAPE 1434
DWVLDACH V5 AQAILAA+HVO++AKDYTV L +AIG G+ Q L E
Sbhjet: 421 DVLDAQO-VILAQAILALSVOOMAKDYVILNIAIGGGE AP AQNNHELSE 467

This result showed a good sequence identity to a hypothetical protein in R.
leguminosarum itself. In fact this hypothetical gene had previously been identified as
homologous to NodT, a gene essential in nodulation in R. leguminosarum (Rivilla &
Downie, 1994). However, as pRL100291 did not share 100% identity to the NodT
homologue, it was believed this was not the same gene as characterised by Rivilla &
Downie. (Genome searches revealed nod7T to be pRL100178 and the nodT homologue to be
RL3856.) This is therefore the third copy of a nodT-like gene.

It has previously been suggested that the NodT homologue plays a role in nodulation
redundancy, as strains with a nod mutation could still formed nodules. Pfam analysis was
carried out and showed the predicted protein is made up of two outer membrane efflux
protein (OEP) domains. OEPs form trimeric channels that allow the export of a variety of
substrates in Gram-negative bacteria. Examples of such channels are TolC in E. coli and

obviously NodT in R. leguminosarum (Rivilla et al., 1995; Koronakis et al., 2000). These
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channels have all been identified as having a role in the secretion of compounds from cells.
As such the product of pRL100291, like some of the genes identified above, could play a
role in the removal of harmful species acquired under environmental stress.

These data indicated that pRL100291 was induced as part of a general stress
response.

Interestingly, pRL100288 and pRL100289 appear to encode for proteins that have
sequence identity to a two-component sensor/regulator system that could regulate

pRL100291 and stress response in R. leguminosarum (see section 4.2.4.14).

4.2.4.20. pRU868/RU1530

0.1M 0.01M | 0.1M 0.1M pH [ ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,O, | Paraquat
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Figure 4.44. RU1530 GFP Values. Readings were taken daily from strains grown over 3

days. Values given are the units of relative fluorescence measured per unit of ODgp. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded weekly

under hyper-osmotic and acidic stress. Liquid growth showed that this fusion induced with
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a 2.3-fold induction after 48 hours for acidic stress, but had no significant induction under
hyper-osmosis at any time (Fig. 4.44). Rhizobium DNA from this fusion mapped to the
DNA from the chromosome, nucleotides 1388691 — 1393375 (Fig. 4.45).

unknown oxidoreductase transcription regulator NAD synthetase
RL1322 RL1323 RL1325 RL1328 RL1332
hypothetical unknown | aminotransferase | RmrA RmrB cyclase glutathion S-transferase

RLI321A RL1324 RL1326 RLI327 | RLI329  RLI330  RLI33I RL1333

1kb .
] insert 868

Figure 4.45. Genomic Region of pRU868’s Insert. Black arrow shows the region of
DNA within pRUS868, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre except RL1322A, which had not
been assigned a number at time of writing. Where appropriate, potential function of the
protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
RL1329 (chromosome nucleotides 1392794 to 1394038, 415aa). The insert contains the
entire DNA for RL1325 to RL1328, but their transcription should end before that of the
insert and so another promoter (one for RL1329) could be downstream of them. Also,
RL1325, RL1327 and RL1328 are transcribed in the opposite orientation to that of the
insert, although BLAST analysis for RL1327 did not reveal a homologue and so it was not
analysed further. This also means that it is unlikely that a promoter for RL1326 would
transcribe RL1329 as the subsequent genes are in opposite orientation and so transcription
from that promoter should terminate before RL1329. The promoter within the insert could
activate the transcription of RL1329 to RL1332 inclusive as an operon, however, as there is
an intergenic region (that may contain a promoter) between all of these genes, this may not
be the case and so only RL11329 was investigated. The best BLAST result for RL1329 is
shown below.

As mentioned earlier (section 4.2.2) pRU868 shares some of its insert with the insert
of pRU871. As such this homology between inserts is further reviewed with the pRU871
data in section 4.2.4.23.
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Probable secretion protein [Mesorhizobium loti] Length = 417aa Low Complexity Filter
disabled

Score = 445 bits (1145), Expect = e-123
Identities = 231/364 (63%), Positives = 284/364 (78%)
Frame = +1

Query: 91 PHPVSELAPVADAPVADAPEKTGREIVERAVIAAVLLAGYAF AGDFGYRYWTVGRFIESTD 270
P+P+ P + P TGRER KR + A V+LAG A A  +G+ YWT GR+H+ESTD
3bjct: E7 PLPLL-TPVTINEIVPVPFP-TGRENFERVL ALV LAGTAAAAYYTGHDYWTTGZRYLESTD S4

ouery: 271 DAVVEADYTTVAPEVAGY IKAVLVNDNDAVEAGOVLARIDDRDFQAALIQAKADVELAEL 450
DAYVEAD TT+APEV+GYI VLWV DN VWV GOVLARIDDRDF+ALL QA+AD++AAEL
3hjct: B5 DATVEADSTTIAPEVIGY IAEVLVRDNOEV TVGOVLARIDDRIFRAALDQAQADMEAAEL 144

CQuery: 451 AITNIDAQISLOOSVIEQAKATVDASOQLIFDFAVIDAARSARLITNGAGTQIRAEQTOSL 630
+ N4+DLOT LO+++IEQA+ATV L4045 FAL DA R A L 4G GT +AE +++
Sbhjet: 145 TVRENLDAQIVLORALIEQARATVAATOLILRFAAVDADEYATLAKSGTGTTQEAEAIRLG 204

Query: 631 RDQAAAAVERDRAALVTACONEVPVLOTEREQTVACQRDRAAAAAQOAELNLIYTDIVAAVD 310
D AL + RD+LA+Y A+ ++ WL TER++ +A0Q DRL AR +0QA4 LNLST I 4 WD
Jbhjct: 205 ADQLAAGLARDOAAVVALAEVRIDVLATERDEALAOVDRACQAAGEQARLNLSYATITAPVD Za4

ouery: 5§11 GTVGARIIRVGOYVTSGTOLMAVVPLHAVYVVANFEETOLTYISFGOSVEIKIDIFPDIS 29290
GTVGARH+RAGOYY +GTOLMAVVE +AVYVWANFEETOLTY+ G2 ¥ + I FP +
Sbhjet: 265 GTVGARTLRIGOYVGAGTOLMAVVPONIVTVWANFEETQLTYVRGGQPVEVATIDGFPGVE 324

Query: 991 IEGHVDIVEPASGLEFSLLPPDNATGNFTEIVORIPVEIVIDDEALSGLLESGHMEVEPEI 1170
++GHVDS+EPASGLEF+LLPPDNATGNF TEIVQRIPVEI+I+D+ L GLLE+GHNIVER I
SJbjoct: 325 LEGHWDILSPASGLEFALLPPDNATGHNFTEIVORIPVEIMIEDQELGGLLRAGMSWVEPTI 354

Query: 1171 DTEL 11582
DTEL
3bhijet: 385 DTEL 388

This result showed a good sequence identity to a secretion protein in M. loti (a
member of the a-proteobacteria, the same group as R. leguminosarum). This secretion
protein belongs to the HlyD family, a group of proteins that is only found in Gram-negative
bacteria and have been reported to have many functions. A HIlyD-like protein has
previously been identified in Rhizobium, RmrA in R. etli (Gonzalez-Pasayo & Martinez-
Romero, 2000). RmrA (Rhizobium multidrug resistance) is part of a multidrug efflux pump
involved in the resistance to various antibiotics and toxic compounds. (Incidently, although
it was not the best hit, BLAST analysis showed that the product of RL1329 had a 55%
identity and 67% similarity with RmrA, further supporting this theory.) RmrA requires the
translocase RmrB in order to cross the cell envelope and the two proteins are transcribed as
part of an operon (Gonzalez-Pasayo & Martinez-Romero, 2000). This system shares
homology to a well characterised multidrug efflux system in E. coli, EmrAB (Escherichia
multidrug resistance) (Lomovskaya & Lewis, 1992). Interestingly, the product of RLL1330
shared a good sequence identity to RmrB, which indicates that RL1329 and RL1330 could

work in a similar manner to the RmrAB system in R. et/i. The R. etli system was proposed
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as an inducible export system that prevents the accumulation of toxic compounds within the
bacterial cell (Gonzalez-Pasayo & Martinez-Romero, 2000). It is therefore highly likely
that the products of RL1329 and RL1330 form a similar efflux system responsible for
removal of toxic compounds acquired or formed in the cell under stress.

These data indicated that RL.1329 and RL1330 were induced as an operon as part of
a stress response specific to acidic stress. However the levels of induction are quite low and
so this fusion may not be as reliable as others (see section 4.2.4.23).

Interestingly, RL1328 appears to encode for a protein that has sequence identity to a
transcriptional regulator that could regulate RL1329 and RL1330 and stress response in R.

leguminosarum.

4.2.4.21. pRU869/RU1531
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Figure 4.46. RU1531 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures.
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The screening results on solid media for this fusion showed that it responded to
hyper-osmotic, acidic and oxidative stress, however, liquid growth showed no significant
induction under stress at any time (Fig. 4.46). Rhizobium DNA from this fusion mapped to
the DNA from the pRL10 plasmid, compliment of nucleotides 448931 — 451019 (Fig. 4.47).

methyltransferase hypothetical integration host factor B

RL0412 RL0415 RL0417
methylase hypothetical = hypothetical
RLO411 RLO414 RL0416
kinase/response regulator hybrid | MutT protease
RL0409 | RL0413 RL0418
repair protein malic enzyme  hypothetical | peptidase
RL0406 RL0407 RL0408 RL0410 |

| |
m <

Figure 4.47. Genomic Region of pRU869’s Insert. Black arrow shows the region of
DNA within pRUS869, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

insert 869

Analysis of this DNA indicated that the gene most likely activated by stress was
RL0409 (compliment of nucleotides 447830 to 450031, 734aa). The insert starts within
RLO411 and so it cannot contain its promoter. Although the insert contains the entire of
DNA from RL0410, its transcription should end before the insert and so another promoter
(one for RL0409) could be downstream of it. Even if this is not the case it would mean that
RL0409 is transcribed by the same promoter as RL0O410. In both scenarios RL0409 is
transcribed from the promoter within the insert of pRU869. However, RL0412, RL0411
and RL0410 overlap each other, which indicates they may be transcribed as an operon. If
this is so, the operon would have its promoter before RL0412, a region of DNA that is not
present in the insert of pRU869. This suggests that it is more likely that the promoter
within the insert of pRU869 was for RL0409 and not RL0410.

The promoter within the insert could also transcribe RL0O408 with RL0O409 as an
operon, however, as there is an intergenic region (that may contain a promoter) before this
gene, this may not be the case and so only RL0409 was investigated. The best BLAST
result for RL0409 is shown below.
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Putative sensor histidine kinase transmembrane protein [Sinorhizobium meliloti]
Length = 730aa Low Complexity Filter disabled

Score = 600 bits (1546), Expect =e-170
Identities = 332/664 (50%), Positives = 430/664 (64%), Gaps = 12/664 (1%)
Frame = +1

ouery: al GEPAPTRRELLFYWLGGAGLLAATILMLLAHAGDPLLLIGGLVVLGLAVIASTALLMVRIE 240
T P+ + ¥ L = + 4 +L+L b7 L L ++ & ++ ++ LL R
3bjct: 15 GDP3AGGARVAYALAG———-TVALMLLLAVGAGAGLHLLPATTAAG-GLYGAFLLL3GRDE 70

ouery: 241 RAGOR-—-PGOTHPD-——-GHGGAELFADVHDVLGD ITVIRTHDRRITISANDTFRRLTGE 399
+G+E =+T D ) A L A +HD +5D+ + R +I +I+ B F L &
Jhjct: 71 AIGERVAGAGETAQDPARHGIETAALLATITHDAMGDLATVEDLDGEINQANGAFHELCGC 130

Cuery: 400 LRPEGETCEEIGLAFRPGPIFHCYDVEISTPEGORIFLWRDVVTERDFPANGRELLLOSVARD 573
= TC E+GL F F F YWV ITP G B++ W DIV+ RDFL GE + 3+ARD
Jbjct: 131 ADARGLTCAELGLRFEPKETGPDRYFVHIYTPRSGTRLYDWHDVLVEDFARGREFMEHSTARD 150

Cuery: 5830 VITDERLIAQGREEAROEAETNIAAKSRLLATWVIHEVRTPLIGILGHMTHLIAETRLTOEDD Y53
VT+E L & EREEAR++LE 3 AK3RLLATVIHE+RTPLSGILGM+ L+AETEL++EC+
Jbjct: 191 VTEEMLAASOREEARRRAEEAIRAKSRLLATWSHEIRTPLIGILGM3IRLLAETRELIEEQE 250

ouery: 760 NYLASIROSGHALTOQLVEDLLDFITIEVGRFALHPRSESLRELLEIVVEMLAHRAHEKGI 933
NYLA ++23GH L QLVEDL+DF3++ VWGRF L F E LR+ +E+VVEML+ RAHEE I
Jbjoct: 251 NYLAGHMOOIGHTLVOLVEDLIDFISLAVGRFOLRPSOQEDLEOQTVENVVEMLIPRAHEENI 310

Query: 940 EIGATVISDVPENMSFDPARLEOVLFNYIGHNAVEF TOVGGYF IBVILDGDDLITITYTDIG 1119
EIGATV+ +WFE M FDI ARLROVLFNV+GHAVEFT+ GGVF+ WV ++ + I + D3G
3hjct: 311 EIGATVAIEVPERMLFDAARLECVLFMVWVGHNAVEF TEEGGVFVIVDIENGIVRIRIDDSS 370

ouery: 1120 PGMTAEEQARVFGEFEQGGIVTDESSGTGLGLAISARIMREFNGALTVASERGRGSEFTI 1299
FGM+A+E ARWF EFEQ G ++ GTGLGLAIS RIM F G+LT 3 G+G3 F I
Jbhjct: 371 PGMSADELARVFEEFEQAGDDACRAEGTGLGLAISRRIMEAFGGILTATIMIGESGSRFEI 430

ouery: 1300 RFPV-DIGSERPDRENTLLAGHIVVLLAPAGAARTATAETITALGGLCHLVGDGETARLT 1476
EFF+ ) F +LAG WV+++AF & + A+2L TI LG CH A
Jbjot: 431 RFPHMAGAGLIGVPVRRGILAGAOWLVMAPEGPSSAALAATIETLGGTCHRAITLAVA-GE 4859

ouery: 1477 LLELAKGGRRP-TDIIIDHRMIAEFSAHLADRADTAALGLREVLLVNPEERIAHP-—-LD 1644
++ &4 G R F TD+I+DHE +i+F L& Ih L. LE+ L++FEEER++HF L
Jhjct: 490 VVAGALGNRLPLTDVIVDHRHAACFRELLALEPATAGLRLRRTYLIIPEERTIZHPVIRLG 5439

ouery: 1645 LFDAWLIRPLREQ3LIDVLRGEMRGMEERDALNDNOPGFGLIVTETHMVATRGLSEILLGED 1524
++AWLIRFLEE+3L++VL GR+RGHMEERDA+HNDN+F T T++ + ILL ED
3hjct: 550 GYEAWLIRPLRERILVEVLLGELRGMEERDAINDHNRPVLREEFTATVNTIDWVRGILLAED 609

Query: 1525 DPINAMLVEVVLEEGGHEVEHVEDFETLLDYALCEANDRPDIIISDLIMPGGHNGIDMLGE 2004
DF+MNA+++E +L + & W HV DF+ L + P +I++DL+MPGG+G+D+L R
3bjct: 610 DPVHNALVLRSLLIRAGRAVDHVGDFEALEAALRIAGSAPPPLIVTDLNMPGGDGLDVLEER 6639

This result showed a reasonable sequence identity to a sensor histidine kinase
transmembrane protein in S. meliloti (a member of the a-proteobacteria, the same group as
R. leguminosarum). RL0409 is similar to the genes of interest in section 4.2.4.14 (RL1156
and RL1157). The products of those genes shared sequence identities with a histidine
kinase and a sensor, and together probably formed a two-component response regulator.

RL0409 however, appears to encode for a protein that is a hybrid of these two proteins,

139



something that is not uncommon in rhizobia. R. leguminosarum bv. viciae VF39 contains a
fixL gene that encodes for a sensor/regulator hybrid that combines the functions of FixLL and
FixJ and controls the induction of genes under low oxygen concentrations (Lopez et al,
2001).

As mentioned in section 4.2.4.14, bacteria use two-component signal transduction
systems to detect and respond to changes in the environment. The product of RL0409
would have the function of both components in one protein and so act and respond in the
same way.

The data indicated that RL0O409 was induced as part of a general stress response.

4.2.4.22. pRU870/RU1532
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Figure 4.48. RU1532 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures.
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The screening results on solid media for this fusion showed that it responded to
hyper-osmotic, acidic and oxidative stress, however, liquid growth showed no significant
induction under stress at any time (Fig. 4.48). Rhizobium DNA from this fusion mapped to
the DNA from the pRL12 plasmid, compliment of nucleotides 736574 — 738649 (Fig. 4.49).

ABC IMP ABC transporter transcriptional regulator
pRL120681 pRL120689 pRL120692
ABC IMP | ABC SBP  hypothetical hypothetical  polygalacturonase; ABC IMP
pRL120680 = pRL120682 pRLI120684 pRL120686 pRL120688 pRL120690
| ‘
ABC SBP McpB ABC SBP | hypothetical ABC IMP
PRL120679 PRL120683 pRL120685 = PRL120687 PRL120691

LB s *

Figure 4.49. Genomic Region of pRU870’s Insert. Black arrow shows the region of
DNA within pRUS870, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
pRL120684 (compliment of pRL12 nucleotides 736415 to 737674, 420aa). The insert starts
within pRL120685 and so it cannot contain its promoter. The best BLAST result for
pRL120684 is shown below.

Further analysis showed that the insert for pRU870 mapped in close proximity to

where pRU863 mapped (Fig 4.37).
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Hypothetical protein Rrub02002832 [Rhodospirillum rubrum] Length = 430aa Low
Complexity Filter disabled

Score = 223 bits (568), Expect = 8e-57
Identities = 151/433 (34%), Positives = 233/433 (53%), Gaps = 25/433 (5%)
Frame = +1

ouery: 1 HPHGEEHPLERELHNELHARPSLYFDGDTDVWHVAIV-GENAPPQIPHS—--LPGLEDVS 165

+P EHPLE. L MNELHARPZ + + H+i++ GE S S + +
3bjct: 2 IPPYREHPLREVLINELHARPSETIEAPVRLIHLAVLTGEITDPSLDHLGLLCARMGETY Al
Query: 169 TTREGHNHGIGRIGDGRLEWEAHTEFLTLTFV-——-——--— VPASADPGSHNPPEAFQACCROT 327

+ + L++E HTEF T TF +F P + 4 +

Jhjeoct: 62 PAEGATRFHNANLGGLGLOFERHTEFCTY TFORRGRTGDLPFDOFPALDMVPPDWLAT-—-L 115

Cuery: 328 DGEVIAAVREVIVEDEEDGORPEKPEFDY-———————— VASOVGGGDAEVHSNFELTDAGFY 455
G+W++AV ++V + ED + WV & VeE: B +3+ EL D +

Jhjet: 119 PGOVLSAVHLVV-EPKDTPEYSIEEL3IIRHF AGHNPVVGIAVGGGAAFAYIDLELHDDRCL 177

ouery: 454 EFLFFNENLNAYRTGEMYRRFLEIETYRMMALLALPMARETVSELSVFDRELDLLTAHMO 663

L + +LN RE+V+FE LE+ TYE +ALLALFPMARE+ L BR+D+++4H+
Jbjct: 178 ERHMLIRDVDLNPRHAGRLVOQRLLELNTYRALALLALFMAREISPGL-—--RRIDMVLAHVA 233
ouery: 664 @ JF--———--—- AVEVDEALLSEVTELSSDVLNF3ALARHRF GATEAYAEIVASRIZELREERVE 825
+ W DI LL3E++ L+++W + +4 +E AT+AY +V FE ELEE E++

Jbhjet: 234 ARMADPNGVDSDAELLSELSHNLTAEVESLAAANSYRIAATRAYTHALVORRLEELREVELD =233

ouery: S26 QRORIGTFIDRRFOFAVREAVHAAERRLDELAERVSLAGDLLETTVOVOLEDQNAILLTSM 1005
> F+DEER PA+ WV + RE++ L+ER + LLE WV+VW L+ QN LL SH
Jbhjet: 2894 GUVTFGAFMDRRLTRAMATVDSVIERIESLIERGARVASLLEARVEVDLOQACNERLLESHM 353

Query: 1006 EERARTIOVHIQOAVEGFIVIAITYYTWGLAKICLESISELGVDPHYTELAVLGAIPLVYLF 1185
BARTO+ +Q0+AVEG 3IWV+AT+TY VGL + +3  GV+ + + + A+P+++
3bjet: 354 NRRARIOLRLOEAVEGLAVVAISYYLVGLVGYMAKGVIGAGVEVEESWVVTAI-AVPVIVL 412

Query: 1156 AVWAAVEHVERESI 1224
+VT +E ++++
Shjct: 413 SVWLVLRERAKRAM 425

This result showed a sequence identity to a hypothetical protein in R. rubrum (a
member of the a-proteobacteria, the same group as R. leguminosarum). As the result was a
hypothetical protein, not much more could have been inferred from that data alone.
However, Pfam analysis was carried out and did not identify any domains within the gene.
With no further insight into the make up of the protein that pRL120684 encoded for, it
made it very difficult to assign any potential function to this gene.

These data indicated that pRL120684 was induced as part of a general stress
response, although no function could be attributed to its protein and as such pRU870 was

not investigated further.

142



4.2.4.23. pRU871/RU1533

0.1M 0.01M | 0.1M 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,0O, | Paraquat
- + - - +++ |+ -
500 1
400 -
300 -
Qa
©)
E
LL
200
100 - —@— Control
—A— pH5.75
—i— Sucrose
0 T .
24hrs 48hrs 72hrs
Time

Figure 4.50. RU1533 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each

line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded mainly
to acidic stress and also slightly under hyper-osmotic and oxidative stress. Liquid growth
showed that this fusion induced significantly after 24 hours under acidic stress, which led to
a 2.7-fold induction after 48 hours, but had no significant induction under hyper-osmosis at

any time (Fig. 4.50). Rhizobium DNA from this fusion mapped to the DNA from the

chromosome, nucleotides 1390705 — 1393293 (Fig. 4.51).
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unknown oxidoreductase transcription regulator NAD synthetase

RL1322 RL1323 RL1325 RL1328 RL1332
hypothetical | unknown | aminotransferase | RmrA RmrB cyclase glutathion S-transferase

RLI1321A RL1324 RL1326  RL1327 | RL1329 RL1330 RL1331 RL1333

1kb
| ] insert 871

Figure 4.51. Genomic Region of pRU871’s Insert. Black arrow shows the region of
DNA within pRUS871, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre except RL1322A, which had not
been assigned a number at time of writing. Where appropriate, potential function of the
protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
RL1329 (chromosome nucleotides 1392794 to 1394038, 415aa). The insert starts within
RL1326 and so it cannot contain its promoter. Also, the insert contains the entire DNA for
RL1327 and RL1328, but they are transcribed in the opposite orientation to that of the
insert. Furthermore, BLAST analysis for RL1327 did not reveal a homologue and so was
not analysed further. The promoter within the insert could activate the transcription of
RL1329 to RL1332 as an operon, however, as there is an intergenic region (that may
contain a promoter) between all of these genes, this may not be the case and so only
RL1329 was investigated. The best BLAST result for RL1329 is shown below.

As mentioned earlier (section 4.2.2) pRU871 shares of its insert with some of

pRU868. As such this homology between inserts is further reviewed below.
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Probable secretion protein [Mesorhizobium loti] Length = 417aa Low Complexity Filter
disabled

Score = 445 bits (1145), Expect = e-123
Identities = 231/364 (63%), Positives = 284/364 (78%)
Frame = +1

Query: 91 PHPVSELAPVADAPVADAPEKTGREIVERAVIAAVLLAGYAF AGDFGYRYWTVGRFIESTD 270
P+P+ P + P TGRER KR + A V+LAG A A  +G+ YWT GR+H+ESTD
3bjct: E7 PLPLL-TPVTINEIVPVPFP-TGRENFERVL ALV LAGTAAAAYYTGHDYWTTGZRYLESTD S4

ouery: 271 DAVVEADYTTVAPEVAGY IKAVLVNDNDAVEAGOVLARIDDRDFQAALIQAKADVELAEL 450
DAYVEAD TT+APEV+GYI VLWV DN VWV GOVLARIDDRDF+ALL QA+AD++AAEL
3hjct: B5 DATVEADSTTIAPEVIGY IAEVLVRDNOEV TVGOVLARIDDRIFRAALDQAQADMEAAEL 144

CQuery: 451 AITNIDAQISLOOSVIEQAKATVDASOQLIFDFAVIDAARSARLITNGAGTQIRAEQTOSL 630
+ N4+DLOT LO+++IEQA+ATV L4045 FAL DA R A L 4G GT +AE +++
Sbhjet: 145 TVRENLDAQIVLORALIEQARATVAATOLILRFAAVDADEYATLAKSGTGTTQEAEAIRLG 204

Query: 631 RDQAAAAVERDRAALVTACONEVPVLOTEREQTVACQRDRAAAAAQOAELNLIYTDIVAAVD 310
D AL + RD+LA+Y A+ ++ WL TER++ +A0Q DRL AR +0QA4 LNLST I 4 WD
Jbhjct: 205 ADQLAAGLARDOAAVVALAEVRIDVLATERDEALAOVDRACQAAGEQARLNLSYATITAPVD Za4

ouery: 5§11 GTVGARIIRVGOYVTSGTOLMAVVPLHAVYVVANFEETOLTYISFGOSVEIKIDIFPDIS 29290
GTVGARH+RAGOYY +GTOLMAVVE +AVYVWANFEETOLTY+ G2 ¥ + I FP +
Sbhjet: 265 GTVGARTLRIGOYVGAGTOLMAVVPONIVTVWANFEETQLTYVRGGQPVEVATIDGFPGVE 324

Query: 991 IEGHVDIVEPASGLEFSLLPPDNATGNFTEIVORIPVEIVIDDEALSGLLESGHMEVEPEI 1170
++GHVDS+EPASGLEF+LLPPDNATGNF TEIVQRIPVEI+I+D+ L GLLE+GHNIVER I
SJbjoct: 325 LEGHWDILSPASGLEFALLPPDNATGHNFTEIVORIPVEIMIEDQELGGLLRAGMSWVEPTI 354

Query: 1171 DTEL 11582
DTEL
3bhijet: 385 DTEL 388

This result showed a good sequence identity to a secretion protein in M. loti (a
member of the a-proteobacteria, the same group as R. leguminosarum), the same result as
for the gene of interest from insert of pRU868 in section 4.2.4.20.

The data implied that the inserts of both pRU868 and pRU871 were induced under
stress because they contain the promoter for RL1329. If this was true, it would have been
expected that both fusions would have had identical GFP profiles for their screening results.
Although results obtained in liquid cultures are very similar for both strains, the data
collected from growth of AMA (10mM glc, 10mM NH,) at pH 5.75 is quite different. As
for all strains, this screening was repeated several times and consistent results were
obtained. This difference was undoubtedly due to the difference in insert size (section
4.2.2). The insert from pRU868 was approximately twice the size of that from pRU871 and
because of this, DNA from pRU868’s insert mapped further upstream of RL1329 than that
from pRU871. It may be that a promoter for another gene (i.e. not RL.1329) was present in
the pRU868 insert and that this promoter may have in some way disrupted the GFP

expression of this plasmid, when compared against pRU871.
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This data confirms the likely induction of RL1329 and RL1330 under acidic stress.

4.2.4.24. pRU872/RU1534

0.lM | 0.01M |0.1IM| 0.1M pH | ImM | 0.25mM
Sucrose | Sucrose | NaCl | Mannitol | 5.75 | H,0O, | Paraquat

+++ +++ +++ ++ +H+ |+ +/-
600 -
500
400
o
5 300 -~
LL
200 -~
—@— Control
100 - —A— pH5.75
—— Sucrose
O T T T
24hrs 48hrs 72hrs
Time

Figure 4.52. RU1534 GFP Values. Readings were taken daily from strains grown over 3
days. Values given are the units of relative fluorescence measured per unit of ODgpo. Each
line is the average and standard error produced from three independent cultures.

The screening results on solid media for this fusion showed that it responded mainly
to hyper-osmotic and acidic stress, and slightly under oxidative stress. Liquid growth
showed that this fusion induced later in its growth cycle as it took 72 hours stress before any
significant induction was observed (Fig. 4.52). Rhizobium DNA from this fusion mapped to
the DNA from the chromosome, nucleotides 4241206 — 4243351 (Fig. 4.53).
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hypothetical transport transmembrane protein  hypothetical ABC transporter

RL4008 RL4014 RL4016 RL4018
Gap | Na/H antiporter Pgk FbaB hypothetical hypothetical RpmE hypothetical

RL4007 | RL4009 RL4010 RL4011 RL4012  RL4013 RL4015 RL4017 RL4019

Figure 4.53. Genomic Region of pRU872’s Insert. Black arrow shows the region of
DNA within pRUS872, grey arrows show predicted genes and black line shows ~1kb scale.
Gene numbers shown are those given by the Sanger Centre. Where appropriate, potential
function of the protein encoded for by each gene is also shown.

Analysis of this DNA indicated that the gene most likely activated by stress was
RL4014 (chromosome nucleotides 4243010 to 4244305, 432aa). The insert starts within
RL4012 and so it can not contain its promoter. Also, the insert contains the entire DNA for
RL4013, but its transcription should end before that of the insert and so another promoter
(one for RL4014) could be downstream of it. The promoter within the insert could also
transcribe RL4015 and RL4016 with RL4014 as an operon, however, as there is an
intergenic region (that may contain a promoter) between all of these genes, this may not be
the case and so only RL4014 was investigated. The best BLAST result for RL4014 is

shown below.
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Putative transport transmembrane-protein [Sinorhizobium meliloti] Length = 433aa Low
Complexity Filter disabled

Score = 592 bits (1525), Expect = e-168
Identities = 294/427 (68%), Positives = 351/427 (82%)

Frame = +1

ouery: 1 MERNLLSVAALLFGTLFLFNGHGLOGILLEVEGHLESTATTTLGLLGTSWAGSFVIGCLI 1580
M+ NLL VAALL GTLFLF+GHNGLOG+LLEVREG EGY TT LGL GT Wi GFV4GC

Shict: 1 MRNNLLPVAALLLGTLFLFLGNGLOGLLLEVREGTAEGYPTTILGLFGTLWATGFVLGCFF 60

Cuery: 181 APKIVRERVGHVRAFIGFISITATIALVSGIIIDPVWWWVWVLRAVTGFSTAGTSMIIESWLN 360
AP +V+BR+GHVRAFS F ++IAT++L++GI+IDP+WTT+ LEAVTGFITAGTSMIIESWLI
Jhijct: a1 APMNVVERIGHVRAFSVFTALTATVSLLTGILIDP INWLALRAVTGFITAGTSEMITIESWLE 120

Query: 361 ERASNEIRGMIFILYIGITLIGWVVGGQMMIPLEDVERTPVLFHNICGIFYCIAMLPTTLSTL 540
ERA+NESRG+IFILYI ITL GVWGGOMMIF + T FHICGI YC+AMLPT L3 A
Sbhjet: 121 ERATHNEIRGVIFILYIAITLFGWVVGGQMMIPFGETITTFFFHICGILYCVAMLFTLLERL 1850

ouery: 541 AFPOPLEAVRLDLPALYRWEPVACLGILLVGIANGAYGTLGAVFGAGAGLIDTIIAVHMS 720
ASPOPLE VELDL LYRN3IPV3 LGILL+GIANGA+GTLGAVEG  AGLID4+++4 MMS
Jbjct: 181 ASPOPLECVRLDLERGLYRWEPVAFLGILLIGIANGAFGTLGAVFGROAGLIDITVALMMS 240

ouery: V21 ATIFAGAVMOLFPAGRLIDRIDERYVLAAMIGIAALAGLLIFLLHPTSFPALLIGLVVLYGL 200
IF+GAVMOLPAGR+SDRIDRRYVLAA++G+ ALAGLLIFL+ P +++ L+ +¥GL
Jbhjct: 241 VAIFSGAVMOLPAGRISDRIDERYVLAALAGVGALAGLLIFLVERPGOVWIVLTLIAIYGE 300

Query: 901 VANTLYPIAVAHANDFAASEDFWVEVIGGLLLLYGIGTVIGPTLSGPVMIAITPHALFLYT 1030
AN LYPIAV+HANDFA EDFVEV3IGGLLLLYGIGT+IGPT+ GP+M+L P+ LF++T
Sbjct: 5301  AANALYPIAVIHANDFATPEDFVEVIGGLLLLYGIGTIIGPTIGGPIMTASGPYGLFMIT 360

Ouery: 1081 ATAHVLITVYAIIRIRIRAAVPASDRDAYTTIFTGTIAILTROSMILADRGAGEPFETGE 1Za0
A AH+LIT YAI+R3ER RAL WFA++R+ ++ + GT+ TP+3+ L+ R L P E
Jbjct: 361 ACAHMLITAYAIVEIRRRAPVPAAERENFIPVNAGTAT--TPESLOLSFRAL—-PLEELF 41a

ouery: 1261 SPEIDDP 1231

+DDF
3hjct: 417 DEGADDP 423

This result showed a good sequence identity to a transport transmembrane protein in
S. meliloti (a member of the a-proteobacteria, the same group as R. leguminosarum). Pfam
analysis was carried out and showed the predicted transport transmembrane protein belongs
to the MFS family, just like RL1464 in section 4.2.4.11 (see section 4.2.4.11 for MFS
review).

The data indicated RL4014 was induced as part of a general stress response.

4.2.4.25. Summary

Table 4.2 shows a summary of these data for each plasmid/strain.
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Table 4.2. Most Probable Gene. Table shows the insert size for each plasmid and the predicted specificity of each stress response. Also
shown is the Sanger assigned number for the most probable gene activated by stress and the gene with which its shares sequence identity

(plus the identity (ID) and similarity (Sim) percentage).
Plasmid | Strain Insert | Sanger No. | Sequence Identity with ID% | Sim% Stress
pRUS843 | RU1507 | 1883bp | pRL100079 | Glycine Betaine/L-Proline transport ATP-binding protein ProV 66 79 Hyper-osmotic
pRUS54 | RU1518 | 1908bp | pRL120564 | Hypothetical protein (mRNA regulation) 65 78 Hyper-osmotic
pRUS8S55 | RU1519 | 2393bp | RL0352 | Carboxypeptidase C (cathepsin A) 36 50 Hyper-osmotic
pRU857 | RU1521 | 2349bp | RL1464 | MFS permease 71 84 Hyper-osmotic
pRUS863 | RU1525 | 1863bp | pRL120671 | ABC transporter, substrate-binding protein 75 88 Hyper-osmotic
pRU845 | RU1509 | 2311bp | pRL90174 | Acetoacetate decarboxylase 70 82 Acidic
pRU849 | RU1513 | 3333bp | RL4220 | ExoD (exopolysaccharide synthesis protein) 61 75 Acidic
pRUBS50 | RUIS514 | 1564bp | RL1296 | Conserved hypothetical protein (enzyme activity) 57 67 Acidic
pRUSS53 | RU1517 | 1035bp | pRL90014 | FixH 95 99 Acidic
pRUB6S | RU1530 | 4685bp | RL1329 | Probable secretion protein, homologous to RmrA 63 78 Acidic
pRUS871 | RU1533 | 2589bp | RLI1329 | Probable secretion protein, homologous to RmrA 63 78 Acidic
pRUB44 | RUI508 | 2507bp | RLO587 | Hypothetical protein (transmembrane-related) 85 94 General
pRUS846 | RU1510 | 2306bp | RL0356 | Hypothetical protein (energy generation) 78 86 General
pRUB48 | RUI512 | 2537bp | RL2296 | Fatty aldehyde dehydrogenase 62 74 General
pRUS859 | RU1506 | 1417bp | pRL100149 | Hypothetical protein (unknown) 87 91 General
pRU8B61 | RU1523 | 5743bp | RL1157 | Two-component response regulator 77 89 General
pRUB62 | RU1524 | 394bp RL1155 | Conserved hypothetical protein (membrane-related) 53 67 General
pRUS865 | RU1527 | 1606bp | RL3589 | Probable D-amino acid oxidase 60 73 General
pRUB66 | RUI528 | 1708bp | RL4591 | Hypothetical protein (unknown) 44 58 General
pRU8S67 | RU1529 | 4475bp | pRL100291 | Hypothetical outer membrane protein, homologous to NodT 67 80 General
pRUB6Y | RUI531 | 2089bp | RL0409 | Putative sensor histidine kinase transmembrane hybrid 50 64 General
pRUS870 | RU1532 | 2076bp | pRL120684 | Hypothetical protein (unknown) 34 53 General
pRU8B72 | RU1534 | 2146bp | RL4014 | Putative transport transmembrane protein 68 82 General
pRUBS8 | RU1522 | 1510bp ? ? ? ? Unknown
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4.3. Discussion

The work presented here was very successful with the insert ends of each fusion
being sequenced precisely. The majority of inserts proved to be between 1.5 and 2.5kb, as
was previously estimated (Schofield, 1995). The average insert size was 2,351bp.

Of the 24 fusions, DNA for 15 originated from the chromosome, 2 from plasmid
pRLY, 3 from plasmid pRL10 and 4 from plasmid pRL12. No isolated fusions contained
DNA from plasmids pRL7, pRL8 or pRL11 (Table 4.3).

Table 4.3. DNA Coverage of 3841 Representing in Fusions.
Numbers of each plasmid and where the DNA of their insert originates.

Genome Plasmids Total | Percent
pRU844, pRU846, pRU8B4S,
pRU849, pRU8BS0, pRUSSS,
Chromosome | pRUS857, pRU861, pRU862, 15 63%
pRUS86S, pRUB66, pRUE6S,
pRU869, pRUS71, pRU872

pRL7 None 0 0%
pRL8 None 0 0%
pRL9 pRU845, pRU8S3 2 8%
pRL10 pRU843, pRU8SY, pRUB6HT 3 13%
pRLI11 None 0 0%
pRU8S54, pRUSBSSE, pRUS63, o
pRL12 PRUS70 4 17%

As mentioned in Chapter 3, when the original genomic library was made it was
estimated that it contained only 40% of 3841’s entire DNA. It was expected that the library
would have been representative of the entire genome and although it was possible, it was
highly unlikely that the 40% would not include any DNA from three plasmids. It could be
that there are no stress-induced genes in pRL7, pRLS8 or pRL11 indicating stress response in
3841 is cistronic; however, the sample size of fusions used in this research is not large
enough to conclude if this finding is significant.

If stress-induced genes were not cistronic than the coverage of such genes would be
spread evenly throughout the genome of 3841; e.g. if ~80% of the genome was made up of
the chromosome, then ~80% of stress-induced genes would be found in the chromosome.
On comparison of the percentages in tables 4.3 and 4.4, it can seen that 65% of 3841 DNA
is found in the chromosome (the rest in plasmids) and ~65% of the genes identified in this
research were from the chromosome (the rest in plasmids). This indicates that stress-

induced genes are evenly distributed amongst the genome of R. leguminosarum.
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Table 4.4. DNA Coverage in 3841.

Genome Size (bp) | Percent
Chromosome | 5,047,142 65%
pRL7 161,564 2%
pRLS 147,463 2%
pRL9 352,782 5%
pRL10 488,135 6%
pRL11 684,202 9%
pRL12 870,021 11%

However, sequence data from some fusions supports a cistronic system within R.
leguminosarum. Plasmids pRU846 and pRUS8S5 contained stress-induced promoters that
mapped to genes in close proximity (4 genes apart), as did pRU861 and pRU862 (2 genes
apart) and pRU863 and pRU870 (13 genes apart). Furthermore, genes near to the region of
DNA where the insert from pRU850 mapped (RL1297, RL1298, RL1299 and RL1302) all
appeared to be stress-related. These data indicated that stress-related genes are in close
proximity in 3841, and so stress-response maybe a cistronic system in R. leguminosarum.
Clearly more data is required before a definite conclusion can be made.

It was expected that many of the genes identified would be hypothetical, given that
40% of the S. meliloti genome is made up of hypothetical genes. This proved to be true, as
inserts from 9 out of the 24 fusions were predicted to contain a promoter that transcribes a
hypothetical protein. Although these genes are predicted to encode hypothetical proteins,
an attempt was made to predict what role they could play in stress response and fortunately
Pfam analysis greatly aided this process. Characterisation of these proteins should greatly
contribute to the understanding of stress response in R. leguminosarum and should also help
assign a definite function to each of these hypothetical proteins.

It was hoped that some genes identified would have shared sequence identity with
those genes already characterised as part of a stress response. The predicted gene of
pRU843 shows 79% sequence identity with part of an osmoprotectant uptake system in B.
melitensis. This was an excellent result as pRU843 was only significantly induced under
hyper-osmotic conditions (generated by all tested osmolytes). This made pRU843 a very
useful fusion and it was used in the further investigation of stress response of R.
leguminosarum (see later chapters).

It was also anticipated that some genes may have matched genes already found in R.
leguminosarum. This too was observed, as the products of genes associated with pRU853
and pRU867 have a high sequence identity to genes already characterised from 3841
(pRL90015, from pRUS8S53, is 97% similar to FixH and pRL100291, from pRU867, is 80%
similar to a NodT homologue). Interestingly, pRL90015 and pRL100293 are not actually
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the genes with which they shared sequence identity, both are homologues. pRL100291 is in
fact a second homologue of pRL100178; pRL100291 is 80% similar to RL3856 (NodT
homologue) which in turn is 79% similar to pRL100178 (NodT) (pRL100291 is itself 77%
similar to pRL100178). This research also showed that 3841 contains two copies of the
bdhA (pRL90175 and RL3569). Having at least three similar copies of one gene says
something as to the origins of 3841 and indicates that these copies may in fact be paralogues
with different functions, shown here to have a possible connection with stress response. It
also suggests that R. leguminosarum may have a high degree of redundancy in some of its
more vital systems.

One of the aims for the work presented in this chapter was to determine what kind of
stress response is associated with each fusion. This was accomplished as best as possible,
as shown for each gene in section 4.2.4. Some fusions in particular stood out; pRU843
(RU1507) is an excellent example of a hyper-osmotic specific response, pRU850 (RU1514)
is an excellent example of an acidic specific response and pRU861 is an excellent example
of a general response. pRU862 (RU1524) is also interesting as it showed strong induction
initially under hyper-osmosis but also induced on entry into stationary phase. This fusion
proved the care that must be taken when classifying stress response, as if experiments had
been stopped after 48 hours pRU862 would have been classed as inducing specifically
under hyper-osmosis, which was not the case. pRUS845 led to the discovery of a possible
novel system used by 3841 to remove acid when countering an environment with a low pH.
The putative mechanism removes acid from the cell by coupling a decarboxylation pathway
to PHB, by converting PHB to acetone and removing the carboxylic acid group. BLAST
analysis indicated that this system is not present in other sequenced a-proteobacteria and so
may be unique to 3841, but the use of decarboxylases to remove carboxylic acid groups
from molecules (e.g. GABA) in response to a low pH has been reported in other bacteria
(Castanie-Cornet & Foster, 2001; Hommais et al., 2004).

In order to further categorise each stress-induced gene/operon, Table 4.5 shows
them grouped depending on the predicted function of each gene. As some fusions led to the
identification of an operon and not a single gene, the table shows the original fusion and not
the gene/s themselves. In the case of hypothetical genes, they have been characterised

according to their Pfam analysis where possible but are shown in bold.
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Table 4.5. Predicted Functions of Fusions.

Numbers of each plasmid and the predicted function

of the gene/s associated with each. Hypothetical
enes are shown in bold.

Function Plasmid
pRUS843, pRU844, pRUS53,
Transporters pRU857, pRU8B63, pRUBG7,

pRU868, pRU871, pRUS72
pRUS845, pRU846, pRUS4S,

Cell Metabolism

pRUS865
Structural Elements pRU849, pRU862
Cell Signalling pRU8S5S
Regulation pRUB854, pRUS861, pRU8S6Y
Unknown pRUS850, pRU8BS8, pRUBSY,

pRU866, pRUS70

With the preliminary genome sequence available, genes (which are near to those
shown to induce under stress) that encode putative regulators can be identified. Whilst the
data has only been made available and so whilst potential regulator could not be specifically
targeted in this research, it is planned for future work. Fusions that are associated with
genes near potential regulators include pRU846 & pRU855 (RL0354), pRU862 (RL1156 &
RL1157), pRU863 (pRL120674), pRUB6S (RL3591), pRU8S6T7 (pRL100288 & pRL100289)
and pRUS868 (RL1328).

The overall aim of the work presented in these last two chapters was to isolate and
identify stress-inducible pOT fusions from the LB3 library. This was successfully
accomplished and allowed experiments investigating the regulation of stress response in R.
leguminosarum 3841 to be carried out. This further research would use some of the fusions

identified here, as the next chapter describes.
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CHAPTER 5: ISOLATION AND CHARACTERISATION OF MUTATIONS
IN STRESS-INDUCED GENES
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5.1. Introduction

Work has been presented showing the isolation (Chapter 3) and characterisation of
stress-induced genes (or operons) in R. leguminosarum 3841 (Chapter 4), all of which was
accomplished through the use of the pOT vector and the LB3 library. Although these genes
had been identified, it was unknown how vital each gene was to the stress response of R.
leguminosarum and its survival. One way of determining the necessity of a gene is to create
a mutation in that gene and then examine how the mutant grows. As the gene was stress-
induced, a mutant may not grow (or have restricted growth) in stressed conditions. Also,
the way the mutant undergoes symbiosis with a legume may change, as some genes that
have been shown to be involved in stress response are also involved in nodulation
(Djordjevic, 2003). The aim of the work presented here was to determine if any of the
stress-induced genes identified, are important for survival of 3841 under stressed
conditions.

In a second strategy, a TnJ library was used to isolate mutants unable to grow under
severe hyper-osmosis (or that could only grow in under hyper-osmosis) in an attempt to

isolate any other genes vital to the stress response of R. leguminosarum
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5.2. Results
5.2.1. ldentification of Stress Regulation Pathways

Eight key fusions (see section 5.2.2) were chosen and used to investigate the
regulation of stress-induced genes. Fusions were transferred into a Tn5 mutant library,
which was screened on AMA (10mM gle, 10mM NHy) + 100mM sucrose as before with the
LB3 library. However, for this screen colonies that no longer fluoresced were isolated.
Approximately 80,000 colonies were screened and 32 mutants that no longer possessed the
fluorescent phenotype associated with the plasmid were isolated and confirmed. Plasmids
from these isolated mutants were shown to be functioning correctly, as they could produce
GFP, as before, when transferred back into wild-type 3841 and screened on AMA (10mM
gle, 10mM NHy4) + 100mM sucrose. However, transduction showed that the all thirty-two
of the isolated mutants were spontaneous and not due to the presence of the Tn5 transposon.
Furthermore, these mutants had a high reversion rate, indicating that they were very
unstable and making complementation impossible. Inserts from two of the fusions
(pRU843 and pRUS857) were cloned from their pOT plasmid into a new reporter vector,
pRU1064 (Karunakaran et al., 2005) that used gusA as a reporter gene, as well as the gfpuv
marker, in order to determine whether the pOT vector was at fault. The pRU1064 based
plasmids were transferred into the TnJ library and ~20,000 colonies were screened on AMA
(10mM gle, 10mM NHy4) + 100mM sucrose for those no longer expressing the reporter
gene; only one was found. As before, the plasmid isolated from mutant functioned properly
when returned to the wild-type 3841 and again transduction showed that the isolated mutant
was spontaneous and not due to the presence of the TnJ5 transposon. As no Tn5 mutant
could be isolated, no further investigation into the regulation of stress-induced genes was

carried out with this technique.

5.2.2. Generation of Specific Mutants

After a highly successful screening process (Chapter 3), it was decided to focus the
work on specific fusions. As 24 separate plasmids were isolated, it would not have been
possible to fully investigate every single one so the number of fusions needed to be reduced.
However, at this stage there was no preliminary R. leguminosarum genome and although
some sequencing data relating for each insert had been obtained, it was incomplete (Chapter
4). As such, the decision on what fusions to screen was made primarily on the conditions
under which the fusions were induced and the strength of this induction, measured by the

amount of GFP produced. As part of this choice, it was decided to concentrate research on
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the fusions that had been induced under hyper-osmosis. In the end, eight fusions were
chosen, each of which had shown a medium (++) to high (+++) GFP expression when
screened on AMA (10mM glec, 10mM NH4) + 100mM sucrose. These plasmids were
pRUS843, pRU8B45, pRUB46, pRU84E, pRUSSS, pRUSS7, pRU862 and pRU8S6G7. The
regulatory pathways of these eight fusions were first tested (see above), before the genes
associated with each plasmid were investigated. The genes associated with these fusions
are a pro¥ homologue (pRL100079), a hypothetical (pRL90173), a hypothetical (RL0356),
a fatty aldehyde dehydrogenase (RL2296), a carboxypeptidase (RL0352), an MFS permease
(RL1464), a hypothetical (RL1155) and a nodT homologue (RL1529) respectively. As well
as these eight, the two-component response regulator associated with pRU861 (RL1157)
and the GntR regulator (RL0354) found between the inserts of pRU846 and pRU8SS were
also selected for mutation. This was because they could have been involved in the
regulation of the genes associated with other pOT fusions: RL0354 with pRU846 and
pRUS8S5 (Chapter 4, section 4.2.4.10) and RL1157 with pRU862 (Chapter 4, section
4.2.4.15).

In order to make a mutant in each of these genes the pK19mob vector (Schéifer et al.,
1994) was utilised, using the methods previously described by Prell et al. in 2002. This
method involved amplifying an internal region of the target gene by PCR (Fig. 5.1) and
cloning the product into the pK19mob vector. Suitable primers were designed for each

gene (Table 5.1)
p457 RL2296  p438

. O S .

Figure 5.1. RL2296 (Fatty Aldehyde Dehydrogenase). Figure shows an example of the
initial phase of the method used to generate a mutant, the RL2296 gene and where PCR
primers (p457 & p458) will bind in order to amplify an internal region.
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Table 5.1. Target Genes and Primers.

Table shows the target

gene and the plasmid it is associated with, the primers used to
amplify an internal region and the size of the product.

Gene Plasmid Primers Product Size (bp)
RL0O354 pRU8B46/855 | p430 & p431 424
RL1157 pRUS61 p453 & p454 483
RL0352 pRUS8SS5 p455 & p456 1022
RL2296 pRU848 p457 & p458 1106

pRL90173 pRU845 p459 & p460 973
RL0356 pRU846 p461 & p462 566
RL1157 pRUS62 p463 & p464 568
RL1464 pRUBS7 p465 & p466 792
RL1529 pRU867 p467 & p468 933

pRL100079 pRU843 p469 & p470 871

The internal regions were amplified by PCR using BIO-X-ACT (Chapter 2, section
2.6.6), the products of which were then cloned into the pCR® 2.1-TOPO® vector (Chapter 2,
section 2.6.4), transformed into E. coli DH5a cells (Chapter 2, section 2.6.5) and stocked.
Products were inserted into the pCR® 2.1-TOPO® vector before pK19mob, in order to use
the polylinker within pCR® 2.1-TOPO®, as the primers used did not contain any sites for
restriction enzymes needed to clone into pK19mob and so sites from the pCR® 2.1-TOPO"
vector were used (Fig. 5.2). Restriction mapping was used to determine in which
orientation the products had gone into pCR® 2.1-TOPO®. The internal regions were then
digested out of their pCR® 2.1-TOPO® host by EcoRI (except for the plasmid that housed
the RL1157 region, which contained an internal EcoRlI site so a HindIIl/Xbal double digest
was used), isolated by gel extraction (Chapter 2, section 2.6.2) and ligated in pK19mob that
had been digested by the same enzyme(s) (Chapter 2, section 2.6.4) (Fig. 5.3). Restriction
mapping was used to determine in which orientation the products had gone into the
pK19mob vector. Each pK19mob vector containing an internal region was transformed into
E. coli DH5a cells (Chapter 2, section 2.6.5) and stocked. All of this data is summarised in
Table 5.2.
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M13 Reverse
" Hindlll (235)
Kpnl (245)
Sacl (251)
BamHI (253)
Spel (259)
/EcoRI (284)
pMB1 ori ~ LacZalpha

~ EcoRI (302)

Psd (311)
EcoRV (314)
Nod (329)
Xhol (335
pCR2.1-TOPO oo e

. M13Forward
. T7 promoter
1 ori

ampicillin
Scal (2415) Psdl (1478)
‘Kanamycin

Ncol (1857)

Figure 5.2. The pCR® 2.1-TOPO® Vector. Highlighted are the kanamycin resistance
genes, the lacZ gene and some restriction sites. Unique restriction sites are shown in red

and the others are shown in black. PCR products were inserted in between the two EcoRI
sites.

159



EcoRI (3 63())
Sacl (36283\\
Kpnl (3622) \\\
Aﬁnal(3616£\\
Xmal (361 4)\5\\\\
BamHI (3609) W
Xbal (3603)
Sall (3 59/7/)‘// .
Psd (3595)
HindIII (3579)

~ CDS(aph(3’)-lla) :

pK19mob

" Neol (926)
3793 bp

Rep Origin 1

Sacl (1845)

Figure 5.3. pK19mob Plasmid. Unique restriction sites are shown in red and the others
are shown in black. pK19mob is kanamycin/neomycin resistant.

Table 5.2. Plasmid Numbers for the Internal
Regions Cloned into the pCR® 2.1-TOPO®
Vector and the pK19mob Vector.

Primers | pCR®2.1-TOPO® | pK19mob
p430 & pd31 pRU1181 pRU1189
pd53 & pa5a pRU1195 pRU1451
455 & p456 PRU1196 pRU1336
p457 & p458 pRU1197 pRU1337
p459 & p460 pRU1198 pRU1338
461 & pd62 pRU1199 pRU1339
pd63 & p464 pRU1200 pRU1340
465 & pa66 pRU1201 pRU1341
pd67 & pa68 pRU1202 pRU1342
469 & p470 pRU1203 pRU1343
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The pK19mob plasmids were then transferred into wild-type R. leguminosarum via
a tri-parental conjugation, using the helper plasmid pRK2013 (contained in E. coli 803)
(Chapter 2, section 2.7) and the conjugation mixes were spread as serial dilutions (from 10™
to 107) on to TY plates containing streptomycin and neomycin. pK19mob does not have
the necessary genes required to replicate in 3841 as a plasmid and so the only way that the
Rhizobium can grow in the presence of neomycin is for the plasmid to integrate into the
genome so that it can acquire the necessary resistance gene (Schifer et al, 1994). This
integration occurs by homologous recombination, which inserts the pK19mob vector into

the middle of the target gene and prevents it from working properly (Fig. 5.4).

g :;;

Figure 5.4. Integration of pK19mob Plasmid. A. pK19mob vector containing internal
region of target gene lines up against target gene. B. & C. Homologous recombination
occurs leading to the pK19mob vectors insertion. D. Vector inserted, mutated gene
generated.

In order to prove the pK19mob vector had inserted correctly and the mutant had
been made, colony PCR screening (Chapter 2, section 2.6.6) was used on any colonies that
grew on the TY plates. As the orientation of the internal region within the pK19mob vector
was known, the way it inserted into the target gene could be determined. This meant that a

primer specific to pK19mob could be used with a primer specific to a region near the target
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gene (but not in the plasmid clone itself) to carry out PCR and a product would only be
obtained if the plasmid had inserted correctly. Two primers were designed specific to
pK19mob (named pK19/18A and pK19/18B) and two primers were designed specific to the
flanking regions of each target gene (Table 5.3). This method tested both ends of the target
gene (Fig. 5.5). Once a mutant had been confirmed as being correct it was given a strain

number and stocked (Table 5.3).

Table 5.3. Primers Used to Test Each Insertion Mutant. Table shows each

pK19mob plasmid and the primers used with either pK19/18A or pK19/18B (along

with the product sizes) to prove each conjugation was successful. The strain number
iven to the confirmed mutants is also given.

Plasmid | pK19/18A | Product(bp) | pK19/18B | Product(bp) | Strain
pRU1189 p525 1546 p535 1485 RU2193
pRU1336 p529 1955 p519 2306 RU2185
pRU1337 p520 2208 p530 2102 RU2186
pRU1338 pS31 1824 pS21 2169 RU2187
pRU1339 p532 1429 p522 1762 RU2188
pRU1340 pS38 1431 pS28 1455 RU2189
pRU1341 p546 1783 p545 1870 RU2190
pRU1342 p533 1864 p523 2226 RU2191
pRU1343 p534 1875 p524 2154 RU2192
pRU1451 pS37 1469 p527 1439 RU2184

Rep Origin 1 CDS(aph(3°)-1la) 1
pK19/18B p520
RL2293 (no 5) RL2293 (no 3°)

p530 pRU1337 pK19/18A

Figure 5.5. PCR Screen of pK19mob Generated Mutant. Figure shows an example of
the PCR screening method on an insertion mutant. The RL2293 gene has had pRU1337
successfully integrated (native genes in grey, genes from pRU1337 in black) and so a PCR
with primers pK19/18A & p520 and with pK19/18B & p530 will both produce a product.
(N.B. although it appears as though there are now two copies of RL2293, they are
incomplete and so would not produce a functional protein.)
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5.2.3. Hyper-Osmotic MICs

It was already known that 100mM sucrose (or NaCl) was a high enough
concentration to induce a stress response and induce GFP expression (Chapter 3), but it was
unknown if this concentration would actually inhibit the growth on R. leguminosarum. In
order to establish this, a MIC of the growth rate R. leguminosarum was carried out with
various concentrations of sucrose (Fig. 5.6) and NaCl (Fig. 5.7) added to AMS (10mM glc,
10mM NHy4). A 3841 culture was grown up on a TY slope, washed in TY broth and
resuspended to an ODgpp = ~1. The AMS (with various levels of osmolyte) was then
inoculated with the same volume of this suspension and cultures were left to grow. ODggo
readings of each culture were taken at regular intervals over ~3 days and from these the
mean generation times (MGT) of 3841 under each condition were calculated (Tables 5.4 &

5.5) with the following formula:

Time of Growth

LogODDb - LogODa
Log2

MGT =

Where a is the reading from the first time point, b is the reading from the second
time point and the time of growth is the differencew between the times that a and b were
taken. Reading were always taken during exponential growth phase, e.g. for growth on

100mM sucrose a = 3 hours and b = 24 hours.
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Figure 5.6. Sucrose Concentration MIC. Cells were grown in AMS (10mM glc, 10mM NHy) containing the concentrations of sucrose indicated.
ODg readings are expressed as logarithms (base 10). Readings are the average of three experiments.
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Figure 5.7. NaCl Concentration MIC. Cells were grown in AMS (10mM glc, 10mM NHy) containing the concentrations of NaCl indicated. ODggo
readings are expressed as logarithms (base 10). Readings are the average of three experiments.
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Table 5.4. MGTs of 3841 Grown in the
Presence of Various Concentrations of
Sucrose. MGT mean and standard errors
for 3841 grown in increasing amounts of
sucrose from three separate experiments.

Sucrose Conc. (mM) | MGT (hours)

0 42+0.7
100 42+0.5
200 51104
300 5.6+0.6
400 6.9+0.5
500 8.1+0.5
600 8.7+0.5
700 11.8+1.3
800 17.9£0.9
900 37.5+£0.5
1000 67.2+04

Table 5.5. MGTs of 3841 Grown in the
Presence of Various Concentrations of
NaCl. MGT mean and standard errors for
3841 grown in increasing amounts of
NaCl from three separate experiments.

NaCl Conc. (mM) | MGT (hours)

0 42+0.1
20 42+0.1
40 42+04
60 42402
80 43+0.1
100 50+£0.2
150 10.1£0.2
200 23.5+0.1

From these data, it was decided to test the mutants in AMS (10mM glc, 10mM NHy)
with 300mM sucrose, 500mM sucrose and 125mM NaCl. As growth of 3841 was limited
under these conditions, a mutant in a gene vital to stress response would cause further

limitations and may entirely stop growth.

5.2.4. Mutant Growth Rates and in Planta Phenotypes

As with the MIC experiments above, each mutant was grown up on a TY slope,
washed in TY broth and resuspended to an ODgpp = ~1. The AMS (10mM glc, 10mM NHy)
with the appropriate concentration of osmolyte was then inoculated with the same volume

of this suspension (100ul in 10ml) and cultures were left to grow. A 3841 control strain
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was also grown up alongside the mutants. ODgg readings of each culture were taken at
regular intervals over 32 hours, in order to monitor the initial growth rates. From these
readings the MGT of each mutant under each condition were calculated (Table 5.6).

As can be seen, all the mutants were able to grow under all the stressed conditions
tested. However, some of the mutants took significantly longer to grow under some of the
stressed conditions then the others. The only mutant to have an increased MGT under all of
the tested conditions was RU2185 (mutant of RLO0352, the carboxypeptidase gene
associated with pRUS855). However, this difference in growth rate was not shown to be
significant by T test (at the 95% confidence level or p<0.05), on any of the tested media
(Table 5.6).

Although no changes in growth rates were observed with the mutants, the way they
interacted with pea plants could have been altered. To investigate this, three lots of three
pea seeds (Pisum sativum cv. Avola) were surface sterilised and sown into pots. Seeds were
inoculated with a suspension of each mutant, thinned to two plants per pot on germination
and allowed to grow for 6 weeks (Chapter 2, section 2.11). A 3841 control inoculation was
also performed alongside the mutants, as well as plants that had only been inoculated with
nH,O. After the 6 weeks, the growth of the pea plants inoculated with wild-type 3841 and
with water was compared to the plants inoculated with each mutant. In every case, plants
inoculated with mutant strains showed no significant difference when compared to those
inoculated with wild-type (Table 5.7 & Fig. 5.8). The nodules produced from plants
inoculated with mutant strains were also identical to those seen on plants inoculated with

wild-type (Fig.5.9).
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Table 5.6. MGTs of Mutants Grown with and without Sucrose or NaCl plus Errors. Table shows the calculated MGT mean and standard
errors for each strain grown in AMS, AMS + 300mM sucrose, AMS + 500mM sucrose and AMS + 125mM NaCl from three separate
experiments. The percentage value shows the difference in growth rate between strains grown unstressed and those grown in the presence of
sucrose; e.g. the MGT for RU2184 was 107% more when 300mM sucrose was present. A T test was carried out on the mutants with a MGT
greater than that observed with the wild-type to show the significance of the difference and the p value for each is shown.

300mM 500mM 125mM
AMS Sucrose T Test Sucrose T Test NaCl T Test
Strain (hours) (hours) % | pvalue (hours) % | pvalue (hours) % | pvalue
RU2184 3.94+0.5 42+0.7 107 0.72 7.3+04 186 - 47+0.5 119 -
RU2185 3.8+0.5 53+1.1 137 0.27 10.3+2.3 269 0.68 5.6+0.6 145 0.04
RU2186 3.8+£0.6 45+0.7 119 0.98 99+1.3 261 0.99 55+ 1.0 144 0.11
RU2187 3.8+0.6 4.7+0.6 124 0.17 9.2+09 245 - 47+04 124 -
RU2188 3.7+£0.2 49+0.5 131 0.23 10.7+2.6 289 0.60 49+0.7 132 0.66
RU2189 | 4.1+0.6 4.1+0.5 100 - 10.7+4.2 259 0.95 47+0.5 114 -
RU2190 3.7+£0.2 47+0.5 125 0.34 8.5+2.0 228 - 45+04 121 -
RU2191 4.1+£0.8 40+0.2 96 - 7.7+0.6 186 - 5.0+0.7 120 -
RU2192 3.6+0.2 4.6+0.1 127 0.39 6.9+0.7 192 - 57+ 1.1 159 0.03
RU2193 3.6+0.3 5.0+£0.3 138 0.09 6.7+1.3 184 - 4.6 +0.5 128 -
3841 3.,6£0.5 42 +0.6 117 9.2+33 254 47104 129
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Table 5.7. Dry Weights of Pea Plants Inoculated with Wild-Type, Water or a PK19mob Mutant. Plants were isolated after 6 weeks growth and

dried in an oven for two days at 80°C before being weighed. Mean weight with standard error is shown along with the p value obtained when a T test

was performed compared to the plants inoculated with 3841. All mutant stress had a p value greater then 0.05 indicating no significant difference st
the 95% confidence level. (n/g = no plant growth)

Strain | RU2184 | RU2185 | RU2186 | RU2187 | RU2188 | RU2189 | RU2190 | RU2191 | RU2192 | RU2193 | 3841 H,O
Plant 1| 0.787 0.387 1.534 1.185 0.867 1.022 1.028 0.565 0.182 0.644 1.085 0.418
Plant2 | 0.261 0.393 0.721 1.080 0.526 0.613 0.522 0.836 0.702 1.069 0.134 0.147
Plant 3 | 0.825 0.845 1.521 1.030 0.797 0.803 0.121 1.115 0.894 0.216 0.951 0.340
Plant 4| 0.764 0.586 1.039 0.675 0.405 0.503 0.338 0.867 0.839 0.671 1.349 0.433
Plant 5| 1.057 0.399 1.089 n/g 1.077 1.126 n/g 1.166 0.602 0.042 1.662 0.133
Plant 6 | 1.323 1.284 0.662 n/g 0.618 0.633 n/g n/g 0.856 0.758 n/g 0.144

Mean | 0.836 0.649 1.094 0.993 0.715 0.783 0.502 0.910 0.679 0.567 1.036 0.269
Error | 0.1443 | 0.1463 | 0.1533 | 0.1107 | 0.1003 | 0.1008 | 0.1935 | 0.1081 | 0.1090 | 0.1532 | 0.2562 | 0.0586
P Value | 0.52 0.23 0.85 0.88 0.29 0.40 0.14 0.67 0.25 0.16 - 0.04
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Figure 5.8. Plant Phenotypes. As can be seen, there are no differences between wild-type and mutant inoculated phenotypes. All plants inoculated
with each mutant had an identical phenotype to RU2185 and 3841.
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Figure 5.9. Nodule Phenotypes. Example of root sections from plants inoculated with
water (left) and wild-type 3841 (right). Healthy pink round nodules can be seen on the
plant inoculated with 3841 whereas none are seen on the water control. Nodules derived
from all mutant strains appeared identical to those obtained with wild-type.

It was clear from this data, that none of the mutated genes were vital for successful
symbiosis with pea plants. This was not necessarily a surprise result with RU2191 (the
mutated NodT homologue, RL1529, associated with pRU867) as there are 2 other copies of
this gene present in 3841 that could have taken any role RL1529 may have had in

symbiosis/nodulation.

5.2.5. Plasmid Phenotypes in Regulator Mutants

Two mutations were made in genes with a predicted regulatory function, RU2184
(the mutated two-component response regulator, RL1157) and RU2193 (the mutated GntR
repressor, RL0354), and although tested above with the other mutants, they were primarily
generated to see if they regulated nearby genes, represented by pRU862 and pRU846 &
pRUSSS respectively. pRU862 was transferred into RU2184 and pRU846 & pRUSS5S were
independently transferred into RU2193 from their E. coli hosts via a tri-parental
conjugation, using the helper plasmid pRK2013 (contained in E. coli 803) (Chapter 2,
section 2.7); each plasmid was also conjugated into wild-type 3841 and were grown

alongside, as controls. Strains were then grown on AMA (10mM glc, 10mM NH,) and
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AMA (10mM glc, 10mM NHy4) + 100mM sucrose for 10 days and were examined daily
under UV light from 4 days. No change in GFP expression was observed with pRU846 or
pRUS8SS5 in the RU2193 background, compared to their expression in wild-type 3841, i.e.
both sets of colonies still fluoresced under UV light on AMA + 100mM sucrose plates.
However, pPRU862 showed no signs of GFP production in RU2184 (Fig. 5.10) under hyper-
osmotic condition, unlike its 3841 counterpart. This result was also observed when
RU2184 containing pRU862 was grown on AMA (10mM glc, 10mM NH,) buffered to pH
5.75 (Fig. 5.10).

This result indicates that expression of pRU862 (and therefore RL1155) is
controlled by the two-component response regulator predicted to be encoded by RL1157.
In order to prove the mutated gene RL1157 was responsible for this phenotype, the mutant
was complemented. As RL1156 (a sensory histidine protein kinase) and RL1157 may be
encoded by the same promoter as an operon (Chapter 4, section 4.2.4.14), the mutation of
RL1157 may have had a polar effect on RL1156. For this reason, RU2184 was
complemented with RL1157 and with RL1156 and RL1157.

Primers were designed to amplify the region of DNA containing RL1157 and its
predicted promoter (termed p2CRR) (p527 & 637) and the region of RL1157, RL1156 and
p2CRR (p527 & p638). The regions were amplified by PCR using BIO-X-ACT (Chapter 2,
section 2.6.6), the products of which were then cloned into the pCR® 2.1-TOPO® vector
(Chapter 2, section 2.6.4), transformed into E. coli DH5a cells (Chapter 2, section 2.6.5)
and stocked (pRU1611 and pRU1613 respectively). Products were inserted into the pCR®™
2.1-TOPO" vector first in order to use the polylinker within pCR® 2.1-TOPO®, as with the
pK19mob plasmids above. The pRK415 plasmid (Keen et al., 1988) was chosen as the
vector to be used to house the genes for complementation, mainly because it is tetracycline
resistant and therefore compatible with RU2184 containing pRU862, which was already
resistant to streptomycin, gentamycin and kanamycin. pRK415 also had the advantage of
containing a constitutive promoter (plac), next to the polylinker into which the PCR
products were cloned. This meant that if the promoter for RL1157 had been incorrectly
predicted, the genes within pRK415 could still be activated under plac control. The
products were digested out of the pCR® 2.1-TOPO® vector with Kpnl, isolated by gel
extraction (Chapter 2, section 2.6.2) and were ligated into pRK415 (Chapter 2, section
2.6.4), which had also been digested by the same enzyme. Products were cloned into
pRK415 in both possible orientations (checked by restriction mapping) so that they were
under the control of plac or the promoter for RL1157. The pRK415 plasmids were then
transformed into E. coli DH5a cells (Chapter 2, section 2.6.5) and stocked (Table 5.8).
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2CRR’ + pRUS62 2CRR + pRUS62
AMA + 100mM Suc AMA pH 5.75

2CRR’ + pRU862
AMA

wt + pRU862 wt + pRUS62
AMA + 100mM Suc AMA pH 5.75

Figure 5.10. pRUS862 Expression in 3841 and RU2184. pRU862 in RU2184 (top 3 plates) and pRU862 in 3841 (bottom 2 plates) grown in
conditions as shown. No GFP expression of pRU862 is seen in RU2184. (2CRR™ = Two component response regulator mutant, Suc = sucrose)
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Table 5.8. Plasmids used for Complementation of RU2184.
Shown are the gene(s) present in each plasmid, and the promoter
controlling their transcription.

Primers Product Promoter | Plasmid
pS527 & p637 Regulator pi?alzR gﬁg}gjg
plac pRU1647

p2CRR pRU1683

p527 & p638 | Regulator & Kinase

Each complementing plasmid was then transferred into RU2184 containing pRU862
via a tri-parental conjugation, using the helper plasmid pRK2013 (contained in E. coli 803)
(Chapter 2, section 2.7) and were screened on AMA (10mM glc, 10mM NH4) and AMA
(10mM glc, 10mM NH4) + 100mM sucrose. pRK415 was also transferred into RU2184
containing pRU862 and screened on the same media to check that any effect observed was
not due to the pRK415 vector itself. All four complementing plasmids restored GFP
production to RU2184 containing pRU862 when grown under hyper-osmotic conditions,

whilst pRK415 had no effect (Fig. 5.11).
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pRU1645 pRU1646 pRU1647 pRU1683 pRK415
2CRR (p2CRR) 2CRR (plac) 2CRR + Kin (plac) 2CRR + Kin (p2CRR) Negative control

Figure 5.11. RUZ2184 containing pRU862 Complemented with Various Plasmids. RU2184 with pRU862 and the plasmid as indicated above on
AMA (10mM glc, 10mM NHy,) (top row) and AMA (10mM glc, 10mM NH,) + 100mM sucrose (bottom row). All plasmids restored GFP production
under stressed conditions except for pRK415 on its own.
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This result proved that pRU682 (and therefore RL1155) was regulated by the two-
component response regulator predicted to be encoded by RL1157. It also showed that the
promoter for RL1157 (p2CRR) had been correctly identified, as genes were transcribed
from the pRK415 vector under p2CRR control and the control of plac. The results also
showed that the complementation of RL1156 was not required, as GFP expression was
identical between all the complemented mutants. This meant that either, RL1156 is not
involved in the regulation of RL1155 or that its transcription was not effected by the
insertion of pRU1451 into RL1157 and so it was still functioning correctly within RU2184.
As a response regulator/histidine kinase pair is well known to act together as a regulator, it
was assumed that the latter reason was true. Perhaps there is a cryptic promoter at the end
of RL1157 that was unaffected by the pRU1451 insertion, or a promoter is present within
the pK19mob vector that allowed the transcription of RL1156, even though RL1157 was
mutated.  Either way, a gene involved in the regulation of stress response in R.
leguminosarum was discovered.

In order to determine how widespread the effect of this regulator was, all of the
other pOT fusions were transferred individually into RU2184 (and wild-type 3841, as a
control) from their E. coli hosts via a tri-parental conjugation, using the helper plasmid
pRK2013 (contained in E. coli 803) (Chapter 2, section 2.7). These were then grown,
alongside their original strains (Chapter 3), on AMA (10mM glc, 10mM NH4) and AMA
(10mM glc, 10mM NHy) + 100mM sucrose for 10 days and were examined daily under UV
light from 4 days. No change in GFP expression was observed with any other pOT fusions
in the RU2184 background and indicated that its regulatory control was limited to RL1155

(and perhaps other neighbouring genes).

5.2.6. Screening Tn5 Mutant Library for Growth Phenotypes

As none of the mutants reported above showed an inability to grow under highly
stressed conditions (section 5.2.4), it was decided to screen an individual Tn5 mutant library
for such mutants. This work was initially conducted in conjunction with another
experiment within the laboratory and so was carried out in a RU1736::Tn5 mutant library
(RU1736 is mutant of 3841 with an aap” bra” gsp” genotype, White, unpublished). Mutants
were individually spotted onto AMA (10mM gle, 10mM NH4) and AMA (10mM glc,
10mM NHy) + 300mM sucrose and allowed to grow (Fig. 5.12).
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Figure 5.12. Tn5 Mutant Library Screening. Some colonies could grow on AMA
(10mM glc, 10mM NH4) + 300mM sucrose (left) but not AMA (10mM glc, 10mM NHy)
(right), and visa versa.

Any mutants that could grow under one condition but not the other were isolated
and then streaked onto the two conditions again, to confirm the non-growth phenotype was
genuine and not due to an error made in inoculation. From this screen, only one mutant was
found that was unable to grow on AMA with 300mM present, which was stocked
(RU2248). RU2248 then underwent general transduction using the bacteriophage RL38
(Beringer et al. 1978; Buchanan-Wollaston, 1979) to confirm that the Tn5 transposon was
responsible for the growth phenotype. Recipient R. leguminosarum, which underwent
transduction, were plated on to TY containing high amounts of kanamycin (80pg/ml) so that
only successfully transduced Rhizobium; i.e. only bacteria now containing the TnJ5
transposon, would grow (Chapter 2, section 2.9). Colonies that grew on the TY plates were
checked to prove that they had the Tn5 transposon present by colony PCR (Chapter 2,
section 2.6.6). Primers (p473 and p474) were designed to amplify a region, containing the
kanamycin resistance gene, specific to Tn5 and so is not found in wild-type 3841 (Figs.
5.13 & 5.14). (RU2248 underwent transduction with RU1736 — its original host, and 3841
— wild-type R. leguminosarum.)

A transductant in a 3841 background (RU2415) and a transductant in a RU1736
background (RU2421) were screened on AMA (10mM glc, 10mM NHy4) and AMA (10mM
glc, 10mM NHy4) + 300mM sucrose alongside RU2248. None of the strains could grow on
AMA containing 300mM sucrose, confirming that the Tn5 was responsible for the
phenotype and also that the phenotype was present in 3841 and not just in the RU1736

177



mutant. (Following this confirmation, research was switched from RU2248 to RU2415, in

keeping with the investigation of 3841 and eliminating any effect RU1736 may have had

during further study.)
CDS 2 Promoter P1 CDS Bleo CDS 6

CDS | CDSKan ~ CDS Strep . CDS7
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Figure 5.13. Tn5 Transposon. The Tn5 transposon flanked by the insertion sequence
regions (IS50), its coding regions and where primers p473 and p474 bind. p473 and p474
amplify a region containing the kanamycin resistance gene to make an ~800bp PCR
product, which is not present in the R. leguminosarum 3841 genome and so proves the
presence of the TnJ transposon (Fig. 5.14).

This experiment was repeated but with an individual 3841::Tn5 mutant library,
eliminating any phenotype that may be associated with RU1736. From this, a mutant was
isolated that would only grow on AMA containing 300mM sucrose, which was stocked
(RU2283). RU2283 also underwent general transduction using the bacteriophage RL38 to
confirm that the Tn5 transposon was responsible for the growth phenotype, the TnJj
transposon from the mutant into wild-type 3841 in the corresponding genomic region.
Recipient R. leguminosarum, which underwent transduction, were plated on to TY
containing high amounts of kanamycin (80ug/ml) so that only successfully transduced
3841; i.e. only bacteria now containing the TnJ transposon, would grow (Chapter 2, section
2.9). 300mM sucrose was also added to the TY as transductants of RU2283 may not have
been able grown on TY alone. A successful 3841 transductant (RU2422) was screened on
AMA (10mM gle, 10mM NH4) and AMA (10mM gle, 10mM NH4) + 300mM sucrose
alongside RU2283. Neither strain would grow on AMA unless 300mM sucrose was

present, confirming that the Tn5 was responsible for the phenotype.
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Figure 5.14. Colony PCR Screen. Lanes: 1) 3841 control; 2-5)
Colonies from transduction; 6) 1kb Ladder (key sizes shown); 7-8)
Colonies from transduction. As can be seen from ~800bp band, all
transduced colonies contained the Tn5 transposon, whilst no band is
produced from a wild-type colony.

5.2.7. Characterisation of Tn5 Mutants

In order to fully characterise the mutants, each (alongside a 3841 control) was
screened on a range of media that covered a wide variety of different carbon and/or nitrogen
sources and different osmolytes were used to generate hyper-osmosis (Fig. 5.15 & Table

5.9).
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Figure 5.15. Compounds with which Mutants were Tested. Structure of NaCl not included, as it is a simple ionic compound. (Continued next
page.)
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Figure 5.15. (cont.) Compounds with which Mutants were Tested. Structure of NaCl not included, as it is a simple ionic compound.
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Table 5.9. Growth of 3841, RU2415 and RU2283 on Various
Media. Symbols indicate the amount of growth on plates after
strains were left to grow for 7 days.

AMA 3841 RU2415 | RU2283

IOmMglc | |
10mM NH, - 1T -

100mM glc L L
10mM NH,4

300mM glc L L
10mM NH4

SmM sucrose
10mM NH4

-H -H +++

10mM sucrose

L0mM NH et . et

100mM sucrose

10mM NH, +++ - +++

300mM sucrose

10mM NH, +++ - +++

10mM glc
SmM sucrose 4 . +
10mM NH,4

10mM glc
10mM NH4 ++ ++ -
100mM NaCl

10mM fructose

LOmM NH., +++ ++ +++

300mM fructose
10mM NH, +++ - 4+

5mM lactose o T
10mM NH,4 T -+ +++

e B e

5?&&611?;456 4 |

R o |

10?&%35?“ N N

300mM arabinose
10mM NH4

-H -H +++

10mM succinate
10mM NH4

-H -H +++

10mM mannitol
10mM NH4

-H -H +++

10mM GABA ++ ++ ++

20mM pyruvate

10mM NH, ++ ++ ++
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From this set of screenings, it was observed that RU2283 could not grow on AMA
containing glucose as the carbon source (Table 5.9 & Fig. 5.17), indicating that a mutation
was present in a metabolic gene. RU2283 could grow on AMA (5SmM sucrose, 10mM
NH4) but showed limited growth on AMA (10mM glc, SmM sucrose, 10mM NHy), which
indicates that not only is the strain incapable of using glucose as a carbon source, but the
presence of it in the media above a certain concentration inhibits growth. Growth of
RU2283 was not significantly different to that of 3841 on all other media (Table 5.9). As
this mutant is involved in glucose metabolism and not hyper-osmotic stress, no further
research was conducted with it.

Also from this set of screening, it was observed that RU2415 could not grow on
AMA plates containing 100mM (or more) sucrose or fructose, but the mutant showed no
such inhibition when these sugars were present at 10mM or lower. Growth of RU2415 was
not significantly different to that of 3841 on all other media, even those with high
concentrations of other osmolytes used to induce an osmotic upshift (Table 5.9). This
indicated that RU2415 was not sensitive to hyper-osmotic stress, but to fructose; sucrose
probably inhibited growth because sucrose is a disaccharide made up of glucose and
fructose. Interestingly, RU2415 could grow with sucrose or fructose when present at low
levels (<10mM) as the carbon source. The result indicated that RU2415 was capable of
using fructose as a carbon source for growth but that the presence of the sugar in large

amounts prevented growth.
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AMA (10mM glc) - AMA (100mM sucrose) AMA (300mM glc)

A

AMA (300mM sucrose) AMA (10mM glc + 100mM NaCl)

Figure 5.16. Growth of RU2415. All plates also contained 10mM NHa.
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AMA (10mM gle) 3§ TT—

AMA (300mM sucrose) AMA (10mM glc + 100mM NacCl)

Figure 5.17. Growth of RU2283. All plates also contained 10mM NH4.
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As it was known that the TnS5 transposon was responsible for the phenotype of
RU2415, it was possible to obtain sequence data from it using a primer specific to the end
of the transposon that sequenced outwards and into the flanking genome. However,
obtaining sequence data directly from the genome is often problematic and also Tn) is
capped by repeating units (~1.5kb in length), which means that any primer designed would
bind to both ends of the Tn5. Therefore that primer would sequence from both ends of the
transposon, producing two sets of conflicting data from one sequencing reaction. This
meant that the transposon needed to be removed from the genome and have one of its ends
removed.

This was accomplished by isolating the genomic DNA of the mutant (Chapter 2,
section 2.6.1) and digesting it with EcoRI. The digested DNA was then ligated with
pBluescript® IT SK (Stratagene) that had also been digested with EcoRI (Chapter 2, section
2.6.4). When the ligation mix was transformed into E. coli DH5a cells (Chapter 2, section
2.6.5) and grown on LA plates containing kanamycin, only cells housing a pBluescript into
which the region of DNA containing Tn5 had been inserted would be able to grow. Such
colonies had their plasmids isolated. As the Tn5 transposon contains no EcoRI sites, it
remains intact during the digestion and so its removal from the genome is dependent on the
restriction sites present in the flanking DNA. This meant that, although removed from the
genome of the mutant, the transposon still had both ends present and needed one of them to
be removed. This was achieved by digesting the isolated pBluescript plasmid with BamHI
(or Sall), as one site for this enzyme is present in the middle of the transposon and one is
present in the vector near the insertion site. Such a digestion removes a section of DNA

from the plasmid containing one of the ends of the Tn5 (Fig. 5.18).
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Figure 5.18. Removing Half of Tn5 Transposon from its pBluescript Host. Figure
shows the pBluescript vector containing the region of DNA from the mutant with the TnJ,
following an EcoRI digest and insertion, and the section that would be removed with a
BamHI digest.

When this digestion was ligated, transformed into E. coli DHS5a cells (Chapter 2,
section 2.6.5) and grown on LA plates containing ampicillin, only a re-ligated pBluescript
vector (although now containing only half the Tn35) was able to grow. Such colonies had
their plasmids isolated and were sequenced with the ISSOR primer, designed to sequence the
DNA from the host genome that flanked the TnJ transposon.

The RU2415 data showed that the transposon had interrupted a gene (RL3429); the
9bp repeat sequence (CGTCTATGC) associated with the transposon started with the 510™
base of RL3429. RL3429 shares sequence identity to a LysR-type regulator (Figs. 5.19 &
5.20) (Schell, 1993) and was near a gene (RL3431) that appeared to be involved with sugar
(arabinose) efflux (Figs. 5.19 & 5.21).
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Figure 5.19. Genomic Region of RU2415 near Tn5 Insertion. Diagram shows where
Tn5 was and the two EcoRI sites used to remove that region of DNA and clone it into
pBluescript. ~1kb scale shown.

EcoRI Tn5 Insertion EcoRI

Transcription regulator, LysR family Atu2186 (imported) [Agrobacterium tumefaciens C58]
Length = 300aa

Score = 573 bits (1478), Expect =2e-162
Identities = 279/298 (93%), Positives = 291/298 (97%), Gaps = 0/298 (0%)

Frame =+1
Query 16
Shict 3
Juery 196
Shict 63
Query 376
Shict 123
ouery 556
Shict 183
Cuery 736
Shict 243
Figure 5.20

MPLDWDELRIFHALAE AGESF THAADELHLIOS ATIRCVSALEQDVGTELFHRHARGLILT
MPLDWDELRIFHALAAE AGSF THAADELHLIOSATIRCVSALEQDYVG ELFHRHARGLILT
NPLDWDELRIFHALAE AGESF THAADELHLIOS ATIRCVSALEQDVGVELFHRHARGLILT

EoGELLYRTAHDVLLELETVENOLTETTEEPSGELEVTTTWGLGOGULTDEIQEFLOLYF
EoGELLYRTAHDVLLELETVENOLTETTEEPSGELEVTTTWGLGOGUL TDE+QEFLOLYF
ECGELLYRTAHDVLLELETVENMOLTETTEERPSGELEVTTTWVGLGOGWL TDEVOEFLOLYE

DVOIQLILDNEEVDVHNNRHADCATRLEQFOQOSDL IQRELF TWHNHVTAAP ST INEHGEPQ
++ IQLILDMNEE+DVMNMRHADCAIRLEQFPOOSDLIQRELF TVHNHVTAAPSTINEHGERQ
ENSIQLILDNEELDVHNMRHADCATRLEQFOQOSDL IQRELF TWHNHV T AAP ST INEHGEPQ

FVEDLDNHRIITFGEPAPSYLLDVNWLEVAGRASDNERIPHLOINSOTSIKRAALLGIGY
VEDLDWNHEII+FGEPAP+YLLDVNWLE AGE3I3IDN RIFPHLQIN3IQTIIKRA LLGIGH
SVEDLDWNHRIISFGEPAPNYLLDVHNWLENAGRISDN TRIPHLOINIOTIIKRACLLGIGT

135

a2

375

122

555

132

735

242

ACLPDYIVGRDPGLICLATINADVPIFDTYFCYPDETFIMAAELEAFRDF IWIKARNUNEF 209

ACLPDYIVGRDPGLIOL++ AD+F3IFDTYFCYPDE+FINAAKLEAFRDF IV+EARNUIE

ACLPDYIVGRDPGLICLSLAADIPIFDTYFCYPDENMFINAARELEAFRDF IWAKARNWNE 300

. BLAST Analysis of RL3429.
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Major Facilitator Family Transporter [ Pseudomonas fluorescens] Length=388aa

Score = 535 bits (1378), Expect = 1le-150
Identities = 276/387 (71%), Positives = 317/387 (81%), Gaps = 1/387 (0%)
Frame = +1

guery 1 MPLALLVLALSSFAIGTTEFVINGLLPEVAADLIVITPOAGWLYVTGYALAVATGAPVHATL 180
MPL+LL+LALS+FAIGTTEFVINGLLP+VALDL WVW3IIP AGWLVTGYAL VAIGAP Mi+
3bjcc 1 MPLSLLILALSAFAIGTTEFVINGLLPDVALDLGVIIPGAGWLVTGYALGVAIGAPFHAL 60

ouery 131 STAELFRRTALIALMAFF IAGHLLCALASDYUWVLNIARVV TALCHGAFFGIGEVVALGLY 360
+Ti+L B+ AL+ALM FI GNLLCALALIDY VLM ARV+TALCHGAFFGIGSVWALGLY
3bjoct 61 ATARLPRELALVALMGIF IVGHLLCALASDYNVLNFARVITALCHGAFFGIGEVVALGLY 120

Duery 36l AEDREARAVALMF TGLTLANALGVPLGTATI GOAYGWRATF VWV TITGIVTISGLIAILFE 540
+++4 AVALWNFTGLTLAN LGVPLGTA+GQA GWR4ATF VT+IG+HY + GL+ LP
Shict 121 PANERASAVALMF TGLTLANVLGYVPLGTALGQARGWRITFWAVTVIGVVALIGLLEFLPA 180

Cuery 541 DEQOENGIILREIAALFNGGLTLALSTTVFFAASHFALFTYIAPLLRDVTGYIRFEGYTHUT 720
+ +E + E+2AL+ G+WL+LS T FALAALASHF LFTY+APLL DVTGVSF+ETTUT
Zhijct 131 KRDEEFKLDHMRAELAALKGAGIWLELANTALF AASNFTLF TYWAPLLGDVTGYIPEGYVTUT 240

Query 721 LFLIGLGLTIGHNLYGGELADWRELGATLAGYFARTAT TS IAFSYTERFFIPAEITLFLWANM 200
L LIGLGLT+GN++&GELAD RLGATL GUVFALAR+A+ 3 ++T3 IF EITLFLWA
3bjct 241 LLLIGLGLTLGNIIGGELADERLGATLIGVF AAMASTVLTUTSVALIPTEITLFLWAT 300

uery 201 ASFAAVE AL OVGVV G GED AP L VS TINIGAFN TG AL GATNVGGLVWIDAGLDLTEVPLAL 1030
AIFAAVPALOY WW FGE APNLVITHNIGAFN GNALGAWWGE: VI G LT WPLAA
3bjct 301 ASFAAVP AL OV T GEARA P LV TLN IGAFN I GIMAL GAWNVGGEVIAHGFGLT3VPLAL 360

Cuery 1031 ALMALIGLGATALTYL3IARGRAALAFA 1141
A +i++ L T +T+ * L LAPL
3bjoct 361 AALATLALLVTLITFROG-GNAELAPL 386

Figure 5.21. BLAST Analysis of RL3431.

As noted above, the Tn5 was inserted into RL3429, a predicted LysR, in close
proximity to RL3431, a predicted sugar efflux system. It could be that this efflux system is
responsible for the removal of fructose from cells when it accumulates to such a
concentration that it prevents growth and that the LysR is responsible for the regulation of
this system. With the RL3429 mutated by the transposon, the efflux system may be unable
to function correctly and so fructose was not expelled from cells, resulting in their death on
plates containing high amounts (100mM and more) of fructose (or sucrose), but not low
concentrations (<10mM).

It is worth mentioning here that pRU855 (RU1519) would only show significant
induction with hyper-osmosis caused by sucrose but not by NaCl or mannitol. It could be
that the genes associated with pRU855 may also play a role in sugar efflux under conditions

where they are present in high concentrations.
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5.3.  Discussion

The initial screening of the mutants made by pK19mob insertion under severe
hyper-osmotic conditions did not reveal any vital genes required in stress. There could be
many reasons why a mutation in these genes did not result in an increased doubling time. It
could be that 3841 contains other copies of the genes mutated. It has been observed that R.
leguminosarum contains many copies of the same genes, e.g. the fix genes, nodT (Chapter
4) and it could be that when one of the genes is mutated another takes its place/function.

Another reason could be that, although induced under hyper-osmotic conditions, the
products of the tested genes have no function relating to the optimum stress response of R.
leguminosarum, which is why the mutants of these genes showed no real change in growth
rate. This would not be the first occurrence in Rhizobium of a mutant having no growth
phenotype or a gene being induced under a condition where it has no apparent function
(Cabanes et al., 2000; Ampe, et al., 2003; Djordjevic, et al., 2003; Becker et al., 2004).

One of the generated mutants (RU2184 — mutated RL1157, a two-component
response regulator) proved most interesting, as it prevented the GFP production of one of
the stress-induced fusions (pRU862) under hyper-osmotic and acidic stress. RL1157 (and
RL1156, a histidine kinase) did not appear to be a global regulator as its effect seemed
limited to RL1155 (and perhaps neighbouring genes). However, as mentioned above, the
mutants made in RL1155 and RL1157 had no change in growth or symbiotic phenotype
when compared to the wild-type, leaving the real function of these genes and their role in
stress response unknown.

It is worth noting here, that at this stage of the investigation the genome sequence of
3841 was incomplete and the proximity of the predicted two-component response regulator
gene to the hypothetical gene encoded by RL1155 was only found by chance. However,
now the sequence of R. leguminosarum is currently undergoing annotation and on its
completion, the identification of potential regulators to stress-induced genes based on their
proximity will be possible (Chapter 4, section 4.3).

Two mutants were isolated during the screening of two individual Tn5 mutant
libraries. However their growth phenotypes were not based on severe hyper-osmotic stress
as was first thought. This result (as well as the data from Chapter 4 and failure to obtain
any Tnj mutants when searching for regulatory mutants) indicates that the genome of 3841
may contain several copies of the same gene and that the presence of a ‘master’ regulator
that controls stress response is unlikely. As already mentioned, it has already been shown
that Rhizobium does contain many copies of the same gene, whether homologues or

paralogues (Chapter 4). The presence of such genes would give the genome of 3841 a high
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level of redundancy, meaning that a mutation in just one gene would not create a change in
bacterial growth, as another gene could be present to take the mutant’s place. This would
explain why no mutants could be isolated that could not grow under severe hyper-osmosis
and why the targeted mutations made with the pK19mob vector had little effect on the
growth of R. leguminosarum.

These results lead research away from the search of a ‘master’ regulator and instead

specific systems were investigated, as the next chapters show.
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CHAPTER 6: INVESTIGATION OF TRANSPORTERS INVOLVED IN
THE UPTAKE OF OSMOPROTECTANTS
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6.1. Introduction

Rhizobia require the capacity to interact with their environment. One function
necessary is the ability for bacteria to transfer compounds across their cell membrane;
whether into the cell (such as nutrients) or out of the cell (such as waste products). This
transfer can be passive, relying on concentration gradients to move compounds across the
membrane; or it can be active with compounds being moved across under the organism’s
control, regardless of any concentration gradient. ATP-binding cassette (ABC) transporters
are one example of active transporters and are found in abundance in rhizobia
(Konstantinidis & Tiedje, 2004).

One of the stress-induced fusions, pRU843, isolated during this research (Chapter 3)
mapped to a region of R. leguminosarum DNA that contained a gene with sequence identity
to proV (Chapter 4). This gene (pRL100079) is from the ProU operon that encodes for the
ABC component of a compatible solute ABC transporter (proline/glycine betaine) and
homologues of this system are found in many organisms. Not only that, but this plasmid
was only strongly induced under of hyper-osmotic stress, as is the ProU operon.
pRL100079 and the operon to which it belongs could therefore encode a ProU-like system
in 3841 and may be involved in the uptake of compatible solutes under osmotic upshift. A
mutation of this gene was generated and although it was shown that the mutant did not have
a loss in cell vitality under standard, stressed or in planta conditions (Chapter 5), it could
still play the role in osmoprotection that its sequence identity indicates.

There are six ProU-like systems in the 3841 genome and these were studied to
determine what solutes they may transport and ascertain what osmoprotectants, if any, R.

leguminosarum may use under an osmotic upshift.
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6.2. Results
6.2.1. ldentifying ProU-like Systems (QATS)

As mentioned above, plasmid pRUS843 is highly induced by hyper-osmotic stress
and contains a genomic region which maps to a region of DNA (pRL100079), which is
responsible for encoding a protein with sequence identity to ProV. It was therefore
assumed that the ABC transporter that pRL100079 is part of may play a similar role to
ProU, i.e. be responsible for the uptake of compatible solutes during osmotic upshift. It was
fortunate that this ProU-like operon was found given the random nature of the LB3 library,
and as such it was not known if this was the only transporter of its kind in R.
leguminosarum, or one of many. However, the preliminary sequence of 3841 was recently
made available, which made it possible to search for other ProU-like systems within the R.
leguminosarum genome.

The genes from the already isolated ProU-like system (pRL100079, pRL100080 and
pRL100081) were used as templates to search the 3841 preliminary genome for other
similar operons. Additionally, ProU-like operons were identified from S. meliloti and were
also used as templates, in order to increase the chances of finding other ProU-like systems.
The search was successful and another five operons (in addition to the one mapped from
pRU843) were identified — making six in total.

ProU is responsible for the uptake of proline and glycine betaine in E. coli for use as
compatible solutes. However, proline has been shown not to have osmoprotective
properties in S. meliloti (Boncompagni et al., 1999) although its dimethylated form, proline
betaine does (Miller & Wood, 1996). Proline betaine is a quaternary amine compound
(QAC) (a molecule containing a nitrogen bound to 4 functional groups), as are all betaines.
For this reason, the 3841 ProU-like operons were all termed putative quaternary amine
transporters (QAT) and the six systems were as a consequently named QAT to 6 (with the
original pRU843 associated QAT being QAT6).

To establish how similar each QAT was to other known ProU-like systems, their
SBP, IMP and ABC components were compared to the QAT components from different
organisms. The organisms used for these comparisons were; S. meliloti, M. loti, A.
tumefaciens, Brucella melitensis, Bacillus Subtilis, Pseudomonas aeruginosa, Lactococcus
lactis, E. coli K-12 and the Rhizobium plasmid pNGR234. These organisms were selected
as they were either members of the same group of bacteria as R. leguminosarum (the o-
proteobacteria) or were from bacteria that have had a ProU-like system previously

characterised.
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Some of these organisms contained incomplete operons (e.g. no SBP component)
whilst others had two separate genes for each IMP. Also, L. lactis had one gene (LL1451)
which encoded for a hybrid of the SBP and IMP components. All of these genes were used
during the analysis. The protein sequences for each component were entered into AlignX
(InforMax) and phylogentic trees for ABCs (Fig. 6.1), IMPs (Fig 6.2) and SBPs (Fig. 6.3)
were generated. The L. lactis SBP/IMP hybrid was entered into both the IMP and SBP
analysis.

(Sequences for each organism were obtained from the following websites;
http://bioinfo.genopole-toulouse.prd.fr/annotation/iANT/bacteria/thime/ — S. meliloti;
http://www.kazusa.or.jp/thizobase/ — M. loti and the Rhizobium plasmid pNGR234;
http://turgon.vbi.vt.edu/cgi-bin/docfilter?file=userindex.html  — A4. tumefaciens and B.
melitensis; http://www.pseudomonas.com/GenomeSearchU.asp — P. aeruginosa;
http://genolist.pasteur.fr/SubtiList/ — B. Subtilis; http://biocyc.org/ECOLI/blast.html — E.
coli K-12; http://www.expasy.org/tools/blast/?LACLA — L. lactis.)
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Figure 6.1. Phylogenetic
Tree of the ABC Components
of QATs from Various
Organism. Numbers shown
are the official accession
numbers (prefixes indicated
below) given for each gene,
gene name given in brackets
when known. However, many
of these genes have been
named following a genomic
investigation and have not
necessarily been characterised
as having the potential function
described.

Key (prefixes in brackets):
Yellow (RL) — R.
leguminosarum, Red (sM)- S.
meliloti, Green (Atu) — A.
tumefaciens, Purple (BMEI)—
B. melitensis, Blue (mll) — M.
loti, Brown (RNGR) — plasmid
pNGR234, Grey (BSU) - B.
Subtilis, Pink (pa) - P.
aeruginosa, Orange (LL) — L.
lactis and Black (ec) — E. coli.
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Figure 6.2. Phylogenetic
Tree of the IMP Components
of QATs from Various
Organism. Numbers shown
are the official accession
numbers (prefixes indicated
below) given for each gene,
gene name given in brackets
when known. However, many
of these genes have been
named following a genomic
investigation and have not
necessarily been characterised
as having the potential function
described.

Key (prefixes in brackets):
Yellow (RL) — R.
leguminosarum, Red (sM)- S.
meliloti, Green (Atu) — A.
tumefaciens, Purple (BMEI)—
B. melitensis, Blue (mll) — M.
loti, Brown (RNGR) — plasmid
pNGR234, Grey (BSU) - B.
Subtilis, Pink (pa) - P.
aeruginosa, Orange (LL) — L.
lactis and Black (ec) — E. coli.
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Figure 6.3. Phylogenetic
Tree of the SBP Components

of QATs from Various
Organism. Numbers shown
are the official accession

numbers (prefixes indicated
below) given for each gene,
gene name given in brackets
when known. However, many
of these genes have been
named following a genomic
investigation and have not
necessarily been characterised
as having the potential function
described.

Key (prefixes in brackets):
Yellow (RL) — R.
leguminosarum, Red (sM) — S.
meliloti, Green (Atu) — A.
tumefaciens, Purple (BMEI)—
B. melitensis, Blue (mll) — M.
loti, Brown (RNGR) — plasmid
pNGR234, Grey (BSU) - B.
Subtilis, Pink (pa) - P.
aeruginosa, Orange (LL) — L.
lactis and Black (ec) — E. coli.



As can be seen from Figs. 6.1 to 6.3, two ProU-like systems have already been
identified and characterised in S. meliloti, the Hut system and the Cho system. The Hut
system is responsible for high-aftnity histidine uptake and is believed to play a key role in
histidine metabolism in S. meliloti (Boncompagni et al., 2000). Further to this, inhibition
studies have shown that Hut can transport proline and proline betaine with high-affinity and
also glycine betaine, ectoine and carnitine with low-affinity, although mutant studies have
shown that the SBP component of Hut, HutX, does not bind glycine betaine (Boncompagni
et al., 2000). Hut is induced only by the presence of histidine and not by osmotic upshift,
further supporting the belief that Hut is only used in a metabolic role and not in response to
hyper-osmosis. The Cho system is highly specific (as shown by inhibition studies) and
responsible for high-affinity choline transport. Just like the Hut system, it is only induced
by the presence of the solute it transports (i.e. choline) and is not induced by hyper-osmosis
(Dupont et al., 2004).

As yet, no complete ABC system (ProU-like or otherwise) that responds to osmotic
upshift has been fully identified and characterised in rhizobia, although an osmotically-
induced SBP component that binds glycine betaine has been isolated (Talibart et al., 1990;
LeRudulier et al., 1991). The only system that has been found to be involved with
osmoprotectant uptake, is the (analogous) ProP-like secondary transporter BetS in S.
meliloti (Boscari et al., 2002), although no gene with significant sequence identity to betS

could be found in the preliminary genomic sequence of 3841.

6.2.2. Isolation and Generation of QAT Mutants

Figures 6.4 — 6.9 show the genomic region of each of the QAT systems.

transmembrane Protein  QAT1 SBP hypothetical
RL3530 RL3533 RL3536
thymidine kinase QAT1ABC | aminotransferase =~ BraC3 alpha-glucosidase
RL3532 RL3535 RL3538 RL3540 RL3542
hypothetical QATL IMP NolR hypothetical deaminase
RL3531 RL3534 | RL3537 RL3539 RL3541

1kb 1700
| |

Figure 6.4. Genomic Region Surrounding QAT1 Operon. Arrows show predicted genes
and black line shows ~1kb scale. Gene numbers shown are those given by the Sanger
Centre. Where appropriate, potential function of the protein encoded for by each gene is
also shown. Black arrow shows target gene (Table 6.1) and stick arrow and number shows
possible promoter region (section 6.2.4).
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QAT2 IMP QAT2 IMP Hypothetical

RL0509 RLOS}l RLO514
OtsA Pgi FadD  hypothetical LacZ GloA QAT2ABC | QAT2SBP LysR
RL0503 RLO504 RLO0505 RLO506 ~ RLO507  RL0508 | RLO510 ‘ RL0512 RLO513
| | | | | L, | 1
<+——>
1kb 1758/9

Figure 6.5. Genomic Region Surrounding QAT2 Operon. Arrows show predicted genes
and black line shows ~1kb scale. Gene numbers shown are those given by the Sanger
Centre. Where appropriate, potential function of the protein encoded for by each gene is
also shown. Black arrow shows target gene (Table 6.1) and stick arrows and numbers show
possible promoter region (section 6.2.4).

dehydrogenase QAT3 IMP ProC StcD2 EtfB1
pRLl%OSlS pRL120515  pRL120517 pRL120519 pRL120521

QAT3ABC  QAT3SBP  TetR regulator  EtfA2
PRL120514  pRL120516 pRLI20518 = pRLI20520  pRL120522

<«

4_
lkb 1760 1761

—
Figure 6.6. Genomic Region Surrounding QAT3 Operon. Arrows show predicted genes

and black line shows ~1kb scale. Gene numbers shown are those given by the Sanger
Centre. Where appropriate, potential function of the protein encoded for by each gene is
also shown. Black arrow shows target gene (Table 6.1) and stick arrows and numbers show
possible promoter region (section 6.2.4).

dehydrogenase hypothetical DapAl oxidoreductase QAT4 ABC QAT4 IMP AraC
pRL120524 pRL120526  pRL120528 pRL120530 pRL120532 pRL120534  pRL120536
| | s |
QAT4 SBP | QAT4 IMP racemase
pRL120531 “ PRL120533 | pRL120535

| \
hydrolase |  GntR | dehydrogenase
pRL120525 | pRL120527 | pRL120529

ferredoxin
pRL120537

1kb 1762 ) 1763 >

Figure 6.7. Genomic Region Surrounding QAT4 Operon. Arrows show predicted genes

and black line shows ~1kb scale. Gene numbers shown are those given by the Sanger
Centre. Where appropriate, potential function of the protein encoded for by each gene is
also shown. Black arrow shows target gene (Table 6.1) and stick arrows and numbers show
possible promoter region (section 6.2.4).
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cyclodeaminase

pRL120751
Lyase | SBP
pRL120749 pRL120752
| | |
HutC .~ QAT5IMP
pRL120748 | RL120753
| [
hydratase ~ QAT5SBP ~ QAT5IMP
pRL120747 pRL120750  pRL120754
L | |
reductase .~ QAT5ABC ABC
pRL120746 ‘g .~ pRL120755  pRLI12075
transferase:‘:‘ ‘: | : | SBP IMP
pRLI20745  pRLI20756 pRLI20758
N T O L ?
hypothetical | “ I ? regulator
pRL120744 ] pRL12075
LysR ] reductase
pRL120743 . pRL120760
1kb 176455 1766

]
Figure 6.8. Genomic Region Surrounding QATS5 Operon. Arrows show predicted genes

and black line shows ~1kb scale. Gene numbers shown are those given by the Sanger
Centre. Where appropriate, potential function of the protein encoded for by each gene is
also shown. Black arrow shows target gene (Table 6.1) and stick arrows and numbers show

possible promoter region (section 6.2.4).

regulator
pRL100082 pRL100084 pRL100085

QATG6 IMP | transposase
pRL100075 pRL100077 pRL100080 pRL100083 | pRL100086 pRL100088
| QAT6ABC | QAT6SBP ‘ ‘ AcdS  hypothetical
pRL100074 = pRL100076 pRL100078 ~ PRL100079 pRL100081 ‘ pRL100087 | pRL100089
— t614

Figure 6.9. Genomic Region Surrounding QAT6 Operon. Arrows show predicted genes
and black line shows ~1kb scale. Gene numbers shown are those given by the Sanger
Centre. Where appropriate, potential function of the protein encoded for by each gene is
also shown. Black arrow shows target gene (Table 6.1) and stick arrow and number shows

possible promoter region (section 6.2.4).
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Interestingly, the QAT3 and QAT4 operons were in close proximity to each other on
the pRL12 plasmid (within 20 predicted genes of each other). Also the QATS operon was
very interesting, as it was interrupted by two other genes, a predicted cyclodeaminase and
another SBP component. Sequence comparisons, homology and phylogeny studies suggest
that pRL120750 is the correct SBP for QATS and not pRL120752, which is predicted by
BLAST analysis to bind to phosphate/phosphonate and not a QAC. However, it is unusual
for an ABC operon to be broken up like this and to my knowledge is the first example of
such a case (assuming the QATS operon is indeed an operon as predicted). It is possible
that the second predicted SBP (pRL120752) could also use the ABC transport complex
encoded by the rest of the QATS operon (pRL120753 — pRL120755) and this would not be
the first occurrence of more then one SBP utilising the same ABC complex (Higgins &
Ames, 1981); or pRL120752 could be an ‘orphan’ SBP associated with a different and
unrelated ABC complex. The predicted cyclodeaminase encoded by pRL120751 was also
interesting, as this enzyme converts ornithine to proline releasing ammonia (Fig. 6.10)
(Trovato et al., 2001). Whilst rhizobia cannot use proline as a compatible solute, it may be
possible that the cyclodeaminase could convert N-methylated ornithine to proline betaine,
which can then be used by the bacteria. Alternatively it may convert other amino acids to
produce a complex cyclic derivative. Cyclodeaminases are quite uncommon and are limited
to specialised-niche bacteria; as such they have been isolated in A. tumefaciens and S.
meliloti and in both organisms have been shown to be beneficial to the bacteria’s interaction

with plants (Sans et al., 1987; Soto et al., 1994).

cyclodeaminase

M

Hz OH
OH

NH,

+
NH NH3

Figure 6.10. Mode of Action of Cyclodeaminase. Ornithine is converted to proline
releasing ammonia

The QATS operon was also near to a HutC-like gene (pRL120748), which encodes a
putative histidine utilization repressor. Hisitidine also contains a ring structure, like proline
(Fig. 6.16) and so the cyclodeaminase encoded by pRL120751 may react with histidine as
well/instead. The proximity of these two genes near the QATS operon suggests that it is not

involved in osmoregulation but in a metabolic role, perhaps with histidine; this would not
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be the first time a ProU-like system has been linked to a metabolic role with histidine in
rhizobia (Boncompagni et al., 2000).

The presence of a ProC-like gene (pRL120517) near the QAT3 operon is also
interesting, as this encodes for a putative pyrroline-5-carboxylate reductase. This enzyme
reduces pyrroline to proline. Whilst rhizobia cannot use proline as a compatible solute, it
may be possible that the reductase could convert N-methylated pyrroline to proline betaine,
which can then be used by the bacteria. This would suggest that QAT3 may be responsible
for uptake of N-methylated pyrroline, which may then be converted into proline betaine.

In order to obtain mutants for each QAT system, a Tn5 mutant library was used
(Downie et al., unpublished). This library is believed to cover approximately half of the
3841 genome and a PCR screening technique is used to isolate a mutation in a specific gene
(see below). Once the six QAT operons had been identified, genes could be targeted for
screening. Target genes were carefully selected so that a mutation would definitely cause
the loss of a functioning ABC complex. To accomplish this, the first non-SBP gene in the
operon was targeted as it was hoped that this would put the rest of the operon out of frame
and so prevent expression of downstream genes. Targeting the first non-SBP gene in the
operon would prevent at least one (if not all) of the components in the ABC complex from
being encoded and so a mutant would prevent the formation of a functional complex, as TnJj
insertions do not always effect neighbouring genes (Berg et al., 1980).

Primers were then designed to determine if a Tn5 was present in the targeted gene
within the mutant library (Table 6.1). A QAT6 mutant (ABC component) was already
available from research performed earlier (RU2192 — Chapter 5, section 5.2.2).

Table 6.1. Target Genes for QAT Mutants. Table shows
the genes targeted for each QAT system, what component of
the ABC system they encode for and the primer used to
isolate them.

Target Gene | QAT | Component | Target Primer
RL3534 1 IMP RL3534lh
RLO511 2 IMP RLO5111h

pRL120515 3 IMP pRL120515rh
pRL120532 4 ABC pRL120532rh
pRL120753 5 IMP pRL1207531h

The Tn5 mutant library used to isolate mutations in QAT genes was made up of
17,280 individual mutants that had been divided into groups of 30, each group being
stocked in a well in a 96-well microtitre plate and therefore, six microtitre plates contain the

whole library. Furthermore, the DNA from each pool of mutants had been isolated and

203



stocked in the same way and additionally, each group of DNA was pooled into rows and

columns according to the layout of the six microtitre plates (Fig. 6.11).
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Figure 6.11. Layout of the Six 96-Well Microtitre Plates containing the Tn5 Mutant
Library. Each plate was assigned a letter and was arranged as shown. Each row and
column therefore contained 24 wells, each housing 30 Tn5 mutants.

PCR was then performed on the DNA pools from each row and column, using the
target primer and the IS50 Downie primer, which is specific to the end of the Tn5 and
sequences away from the transposon. The target primer was designed so it was upstream
(or downstream) and would sequence towards the targeted gene. If a Tnj was present in the
targeted gene then a PCR product would be made with the target primer and IS50 Downie.
Of course, more than one mutant could be present in the mutant library and so therefore,

more than one PCR product may be made.

204



Each well from each microtitre plate was represented in a row and a column and it

was this fact that allows a mutant to be identified and isolated (Figs. 6.12 & 6.13)

Figure 6.12. Example of Results from PCR of DNA from Rows and Columns. This is
an example of the results that can be achieved from performing PCR on the DNA pools
from the rows and columns. The top half of this ‘gel’ represents the rows, whilst the
bottom half represents the columns. A PCR product of the same size is present in row 2
and column 35.
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Figure 6.13. Isolating Mutant. From the ‘gel’ in Figure 6.12, a PCR product of similar
size was found with the row 2 DNA pool and the column 35 DNA pool. The well that is
present in both row 2 and column 35 is the second row (B) and eleventh column of plate K
(Fig. 6.11). Therefore one of the thirty mutants within B11 of plate K contains a TnJ in the
target gene.

The size of the PCR product obtained is then used to estimate where the TnJ is and
that it is within the target gene. (e.g. if the product is ~700bp in length, the transposon must
be ~700bp from the site where the target primer binds and this can be checked against the
sequencing data for the QAT to make sure it is within the targeted gene.)

Once the well containing the correct mutant was identified, a sample of the
appropriate bacterial stock was taken from the well, serially diluted and spread onto TY
plates to identify which of the thirty mutants from the pool had the transposon insert. Once
the bacteria had grown, colony PCR was carried out using the target primer and IS50

Downie until the target mutant was identified. This colony was then isolated, given a
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unique strain number and stocked (Table 6.3). The PCR product of the IS50 Downie and
target primer was sequenced (using the IS50 Downie primer) and the sequencing data was
used to locate where exactly the TnJ transposon was in the target gene. This technique
allowed mutants in QATs 1, 2 and 5, but not QATs3 and 4 to be isolated.

In order to obtain mutants in QAT3 and QAT4, the pK19mob insertion method
(Chapter 5, section 5.2.2) was used. Primers specific to internal regions of pRL120515 and
to pRL120352 were designed and PCR was carried out using BIO-X-ACT (Chapter 2,
section 2.6.6). Products were then cloned into the pCR® 2.1-TOPO® vector (Chapter 2,
section 2.6.4), transformed into E. coli DH5a cells (Chapter 2, section 2.6.5) and stocked.
Restriction mapping was used to determine in which orientation the products had gone into
the pCR® 2.1-TOPO® vector. The internal regions were then digested out of their pCR"
2.1-TOPO® host by HindIIl/Xbal double digest, isolated by gel extraction (Chapter 2,
section 2.6.2) and ligated in pK19mob that had been digested by the same enzymes
(Chapter 2, section 2.6.4). Restriction mapping was used to determine in which orientation
the products had gone into the pK19mob vector. Each pK19mob vector containing an
internal region was transformed into E. coli DHS5a cells (Chapter 2, section 2.6.5) and

stocked. All of this data is summarised in Table 6.2.

Table 6.2. Target Genes and Primers for the Internal Regions Cloned into
the pCR® 2.1-TOPO® Vector and the pK19mob Vector.

Gene QAT Primers pCR® 2.1-TOPO® | pK19mob
pRL120515 3 p718 & p719 pRU1874 pRU1800
pRL120532 4 | p793 & p794 pRU1785 pRU1801

The pK19mob plasmids were then transferred into wild-type R. leguminosarum via
a tri-parental conjugation, using the helper plasmid pRK2013 (contained in E. coli 803)
(Chapter 2, section 2.7) and the conjugation mixes were spread as serial dilutions (from 107!
to 107) on to TY plates containing streptomycin and neomycin. In order to prove the
pK19mob vector had inserted correctly and the mutant had been made, colony PCR
screening (Chapter 2, section 2.6.6) was used on any colonies that grew on the TY plates.
(p839 & pK19/18A and p840 & pK19/18B for QAT3 and p841 & pK19/18A and p842 &
pK19/18B for QAT4.) Once a mutant had been confirmed as being correct it was given a
strain number and stocked (Table 6.3).

207



Table 6.3. Strain Numbers of QAT Mutants.
RU2410 | Tn5 transposon within QATI1 IMP gene
RU2411 | TnJ5 transposon within QAT2 IMP gene
RU2496 | Insertion mutant of QAT3 IMP gene
RU2497 | Insertion mutant of QAT4 ABC gene
RU2412 | Tn) transposon within QATS IMP gene
RU2192 | Insertion mutant of QAT6 ABC gene

6.2.3. Determination of Solutes that Rescue the Growth of 3841 under Osmotic
Upshift

As mentioned above, previous reports have shown that the QACs can function as
osmoprotectants in rhizobia and as such can rescue growth rates of bacteria grown under
hyper-osmosis. However, as different compounds affect different strains in different ways,
and as most studies have been conducted with S. meliloti, it was unknown what compounds
could act as osmoprotectants in R. leguminosarum 3841. To determine this, three QACs
were tested, glycine betaine, choline (a precursor of glycine betaine) and carnitine,
alongside trehalose and ectoine, which although not QACs have also been reported as acting
as osmoprotectants in rhizobia (Breedveld et al., 1990; Talibart et al., 1994). The properties
of proline betaine as osmoprotectant have been well documented, however it is an
extremely difficult compound to acquire and so proline was used in its place. As previously
mentioned, it is known that proline does not function as an osmoprotectant in rhizobia, so

its use served as a control. Structures of the tested compounds are shown in Figure 6.14.

HO
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Glycine Betaine — CsH;;NO;
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Choline — CsH14NO

Figure 6.14. Compounds with which Mutants were Tested.
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Carnitine — C;H;5NO;

Trehalose — C12H22011
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Figure 6.14. (cont). Compounds with which Mutants were Tested.
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Proline — CsHoNO,

Figure 6.14. (cont.) Compounds with which Mutants were Tested.

A 3841 culture was grown up on a TY slope, washed in TY broth and resuspended
to an ODgpo = ~1. AMS (10mM glc, 10mM NHy), with and without added osmoprotectant,
was then inoculated (10ul of this suspension into 10ml of media) and cultures were left to
grow. ODygo readings of each culture were taken at regular intervals over ~3 days and from
these the mean generation times (MGT) of 3841 under each condition were calculated
(Table 6.4). Osmoprotectants were present at 1mM, the concentration known to give

maximum reduction of doubling time in rhizobia (Bernard et al. 1986).

Table 6.4. MGTs of 3841 Grown in AMS and AMS +
125mM NaCl with and without 1mM of Each
Osmoprotectant. The percentage of shows the difference in
growth rate between strains grown unstressed and those grown in
the presence of sucrose.

Osmoprotectant AMS AMS + 125mM NaCl | %
None 39+£0.2 49+0.8 125
Carnitine 3.8+0.3 4.6+0.5 120
Choline 3.8+0.3 95+1.4 251
Ectoine 3.7+£0.2 6.6+1.2 182
Glycine Betaine | 3.8 +0.2 6.2+1.1 165
Proline 3.8+0.2 53%0.7 141
Trehalose 3.8+£0.3 54+0.7 141

These data show that the addition of any of these compounds effect the growth of
3841 significantly when hyper-osmotically stressed. In fact it appears that the addition of

choline in tandem with the osmotic upshift caused a further reduction in growth rate. One
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report has showed that the addition of glycine betaine or choline did not rescue growth of
any of the biovars of R. leguminosarum that were grown under hyper-osmosis
(Boncompagni et al., 1999); these data confirm this and also includes other
osmoprotectants. The same report also stated that although the addition of glycine betaine
did not restore growth to R. leguminosarum grown under hyper-osmosis, cells showed
stimulated glycine betaine uptake under these conditions. This led to the investigation of

the QAT systems and their induction.

6.2.4. Induction of the QAT Operons

Before the QAT mutants were tested, as to what solute they could and could not
transport, it was decided to ascertain what could cause their induction and so give an
indication as to what they may transport. In order to monitor induction of the QATs, the
promoters of each operon had to be identified. This was done by examining the
surrounding area of each operon and estimating where a promoter could go. One region
was chosen for QATI1, one for QAT2, two for QAT3, two for QAT4, two for QATS and
one for QAT6 (indicated by the stick arrows on Figs. 6.4 — 6.9) and primers were designed
that would amplify these region of DNA via PCR. Additionally a LysR-type regulator was
found next to a potential promoter region for QAT2 and for QATS, so PCR primers were
designed that would amplify the promoter region for these genes via PCR (also indicated on
Figs. 6.5 and 6.8 — appear as double headed arrows as the regions overlap those previous
described above) (Table 6.5). This would show what may cause the induction of these
putative regulators and so would show if they were involved in with either of the QATs.

The internal regions were amplified by PCR using BIO-X-ACT (Chapter 2, section
2.6.6) and the products were then cloned into pRU1097/D-TOPO® (Chapter 2, section
2.6.4). pRU1097/D-TOPO® contains a promoterless GFP mut 3.1 reporter gene that is used
to monitor the induction of the potential promoter within the DNA insert. The pRU1097
vector was constructed ‘in house’ before being sent to Invitrogen where it was ‘TOPO-
adapted’, which allows the insertion of PCR products and ligation of the vector without the
need for restriction enzymes or ligases (Mauchline et al., in prep). One difference between
pCR® 2.1-TOPO® and pRU1097/D-TOPQ" is that the latter has been adapted so that PCR
products can only be inserted in one orientation. To facilitate this, the 5’ end of forward
primer is capped with CACC, which can only bind to one end of pRU1097/D-TOPO®,
forcing insertion in one orientation.

The pRU1097/D-TOPO® reactions were transformed into E. coli DH5a cells
(Chapter 2, section 2.6.5) and spread onto LA containing gentamycin. Colonies were then
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PCR screened to make sure that they contained the pRU1097/D-TOPO® vector with the
relevant insert. This was done with primers p496 and p564, which bind to pRU1097/D-
TOPO" either side of the insertion site. A self-ligated plasmid has a PCR product size of
~400bp, whereas it would be 400bp plus the size of any insert (Fig. 6.15). Colonies that
produced a correctly sized PCR product were then confirmed as containing the right insert
by restriction digests on the plasmids (Table 6.5). The plasmids were then transferred into
wild-type R. leguminosarum via a tri-parental conjugation, using the helper plasmid
pRK2013 (contained in E. coli 803) (Chapter 2, section 2.7) and the resulting strains were
stocked.

e 2 = - 3R G S R Nt 11

Figure 6.15. Colony PCR Screen. The 1kb ladder in lane 11 shows
the PCR products in lanes 1 — 3, 5 — 8 and 10 are ~900bp, which is
~500bp bigger than the PCR products in lanes 4 and 9. This shows
that 80% of the colonies tested contained the pRU1097/D-TOPO®
vector with the relevant insert.
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Table 6.5. Plasmid Numbers for the Regions Cloned into the
pF\’U1097/D-TOPO® Vector. For clarification, in the cases where
more then one possible promoter region was present the gene the
region precedes is shown, plasmids numbers are also shown in Figs.

6.4 —6.9.
QAT Primers Plasmid Gene

6 p623 &p624 | pRU1614 | pRL100079
1 p663 & p664 | pRU1700 | RL3533
2 p694 & p695 | pRU1758 RL0O512

2 (LysR) | p696 & p697 | pRU1759 RLO513
3 p698 & p699 | pRU1760 | pRL120516
3 p700 & p701 | pRU1761 | pRL120518
4 p702 & p703 | pRU1762 | pRL120527
4 p704 & p705 | pRU1763 | pRL120531
5 p706 & p707 | pRU1764 | pRL120745

5(LysR) | p708 & p709 | pRU1765 | pRL120743
5 p710 & p711 | pRU1766 | pRL120751

The promoter probes were then tested with various compounds/conditions to
determine if any caused induction of the QATs. As the QATs share homology with the
ProU system it was assumed that one may transport glycine betaine; however, it is known
that some QAT systems are induced by (and responsible for the transport of) histidine and
choline in rhizobia (Boncompagni et al., 2000; Dupont et al., 2004). It is also known from
the studies conducted with pRU843 that QAT6 is induced by hyper-osmotic stress
(Chapters 3 & 4) and so these compounds/conditions were also tested.

Each promoter probe was grown up on a TY slope before being resuspended and
washed in AMS. A 10ul aliquot of the resuspension was then inoculated in 400ul of AMS
(20mM pyruvate, 10mM NH4). The AMS then had each of the following individually
added; 10mM glc, 10mM glycine betaine, 10mM choline, 10mM histidine (Fig. 6.16) and
100mM NaCl. One batch had no additions, as a control. Samples were then left to grow in
48-well microtitre plate for three days (it took this long for cells to grow to a reasonable
ODe0) shaking at ~150rpm. Each well in the microtitre plate had a sterile glass bead added
to help prevent cells from agglutinating. Microtitre plates were then read in a plate reader
to record the relative fluorescence (485nm excitation; 510nm emission) and the ODgyy of
each sample (after first removing the glass bead). The relative fluorescence for each sample
was then divided by its ODggo value to give a specific fluorescence. (Readings were also
taken from an uninoculated sample, from samples inoculated with a self-ligated
pRU1097/D-TOPO® vector and from a pRU1097/D-TOPO® vector with a ‘stuffer’
fragment inserted. These reading served as ‘blanks’ and were taken into account in these
calculations). This experiment was carried out in triplicate and results are shown in Table

6.6.
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Figure 6.16. Compounds with which Promoter Probes were Tested. Compounds not
present have been previously shown (Fig. 6.14).
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Table 6.6. Relative Fluorescence for Promoter Probes under Various Conditions. Relative fluorescence values
(Fluorescence/ODgqp) given for pyruvate. Other values are x-fold inductions compared to pyruvate (P. fold) values.
n/d = no fluorescence detected compared to ‘blank’ readings. If n/d recorded for pyruvate then the specific
fluorescence is shown for that probe in other media. All probes grown in AMS (20mM pyruvate, 10mM NHy) with
10mM of each solute added (100mM with NaCl).

Plasmid QAT Pyruvate | P. Fold NaCl G. Betaine | Choline | Histidine | Glucose
pRU1700 QATI 8649 1.00 2.4 7.6 8.7 4.1 1.8
pRU1758 QAT2 22227 1.00 15.8 0.6 1.1 0.6 0.9
pRU1759 | QAT2 (LysR) 9753 1.00 13.1 1.4 1.0 2.9 0.4
pRU1760 QAT3 n/d 1.00 243792 3652 1858 11664 n/d
pRU1761 QAT3 19157 1.00 n/d 1.6 0.8 0.8 1.5
pRU1762 QAT4 37871 1.00 8.1 1.4 0.8 2.3 1.6
pRU1763 QAT4 3773 1.00 19.5 0.9 0.9 3.7 n/d
pRU1764 QATS 5946 1.00 53.5 1.6 1.0 8.5 2.4
pRU1765 | QATS5 (LysR) 5724 1.00 n/d 0.2 1.6 1.0 0.3
pRU1766 QATS5 n/d 1.00 n/d n/d n/d 1248 153
pRUI1614 QAT6 18951 1.00 9.2 1.9 1.2 2.7 2.0
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From the promoter probe data it appears as though QAT1 may be a choline and/or
glycine betaine transporter, as pRU1700 showed a ~8-fold induction when grown with these
two compounds (Table 6.6). Homology studies (Figs. 6.1 — 6.3) indicate that out of all the
R. leguminosarum QATs, QAT1 was most similar to the Cho system from S. meliloti
(compared to all the other ProU-like systems studied), which supports the promoter probe
data; however the Cho system in S. meliloti does not transport glycine betaine.

Both the QAT2 and the QAT2 (LysR) probes (pRU11758 and pRU1759
respectively) showed similar induction on NaCl (~15-fold), which suggests that the LysR
may be the regulator of QAT2 and that they are induced by NaCl. Interestingly the LysR
gene also showed a modest induction with histidine although QAT?2 itself did not (Table
6.6). This suggests that the LysR-like gene may have another function (or regulate other
genes) related to histidine, but not associated with QAT2.

Of the two QAT3 promoters tested, pRU1760 appears to contain the QAT3
promoter, whereas pRU1761 seems more likely to contain the promoter for the TetR-like
regulator (pRL120518). This is inferred from the fact that very little induction was seen
with pRU1761 compared to the pyruvate values, indicating it is constitutively expressed (as
are most regulators); whilst pRU1760 was highly induced on NaCl.

Of the two QAT4 promoters tested, pRU1763 appears to contain the QAT4
promoter, whereas pRU1762 seems more likely to contain the promoter for the GntR-like
regulator (pRL120527). As with the TetR-like gene near the QAT3 operon, this is inferred
from the fact that very little induction was seen with pRU1762 compared to the pyruvate
values, indicating it is constitutively expressed (as are most regulators); whilst pRU1763
was highly induced on NaCl.

The pRU1097/D-TOPO" data indicated that pRU1765 and pRU1766 did not contain
a promoter, at least not one that was significantly induced under the conditions tested as
little fluorescence was seem in any media (Table 6.6). Data from pRU1764 indicates that
QATS may transport histidine, as an 8-fold induction was observed when grown with this
compound, although this was modest compared induction seen with NaCl (~55-fold) (Table
6.6). If the promoter within pRU1764 is for QATS then it would activate the transcription
of the HutC-like gene (a histidine utilization repressor) upstream of the QATS, a gene with
obvious links to histidine. However, QAT3 showed the closest identity to the Hut system in
S. meliloti compared to all the other ProU-like systems studied and not QATS (Figs. 6.1 —
6.3), but neither pRU1760 or pRU1761 showed significant induction with histidine present.
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QAT6 showed (pRU1614) showed a ~9-fold induction only when grown with NaCl,
which came as no surprise as pRU843 had previously been characterised as inducing under
hyper-osmotic conditions (Chapter 3).

This data indicates that five of the six QATs are induced by hyper-osmosis, in
keeping with their identity to ProU, whilst QAT1 did not. However, from the induction
patterns obtained with QAT1 appears to be more like the Cho systems, which would
suggest it plays a role cell metabolism and not osmoprotection, hence it does not induce on
osmotic upshift. The promoter probe data was collected from only one set of experiments
and more repeats are clearly needed to confirm the recorded values; however this was not

possible due to the time restrictions imposed by this project.

6.2.5. Uptake Assays with QAT Mutants

Before transport assays were carried out on the QAT mutants, uptakes were first
measured on the wild-type 3841. During this set of experiments, I was fortunate enough to
acquire a limited amount of '*C proline betaine so that its uptake could also be measured
alongside that of choline, histidine and glycine betaine. R. leguminosarum was grown up
overnight in AMS, AMS + 100uM of the solute of interest (i.e. for choline transport, the
solute was choline, etc), AMS + 100mM NaCl and AMS + 100uM solute + 100mM NacCl.
(All AMS had 10mM glc and 10mM NHy as the carbon and nitrogen source.) Uptakes
assays were carried out as described (Chapter 2, section 2.12) with 100mM NacCl being
added to the RMS if cells were grown under those conditions, for each of the four solutes
(Fig. 6.17). Whilst 100uM of solute may be irrelevant in the presence of 10mM glucose, it
was all that was available for the proline betaine assays and so the same amount was used
with choline, histidine and glycine betaine in order to allow comparisons between each set

of data.
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Figure 6.17. Uptake of Different Solutes with 3841. 3841 was grown up in AMS (10mM
gle, 10mM NHy) overnight plus 100uM of solute or 100mM NaCl or both or neither, as
indicated. Mean uptake of each solute, as indicated, per minute, over four minutes (five
minutes for proline betaine). Mean results of three experiments with standard error values.
Proline betaines data is from Fig. 6.18.

Allowing R. leguminosarum to grow overnight in the presence of the solute of
interest, increased uptake rates of that solute by approximately 30 — 50% (~90% for proline
betaine) with all of the tested solutes. Interestingly, the presence of an osmotic upshift
appeared to inhibit the transport of these solutes (to ~20 — 25% of unstressed values),
contradicting most reports regarding the uptake of osmoprotectants in rhizobia (Bernard et
al., 1986; Boncompagni et al., 1999). Dupont et al. (2004) reported that the Cho system is
inhibited by the presence of hyper-osmosis generated by NaCl, however the addition of
choline to the media restored transport rates to that seen if NaCl was not present. Whilst
uptake rates in the presence of NaCl increased on the addition of solute (by ~60% - 70%)
(apart from with proline betaine which decreased by ~30%), these rates were still only
approximately 35 — 40% of those grown without stress.

In spite of this, the QAT mutants and their uptakes were examined. Unfortunately

RU2496 (QAT3 mutant) and RU2497 (QAT4 mutant) were not available at this stage (due
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to time restrictions) and so only four of the six QAT were tested. Proline betaine uptakes
were carried out separately from those with choline, histidine and glycine betaine. Assays
for proline betaine were carried out in the same way as above; however, as the amount of
radiolabelled solute was limited only one assay was performed with each mutant under each

condition (Fig. 6.18).
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Figure 6.18. Uptake of **C Proline Betaine on 3841 and QAT Mutants. 3841 and the
QAT mutants were grown up in AMS (10mM glc, 10mM NHy) overnight plus 100uM of
proline betaine or 100mM NaCl or both or neither, as indicated. Mean uptake of each
solute, as indicated, per minute, over five minutes. Standard error values are shown for
wild-type uptakes as these were performed in triplicate.

Although these data are only from one set of assays, they indicate that QAT1, QAT2
and QAT6 may be involved in the transport of proline betaine as the uptake rates for these
mutants are lower than those observed in cells grown under some of the conditions tested.
However, wild-type 3841 also had a reduction in uptake in cells grown in the presence of
NaCl and so the significance of this initial data is unknown. The osmotic upshift did not
seem to affect transport of proline betaine in the QAT and QATS mutants, although as
mentioned, this is one set of data and so the significance of this initial result is unknown.

Overall QAT6 is the most severely affected for proline betaine transport.
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For the choline, histidine and glycine betaine assays, all Rhizobium was grown up in

AMS (10mM glc, 10mM NHy) or AMS (10mM gle, 10mM NHy) + 100mM NaCl; no solute

additions were made so that the same cultures could be used for each of the solute assays,

allowing a direct comparison between results (Figs. 6.19 — 6.21).
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Figure 6.19. Uptake of *C Choline on 3841 and QAT Mutants. 3841 and the QAT
mutants were grown up in AMS (10mM gle, 10mM NHy) and AMS (10mM glc, 10mM
NH4) + 100mM NaCl. Mean uptake of each solute, as indicated, per minute, over four
minutes. Mean results of three experiments with standard error values.
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Figure 6.20. Uptake of **C Histidine on 3841 and QAT Mutants. 3841 and the QAT
mutants were grown up in AMS (10mM gle, 10mM NHy4) and AMS (10mM glc, 10mM
NH4) + 100mM NaCl. Mean uptake of each solute, as indicated, per minute, over four
minutes. Mean results of three experiments with standard error values.
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Figure 6.21. Uptake of *C Glycine Betaine on 3841 and QAT Mutants. 3841 and the
QAT mutants were grown up in AMS (10mM glc, 10mM NH4) and AMS (10mM glc,
10mM NHy) + 100mM NaCl. Mean uptake of each solute, as indicated, per minute, over
four minutes. Mean results of three experiments with standard error values.

None of QAT systems tested appear to be responsible for the transport of histidine
or glycine betaine, as no significant difference was seen in uptake rates between the wild-
type and any of the mutants (Figs. 6.20 and 6.21). However, QAT1 seems to be required
for the uptake of choline, as its uptake rate was barely detected (<0.4nmol/mg/min) in the
QATI1 mutant (compared against transport in wild-type 3841) (Fig. 6.19). As shown above,
the transcription of QAT1 was induced by choline (and glycine betaine, although from Fig.
6.21 its overall transport rate is unaffected) (Table 6.6) and had a high identity to the
choline transporter, the Cho system, in S. meliloti (Figs. 6.1 — 6.3). QAT] therefore appears
to be a homologue of the Cho system in R. leguminosarum.

In order to determine how important QAT1 was to R. leguminosarum and its
growth, the QAT mutants were streaked onto AMA (10mM glec, 10mM NHj), AMA
(10mM choline), AMA (10mM histidine) and AMA (10mM glycine betaine) and left to
grow (Figs. 6.22 —6.25).

222



Figure 6.22. Growth of QAT Mutants on AMA (10mM Choline). As can be seen, the
QAT mutant cannot grow when choline is provided as the carbon/nitrogen source, whilst
the others can.
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Figure 6.23. Growth of QAT Mutants on AMA (10mM Glycine Betaine). As can be
seen, the QAT1 mutant cannot grow when glycine betaine is provided as the
carbon/nitrogen source, whilst the others can.
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Figure 6.24. Growth of QAT Mutants on AMA (10mM Histidine). As can be seen, all
QAT mutants can grow when histidine is provided as the carbon/nitrogen source.

225



Figure 6.25. Growth of QAT Mutants on AMA (10mM Glc, 10mM NH,). As can be
seen, all QAT mutants can grow when glucose and ammonia are provided as the
carbon/nitrogen source.

The QAT1 mutant can not grow when choline is the only carbon/nitrogen source
(Fig. 6.22), as expected; although interestingly, it could not grow on glycine betaine either
(Fig. 6.23). Although QATI1 does not appear to be responsible for the uptake of glycine
betaine (Fig. 6.21), it is induced by it (Table 6.6) and cannot grow when it is supplied as the
sole carbon/nitrogen source (Fig. 6.23). However, the cultures used in the uptake
experiments were grown on 10mM glc and 10mM NHy and R. leguminosarum may need to
be grown on glycine betaine (or choline) for uptake via QAT to become the predominant
system. This could explain why the QAT1 mutant could not grow on glycine betaine, but
was able to transport it when grown on glucose and ammonia. Due to the time constraints
of this project the optimum conditions required for uptake of glycine betaine (and choline
and histidine) may not have been determined and this is something that is planned for future

work.
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Alternatively, it may be possible that QAT1 does transport glycine betaine but
another transporter that is responsible for the glycine betaine is also present in 3841. This is
why uptake rates did not significantly change in the QAT1 mutant. However, if this is true,
it would be expected that the QAT1 mutant could use this other transporter and so be able to
grow AMA with 10mM glycine betaine, which was not the case and so this is unlikely.
Choline is a precursor of glycine betaine and so a connection between the growth on the two
substrates may exist, although this unknown at this time.

Interestingly, a mutant of the Cho system in S. meliloti was able to grow on media
containing choline as the sole carbon and nitrogen source (Dupont ef al., 2004). (It was not
tested with glycine betaine as the Cho system was shown not to transport that substrate.)
Uptake assays with the S. meliloti Cho mutant did not show a total inhibition of choline
transport, suggesting that another choline transport is present in S. meliloti allowing a Cho
mutant to grow on choline. This data indicates that whilst similar in sequence identity,
QATI1 and Cho are not exact homologues as they have differences in growth phenotypes
and potentially in substrate specificity.

The uptakes rates of the wild-type and QAT mutants were all inhibited by the
presence of osmotic upshift, in the choline, histidine and glycine betaine experiments (Figs.
6.19 — 6.21). Again, this clearly contradicts previous reports on the uptake of
osmoprotectants in rhizobia (Bernard et al., 1986; Boncompagni et al., 1999) and as such

warrants more study.
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6.3. Conclusion

Six ProU-like systems were identified within R. leguminosarum using sequence
comparisons, homology and phylogeny studies and BLAST analysis. The induction of each
of these systems was investigated (using promoter probes) as was their role in solute uptake
(using mutational studies). From these data, a homologue to the Cho system in S. meliloti
was identified in 3841 (QAT1). QATI is clearly induced by the presence of choline and
glycine betaine and a mutant of this system was unable to grow in media where choline or
glycine betaine was the sole carbon/nitrogen source. Furthermore, when grown on glc/NHy,
QAT1 was the main transport system for choline but not glycine betaine. This may be due
to the fact that the cultures were not grown on choline or glycine betaine as the
carbon/nitrogen source, due to time constraints. This may also explain why QATS5 did not
appear to be responsible for the transport of histidine, although its induction pattern and
neighbouring genes indicated that it may be. Repeating these assays under optimum
conditions and to also include the mutants of QAT3 and QAT4 is planned for future work.

The role of osmoprotectants was also investigated during this research, but no
compound could be found that functioned as a compatible solute by rescuing the growth
rate of 3841 undergoing hyper-osmosis.

However, the most startling discovery of this research was the apparent inhibition of
the QATs caused by osmotic upshift. Inhibition of solute transport caused by hyper-
osmosis would help to explain why the tested osmoprotectants had no effect in rescuing the
growth of stressed bacteria, as they would be unable to import the solutes into their cells.
The effect of osmotic upshift transport systems was therefore investigated in the next

chapter.
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CHAPTER 7: EFFECT OF OSMOTIC UPSHIFT ON SOLUTE UPTAKE
VIA ABC TRANSPORTER SYSTEMS
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7.1. Introduction

It was established that R. leguminosarum that had been grown overnight in AMS
(10mM glc, 10mM NHy4) + 100mM NaCl, then washed and resuspended in RMS + 100mM
NaCl had lower solute uptake rates compared to 3841 treated in exactly the same way but
without the presence NaCl at any stage (Chapter 6). It was clear from these data that the
presence of NaCl used to generate an osmotic upshift was responsible for this loss in
transport rates. Data reported earlier clearly showed that the transcription of a QAT ABC
transporter was strongly induced under hyper-osmosis generated by sucrose, mannitol and
NaCl (pRU843 — Chapters 3 & 4). It was therefore completely unexpected to observe a
decrease in solute uptake rates, under conditions where this ABC transporter had been
specifically induced.

The QAT systems investigated in the previous chapter were, prior to this work,
uncharacterised in R. leguminosarum and therefore the solutes which they transported were
also unknown. This made it difficult to compare the uptake data from cells that had
experienced an osmotic upshift to those that had not. This analysis would have been easier
if characterised ABC transporters, with a known solute/s, had been studied. For this reason,
the effect of osmotic upshift on solute uptake rates was investigated in known transporters
of 3841. Transporters investigated included both ABC systems and secondary permeases.

The aim of the work presented in this chapter is to determine whether an osmotic

upshift is responsible for a loss in transport in R. leguminosarum 3841.
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7.2. Results
7.2.1. Effect of Sucrose Concentration and of Exposure Time on AIB Uptake Rates

As had been seen in the previous chapter, the presence of NaCl caused a decrease in
solute uptake; however, it was not known if it was the presence of NaCl itself, or the
osmotic upshift it generated, which caused this decrease. It is well known that if used in
equal concentrations, NaCl generates a greater stress then sucrose (ver der Heide et al.,
2001; Chapter 5 section 5.2.3). Sucrose was therefore tested to see if, when added at the
same concentration (100mM), it would have had the same effect on uptake rates as NaCl.
Also, the transport systems under investigation were changed from the unknown QATs to
two well-characterised ABC transporters, Aap and Bra. The amino acid permease (Aap)
and the branched chain amino acid transporter (Bra) (Walshaw & Poole, 1996; Hosie et al.,
2002a) are known to be the only two permeases in 3841 responsible for the uptake of 2-
Amino-Isobutyric acid (AIB). AIB is a non-metabolisable amino acid analogue and its
transport has been well characterised in Rhizobium (Walshaw & Poole, 1996).

Therefore, transport of AIB via Aap and Bra was investigated. As AIB uptake via
Aap and Bra had been previously characterised, the only variable in this set of transport
assays was the presence of an osmolyte (100mM sucrose) used to generate an osmotic
upshift. This made the analysis of uptake data easier, as there were fewer unknowns
present.

As mentioned above in the assays with the QATs, 100mM NaCl was added to the
AMS used for overnight growth and the RMS used for washing and resuspension of
cultures. To determine if the decrease in uptake rates was caused by added osmolyte in the
AMS or RMS, two experiments were performed. In the first, 3841 was grown up overnight
in AMS (10mM glc, 10mM NHy4) + 100mM sucrose and then washed and resuspended in
standard RMS. In the second, 3841 was grown up overnight in AMS (10mM glc, 10mM
NH4) and then washed and resuspended in RMS + 100mM sucrose. This meant that these
cells were in the presence of sucrose for approximately an hour (the time cultures were left
to starve after washing before uptake assays are performed). These two experiments were
carried out in tandem alongside a control 3841 culture, which was grown up overnight in
AMS (10mM gle, 10mM NH4) and then washed and resuspended in RMS (no sucrose at
any stage). AIB uptake was measured on the three cultures (Fig. 7.1).
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Figure 7.1. Uptake of *C AIB on Non-Stressed and Stressed (for 1 Hour and
Overnight) 3841. 3841 was grown up in AMS (10mM glc, 10mM NHy) overnight, washed
& resuspended in RMS (white) or was grown up in AMS (10mM glc, 10mM NHy)
overnight, washed & resuspended in RMS + 100mM sucrose (single-hatch) or was grown
up in AMS (10mM glc, 10mM NHy) + 100mM sucrose overnight, washed & resuspended
in RMS (cross-hatch). Mean uptake of AIB per minute, over four minutes. Mean results of
at least three experiments with standard error values.

AIB uptake rates recorded from the control cultures were not significantly different
to rates that had previously been reported (Hosie et al., 2002a). Cells in RMS + 100mM
sucrose for an hour had an AIB uptake rate which was 46% of the control culture, compared
to 3841 grown overnight in AMS (10mM glc, 10mM NHj) + 100mM sucrose which was
29% of the control. These data show that the presence of 100mM sucrose in either RMS for
an hour or AMS (10mM gle, 10mM NHy4) overnight caused a decrease in AIB uptake.
These data also indicate that the longer the exposure time to osmotic upshift, the greater the
decrease in uptake; i.e. cells exposed to overnight shock had a greater reduction in AIB
uptake rate then cells that were stressed for only an hour.

As these data show the amount of time cells were exposed to an osmotic upshift
affects the uptake rate, the concentration of sucrose used was then investigated to determine

if it was also significant. For this set of assays, cells were grown up overnight in AMS
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(10mM glc, 10mM NHy) then washed in RMS, but resuspended for an hour in RMS +
either 100mM, 75mM, 50mM or 25mM sucrose. Cells were also resuspended in standard

RMS as a control. AIB uptake of each culture was measured (Fig. 7.2).
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Figure 7.2. Uptake of C AIB on 3841 Exposed to Different Concentrations of
Sucrose 1 Hour before Assays. Cells were resuspended for an hour before assays were
performed in RMS containing the concentration of sucrose indicated on the x-axis. Mean
uptake of AIB per minute, over four minutes. Mean results of at least four experiments with

standard error values.

These data clearly prove that the concentration of sucrose used also plays a role in
the decrease of AIB uptake, as the greater the concentration, the greater the decrease. This
means that both the amount of time cells were exposed to osmotic upshift and the

concentration of osmolyte used had an effect on the uptake rates of AIB in 3841.
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7.2.2. Immediate Effect of Very High Concentrations of Osmolyte on AIB Uptake
Rates

At this point it is worth remembering previous uptake experiments conducted with
spheroplasts and ABC transporters. In order to prevent spheroplasts from bursting (as they
have no outer membrane to protect them for their environment and its osmolality) they are
kept in a solution containing 20% sucrose (approx. 600mM) (Hosie et al., 2002b).
Transport assays are then carried out on the spheroplasts as soon as they are generated.
Previous studies that investigated solute transport in spheroplasts had not observed any
significant uptake through ABC systems, as no SBP components are present (see section
7.2.6). However, even if SBPs were present, could the addition of such a high
concentration of sucrose have had an immediate effect on transport assays?

To determine this, cells were grown up overnight in AMS (10mM gle, 10mM NHa,),
then washed and resuspended in RMS for an hour as standard. Transport assays were then
carried out as usual with just one exception. Ten seconds before '*C AIB was introduced to
the assay mix, sucrose was added so that its final concentration was either 0OmM, 100mM,
200mM, 300mM, 400mM or 500mM. This meant that sucrose was added to cultures
immediately before transport assays were performed (Fig. 7.3). The assay volume was

always maintained at 500ul.
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Figure 7.3. Uptake of *C AIB on 3841 Exposed to Different Concentrations of
Sucrose, Ten Seconds before Assays. Cells were exposed to the concentration of sucrose
indicated on the x-axis immediately before assay. Mean uptake of AIB per minute, over
four minutes. Mean results of at least three experiments with standard error values. The
OmM value is a mean of the data from this experiment and the data from Figs. 7.4 & 7.5.

These data show that AIB uptake decreased by 88% on the addition of 200mM
sucrose only ten seconds before the assay was performed. It also shows that it took more
than ten seconds exposure to 100mM sucrose before a significant decrease in AIB uptake is
observed (decrease is only 9% compared to the previous decreases of 54% after 1 hour
incubation and 71% after overnight incubation).

It was still unclear if this immediate effect was caused by a high concentration of
sucrose alone. Other compounds were therefore tested to determine if they could cause a
similar decrease in uptake of AIB.

The first compound to be tested was NaCl, as it was the compound used in the QAT
assays (Chapter 7). It was therefore decided to repeat the previous experiment but with

100mM increments of NaCl added ten seconds before the assay instead of sucrose (Fig.

7.4).
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Figure 7.4. Uptake of 1*C AIB on 3841 Exposed to Different Concentrations of NaCl,
Ten Seconds before Assays. Cells were exposed to the concentration of NaCl indicated on
the x-axis immediately before assay. Mean uptake of AIB per minute, over four minutes.
Mean uptake of AIB per minute, over four minutes. Mean results of at least three
experiments with standard error values. The OmM value is a mean of the data from this

experiment and the data from Figs. 7.3 & 7.5.

These data show a significant decrease in AIB uptake, even at 100mM (a 97%
decrease). As mentioned above, NaCl generates a greater osmotic stress than sucrose at the
same concentrations and a greater effect on uptake was seen here. These data imply that the
decrease in uptake rates was caused by osmotic upshift, regardless of how it was generated.

To prove this, the experiment was repeated with mannitol used instead of sucrose or NaCl

(Fig. 7.5).
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Figure 7.5. Uptake of “C AIB on 3841 Exposed to Different Concentrations of
Mannitol, Ten Seconds before Assays. Cells were exposed to the concentration of
mannitol indicated on the x-axis immediately before assay. Mean uptake of AIB per
minute, over four minutes. Mean uptake of AIB per minute, over four minutes. Mean
results of at least three experiments with standard error values. The OmM value is a mean
of the data from this experiment and the data from Figs. 7.3 & 7.4.

The same effect was clearly seen again and was similar to that observed with
sucrose, as mannitol caused an 86% decrease at 200mM (88% in sucrose). The data from
Figures 7.3, 7.4 and 7.5 are compared in Figure 7.6.

These data clearly show that, it is not just sucrose that causes a decrease in AIB
uptake, but also NaCl and mannitol. Each solute has a different threshold for significant
inhibition of AIB transport, but all seem to reduce AIB uptake to less then 20% of normal

when a final concentration of 200mM was used ten seconds before the assays were

performed.
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Figure 7.6. Uptake of “C AIB on 3841 Exposed to Different Concentrations of
Sucrose, NaCl & Mannitol, Ten Seconds before Assays. The combined data from Figs.
7.3, 74 & 7.5. Cells were exposed to the concentration indicated on the x-axis of either
sucrose (green squares), NaCl (red triangles) or mannitol (black circles) immediately before
assay. Mean uptake of AIB per minute, over four minutes. Mean uptake of AIB per
minute, over four minutes. Mean results of at least three experiments with standard error

values.

It was therefore decided to test the addition of some more osmolytes at 200mM
immediately before transport assays were performed, to determine if they too would cause a
decrease in AIB uptake rates. Potassium chloride (KCl), glycerol, glucose and
polyethylene-glycerol (PEG) 200 (Fig.7.7) were all tested alongside 200mM sucrose,

repeated as a control. The results from these assays (as well as those already reported

above) are shown below (Fig. 7.8).
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Figure 7.7. Structures and Chemical Formulas of the Different Compounds Used to Inhibit Uptake Assay. Structures of NaCl and KCI are not
included, as they are simple ionic compounds.
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Figure 7.8. Uptake of *C AIB on 3841 Exposed to 200mM of Different Compounds Ten Seconds before Assay. Cells were exposed to 200mM
of the compound indicated on the x-axis immediately before assay. Mean uptake of AIB per minute, over four minutes. Mean results of at least three
experiments with standard error values. (Suc = sucrose, Man = mannitol, Gly = glycerol, Glc = glucose)
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As can be seen, all of the compounds tested cause a decrease in AIB uptake when

added at 200mM ten seconds before assays began. This decrease was greater than 70%

with all of the compounds tested.

As so many compounds were tested, all of which covered a range of size and charge,

it was unlikely that this effect was caused by their molecular weight.

The amount of

compound added (in grams) varied between molecule used, and therefore the percentage

composition was different too (Table 7.1). If the size of the molecule caused the decrease in

uptake rates, then a direct relationship between molecular weight and decrease in uptake

rate would have been observed but it was not (Table 7.1).

Table 7.1. Percentage Composition and AIB Uptake of Each Compound
Used. Percentages are weight/volume and uptakes are given as a percentage
compared to cells with no additions. Molecular weight of each compound is

also shown.
Compound MV?/Ieengur:?r CO(TV F/)\?{?/'(S on Uptake(%o)

Nothing added - 0 100

NaCl 58.4 1.17 0

KCl 74.5 1.49 1

Glycerol 92.1 1.84 25

Glucose 180.2 3.60 16
Mannitol 182.2 3.64 12

PEG 200 ~200 4.00 8
Sucrose 342.3 6.85 27

It was also unlikely that so many different compounds would cause direct transport

inhibition by either blocking transporter permeases or by binding to SBPs.

Eliminating

these possibilities further confirmed the hypothesis that osmotic upshift some how causes a

decrease in AIB uptake.

241



7.2.3. Immediate Effect of Osmotic Upshift on the Uptake Rates of Other Solutes

Transport studies reported above had only been conducted with one solute, AIB.
For this reason, the investigation was extended to include the uptake of other solutes.

As mentioned above, AIB is known to be transported into R. leguminosarum by only
Aap and Bra (Walshaw & Poole, 1996; Hosie et al., 2002a) and therefore other solutes that
utilise these two systems were tested. Glutamate is one solute known to be transported via
Aap and Bra (Walshaw & Poole, 1996; Hosie et al., 2002a) and its uptake rate was
measured as AIB’s was, with sucrose added (0 — 500mM in 100mM increments)
immediately before the assays were performed (Fig. 7.9). Overnight cultures were grown

up in AMS (10mM glc, 10mM NHy) as before.
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Figure 7.9. Uptake of **C Glutamate on 3841 Exposed to Different Concentrations of
Sucrose 10 Seconds before Assays. Cells were exposed to the concentration of sucrose
indicated on the x-axis immediately before assay. Mean uptake of glutamate per minute,
over four minutes. Mean results of at least three experiments with standard error values.

Glutamate uptake rates recorded from the control cultures were not significantly
different to rates that had previously been reported (Hosie et al., 2002a). The pattern
observed with the addition of increasing amounts of sucrose 10 seconds before transport
assay was very similar to that seen with AIB uptake (Fig. 7.3).
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This experiment was repeated but y-amino-n-butryic acid (GABA) was used as the
transport solute (Fig. 7.10). GABA differed slightly from glutamate and AIB, in that it is
only transported into cells via the Bra system and not by Aap (Hosie ef al., 2002a).
Overnight cultures were grown up in AMS (10mM glc, 10mM NHy) as before.
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Figure 7.10. Uptake of ®H GABA on 3841 Exposed to Different Concentrations of
Sucrose 10 Seconds before Assays. Cells were exposed to the concentration of sucrose
indicated on the x-axis immediately before assay. Mean uptake of GABA per minute, over
four minutes. Mean results of at least three experiments with standard error values.

Again, the results obtained were similar to those observed with AIB uptakes under
the same conditions. Also, the GABA uptake rates recorded from the control cultures were
not significantly different to rates that had previously been reported (Hosie et al., 2002a).

Next, alanine transport was investigated (Fig. 7.11). Its uptake also differed from
AIB, as it is transported into cells via Aap and Bra and by a secondary transporter as well,
the monocarboxylate transport permease (MctP) (Hosie et al. 2002b). MctP has a very low
affinity for alanine, in comparison with the two ABC transporters. The concentration of
alanine used in this experiment (25uM) was chosen to observe its uptake via Aap (K, =
509M) and Bra (K, = 173nM) (Hosie et al., 2002a). Any uptake through MctP was
insignificant, as it required a higher amount of alanine present (500uM) (K, = 560nM)
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(Hosie et al., 2002b) in order to create a concentration gradient to allow significant

transport. Overnight cultures were grown up in AMS (10mM glc, 10mM NHy) as before.
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Figure 7.11. Uptake of '¥C Alanine (25uM) on 3841 Exposed to Different
Concentrations of Sucrose 10 Seconds before Assays. Cells were exposed to the
concentration of sucrose indicated on the x-axis immediately before assay. Mean uptake of
alanine per minute, over four minutes. Mean results of at least three experiments with
standard error values.

Alanine uptake rates recorded from the control cultures were not significantly
different to rates that had previously been reported (Hosie et al., 2002a). Although uptake
rates decrease with the increase of sucrose added, the drop in uptake rates was not as
pronounced as it had been in the previous experiments. Also uptake rates did not continue
to decrease with the increase of sucrose concentration, as uptake in the presence of 500mM
sucrose was higher then those with 300mM and 400mM. This experiment was repeated
several times in order to verify this was the true response and consistent results were
obtained. The only difference between alanine uptake and the transport of AIB, glutamate
and GABA, is that the former can also enter the cell through a secondary transporter, MctP.
It is possible that the MctP may not be affected by osmotic upshift in the same way Aap and

Bra are and so the results shown in Fig. 8.11 may be a combination of alanine transport by
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Aap, Bra and MctP. This lead to the investigation of alanine transport via MctP in 3841
cells exposed to an osmotic upshift (section 7.2.4).

Even though the alanine results varied from those obtained with other transport
solutes, it had been confirmed that the uptake of all solutes investigated were also affected
by osmotic upshift immediately prior to assays, with 200mM tending to be the lowest
concentration needed for >50% decrease (although only 37% decrease with alanine). The
investigation was then furthered by studying two more known ABC systems in R.
leguminosarum.

The myo-inositol transporter (Int) is an ABC transporter known to be highly induced
when inositol is used as the sole carbon source for 3841 (Fry et al., 2001). This transporter
is highly specific for inositol, although it is known that another constitutive low-affinity
transporter also transports inositol in 3841 (Poole ef al. 1994). However, what class of
transporter this low-affinity transporter belongs to is currently unknown. For this
experiment 3841 was grown up overnight in AMS (10mM inositol, 10mM NH,4) and also,
to save time and resources, 200mM sucrose was the only concentration used to generate an

osmotic upshift (Fig. 7.12).
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Figure 7.12. Uptake of C Inositol on 3841 with and without 200mM Sucrose 10
Seconds before Assays. Cells were exposed to the concentration of sucrose indicated on
the x-axis immediately before assay. Mean uptake of inositol per minute, over four
minutes. Mean results of at least three experiments with standard error values.

The inositol uptake rates recorded from the control cultures were not significantly
different to rates that had previously been reported (Fry et al., 2001). The data also matches
the pattern made with the previous ABC transporter results presented above; i.e. when
200mM sucrose was added ten seconds before assays, uptake was significantly reduced
(<50% uptake than observed with the control cells). As nothing is known about the low-
affinity inositol transporter, it is equally unknown if it was affected by sucrose. It is

therefore impossible to comment any further as to the effect, if any, the low-affinity

transporter had on these data.
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The dipeptide permease (dpp) transporter is another ABC transporter found in R.
leguminosarum. 1t is responsible for the transport of 8-Aminolevulinic acid (ALA) (Carter
et al. 2002). As with inositol, ALA uptake was only tested with 200mM sucrose (Fig.
7.13), although overnight cultures were grown in AMS (10mM glc, 10mM NHy) as with the

other assays.

“C ALA uptake (nmol/mg/min)

OmM 200mM

Sucrose Concentration
Figure 7.13. Uptake of **C ALA on 3841 with and without 200mM Sucrose 10 Seconds

before Assays. Cells were exposed to the concentration of sucrose indicated on the x-axis
immediately before assay. Mean uptake of ALA per minute, over four minutes. Mean
results of at least three experiments with standard error values.

ALA uptake rates recorded from the control cultures were not significantly different
to rates that had previously been reported (Carter et al., 2002). Again, the data acquired
here matches the pattern set with the previous ABC transporter results presented above; i.e.
when 200mM sucrose was added ten seconds before assays, uptake was significantly
reduced (<40% uptake than observed with control cells).

From all these data, it is clear that osmotic upshift (generated by many solutes) at
200mM 10 seconds prior to assays, inhibits uptake of all of the examined ABC transporters.

However, as all this data had been collected only on ABC systems, it was unknown if this

effect was limited to that class of transporter alone.
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7.2.4. Immediate Effect of Osmotic Upshift on Uptake Rates of Solutes using Non-
ABC Transporters

As reported above, alanine uptake in 3841 via Aap and Bra was investigated as part
of this research, but its inhibition due to osmotic upshift was not as severe as observed with
other solutes that are transported by these systems (Fig. 7.3, 7.9 — 7.11). This difference
was assumed to be related to MctP, a secondary transporter that also plays a role in the
transport of alanine. The monocarboxylate transport (MCT) system has been well
characterised in 3841 and is know to be specific for alanine although at a much lower
affinity then Aap and Bra (Hosie ef al. 2002b). Alanine transport occurs through the MctP
permease, which is always active but depends on concentration gradients. In order to
observe close to maximum uptake via this transporter, alanine concentration was increased
from 25uM (0.125nCi) to 500uM (0.5uCi). Uptake rates were measured as before, with
and without the presence of 200mM sucrose ten seconds before assays (Fig. 7.14) and

overnight cultures were grown up in AMS (10mM glc, 10mM NHy).
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Figure 7.14. Uptake of *C Alanine (500uM) on 3841 with and without 200mM
Sucrose 10 Seconds before Assays. Cells were exposed to the concentration of sucrose
indicated on the x-axis immediately before assay. Mean uptake of alanine per minute, over
four minutes. Mean results of at least three experiments with standard error values.
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Uptake rates recorded from the control cultures were not significantly different to
rates that had previously been reported (Hosie et al. 2002b). No significant loss of uptake is
seen in cells that undergo an osmotic upshift. This initial result indicated that MctP was not
affected by osmotic upshift in the same way ABC transporters were. Although it was
insignificant, a decrease in uptake of ~6nmol/mg/min was observed in cells exposed to
osmotic upshift generated by 200mM. It is worth noting that while this set of assays had an
elevated concentration of alanine in order to examine uptake via MctP, Aap and Bra are not
inhibited by this and so could still function normally. This means that even though the
ABC transporters were saturated by the conditions, they would have still contributed
towards the uptake rates seen in Figure 7.14. From Figure 7.11, the control uptake rate of
alanine was ~17nmol/mg/min and under osmotic upshift (200mM sucrose) it was
~I1nmol/mg/min. This is a decrease of ~6nmol/mg/min, the same as was observed with
alanine uptake via MctP. This data indicates that alanine transport through MctP was
unaffected by the osmotic upshift caused by 200mM sucrose and the decrease seen is due to
inhibition of uptake via Aap and Bra.

If MctP was unaffected by osmotic upshift, then it would have affected the alanine
uptake rates via Aap and Bra, reported above (Fig. 7.11). As mentioned above, although
MctP could not transport alanine at its optimum rate under the conditions used with Aap
and Bra studies (25uM), it would have still made some contribution. The K, and V., have
previously been reported as 560uM and 122nmol/mg/min (Hosie et al. 2002b). Using the

following equation the uptake rate of alanine (25 uM) via MctP was calculated.

Vimax X [substrate]

Uptake = K,, + [substrate]

= (122 x 25000) / (560000 + 25000)
= 5.21nmol/mg/min

This means that for the alanine (25 pM) uptake rates via Aap and Bra recorded
above, ~Snmol/mg/min was due to transport via MctP and so was not affected by osmotic
upshift. In order to take transport via MctP into account and estimate the effect of osmotic
upshift on alanine uptake through just Aap and Bra, 5.21nmol/mg/min was subtracted from

the rates recorded in Figure 7.11 (Fig 7.15).
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Figure 7.15. Estimated Uptake of **C Alanine (25 pM) on 3841 via just Aap and Bra
Exposed to Different Concentrations of Sucrose 10 Seconds before Assays. Data from
Figure 7.11 recalculated to take into account and remove alanine uptake through MctP,
which was unaffected by osmotic upshift.

Even with this correction made to the data, the uptake rate of alanine in the presence
of 500mM sucrose is still higher then it is at 300mM and 400mM sucrose. Despite that, this
estimated data more closely resembles the pattern seen with the transport of the other
solutes via Aap and Bra. Of course, this was just an estimate and the only way to determine
if this hypothesis was correct, was to conduct alanine uptake assays in a MctP mutant (with
25uM/0.125uCi alanine) and in an Aap/Bra double mutant (with 500uM/0.5uCi alanine).
However, suitable mutants were not available at the time of this investigation.

In order to prove that osmotic upshift had no affect on solute uptake via secondary
transporters in general and not just MctP, the dicarboxylate transport (DCT) was also
investigated. The DCT system system is well characterised in 3841 and is know to be
specific for succinate, fumarate and L-malate (Reid & Poole, 1998). Succinate induces its
own transport through the DctA permease, another secondary transporter. Succinate uptake
through this permease was investigated with and without 200mM sucrose added ten seconds
before assays were performed (Fig.7.16). Overnight cultures for this experiment were

grown up in AMS (10mM succinate, 10mM NHy), in order to induce the Dct system.
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Figure 7.16. Uptake of **C Succinate on 3841 with and without 200mM Sucrose, Ten
Seconds before Assays. Cells were exposed to the concentration of sucrose indicated on
the x-axis immediately before assay. Mean uptake of succinate per minute, over four
minutes. Mean results of at least three experiments with standard error values.

Uptake rates recorded from the control cultures were not significantly different to
rates that had previously been reported (Reid et al. 1996). Just like the data obtained with
alanine uptake through MctP, no significant difference was seen in succinate transport in
cells that were shocked and cells that were not. This indicates that the Dct system is not
inhibited by osmotic upshift generated by addition of 200mM sucrose ten seconds before
assays were performed. AIB uptake assays were also conducted with these cells, i.e. grown
in AMS (10mM succinate, 10mM NHy), both the control and the culture with 200mM
sucrose added ten seconds before assays were performed. As expected uptake rates were
87% decreased in cells with 200mM sucrose exposure compared to the control culture (Fig.
7.17). AIB uptake rates were lower in cells grown up in AMS (10mM succinate, 10mM
NH,) then those from obtained with cells grown up overnight in AMS (10mM glc, 10mM
NH4) (Fig. 7.3), but this too was expected as it has previously been recorded (Hosie,

personal communication).
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Figure 7.17. Uptake of *C AIB on 3841 with and without 200mM Sucrose, Ten
Seconds before Assays. Cells were exposed to the concentration of sucrose indicated on
the x-axis immediately before assay. Cells used were grown up overnight in AMS (10mM
succinate, 10mM NHy) instead of AMS (10mM glc, 10mM NH,) as had previously been
used above. Mean uptake of AIB per minute, over four minutes. Mean results of at least
three experiments with standard error values.

In total, these data indicate that solute uptake through ABC systems is inhibited by
osmotic upshift, whereas transport via secondary transporters is not. This fact was taken
into consideration when glucose uptake was investigated.

Glucose transport in R. leguminosarum is believed to be carried out by at least two
uptake mechanisms (de Vries ef al., 1982). Although the class of transporters could not be
identified, de Vries reported a loss in glucose transportation in cells after a 600mM sucrose
shock. Due to this, glucose uptake was examined with and without 200mM sucrose added
ten seconds before assays were performed (Fig.7.18). Overnight cultures were grown up in

AMS (10mM glc, 10mM NHy)
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Figure 7.18. Uptake of *C Glucose on 3841 with and without 200mM Sucrose, Ten
Seconds before Assays. Cells were exposed to the concentration of sucrose indicated on
the x-axis immediately before assay. Mean uptake of glucose per minute, over four
minutes. Mean results of at least three experiments with standard error values.

In comparison to the control culture, the rate of glucose uptake decreased by 25%
when exposed to an osmotic upshift. As glucose transport is inhibited by the osmotic
upshift, it indicates that its uptake is through an ABC system. However, as this decrease is
less than that seen with the other solutes, it also suggests that another non-ABC system is
also involved in glucose uptake in 3841. This system clearly has a higher affinity for
glucose than MctP has for alanine, as there is a relatively high rate of uptake at 25uM of
glucose. Further study is clearly required in order to confirm the hypothesis that glucose
uptake in R. leguminosarum was via an ABC system and a secondary transporter.

All of the data collected throughout this research on the effect of 200mM sucrose

shock has been collected and is shown in Figure 7.19.
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Figure 7.19. Percentage
Uptake of Different Solutes
with and without 200mM
sucrose. Uptakes are given as
a percentage compared to those
from cultures with no additions
(black bars) and those with
osmotic upshift (red bars). All
of the data was presented
individually above.

Key:
AIB (glc) = AIB uptake from

cultures grown overnight in
AMS (10mM glc, 10mM NHy)
AIB (succ) = AIB uptake from
cultures grown overnight in
AMS (10mM succinate, 10mM
NH,)

Ala = alanine uptake

Ala (E) = estimated alanine
uptake via Aap & Bra with no
MctP

Ala (MctP) = alanine uptake
via MctP (500uM)



7.2.5. Effect of 200mM Sucrose on Cells

The next question that was addressed was; how did the osmotic upshift affect the
cells and bring about the decrease in solute uptake via ABC transporter? It is well known
that osmotic downshift causes the loss of SBPs from ABC systems. Could the addition of
200mM sucrose ten seconds before assays were performed have disrupted cell membranes?
Such an upshift could cause cells to lose periplasmic components, such as the SBPs. Loss
of SBPs would decrease the efficiency of ABC systems and may have caused the loss of
solute uptake through these transporters.

In order to determine if periplasmic components are released on exposure to osmotic
upshift, the method for collecting periplasmic fractions (see Chapter 2, section 2.13.1) was
adapted. Two cultures of 3841 were grown up overnight in AMS (10mM glc, 10mM NHy),
spun down and washed as per the protocol. However, instead of resuspending both pellets
in 10ml of Tris-HCL pH 8 with 20% sucrose and 1mg/ml of lysozyme; one was
resuspended in 10ml of AMS (10mM glc, 10mM NHy) (negative control) whilst the other
was resuspended in 10ml of AMS (10mM glc, 10mM NHy) + 200mM sucrose. Cells were
left at 26°C for five minutes (as similar to conditions of cells prior to uptake assays as
possible) before being spun down and the supernatant from both cultures was collected.
AIB and alanine (via MctP therefore 500uM/0.5uCi alanine present) uptake assays were
then carried out on the cell components of both cultures, which produced results not were

not significantly different to those reported above (Fig. 7.20).
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Figure 7.20. Uptake of *C AIB on 3841 with and without 200mM Sucrose, Ten
Seconds before Assays. Cells were exposed to 200mM sucrose (red bars) immediately
before assay or not (black bars). Mean uptakes per minute, over four minutes for AIB or
alanine (Ala) via MctP. Results on right (labelled prev) are reproduced from Figs. 7.3 and
7.14.

As a positive control, periplasmic proteins were isolated from another culture grown
in AMS (10mM glc, 10mM NH4) by lysozyme / EDTA treatment (see Chapter 2, section
2.13.1). Samples from each of the three conditions were run on an SDS-PAGE gel (Fig.
7.21).
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Figure 7.21. SDS-PAGE Gel of Periplasmic Fractions of 3841. Lanes: 1) Low range
protein marker (sizes shown) 2) Fraction from untreated cells (negative control) 3) Fraction
from cells treated with 200mM sucrose AMS 4) Fraction from cells treated with lysozyme
and EDTA to release periplasmic contents (positive control).

257



When compared on the SDS-PAGE gel to the negative and positive controls, no
proteins could be seen in the cells exposed to 200mM sucrose. It is therefore clear that
200mM osmotic shock does not cause periplasmic fractions to leech from cells.

If cell membranes remain intact when exposed to an osmotic upshift, then SBPs
cannot be removed and so all of the components required for ABC transporters would be
present, they just do not function as well. This posed the question of whether cells could
recover on removal of the immediate hyper-osmotic shock considering none of their
components are lost.

To determine this, two sets of cultures grown up overnight in AMS (10mM glc,
10mM NH,4) which were both spun down and washed as usual. However, on the final
resuspension, one culture was resuspended in RMS as usual whilst the other was
resuspended in RMS + 200mM sucrose. AIB uptake assays were then immediately carried
out on both sets of cultures (i.e. there was no hour starvation period). As soon as assays had
been carried out, both sets of cells were washed and resuspended in standard RMS, which
removed the hyper-osmotic shock. In order to wash the cells as quickly as possible, 10ml
of each culture was taken, split into 1ml aliquots and spun in a microcentrifuge for 5
minutes at 13,000rpm. Aliquots were washed in RMS in the before being pooled and final
resuspension in standard RMS to an ODggo of ~1. AIB uptake assays were then carried out
on both sets of cultures (approx. 20 minutes after the first set of assays). Assays were also
carried out 40 minutes and 60 minutes after the initial assays were performed (Fig 7.22). In

between these sets of assays, cells were left shaking at 60rpm at 28°C.
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Figure 7.22. Uptakes of *C AIB on 3841 with Osmotic Upshift and after Removal of
Shock. Hatched bars indicate the culture that was exposed to 200mM sucrose, black bars
indicate the control culture. Osmotic upshift was only present in the 0 minute assay and
was removed for subsequent assays. Assays were performed every 20 minutes, as indicated
by x-axis, after the initial assay. Mean uptake of AIB per minute, over four minutes. Mean
results of at least four experiments with standard error values.

These data clearly shows that AIB uptake rates are restored to normal on removal of
the hyper-osmotic shock, as no significant difference is seen between the rates of the control

cultures and the rates of the test cultures.
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7.2.6. Spheroplast and Bacteroid Data

As mentioned above, previous reports have shown no solute uptake in spheroplasts
or bacteroids via ABC systems, although it is known that these transporters are active and
expressed in both (Djordjevic et al., 2003; Dupont et al., 2004). Upon their generation,
spheroplasts are kept in media containing 20% (585mM) sucrose, because they are cells
with weakened outer cell membranes and so they are stored in hyper-osmotic conditions to
prevent them from bursting through osmosis. It has already been shown that an addition of
200mM sucrose ten seconds before assays were performed severely inhibited uptake
through ABC systems and that 500mM sucrose almost abolished all uptake in the systems
tested. These data was considered when investigating uptake via ABC systems in
spheroplasts.

In work conducted by White (unpublished), three cultures were grown up in tandem
overnight in AMS (10mM glc, 10mM NH4); one was washed and resuspended in RMS
(negative control), one was washed in RMS and resuspended in RMS + 20% sucrose and
the third was treated to create spheroplasts, as described by Hosie et al. (2002b). AIB
uptake was measured in each as well as alanine uptake via MctP (500uM/0.5uCi alanine

present) to check the spheroplasts were still viable (Fig. 7.23).
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Figure 7.23. Uptake of **C AIB on Untreated 3841, Sucrose Exposed Cells and
Spheroplasts. AIB uptake from cells resuspended in RMS, cells resuspended in RMS +
20% sucrose or spheroplasts (as indicated). Alanine (500uM) uptake via MctP (cross-
hatched bar) shows spheroplasts had not burst. Mean uptake per minute, over four minutes.
Mean results of at least three experiments with standard error values (White, unpublished).

As can be seen, the amount of sucrose used in spheroplast generation almost
eradicates AIB transport, even without the presence of lysozyme. It is known that no
uptake was seen via ABC transporters in spheroplasts as they had no SBP components.
Whilst this is true, it can be seen here that the amount of sucrose used in spheroplast
generation almost totally inhibits uptake through ABC systems in cells containing SBPs.

Upon their isolation, bacteroids are also kept in media with a high amount of sucrose
(300mM) and so a pilot experiment that investigated their uptake of succinate and glutamate
was performed by Hosie & Lodwig (unpublished). As outlined above, in R. leguminosarum
succinate is transported by a secondary transporter (DctA) and glutamate is transported by
the Aap and Bra ABC systems. In order to fully compare secondary transporters to ABC
systems, a double knock-out mutant of Aap and Bra was made. Also, a glutamate permease
gene (g/tP) was taken from E. coli and cloned to the pJP2 vector (pRU976). pRU976 was

transferred into the double mutant so that glutamate transport could be achieved though the
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secondary transporter GItP. pJP2, not containing the g/tP gene, was also transferred into
both wild-type and the double mutant in order to show that the pJP2 was not responsible for
any change in uptake rates. Five strains of R. leguminosarum were used in total to inoculate
pea plants; wild-type, an Aap/Bra double mutant, wild-type containing pJP2, Aap/Bra
double mutant containing pRU976 and Aap/Bra double mutant containing pJP2. After the
pea plants were left to grow for a suitable amount of time, bacteroids were isolated from
their root nodules using the methods of Lodwig ef al. (2003). Succinate (Fig. 7.24) and
glutamate (Fig. 7.25) uptake assays were performed on these isolations as described above.

All this work was conducted in R. leguminosarum A34 not R. leguminosarum 3841.
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Figure 7.24. Uptake of *C Succinate on the Bacteroids Isolates of Pea Plants
Inoculated with Various Strains of R. leguminosarum. Uptakes rates recorded from
isolates of wild-type (black bar), Aap/Bra double mutant (red bar), wild-type with pJP2
(green bar), Aap/Bra double mutant with pRU976 (g/tP) (yellow bar) and Aap/Bra double
mutant with pJP2 (blue bar). Mean uptake per minute, over four minutes. Mean results of
at least three experiments with standard error values (Hosie & Lodwig, unpublished).
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Figure 7.25. Uptake of *C Glutamate on the Bacteroids Isolates of Pea Plants
Inoculated with Various Strains of R. leguminosarum. Uptakes rates recorded from
isolates of wild-type (black bar), Aap/Bra double mutant (red bar), wild-type with pJP2
(green bar), Aap/Bra double mutant with pRU976 (g/tP) (yellow bar) and Aap/Bra double
mutant with pJP2 (blue bar). Mean uptake per minute, over four minutes. Mean results of
at least three experiments with standard error values (Hosie & Lodwig, unpublished).

These data shows that succinate transport in bacteroids was not significantly
affected by the loss of Aap or Bra, nor was it affected by the addition of pJP2 or pRU976.
The uptake rates were lower than those reported earlier in free-living cells (Fig. 7.16), but
this was attributed to the harsh nature of bacteroid isolation that may have damaged cells
and so hindered solute transportation. Glutamate transport was not significantly detected in
any strain apart from the one that expressed the E. coli GItP secondary transporter. Whilst
the Aap/Bra double mutant lacked the ability to transport glutamate, the wild-type strain
was fully functional but was shown to be unable to transport succinate. This indicates that
uptake through ABC systems in bacteroid isolates is inhibited, but no inhibition is observed
with secondary transporters. Initially, this loss of transportation was also attributed to the

harsh nature of bacteroid isolation that may have damaged cells (possibly by the loss of
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SBPs) and so hindered solute transportation. However, work presented here regarding

sucrose inhibition of ABC systems may shed new light on these findings.

265



7.3. Discussion

Although de Vries (1982) reported a loss of glucose transport following high
osmotic shock, this research has examined the effect in much greater detail. The data
presented here clearly shows hyper-osmotic shock can cause a decrease in the rate of solute
uptake. The magnitude of this effect was dependent both on the concentration of osmotic
stress, and on the time of exposure. If a stress was introduced at 200mM, an immediate
decrease in solute uptake of at least 50% was seen in the majority cases. Also, this effect
was generated regardless of the type of compound used to produce the osmotic upshift.

Interestingly this phenomenon appeared to be specific to ABC transporters, as the
MCT and DCT systems (both of which use secondary transporters) were not significantly
affected by osmotic upshift. There are two major differences between secondary and ABC
transporters; the latter require a SBP to function and are driven by ATP instead of by proton
coupling and concentration gradients.

With so many different compounds tested, it was unlikely that the any of the
molecules used to cause the osmotic upshift were directly responsible for blocking a SBP
from interacting to either its solute or its IMP complex. SDS-PAGE gels showed no traces
of proteins in the supernatant of cells exposed to the osmotic shock, proving that the
osmotic upshift did not cause cell lysis and so SBPs were not lost from the Rhizobium.
Furthermore, uptake rates were restored to match the rates from unstressed cells
immediately on the removal of the hyper-osmotic shock proving that no component from an
ABC system was lost during the osmotic upshift. Rhizobium must therefore respond to the
hyper-osmotic shock immediately and this osmotic upshift prevented ABC systems from
functioning affectively.

One possibility is that on encountering an osmotic upshift of severe enough
magnitude, R. leguminosarum cell membranes immediately contract in an attempt to close
any pores. This would prevent cells from losing water but would also cause the inner and
outer membranes to come together during their constriction. This in turn would reduce the
periplasmic volume and effectively trap any free proteins between the membranes. As
SBPs are periplasmic, under these conditions their movements would be restricted and as a
result their functionality might be compromised. This might explain why uptake rates are
decreased (but not abolished) with ABC systems, but not with other classes of transporter.
On removal of the hyper-osmotic stress, membranes returned to their regular state, freeing
SBPs and so solute uptake via ABC transporters could return to normal, as reflected by the

data presented here.
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This is just a hypothesis; the inhibition may also be due to energy coupling aspect
that is specific to ABC systems, e.g. ATP generation might be affected. Alternatively,
SBPs may ‘dock’ with their appropriate IMP complex during the osmotic upshift.

An immediate cellular response to an osmotic effect has been well characterised
with mechanosensitive channels, which under hypo-osmotic stress must react in
milliseconds, else cells would burst with the rapid influx of water (Stokes et al., 2003).

The slight differences in the decreased uptake caused by each of the compounds
tested can be explained by the differences in osmolarity generated by each compound. This
is because osmotic effects are colligative and depend on the total solute present. Ionic
molecules such as NaCl and KCI will disassociate into their ions whilst sugars and polyols
remain intact. This in effect increases the amount of solute present when ionic molecules
are used and was observed with NaCl and KCI, both of which caused a greater inhibition of
uptake rate at 200mM in comparison the other osmolytes tested (Fig. 7.8).

Likewise, differences in uptake rates between solutes may be explained by the
number of systems capable of transport and/or the specific binding affinities between each
SBP and each solute/IMP. Further protein work is clearly required to confirm this.

Although the mechanism behind the inhibition is not completely known, the effect
itself is clear. This technique could prove a simple and inexpensive method for determining
whether or not an uptake system is an ABC transporter, much in the same way vanadate can
be used (Urbatsch et al., 1995). This technique was shown when glucose uptake was
investigated (Fig. 7.18) and indicated its transport by at least one ABC system and at least
one secondary transporter.

These data also raised an interesting question regarding spheroplasts and bacteroid
studies. All previous work with spheroplasts and bacteroids has involved resuspending
them in a high percentage of sucrose, to protect them from their environment. In all of
these studies no uptake through ABC systems was observed, although it was known that the
transporters are expressed in both. Indeed, mutant studies have shown that not only are
ABC systems active in nodules but that in bacteroids they play a crucial role in the amino
acid cycle vital to Rhizobium-legume symbiosis (Lodwig et al., 2003).

In the case of spheroplasts, SBPs would not have been present and so transport
would be abolished, however, the media used in spheroplast generation contained an
amount of sucrose (600mM), which would almost totally abolish transport through ABC
systems regardless of the presence of SBPs. Indeed, transport rates obtained with

spheroplasts and with whole cells suspended in 600mM sucrose were virtually identical.
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In the case of bacteroids, SBPs should not have been lost during their isolation
(although it remained a possibility) and it has previously been hypothesised that the
bacteroid isolation process is so harsh on the bacteria that cell functions are greatly
disrupted, which is why no transport can be observed. However the data presented here
shows that the presence of sucrose in the suspension media would have caused the lack of
uptake via ABC systems. Therefore, the data presented here (proving ABC systems are
inhibited by high amount of sucrose) may invalidate any previous observations concerning
the loss of transport via ABC systems in spheroplasts or bacteroids. It also suggests that
refinements need to be made to the protocols used in spheroplast/bacteroid isolation in order
to find a balance between protecting cells from osmotic pressure and to allow uptake assays
to be performed uninhibited. This could prove difficult to accomplish though as a certain
amount of sucrose (or any other osmolyte) is required in isolation media in order to protect
cells from bursting under osmotic pressure. Only further spheroplast/bacteroid studies will
help to refine the isolation techniques and uptake assays performed on these cells.

Data presented in this report appear to have created a paradox. Initial data (Chapters
3 & 4) clearly showed that an ABC system (termed QAT6) was specifically induced under
hyper-osmosis. Further data (Chapter 6 and this chapter) clearly shows that transport via
ABC systems is inhibited by osmotic upshift. Why would Rhizobium induce a system
under conditions where it would be inhibited?

Another problem that arises from this data is that identifying hyper-osmotically
induced uptake in R. leguminosarum 3841 could prove difficult, a fact proved in the
previous chapter. At this time it is unknown how widespread the effect of hyper-osmotic
shock on ABC transporters is and whether or not any other organisms display a similar
phenotype. = Many studies have demonstrated S. meliloti’s ability to transport
osmoprotectants into its cells on exposure to hyper-osmotic media (Bernard ef al. 1986). It
may be that S. meliloti does not have the same hindrances as R. leguminosarum regarding
osmotic upshift and ABC transport systems. However, further studies have determined that
the primary transporter of glycine betaine and proline betaine in S. meliloti is the BetS
transporter (Boscari et al. 2002). This is not an ABC system, but a secondary transporter.
(As previously mentioned, no gene with significant sequence identity to betS could be
found in the preliminary genomic sequence of 3841.) If S. meliloti does have the same
properties as R. leguminosarum then the BetS would not be effected by hyper-osmosis, just
as the DCT/MCT system is unaffected in 3841. Indeed, another study by the same group
has shown that the Cho ABC transporter, responsible for the uptake of choline (a glycine
betaine precursor), is inhibited by the presence of NaCl (Dupont et al., 2004). Therefore it
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is possible that in Rhizobium, all ABC systems are inhibited by osmotic upshift and other
transporters are responsible for osmoprotectant uptake.
Clearly further study, and maybe refinements to the current protocols, is required to

fully understand and investigate transport in R. leguminosarum under osmotic upshift.
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CHAPTER 8: FINAL DISCUSSION

270



8.1. LB3 Screening Results and Characterisation of Fusions

Thirty-two fusions were isolated during the screening of the LB3 promoter probe
library. The focus of this project was then concentrated on those fusions induced by hyper-
osmotic and/or acidic stress. Obtaining sequencing data for each fusion and the release of
the preliminary genome of R. leguminosarum 3841 allowed the genes (or operons) that were
most likely induced by the stressful conditions to be identified. The sequences of each gene
were then analysed using the BLAST and Pfam software packages, which allowed putative
functions to be assigned to the product of each gene. This, along with the induction data for
each fusion, permitted them to be assigned to a general or specific stress response. Some
genes were selected as models of a specific stress response.

The predicted operon of pPRL100079 to pRL100081 (fusion pRU843) is an excellent
example of a hyper-osmotic stress response (induced by sucrose, NaCl or mannitol). The
operon shares sequence identity with the ProU system in E. coli, an extremely well studied
and characterised transporter involved in the uptake of compatible solutes during osmotic
upshift. The discovery of this operon led to the investigation of ProU-like systems in R.
leguminosarum (see below).

The predicted operon of pRL90174 and pRL90175 (fusion pRU845) appears to
encode a novel system used by 3841 to remove acid when countering an environment with a
low pH. The novel mechanism removes acid from the cell by coupling a decarboxylation
pathway to PHB. PHB is usually broken down to B-hydroxybutyrate, oxidised to
acetoacetate by BdhA and then converted into acetoacetyl-coA. Instead, using the putative
products of pRL90174 and pRLY90175, B-hydroxybutyrate could be converted to
acetoacetate (via the pRL90175 product) and is then converted to acetone (via the
pRL90174 product). This removes the carboxylic acid group from the compound, which
would cause the internal pH of the cell to increase. PHB is abundant in R. leguminosarum
cells and so provides a reservoir for this system to use. BLAST analysis indicated that this
system is not present in other sequenced a-proteobacteria and so may be unique to 3841, but
the use of decarboxylases to remove carboxylic acid groups from molecules (e.g. GABA) in
response to a low pH has been reported in other bacteria (Castanie-Cornet & Foster, 2001;
Hommais et al., 2004).

Approximately 38% of the stress-induced genes were identified as being
hypothetical; a similar result to the genome of S. meliloti, ~40% of which is made up of
hypothetical genes. Another interesting discovery was that the genome of 3841 contains
many copies of the same genes. At least three copies of a nodT-like gene (RL3856,

pRL100178 and pRL100291), two copies of a bdhA-like gene (RL3569 and pRLI0175) and
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two copies of some of the fix genes (e.g. pPRLI0013 and pRL100293 are both fixH-like) are
present within the genome of R. leguminosarum. This indicates that these copies may be
paralogues with different functions, which may be induced by different conditions, or may
possess a high level of redundancy (see below).

Whilst effective, this type of study is not intended to compete with microarray
experiments, which will permit the induction and repression of the entire genome to be
monitored in one assay. The purpose of the LB3 library was not to be exhaustive in the
examination of the 3841 genome, but to provide an easy means to monitor gene expression
under stressful conditions. Plasmid fusions allow many different media to be screened at
once with little expense and allow the transfer of fusion to other strains (e.g. mutants) to see
if their expression is altered. Microarray studies have already been successful in S. meliloti
(Cabanes et al., 2000; Ampe, et al., 2003; Djordjevic, et al., 2003; Riiberg et al., 2003;
Becker et al., 2004) and are currently being developed for R. leguminosarum. Future work
will involve using microarrays to monitor the response to hyper-osmosis and other stresses

in R. leguminosarum.

8.2. Mutational Studies

The attempt to locate a global regulator(s) of stress responses in 3841 by screening
some of the markers isolated from LB3 in a Tn5 mutant library was unsuccessful. This may
be because of the redundant nature of the R. leguminosarum genome (as mentioned above),
or because such mutations are lethal. If, as predicted, the genome of 3841 contains more
than one copy of key genes, a mutation in one of these copies will not cause a severe effect
to the bacteria, as a homologue or paralogue is present to function in place of the mutant.

The theory of redundancy within R. leguminosarum is further supported by the
studies conducted with mutations made in specific stress-induced genes. None of the
mutants showed any severe growth defects when grown in standard or stressed conditions,
or when grown in symbiosis with pea plants. This indicates that systems may exist within
3841 (whether analogous or homologous) that can take over from the mutated genes.
Alternatively, whilst the genes mutated were shown from the data obtained from the pOT
fusions to be stress-induced, they may not encode a vital system in the stress response,
which is why no severe growth defects were seen.

One mutant unable to grow under hyper-osmotically stressed conditions was
isolated from a Tn5 mutant library. However, the stress response that the gene was
involved with was highly specific to an excess of fructose and not hyper-osmosis itself.
The mutation was in a /ysR-like regulator gene and it was assumed that this regulator maybe
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responsible for controlling this fructose response in R. leguminosarum. A gene encoding a
MFS-like transporter, that shares sequence identity to a sugar efflux permease, is
downstream of the /ysR-like gene and may be involved in the cell’s response to a high
concentration of fructose. One of the fusions isolated from the LB3 library, pRUS8S55
(RU1519), was shown to produce high levels of GFP only when sucrose was used to
generate hyper-osmosis. This, along with the LysR-like mutant data, suggests that 3841
may have a different response to an osmotic upshift generated by sugars, compared to that
of polyols and/or ionic molecules. Any potential differences in the response to hyper-
osmosis stress generated by different classes of molecules in R. leguminosarum will be
something that will be investigated in future work.

Whilst no change in growth phenotype was observed, one of the pK19mob
generated mutants, RU2184, is in a regulatory gene involved in the stress response
(RL1157). A mutation in this predicted two-component response regulator gene prevented
the transcription of RL1155 (a predicted hypothetical gene) and pRU862 (GFP fusion to
RL1155) no longer expressed GFP under hyper-osmotic or acidic conditions, when present
in RU2184. Although mutations in RL1155 and RL1157 did not cause any growth defects
to R. leguminosarum, to my knowledge this is the first regulator associated with a hyper-
osmotic and acidic response to be identified within 3841. RU2184 was tested with all of the
stress-induced fusions isolated from LB3 and it only had an effect on pRU862 and its
induction, however, further studies using the DNA of RU2184 in a microarray experiment
could reveal other genes that RL1157 may regulate. This is something planned for one of
the first experiments once 3841 microarrays are available.

It was fortunate that RL1157 was discovered through the random nature of the LB3
library. Now the predicted genome of R. leguminosarum is available, potential regulator
genes that are in close proximity to stress-induced genes can be located by BLAST analysis
and investigated accordingly. This too is planned for the future work and potential

regulator have already be identified (Chapter 4, section 4.3).

8.3.  Hyper-Osmotic Uptake and QAT Systems

Six QAT systems were identified within R. leguminosarum using sequence
comparisons, homology and phylogenetic studies and BLAST analysis. Preliminary
promoter probe data indicated that five of these were induced by osmotic upshift and one
was induced by choline and glycine betaine. However, uptake of solutes through ABC
systems is inhibited by an osmotic upshift. The degree of inhibition is dependent on both
the time of exposure to the hyper-osmosis and the severity of the osmotic upshift, but was
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independent of the osmolyte used to generate the stress. Additionally this phenomenon
appears to be specific to ABC transporters, as the MCT and DCT systems (both of which
use secondary transporters) were not significantly affected by osmotic upshift. The fact that
five of the six QAT systems appear to be induced under conditions, in which transport is
inhibited, is somewhat of a paradox and future work intends to further characterise the
induction patterns of each of the QAT systems to determine what is occurring within cells
under hyper-osmosis.

Whilst the mechanism behind the inhibition is not completely known, the effect
itself is clear and raises many questions with regard to previous studies involving
spheroplasts and bacteroids isolated from R. leguminosarum. All previous work with these
types of cells has involved resuspending them in a high percentage of sucrose, to protect
them from lysis. In all of these studies, no uptake through ABC systems was observed,
although it was known that the transporters are expressed in both spheroplasts and
bacteroids. Whilst the SBP component would not be present in sheroplasts, which would
inhibit uptake of solutes through ABC transporters, bacteroids should still have the SBP
components present. However, if transport assays were carried out in the presence of
sucrose, as previous reported for all bacteroid studies, then uptake would be inhibited by the
osmotic upshift. This would explain why no uptake has been observed in previous
bacteroid studies and may invalidate any previous work. Future work will concentrate on
refining the protocols used in spheroplast/bacteroid isolation to try and find a balance
between protecting cells from cell lysis and to allow uptake assays to be performed
uninhibited. However, this may be difficult to achieve as a specific amount of sucrose (or
any other osmolyte) is required in isolation media in order to protect cells, such as
bacteroids, from bursting due to their fragile outer membrane. This amount may prove to
be too high, inhibiting any uptake activity seen via ABC transporters.

This data also raises further questions as to how 3841 counters an osmotic upshift.
None of the compatible solutes tested contributed to the growth of 3841 under hyper-
osmosis and the systems used by other bacteria to transport these osmoprotectants into cells
are inhibited in R. leguminosarum by an osmotic upshift. How does R. leguminosarum
respond to hyper-osmotic conditions? Studies in S. meliloti have shown that the BetS
transporter, a secondary transporter, is responsible for the uptake of betaines as compatible
solutes, but no gene with significant sequence identity to betS could be found in the
preliminary genomic sequence of 3841. Perhaps rhizobia use secondary transporters, and

not ABC systems, when acquiring compatible solutes under an osmotic upshift and clearly
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further study is required to fully understand and investigate how R. leguminosarum
responds to hyper-osmosis. This too, is planned for future work.

The QAT studies did reveal a homologue to the Cho system in S. meliloti in 3841
(QATI1). QATI is clearly induced by the presence of choline and glycine betaine and a
mutant of this system was unable to grow in media where choline or glycine betaine was the
sole carbon/nitrogen source. However, studies indicated that after growth on AMA (10mM
gle, 10mM NHj) QATI1 was responsible for the transport of choline but not obviously
glycine betaine. This may be because, due to time constraints, the transport assays were not
performed in cells grown on choline or glycine betaine as the carbon/nitrogen source.
Future work is planned which will identify the optimum growth conditions for the induction
of the QAT system. This work will also involve studies on QAT3 and QAT4, which were
not conducted during this project because mutants in them were not made in time for
analysis. The promoter probe data for the QAT systems will also be repeated, allowing a

more conclusive overview of induction patterns to be concluded.

8.4. Conclusion

The purpose of this study was to try and lay down foundations for the genetic
analysis of stress in R. leguminosarum 3841. This study has provided a number of tools and
approaches for future, as outlined above. Not only have a number of important systems
been identified and model gene fusions been isolated but the precise growth conditions
needed for array analysis have been established. As such this should provide a powerful set
of approaches for examining the stress responses of R. leguminosarum in both the

laboratory, soil and rhizosphere environments.
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pRUS43
1
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101
151
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251
301
351
401
451
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651
701
751
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851
901
951

1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851

pRUS44
1

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951

1001
1051

caggcgcacgtcacttgtaaccggcagcgtcccecggggtaacgectgageg
caataagctgggcgaggatcgaaaagacttgattggtgttttcggcgcecc
ctctctgggacgcaataagccgagccacggtagactgtggcggcaaagca
gttgtgcgatcgtccccgagtaactttgataatcgatgtgtcggtecgece
gccgaagggcctcecctceccgtctggagectgaaggcattgggggtggatecge
atcaatgctccaagataacgaaagacagcaaaaggcgagcgcagggaaat
ggagaaggtgaaggaagcttcaccttctatatcgttgtgaaaccttacta
cgaggtccttcggcgtcgcgeccgtacccgaccagttecgegetgcagatce
tggccagggccctgacggactaggttgecgecttgaaggegtegtegetgtyg
ttcgggtcggtcecctgatttcatgatcacgatcgatgccaacttetggat
gtctgcaagcgacgctcaggcccgcecgceccctcatggagcatgagectatecge
actgtgcgcaggagctcgacgacttcggagccccgaagttccgcaagegt
cggattcacccgaagccgcgcacaacgccagggtcgcagaagcccaaaac
agcctatttttgcgccatcacgatgacccgctggcaataaatttcatttt
tttatggacatcgagcgtatatccacctacataacgttcaatgccteccge
cgaagcgctggtttcgaatggaacatgaagcgccgaacgcagacgttact
atcgatgattgccattatggcaaagccatacttggatggccagatacgtg
attaaatcaatagcgcttttctacattggaaacacacccgacacttggaa
attcacagtaaatactgccgtctcgacaagcatcggctaaaaaaggagaa
tgcctagcctcecttgagectcecggecgeccaaattatatgaattectgcaactgg
aaaagacgcgccgacacaatcggcaacgaccaagatcagcctcaagaaca
tctacaaagtcttcggcgagcatccgaaaaaagccttcgcactactgecgg
gccggaaagaccaagtctgaaattcatgcagcaacgggctgctcgatcgg
cgtcaacgacgccagtttcgatattcgtgeccggcgagatattegtgatceca
tgggcctgtcgggctcececggcaaatcaacgctgetgecgecttcectcaaccga
ctgatcgaaccgagttccggatcgatcgagatcgatggccgcgacatcac
cggcatgtcgcgcagcgagctgatcgcecgcecttecgecgeccgcgacatcageca
tggtcttccaatccgttgcactgctgccgaaccgcacggtcctcaacaac
gccgcecttcecggtcectcgaagtcecgecggtgtcggcgaggeccggceccgcaagcea
gaaggcactggcggcgctgaaggccgttggcecctagatggctatgccgaca
gccgcccggaccagcectcecteccggtggcatgaagcagegegtecggecttgece
cgcgcactggccagcgagccgacgatcctgctgatggacgaagecttete
ggccctcgacccgctgatcecgcacggaaatgcaggacgaactggttcegece
tgcagtcggaacacagccgcaccatcgttttecgtcageccacgatctecgac
gaggcgatgcgcatcggcgaccggatctgcatcatgcagaacggcaatgt
cgtgcaggtcggcgcgcecccgatgaaatcgtcacccagccggceccaacgact
atgttcgctcgttcttceccgcaatgtcgatgtcecgcecccatgtcttcaaggcec
ggcgatgttgcccgcaagtcgcaggtgacgatce

cgcacgcgctgaagaacctcgaagaccagattgcccatcectgtecggegetg
atgagcgcgccgcgcgaaagcgccgtaatacccecececcgaactcgaccagceg
catgggcgcgatcgaagactatatggcgacgagcgatgaatatatcatcg
aggcggcacgccaggcggcagaggccgtecgtcgaagectattegegecat
ggcggtccacagggtgtcatgcccgeccgceccgacatgtcggecgectgacgge
gctggccgaggatctgcgccacctcgaggatctcageccgecgacagecgagg
agcgtacgcacaagactttccaggcgctgcacgagacgctggtgcatatce
gccgaccgcctcgacggcatgggagatcgcggeccggecggecgeccagat
gccgatcgccgacgtcgatttcgatgtcgatcecctatgegttgatggtgg
ccgaagccgacatgaacaggacgccggccgctgcecccgacagcgaaggct
tctcetgttatcecgcacggeccgaggtecgcageccgaagectgecgeccecgge
acaagccaccgccccggcacaaaccaacgccatgagcggaacgagcgega
tcgccatcgaagccgcgaccaggacgacggagacagcagcgacatcggea
gggacacgggcaccggcaaaggccagcctgectcgeccaacctcggcaagcg
gctgctgcccgccaagaaggccgagagccggacgaccgaacggecgatga
tcgaccccgcecgcecgtcecgatcgatcecccaccgacgtggtgecgacggatgeg
gcaaacgaactgctcgagccgggctcgggecgcecgecctgacgtgaagaagat
ccttgaacgggttcgcgccagccagagtgcggcgcgcggcaaacctgecg
gcgaaaccgatcgcgccgattatatcgctgccgecgegecgtgeggegecag
gcggccgcgatggaggtggatgccaatccgaagcaggcagceccggcaaggce
cgagaagaaaggcgcgaatgccgacaaggccggcaaggcttceccgacaaga
cgggcaagaccagcgccttttcecgecgectaccggecggecgatecctgetggeg
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1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501

pRU845
1

51
101
151
201
251
301
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451
501
551
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651
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851
901
951
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1101
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1251
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1351
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1451
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1551

gtcggcgccgtgctgectcecgecgatcatggectttecgettgeccgaacget
gacaacaggcgagcgcgcgccgcagceccgceccagcagaagtcteggegetga
ccggcgcggaaaacccggcgccggcecttgectgacgcgacacccgeccag
ccggatgccgceccgctctcggaacgaccgcectceccggcagecggatgeccacgcec
gcccgtcecgeccgaacaggcgcagccggaagcgaccccgectgacgeccggecg
agcatctgaccgacgtgacgccgcttgacggcgaaggggctgcgaccctt
gcccctececggtecgtecgggtgecggegcaggagacatcgggettegttee
gaacgcaccggctgcggcagcacccgcaccggccatcaccgtteccgaca
ccgtccagccgaaatcgcecttgeccgatgecggcgagecggecggcgatgegetg
gcgctgttcgagatcggcgecgegttattcggacggeccgcaacggcatgac
ggtcgatcagaagcaggcggcgagctggtaccagcttgcggceccgacaagg
gctttgcgccggccgaataccgcecctcecggcagcatgtacgaaaagggcaac
ggcgtcgaacgcgacatcgccaaggcgaagggtttttacgagcaggcgge
aaaccagggcaatgccagcgccatgcacaatctcgeccgtgectctacgect
ccggcgcgctcggccagcaggattatgcgacggecgectecgtggttcacce
aaggctgcgaacctcggcatcaccgacagccagttcaacctggcgatect
ctgcgcgcgcggcaacggggttceccggecggatctcgaagagtectacaagt
ggtttgcgatcgccgccaagggcggcgacaaggatgcggecgcagaagcgce
gacgaagtggccaaagccatgaagcccgaccagctcgaacgggcgcgcge
caaggccgatctctggaaggcggagccggtcgaccatcgcacgaacgcca
tcgacatccccgacgaatgggceccggcaccggcgccaagacggecgagegte
gacatgaagaaggcgatccgcaacatccaggcgatcctcaacaataacgg
cttcgacgccggecgtgeccggacggcgaaatgggcgcgaagaccgtgaccg
cgatcaaaaacttccagaagtcggtcgggcaggagccggacggcaaggtyg
accgatgcgaccgtgaaggcgctgctcgaacgcaacaaacagggcagcaa
ggcaatctgaggcccgcgtcgcatcgacgcaggagtgtctectectattgeg
ggcgatgaaaaacgcctggcggcactatgccgcaaggecttttttcaattt
tgccgtcgcectgtcacaaaacctgaaaaaagccggattatgeccggacat
atcgatc

tcggcgceccccgtgattectcagataaagectceccagtgegtecgaaatagetyg
aaggcgctttccgaacggacaaagcgcaactgcatcaacctgcecccgtcege
atcatcgacgaacaccagcagcgagcaggccggcccaagatcttcgaacce
agcgatgctcggacccgtcgatctgcaccagectcecgeccataggcttcacge
cgcaagcggggctgatgaaacgtccgccgctgcttgcgecgacageccacag
gcccgcatccaccatccagectgcgcaacgtctecgegecgacacccgcaate
catcgcgctcggcaagcttctcecggecgceccaatgtecggeccgaagtecgea
tagcgttcgccaaccagcgtcaccgcgtaatctcgaacaccgtcactgat
gcggttgttcgacggccggeccgatcgectttgtgecggatcgacgecgecac
cacccgtgttgatccgctccagcagacgacgcacctggecgegtactcaga
tcaagcgcatgtgccgccgacaccatcgtcatccggecggegatcacttt
cgatagaatctcgatccgctgcagatcacgcectcecgetcatcgctatcagtce
ccatccgcaatctccaccgtcatcaaacccggggagtgtgacattceccaac
tttgcagaaacaggacacttcaactttgcggctacaatcaaaatttgcgg
cgtaacggatattatggaacacaagagtgctcctgtctcgaagcgagact
tcattgattgaaccagctgacgacgctggtcgaacggagtagcaagcectyg
aaatgaaggattggcctggcgtgggtgaattcgcagtctacatagectgca
tggccagcgttgtcacattttgttgcattgcaaagatgccctecggcagga
ctaactaaaggcctcaatggttgcgaagaatgcgccgctttgactagcaa
gcctctgaaatgacgtagtatatgattacccagaagceccttcecctgecattac
tgaaacttaatctgccccgtgcagectcgatggectteteecgtgttatttyg
ttagcagctgcagcatttgaggaaaagcgtcccgtgagtactattecgac
agagaaaaccgtgctggtgtttcagggcggtggtgctctgggggecctacce
aggccggcgcttacgaagctttgcatgaagctggcatccgeccecgactgg
ctggccgggatatctatcggttcgatcaactcagccatcattgeccggaag
cccecgtecgatcagecgtgtcgataacctaaggaccttetggecatecgggtet
cgtccggactgcccggceccattttctecggcaatggcaatgecgatgegecaaa
tggttcaacgaatcctccgecttttetggggtectttgaccggegttececgg
ctttttcacgccgcgcecgtectttgecgeccatggaacatcececgggecgateccga
tggccgcgatcagcecctttacgacaccgcgcecgttgcaggagaccctcecgcec
ggtctcgtcgatttcgacctgatcaattccggtgceccatcececgtectcagect
cggcgctgtcgatgttgttagcggcaacttcaattatttcgacaaccteg
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attgtactttttcgcccaaacacgtggccgcecctceccggggegttgeecgecg
ggttttgcgcccgtcgagatcgacggceccgctattattgggatggaggtat
cgtttccaacacgccgctgcagegecattectecggtggtagecgagttggaga
cagatctctgcatcttccaggtcgatttgttcagecgccaagggegtgetyg
ccgaaggatgtctttgacgtcgatgcccgcgagaaggaaatccgetttte
cagccgcacgcggctcaacaccgaccagttceccgcaagcttcagteggtge
gcatggcggccaagaggctgactgaaaagctgccgecctgagctgaaggac
gatcccgatgcgaggctccttgaaaagatcggcaatgattgcecgecgtgac
catggtgcacctgatctatcggcatgccgcecctatgaaaccggatctaagg
actatgagttttcgcggctatccgtggaggaacactggaaggccggcecat
gacgatgtggtcgagacgctgaaccatccagattggctcaaccgaacgcg
tccgaccaatgggatacggattttcgaccttgccgagcaacgectgegtg
ggaaaaagccatgaaaattgaagatgtcgttcgcaatgcctttgccatge
cgcttaccagtccatcctacccgccagggcecttaccggttegtcaatege
gaatatatgat

tctcggcatgecgectgecatatcgggtteccggaatatecttgecgagegte
gccgcgatggtgtcggcgatcgaggccgaaaagaaatcgtagatcectecgat
catcgcccggttgcecccgaagcggcgatgacggecttgtggaaggcgaggt
cgcgttcgatgaaggcggcctggttgcececgecgtegtaattgecgegtteg
gcaagcagcctgcgaagcccggcaacaatctceccggegtecttgeggatege
tgtcagccgggcggecctcgacgtcgagecgeccaggecgegectecgaactggt
cacgcaggctggcgcgceccgcgceccatcecgtcagecggtecggecggecategetyg
gtggcgcggacataggtgcccgaaccctgecttgtectcgagataacccectg
agagacgagaacgcgcaccgcctcgecgcaccgtgeccgecggectgacggaca
gcatggccgacagggaggcctcattcggcaatttctecgecgaccgeccag
cgtttgccgagaatgtcgeccgecggatcecgectecgatecgectecatecggegag
attggtcttgctgagcgctctcatcccactactcataaagtcatctgatg
actttatgagtagtgggatttcgatctttcgtcaacgcccggcatcgaga
caataaaggcatcaagacaataaaaaagggccgcctcagcgaccctttee
atgagtttggcctcaaactggcctggactgtctatgcageccccaggaagg
cggggattagagcgagggctgcctcecgecttegtcacctettecatgeeceg
ttacgaggtccgaaatctcattagacattggatcaccttectttegttet
gttgctgatgacttaaaagtaggccgattcttcgcagatgcaagagagaa
atgcgttcagtgcgcagctttgatgaaggtgccgttctgcagttecgecgea
tcgcctgcatgatttcectegegecgaattcatcacgatcgggecgtgecag
gcaaccggctcctcgatcggcttgeccggagacaagcaggaaacggatgec
ctggtcgcctgcecctgcaccgtcacttegtecgecgetgtcgaagaccacga
gcgtgcggttgceccggacatgtcgecggatattcaattcecctecgecgtecgact
tccttcectcgacgcgcacgeccgaagggtttecgatgcatcgecggaaggtgcec
ggagccggcgaagatataggcgaaggcattgcggtaggtatcgaccggca
ggcgcttcttccggeccgggcggcaccgaaacgtcgagatagatecggeteg
gcggcgacgccatcgaccggaccggcecttgcecccagaaatcgecgecagat
cacccgcaccgccgtgecgtcatcatcgacgacgatagggatatcgatgg
atttgacgtcctggtagcgcggcecggecgtcatcttcagcgaggagggcaag
ttcgcccagagctggaageccgtgcatacggeccggcaaaatecgececttegyg
catctcctggtgcatgatgccgectgeccggecgtcateccactggatgtege
cggcgccgagcaggccgctattgcecccaagectgtegeecgtgetecgacggtyg
ccggcgagcacataggtgatcgtctcgatgeccgecgatgecggatgeccaggg
aaaaccgcggatatattccgcgggattgtcgttgcggaaatcatccatca
tcaggaagggatcggtcatcgcgggatcgceccgaageccgaagacgcecggtge
agcttgacgccggcgcecttccatggtecggtgtggcagtactttcatgett
gacggggcggatcgacatggcgtcctcecctaggggttcaacttggecggega
ctatagccgcccggctgeccgggcecgcgaagtctgecgggacagacaacgcag
tgttcacaaaagaacacagcgtttcgccgaatttgaagaggtcagacgtc
aagaaatcgtcatgtttcacttgcaaaccggcagggcgttaagectgttat
tagcgacgatattcgacaattcagttgtcgtttcagcattttcecgecgat
gcggcgggttccggagcaaagagccatgtgtecgetgggcagectatecgeg
gagaccccctctatctcgaggagttggtatcctecgececgeccattececctg
atcgagcagtcgcattgcgccacccgcgccaagaccgcgacgaatggega
tggcttcggcattgecctggtatggcgatagacccgagecccggecgcectacce
gcgatatcctgcccgectggtcecggattgcaatctgaagagecctggegegg
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cagatc

tcagggaaaaacccaggatcgagtggcagggccgctttecgacecgteectce
agtggcgagggtgtctttccececgteccgcaccageccaaccttgceccaatetg
gctgggtgttggcgggacgcccgaatceccttcatccgecgecggaacacttyg
gcttgccgctgatggtcgceccatcatcggecggtagtttecgageggtttetyg
ccgttggtcgaactctatcgacgtgcatggttggceccgecggaccaccccag
cgaggaacagagagtcggcgtgcacgctctecggcectttgtecggggagaccg
acaaggcagccagggaagcgttcttcceccggectggttceccagatgttcacg
gacgctggacgggaaaggggctggccaccaccgacgcaggcgcaattecga
cttcatgtgcggtccgaacggcgcgtttectggttggcageccgcagacgyg
ttgcggcaaagatcgagcatattaacaggacattgggaggggtttctcecge
ctcaccttccagatgagtaccgccgcecttggagaccgaagcaatgcgecg
ttcgatcgaactccttggcacccacgtcgcaccgatcgttcgegcacacc
gtctcggccggagccgttgagecgcgcectacattgatcggegecgetcectta
ctcagagatcagtctctggtaaccggccagcatcttcgaatgectcgaccyg
acccgtgatcgtgaagctgtcgeccaggacccgttectgcecgcaccaatcac
tgcgtgtgatgtcctacacattgttataccagggtgeccgecggcagatctce
cggaaggagacgcggcggccttcatcaaactggtcecgttgtgaactgeccgg
gtgaaggtttgcgttgcggcagactgttccccgecgggtaggtagaattga
caaaagttcccatcagaagggcgtgcgccgatcgagaacgtcaagcgcecg
ttaaatagagctcacgagtcagecgtttctgegectgtectcaaggecgagt
tttgcggcctgtcecccgaccacagattecgtgaaatcgtecgegegagtecge
ctccgcecttegectectgataggggcaagcgecggcggecgeccgttggaaatyg
caggaacgccctccgagattgggccaagctcgcgcacgageccgattgacce
acgctcctcgceccggacgaccggtaaagacgttcgecgatcgcagtgecgte
gtctctcgaggcggccagcgcectcagecgtggacgtcgggaatgegtgect
ccggacagaacaggtatgccgttccgatctggacggcggaggcgeccagce
atcaatgcggcagccactccceccgteccgtecggcaatgeccgeccgecgcaat
gactggaacacgaactgcgtcgacgacctgtggtacgagcgccatcgtgce
caacctgcgtcgccatgttatctgtcagaaagttgectecggtggectcecece
gcctcgaaacccatcgcaatgacggcatcgactcececgtttgcecttccaacca
tactgcctcggcgacggtggtcgcggaggaaacgactttggecgecggtgg
ccttcacccgcectgtacgagctceccecttgeccggaagecccgaaatgaaagcetce
accacctcaggcctcaaatcctccacgacatcgcagaaggcggggtcgaa
aggcgcacgcacgcctcecccecgcgactatcgtageccggatcgagatceggett
cggcatagtatggtgcaagcagtgctctccagecgecgectgegetgacgga
tcgtctgccggcgaaaggtgecgcgaaaaagttcacgttgacgggegectt
ggtcgccgcgcggatctcecccccaaggecttgecgaageccctecgacgttca
acaaggcgctcggcagcgaacccagccctceccggecttggeggtggetacce
accatgtctacggtcgtcgcccceccgeccatgggecgectgtatgatgggaag
ctcgatcccgaacagatcgaggatgcggcgatccggeccagcgagtcecatgt
gaactccaatcattcgtggtgctgctggggtgatacctccggeccattect
cacgtctattgtaccttggtgtgcccaaggcggcaccccgatccgaaggt
atcggagacaccttcgtacaatatcgtggcacggttttcggecgecgattgt
cccggcagagcggaggacgatgcagaccgtceccggetgcecttecggecacgcea
gccggtcaacgcatcaatcgagggagcacgcgccgcaaacgaacgaaggce
tacccgcgtcgceccgagecggaggcaggcatgagecgtgcataaaaccgggyg
ttatcaccggggcttcgcagggaatcggagcgggactggtctacggeecgt
cagcatccggcggtcgcaatgcgcgcgceccgactttggcacgatttgaaaa
gtaatacttttaatgagcgaagggttggcatacctgccgtcgatgectat
gtgagatagacagccatacgccgacggtttacgcaaagcctccattcage
atgcgagggccatggcttctcattttgaaaggatcca

tcccggccactcagcgacgaggcaggacccgaccatggeccgattacctte
tggaagcaagctggagcccgatcgagggcagtttcgggegectcacctte
acgcttttcaatctttcgaccgagccgectgtceccggettcectegectegecta
tacgtcggagacgcgggttgccgacaaacatgtctgtgacggecggcagec
tcaagcggcaggtcgcgcatttccatgaattcecctgecgeccgaggggetyg
agcgtgccgcccggcgggcegctggcggttcacggtcgagggactgaccag
ggcgccgaaacatatgacatcaggcgtcaagtcggcctatctgacacttg
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gcgacgggcgccacgtttcectgttggtttcggecgatctcatgectcgaagge
cgggatggtggcgtggcgccgcecccattctgecgecgggeccgggecgagga
accctattcgctgctgceccctggeccgectggegetecgggectgaaggcgggag
agctgccggtcgtcecctttatccggeccgagecgacgecggeccgatgeggte
aaggcgctctcgctggttctggagctctatcagecggctctateccggecga
caatgtgccgttttccecctcagtgeccgtcgaaggcgggecgggecattegtt
tcgtcatcgaatcgtcgatcgceccgecttegettacgaattgegttttacyg
gcgcatgagatcatgctttcgagtgccgatgeccgeccgggeggcactacgg
gctgatcagcctggcgcaattgctgcacggcgctcgecgecgatcgecgage
gcttcaaattccccagtttcggcacgatcgccgaccagceccgegttatgac
tggcgcggctgccatctcgatgtgtccaggcagttttateccggtggegga
cgtcgtgcggctgattgatattctcecgecctggaacaagctcaacatcttece
actggcatctggccgatgacgaagcgtggcggctggagatcaaggectat
ccggcgctgacggagatcggcecgecccggcecgtgggecggatgaagtgectegt
gccgcagctcggcgacggggcgcaaacgcgctecggeccattacacacage
aggacgccaggcggatcgttgcgcatgcagcecctegttgcatatcgaagtg
gtgccggaaatcgatattcccggeccatagcatggcgacactgttcectcact
gcccgagctcecgtcgacggccaggaggcgeccggacagttaccgectecggtge
agggttatccgaacaacgccctcaatccggecggtggaattcacctatgaa
tttctcggcaaggtgttcgacgaaatggtgacgctgtttceccecggecgaata
tctccatatcggcggcgacgaagtggecgecatggctectggetttectege
cgctttgcaaggcactgatggagagggagaaacttaccggcaccgccgag
ctgcaatcctatttcctgaagcgtatcaaagccatgectgtccgagecgegyg
caagaaactcgtcggttggaacgaggtctcgcatgggggcggggtcgatce
gcgacggcacgctgctgatggcctgggaaaagcccgaggtcggtatcgag
ctcgcacagcaaggttacgacgtggtgatgacaccggggcaagcctatta
tctcgacatggcgcaggcggaggcecctgggeccgageccgggegecagetggg
cgggccacgcaccgccggaacatacctacgecttacgaggeccgagggcecgaqg
ctgccggaagtgctaagggagaagatgcgcggtatccaggecctgecatcectyg
gaccgagaacttcctctcgcecgecgectatttcaaccggectggtttttecge
gcctcecccecggecgtecgeccgaagecgectggacgecttectgegegcaaggac
tgggatcgcttcgcagecgatecgtgcgaatgtggecggtgetttaagetge
cgcctcggecttcagceccccaaaagegetgecccecgatcaggectggttega
tgcggcattcgctgcgcaccaccagcgggcggtcgaacttgecgcaggatyg
cgggcgcgcacagcgtggtcgagttcggcaagcagecggctcgacattgga
aagcccgceccgceccgaccggcacgatggtecgegecggtgatgttgatecgeca
gcgccaagggcgaggcgacgagatcgacatagacgtcgatcgtecgtgte
gccttctecctcecteccatggecgeccactggeccgatgatctettecgetggcaag
gtcgagatcgtgcagcgtcttgtgcaggcgectccaggeccgcgggcgeccge
cgaccgtgtcgacgcagcccctctggeccgcageccgcaggcataggecggga
atggcgacgggcggatcgccggccgcagatgcgatgatcggececgtgace
ccattcgccggcaaagccgceccggcectegttgacgaggegtecgteggceaa
ccaggccgccgccgacgccggtgeccgaggatggecgecgaagacgatgegyg
tggccgcggccggcecgceccgagaccggcecttecggeccatcgecgaaacagtcgge
gtcgttggcgatcagcaccggcaggccgagctcggettcgaggtecggetyg
cgagcgtgcggtcecgtggatgcagggaatgttggcecgcagatcaggegetge
gtatcaggatcgacgacaccggcgatggaaaggacgatgcggctcggetg
ctcaccggtctcggcgatgatgtcgecgcagggtttcgacgaaagcggcga
aatcatccctgggtgtcgggcggcggeccgaggggaaggatgtctgtecteg
gagcgggcgatgccgcecceccttgatggcggageccgeccgatgtcgaatgaaat
gatcattgccactctgccgtttctctggtctececcgegtectgettgeattyg
ttggtggggaatttcaagcactcattcggcggtggtgtcaccggetttat
ggtcgtgccgtgtgccacccceccctgttectgeccggacatctcecteccacagg
tggggagatcggataggcgggacgggatcttccattcecgtcatggcagac
gttggagaaatctggtgagcccaagcccataggctccgatcacagecgceca
atttctaaccccgcaagtcattcaattggcatattgcatcgeccagaatce
ggccctacactttcatcaactgccggacccacgaccatcgatacgagaga
aaacagtaccatccgaagagcacgtcccaaaggccgceccgectctcatcecta
ttttgcgacagatggccgccgatcagagccgcgaacggatctcgatecgge
gatatattcgacacgatgggtgacagggcgatc

tcaagcgccgcgacagcecgtctaccaggeccggecgcatgaaaggeccecctgg
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ttcaagtggaagcgcaacccctataatgtcgatgeggtgectgatgtatge
ccagcgtggccacggcaagcgctccagttactattceccgatttcacctteg
gcgtctgggccgatgacgaggacggcgaacagctggtgecececgteggcaag
gcctatttcggcecttcaccgatgeccgagectcgaggtgectcgacaaatttgt
gcgcaacaataccaccgagcgtttcggccecggtgecgecgeggtgecgegecyg
acaaggatttcggcttcgtcgtcgaagtggceccttcgagggcatcaaccgt
tcgacccggcacaaatcgggggtcgceccatgegettecececececgecategeccyg
ccttcgceccecccgacaaaccctectacgaggeccgaccggctgegecacgetga
tcgccatgatcgaggccaageccggecgtgaagttgcaageecctgecgcaaca
atgacgcagggcaatattttcaacagcatgtgtattggcggcaacgatct
tccggtgcagattctgegtgecggggaaatgatggatgetgegttatgag
ctcgcgtgaacgaaattceccecttttectceccagegecgtgecgtgetggegg
gtctcgccggtgcacttatcctgeccgecgecatggeggecgetttegatgte
ccggacgagccgcgcecttgceccaagcecgcgactatgccaaggtceccecgecacca
gttccgcaccaagcttttgcagaagggcccggecgcecccgacaaatacgaac
cgctcaatgcgcctgccgatgeccgacaagatcttectacecgetegggttac
ggcgagctggaactggcggcctgggtctcgaaatacaagcgcgagcgcgce
cgccaggccggcggtgetcettectgcacggtggcaacgccatgggecateg
gccactggcagctgatgaagccctatatggatgectggttacgtegtgatg
atgccgtcgttgcgcggtgaaaacggccagatgggcaatttectcececggett
ctacgacgaggtcgacgacgtgctcgeccgccaccgagcgectggegeatce
tgccgggggtcgatcccgagegectgttecatecgecggecatagecategge
ggcacgctgaccatgctgacggcgatgaccacccacaaattccgcgceccge
tgcaccgatttcaggcaaccccgatgceccttcececgettcecttcaaccgetatce
cgcaggacatccgtttcgacgatagcaacgcgcatgaattcgaggtgegt
tcggcgcectgtgttacgcecccacagcttcaaatgecccggteccgegtggtceca
cggcaccgaggagccgcatttcaacgaccgecgeccgatctgetggeccgec
gcgcccgcggcgceccggcecgttcatatcgaaacggaaaccgtcgecggcaat
cacacctcggcgctgccggccgagatcgaacagagcatccgettetttea
cggagtggcggcctgagtttcgccgttaccggcgaaagcgattaagtgtyg
acggatgattgatc

tcgaaacgcgcgaatgaagctagatgctggtcceccttgagetttgeccaagg
tcaggaagcgtgtcgtcaaacattcgatctggectecctgatecggegtegte
acgggcggagcgtggatcttttattttgccgacgecgeccgagectgettgt
ttcgctgttcaccggccgecgcgcectgcagecgectacaccacggtegeca
tccttaccgcaacgacgtatgtgctcecggeggtectcatgegecgagecaggtyg
tgtacttacatgtgtccgtggccacgcatccagggcgcaatgectcgacga
aaattctctcgtcgtcacctacaatgactggcggggcgagcaacggtcge
gtcacgccaagaaggctcaagtcaagggcctgeccggtcggggattgegtyg
gattgcaatgcctgcgtggcggtgtgtccgatgggaatcgacattcgega
cggacagcagatggagtgcatcacatgcgcgctctgecatcgacgectgeg
acggtgtcatggacaagctcggaaagccccgcecggcectgattgectacgec
acgctgagcgaatactcgagcaacatgtcgcttgccacggatgaaggacg
aacggccgtccagccgtccagggttcgaaacgaggatgggaccctegtte
cggcgatccggcacttcaactggcgtatcatctttcecgteccgagaaccgtyg
ttttacgcagtcgcctgggecgtecggtecggegtggecatgectegtecatet
cgcctttcgggagcgceccttgaactcaacgtecgttcacgaccgaaaccccce
aatatgttctggaaagcgacggctctctgcggaatggctacacgcttegt
gtcctgaacatggtgccgacgccgagggatgtgaacataagectggtegg
gctggagggggcgacgatgcgcatccccgagttcggcaaggatgacgcetce
gcagctttacagtccatgccgaacccgacgcggccacgacgctcaaggte
ttcgttacacgcaagcctaccggagccgcgatcaa

tcggattttcggttcggtgacctcaaggcagacaaggcgaccgtgtttet
ggtcttgccgccagacaggcttgecggecctattcgegttggectgegtttge
tggtggcccagagecctgaccgagatggcgcggaccgcaccctecgecgeat
ccatccgcgceccgcectgttetcectaccttectcgacgagtttgeecgeeccttgg
tcatctggcgccgatcgaacgcgccatgggattgatggcaggctacggtyg
tgcaactctggccaatcgtccaggacattcatcagctgegegecacctat
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cgccagcgcecgcecggcecacgtttectgtceccaacgecggegtgetgecaagtgtt
cggggtcaatgatcacgacagcgcccgtcectggtctceccgatetgettggece
aggagaccgtggtgttcaacacggcggcccgtgcactcgattcggaaaag
agcggcctctcectttgeccgagcagcatgtcggeccgeccgetgectgacgec
cgacgaagtccgcaatatgcatgccgagaccgagctgctgttcatcgecg
gccagcggccgatcgttgcgacaaagttgcgatattatgeccgatccggaa
ttttccggattgttcactgcatcacagatctgacgaggcgacatcaccaa
cgtgaatcgatcgggcctcatcgattcacaaatgtcgttggacgeccgecg
cctggtctttgcgattctgeccggcatgacacgagagccctatecgtcectcecta
catcgaacgtatcgatccatcgaagaacatggctcgttattacgecgetgt
cgatcgagccgaacctcecttcecggegggacatecgetggtgegecagectgggga
cgcatcggcagccgcgggcagcagaagatccacgtcecttecgacagecgaggce
aaaagccgtcgatctcctgctcacccttttacgcaagaagcggtcgecgag
gctatcgggtcatgcggtgatcggtatccgcaggagacagttgagtgaag
gaagagacggctcacgcctcecctectectegtcgagtteccggetgcaagga
atgcaggtagtcgacggcgcgctgcgcatgtgctgeccgeccgagaagatgg
cacgcttgtcgtggtggagaaccttgagccagccatcgagatagectgeg
tggtcggggcgtggttcgagectcectgggacgatgccaagatcggecgcagag
aaacgcgctgccgagttcggcaatcagttcttcgecgggecgeggtegetece
ggtcttttgcgtagcggctgagatcgcgatcaageccgtecgecggtgcageg
gtccagtgggtgatctcgtggctgaggatggcgacataggcggcatcgtce
cctaaaggcatccaggcatggcatctggatgtaatcacgctgagecggegt
aataggcagctgtccctccatgccggatcagegegecggtattggcaaag
aagcggccggcatcgeccgatgecggctcageggatecctggtgaggecgcgac
gtcgtcaaagcagccgtcgagaccggcgatctggtecggtgttgaacaccyg
tgtaggctttgaggaatggaatatcctgttcgatctcggtgectgtateg
gtcgtctctgtgcggatgaaggaactggcaaagacaatggtcgtgecggt
ttcgcceccecttgecgaacggctcececgecgagectecgattgectggeggaacgtea
tccagcgtgatgaggcaaagccgcgggcgatggecttgcgaccacagcagce
aggacgttgatcccggaatagggttggccecgttgtggcgcagtggecggcet
gacctcggctgtcgcatgtccecgtecgteccagggtttggteccatggecgeca
cgccctgttcgaggtcggecgatgatcgtgttggtgatgeggectgtagata
tcggatcg

tcccgacaaggcggatgcggecggtgecgcececgcttcatggegeecggttettyg
ccgcgctcgagcggatgatcctgtcatgaacacgecctgeccaaccatgecg
ccagcgcgctcgacgceccgcecgacgaattgectgatecgatgecgaggecggce
agccttccgeccgceccgcaggceccacgeccggtgcggggagetgecgggtegttt
tctgctgggcgcaagcctggtgctgatcgecttcaacctgecgeccggtet
tctccagcgectcecggecgcectgctgeccggaaatececgetecggagetcecggectce
agcgcgctgggcgccagcectgectgacgacgctgecggtggtetgectegg
cgccttectecgecgecttgegeccecegtecttgeccagegettecggaacggaac
gcacgctgctcggegttctcectgettcectggegetecggcacgggtttgege
gggctttcctcecgtgecgetgetecttcatcggtacggecccttgecggege
ctgtatcgccgtcggcaacgtgctgctgecggggttggtgaagecgggatt
tcgccgggecgegecgecgctgatgaccggettectatacgatggegetetge
gccggggcggcaagtgccgceccgggctgacgctgecgatcgagcacgeget
cggcggctctcectcgagggegecctegecgtetgggegetgectgecctea
tcgtcagcecctgcectctggectgectgaggttecttcgcagecggcaggcaggca
agacggaacggcttccacgtcaaaggcctctggcgcgaccggcectecgectyg
gcaggtgacgctgttcatggggctgcaatcggcacttgcecctattgegtet
tcggctggectggttceccgatcttgecgecgaacgcgggcectcgacggegtecacce
gccggggcgatcgtttcececctgtcagtgatggtgcaagecggcatcectgect
gatcgtgccgcatatcgeccgtceccgecggtecgecgaccageggctgatcaatyg
cgagcctctgcggcgtcgcecgtcaccgececctgctecggectgetettegea
ccgctttcgacggtctggctatgggecggtgectgcagggcatcggecaggyg
tgggctgatcgcggcggccatgacgacgatcecgtgetgecgectecgegegatce
ccgatgtcgccgeccatcttteccggecatggegcaatgegtecggetacctyg
ctcgccgccatcggeccgcetcatecgteggectcateccgeggttggaccgg
cagcttttcctggtgcgcagecctgttegtecgcactcggactgggecgegg
cgatcaacggctggaaggccggccgggcggtcgagatcaatgtecatgece
gccgaaaaggacggttgatccgcecccgctcacctgtccatcaccatcectett
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gatgccggtcgtcggeccgecggatgctacgctatctcagectcectecatececg
accgccggaggaaacatcttgcgcatacgaaccctgtttectgcectcecgectac
gtttatggcgtcgctggcacctgccecctgtcccatgcacaggaaagcaatce
aaccgagggcaaatgtccagagcggcgcgcgcgacggcecgtgectgaagetyg
ttgccgcccgattcecgtcaccgagcatgecgctgacgatcggecgaccggaa
gtttgcctataccgccaccgceccggcacgctggatctectteggeccaggacg
gcgcgcagaccggcgcgatcttctacaccgecttatgtecgcaagggatage
ggggcgaaccggcctctgacctttgectttaacggcggaccgggtgeccge
ttccgcttatctceccatctecgggectggtecgggeccgaaggtgectecgattteg
ggccggatggacgtgacggcgccaatgcgaaactcgtcgacaacccgcaa
agctggctcgatttcaccgatctcgtgctgatcgatccgatcggcaccgg
ctggagccgcacgacaaaggcggatgacgccaactattacaacgtcgacg
ccgacgcccagagcattgccaaggcgatcecgegetctatgtegegecacaac
aaccgctccacctcgccaaaatatcttctcggcgaaagttatggecggett
ccgcgccgccaaggtcecgectcecgtgectgcagcaaagccagggcatcateg
tcgccggcgcagtgatgctttcaceccttgatcgagggeccagectgatgtte
aatgccgatcagttcgcgctcggecgecggcactggagctgecgtegetege
cgccgccgaactcgaccggcacaaggcectttgacgaagagaagcagaagqg
aggccgaaaccttcgcgctcggagactatctgacgacgctcgeccgggecyg
ccgccgacgggggccgatgceccgecgecttctacggcaggatceg

tcgcctcgaactcgacctcecgaatteccggegggttgaagatgacgeccaaa
gccgccttggtgctcgeccgaatcttgecccageccgggaacgatagetgta
ggcgttgcggtagcgcaccatgcgggcatgcaggeccggcggaaaactggt
ggatgaagggccggccgttggcecgctggcgatatcgacattgtcgaccteg
ccggaggcaagcacatcgagcgcectgeccagatatcgagecggcacacgcag
cgagcgggcaaagaggttcatcgtgccggctggcacgacgccgagcgcaa
ttccgtttttccaggcaatcgatgeccgecgeccgaaatcgtgecatecgecg
ccgccggcaacgatgceccgtcgatatcgtecgegettggecgeccgetecat
ggcaggaacgatttcctttcctgagaagacgatggcgtcgaaatcgtgcec
ccgcttcecgcggaaagccgtcecteecgeccttttttcataggeccagecatgteg
gtggtcttgaaggttccgccgtcgecgattgaaaaagcctacaagcectteat
aagagctcccgtctctggecgecggaaatgctectgecttgececctgagatg
gttgcggtatcgccgatttcaagcgcaaccttctttecctgacaaagggca
gaaatgcaaaaattgcaatagacgtatgcacatagcaggacgctgcactg
caaaaaatgcactcgacggcaggccggacctcacggatagatgctctatce
ggagagatcgtctccacctcccgceccatttccaccgatcggecttgeggecg
cgcctgcgegceccagggcecattgeccaagcagaaaccgectcecgaggagetet
cgtgagtgagattgccgccaatatttcagttgatagccgggatcaagagce
tgccgtcggcaatgaccgtggcactggtccagetggecgetcgectgecgge
ggcttcggcatcggcaccggcgaattcgecgatcatgggattgctgeccaa
tgtcgcccagaccttctecggtcacgacgeccgcaagecggctacgtcecatcea
gcgcctatgcgcectcecggtgtegtecgtecggecgcacctgttattgeecgtgete
gccgcgaagatggcgecgccgcacgctgecttttgaccctgatgetgatett
tgccgccggcaatatatcgagcgccatggecgeccgacattcgaaagettcea
cgctgctgecgcettecgtaagtggectgecgecatggegectattteggegte
gcggcccttgtcecgecgectcecgatggtgeccggegecatcgecgegeccgtge
cgttggccgcgtcatgectecggcectgaccgttgeccacactteteggcacge
cttttacgaccttcttcggccagtcecgectcgactggcaggtggegttttte
tcggtcggecgtgctcggcecctgctgaccgtggtgctgatectggttectacgt
tccgaaggacagggtttceccgecggaagegggcecttectgecgagaactecggeg
ccttccecgeccggecgcaggtgtggectgacgectecggecatcecgecgecgteggt
tacggcggcatgttcgcgatgttcagectatatcgectcgacgacgactga
ggtggcgatgctgccggaaacagccgttccgatcatgectggtectetteg
gcgtcggcatgaatgcgggcaatttcatcggectcgtggectcgecgacaaa
tcgcttctecggcacgatcggecgggtcecgectgatcectataatatecgtegtget
gaccaccttctcgctgaccgceccgccaatcececctatttgeteggtetetecg
tcttectegteggectgeggetttgecgecggeccggegetgcagacgcecgyg
ctgatggatgtcgccgeccgacgcgcagacgcttgecggecgegtceccaacca
ttccgeccttcaacatcgeccaatgecgatcggegectggetecggeggecteg

tcatcgccgggggttacggttttgecggecgaccggttatgtecggegeggeg
ctgtccttecctcecggectgttegtectttgecagectetectacgectecgageg
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ccgcgatcggagcecgcgcaggceccgtcetgaggccaggecgecagetegeggect
tccgggctgcagaagacataatcgtcaccccaggecggceccaatgectggat
gacgggctcgagcgtcatgccgagcggecgtcattgecatattecgaceccttg
gcggcacaaccggatagacggtgcgtgataccaggccagactcttccagt
tcacgcagctgcttggtcagcatgcgctgggtcacggccggcagtttacyg
ccgcaattcgttgaagcgcagggttceccttgcatcagatgaaacaggatce

cgagcgagcagtagaccgcgcgcacccceccttgetgtteccageggecgeca
acccgataggcgccttctceccgectatcccaagtcggegecatggacggectg
gtcgagccgccacgcgaccagttcggtcececgecgagecgecgatcecggcaaaa
gggtcatgcatagacgccgtattccaggcgatcgagatgatcctcgacaa
gctcgacgccggcgggcgtcecccgagaagatcgatcgggecggegetgcectea
agtccgaccgccggacgctccagceccattgttecggecttectgectgecgatcee
gaagatatccgttgcctttgcgaggatctcggcgaacttccacgctcecgge
cgctctgttcctggttgagcggcttggaaggegtgteccttececgecgetge
caggtgcgcaagctcatgcecccaccgcecttttcgagggactegttettgece
gaggacgacgagagtaccgacaagatgatccagtgccgatgcaggcaggce
cgtgcaggagcagctcatgggcgtcgagggcattggtcaggectgegegac
agaatgcgcgagccgccgagcaatgcecttctatcecttttgcagttcaccacce
gcccgctgctgctaaggaaggtacttttgecgecgacagccatgatettte
tccecgcegtcatctgtegettattatatgtcatgtgtecgecgacaaatttea
agatctgacgggcgtattcggcgtatcggeccgecggaaccgtgectttete
gctgccggcgccaaacaagcgggcaggcggcgatggcaccgectgceccaag
ggcagcttgcagcgtattgaaatgccgcgatccccactgectttaagagge
tgggttgcggcgctccaattccataagcgecgecggatggcaggcagggctyg
ccgctcccgggattgtcagtetttttggetggtecggegetggcagcaaga
tgggctcgaccgaatgtttcggtgeccatcagectgtgcaagaatgtegteg
gccgagtggctcgaactgccaatgccggcecctecgegcagctgacgatcgag
gtcgctgcecgttttccagecgecggeccagttcagcaccggecttecgatgecgge
cggcagtgatttcctggegttttttgatacgectcgagactttcgacggceg
ctaccgaggcgggtattgatgcccgactggctatgggcgatcgecgactyg
agcgcgcagcagcgactcattggctttgacattctccacctcacgecttca
tctgagcaatgcgcgctteggtectectggatcgtgecgecagecatttgetge
tggcggggcagcagccggtcgagectcttecctggtecgegetgecacttecgge
tcgggtaccggcaatgcgctgagcgagaccctgagcgagatecegtgegge
ccgcggagatcgcagcgcgagcgctgtecggtatecttggtetecttggeg
cggttttcttcaagtcggcgcatgacgctcecttgttggacgeccatgatgec
ggccagatcg

tcctcgacgcgtcgaaatccgegtcattcectceccagagetgtcacctetgece
acagtcagaccagtggtttctgcaacgtcatccagcgaatagccgcgagce
taggcgagcttctacaagcagagcaccaacggacggggcaacttgggatt
tcgtaatgttcgagaccatgttcatgtcgtttaaggectecttttggegge
cggaaaacgtgcatccgttttctagttccaccgctgeccgaccacgteccgg
cgacggacagtttcttcgaaatccgcgggcgctcectttctatcagtttgtyg
cgacggagtataggtctgacgcgatgaaggacggacaacccttgcatggce
agccgacaagaggtgacccgctcccaactgcggcgcaaactcgcgacggce
cgataaacagcttcctatctggcaggagecgttcatgeccggtgggaagcetce
gtggcgagtgatgtactgatcgttctcaagcggggagcgacggacaaaca
attcgagagttgcctcggcgtgatacgctcaagggccgcaggttcggeca
gagcttgtgtgaaatctcctggctctgttgatcggeccgtecgtettgaaga
aatcgccggagaacggcgcgtcgagatcaagcgcgacctgaggtcaagga
cccttcatcgtcecttggecaccctaagggttttgecggaacttecgagegeccce
aaaagaggatgtgagcaagcccgcattgcgcggcattcecgegectcagtte
accaagtcgttgacgttggcaggcgtgatgagctgaaacggaatgtagcecc
cttcttttcgaccttttecgecccttagcaggecgtgagtgecggecatcgaacyg
atgccttgccctggceccggcggcatcctggaacacggcaaagtcgagatceg
cccgcectgetggecggcaagecgegtectgegtggegtcaacgecgecgacyg
acgacctgggtcatatcccttgccggtctttgaaacgtctgatcacgecg
tgtctgcatggcggcagacggctttcgaccgtgecccagtcaagecatgecg
tagagaacggcgcaaccgatggcgacttcggtctgctgaccaggccgcga
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cctggcccgaaggcgceccgtcectatgatggecttgtatcecgeccgatgacceg
tttcgaccaggaagagtttagcgtagcggttggggacctattcccccaag
cgccaagttatgaagtgcgaaatacacaataatatatgaaataatatttt
tataactcgcggctttctcccacaagtgggcgcatctgtcaaatatgaaa
agatatactataaaatatacgcaacacactgttgcgctgcttgttatttt
catgaagtgtcgtgtcctgaggagctacggtagcaacggaaattctttece
cgacgaatgctgagatc

tctcccgcaccggtecggtgecttgagatccgecgtggacaaaacccttteg
gagattaccgagggaggcgaagtgcaccgcgagcttcacgcagccgacac
gatccggacaatcgaacgctcgcacctgctgttggtgggacggegettte
cggaaaggcttcggctgcgtgttcgatggcecttgectcecccagaagtgaata
ttcgtcatcatcggcectcatcgcecttecgacatggcageccgecgatatttaata
tgaagggattacctctcaggcgtgttacggtctctctgtcgggectgagcec
ttctggccggttggcattgttgccgagtgatgacttgcteccgegagtetce
cggcccatgagggcctctccatgcaaaagattcccactgtgcatttecgag
gcggcgagcactcttgccgtggtggtatcgtccaatgaaccgectgetttt
cctgtccgacgaccagaaggtcattgecggccagcgcateccttetgecggg
tcttcgacatcgaccccaagaccgtttgecggccaaagectcagecgacatt
ggaaacggcgaatgggcgatgccccagcttgegtcactgctgacggcecac
cgcctcgggaagtgccaccatcgaggecctacgaaatcgactttcaacggt
caaaccagaaagcacggcgcttggtcgtcaatgcacggacgctcgatgac
ggcgacatcgaccatattcgcctgcttctggeccatcaccgacgtgaccga
tgtgcgcgccgaagctcggctgaaagatgatctecgttecgecgacaacgecga
tcctgctgcaggaagtccagcacagggtcgcaaacagceccttcagatcatt
gccagcgttctcatgcagagcgecccggcgggtceccagtcggaggaagcgceg
cgggcatctccacaacgcccatcaccgggtcatgtcgattgeggecctge
aacgccaactctccatgtccaacggcggcaaggttgaactccgtacctat
ttcactcagctttgccaaagcctcggecgegtcgatgattgectgaccececga
aaggctttcgattcaggtgatggtcgacgacagcgccgtggaggcggatyg
tttcecgtacgettggggecttgtegtgaccgagettgeccatcaacgceccte
aagcacgcctttccecgttgaacgaccaggcgcaatcgtcatecgectateg
atcatccggcaaggattggactctctcececgttaccgacaacggcatcggca
tgcctgcaggtcgcgatgcaccaaaggcgggactggggaccggecattgtyg
gaggcgctggcaaagagcctgcatggtgacattcagttaagcgatgcggg
tccecggcaccgcecgttacaatcecgeccaccgggaaagcgecggtttgegaa
ccgacctttctacggccgcecttcggaaccgaatggecttgecgaaacgctatce
cctgcggagcccacgcggcectcecgecacctceccaatctgaccgagtgagcaatyg
aattatggcaaagcggtcgtcctggtcgtcgaagacagcacgattattcg
gatgagtgccgtcgatctggtattctctgecgggttacgaagecgecttgagg
cgtgcgatgcggacgaggcaattcgtatccttgtgtecgecgaaacgacatce
gatctggttttcaccgatgttcagatgcccggcacgatggacggcatcaa
actatcccattacatccgaaatcggtggccgectgtcaggctgategttg
cctccggcgcecggcaatcecctcgaagagagcgatcteccccatgggaagcaga
gccttctcgaaaccctacgacaaccacgcaattaccgatgcaatggctca
tctgctgtcgatcgggaacacgcecctgagectggtaagttaagtgttttteg
acacccctcecgggtcgageccgecgggtgagacgatccgeccatcececgetgegece
gacgaggagtttggcggaaagcaccgccccaccctecgetcatcecccaggece
tcagcccgggatgacggagggtgggtaaaaatatgcagatgaagcgaacc
atgtttgtatccagccgacttgatgcgaggctgatccgggegtagttcag
gacaatagccaccctctceccttcgacaccgatctgaaacgaacccatggceg
cactccctcaatacagccccaacgcccaccggcggccccaaccagcecgaa
actcgatacggacgacatctggcaggcccgcgtcgatcttgecgectget
tccggatggcggcaaggctcggcatggaggaagggatctgcaaccactte
tcggccgtcecgttcectggatatgacgacctgttcatcgtcaacccttatgg
ctacgctttcgccgaactgacggcctcgatgectgttgatctgegatttte
acggcaacgtggtgtcgggcagcgggcagcccgaggceccaccgecttttac
atccacgccaggattcacaagaacattccccgcgccaaggcggecattecca
cacccatatgccttatgccaccgceccecctttecgatgacggagggecgatcccce
tgatctttgccgggcagaccgcattgaaattctatggacgcacggecgtce
gaccgcaactataacggcctggcgctcgacgcgcgcgagggcgatecggat
cgcggccgcgatcggcgatgeccgacatcgttttcatgaagcaccacggceg
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tgatggtctgcgcacctaacatcgccgaggecctgggacgatctcectattac
ctcgagcgcgcectgcgaagtgcagacgctcecgecctgtecgaccggacgecga
agtccttgccgtcgecgectgagattgcggacgcggecgtaccggcaaatgce
gcgaaggcgacccggagtcggecccggctceccatctggagteccgtcaaacge
gcgcttgatcgcagcgagcccgaatacaagcgectgagceccgcagctegegyg
tctagggcgtgaactcataaagacgcagccatagtcggatggaggcgacyg
ggggttcgctcgccaatggttgcatcttctgataagatcagectcacata
tctggaggcctcgcatgceccctgcagcagegegetegeteecgttegteatce
gccgctctecgtggececctecggtceccactgeccggectggagecgcagaacaatge
tgcgccaccgccggcggcgatctcecccacaaggeccaagcectttgecagatgt
gtcacggtaggaaaggtctgccgactgttaagaacacgccgatcatcgec
ggccagcacgagtcctctttgctgataggtttgcaggaatatcgcaatgg
agcgcgcaccgacgagctcatgggccggatcgcgaagaatctttecgacg
acgacatgaaggcgcttgcggcecctacttctceccgecactgecttggecccecgec
taccgcgagccggccgacgcagcgagcattacccecgettccaagegetecga
cgtcgagaagaagtgcacctcgtgccaccgggagggtttegtecggatacyg
ccaacactccgcgcgtcecgcaaatcagaagctggactacctgatcaaaacc
ctctccgactttcacgataacaagtgecccgaacatgeccccgcatgacggce
cttggtgcgcaatttgtcggccgacgacatcgctgceccatggctcactatce
ttgccggcctctgacgatcagttcgggggtcggecgatcgaccggataggg
ccgccgcacggcgctctaggegtgtgecggecgeccaatgecggataggtga
cataggcggtgagcgcgccctcectegtgecgageggatggtcaccgtttea
cctttgggcatgtagacgatctcgeccggggeccggceggtgaccgttteccece
gtccgtggagaccgaaagccggceccttccagaacgatcatgacgtcecgtcaa
ccgccattgtctcggtcaggectctgaccgggtgecgtagegteccatagecg
atggtgatcggccctcecgtgceccgcectcatcgaccagattgeccgacggaaat
gtctgcctecctgteccgggggaacgctccaacgacgcatcggecgatecgtga
acttacgcatcttcatcgtcttcecctccattgcagtgtgcagaggtagecge
ggaaatttcacacgccaagacggtgcaaacgctcgaggaggaggttceccg
gtcttatggtttcctcgccatagagaacggcgggtggagcatggcaacgce
gccatatcgccggcggceccgecgccaccgtcagatgcaccctectatatgget
acgctctcggccatccgttgcaacccggceccatcaagaccttccacaaaag
gctgcgcgacgcgggcaaaccgcccaaggtcgeccatcecgecgecgecatge
gaaagctcatcatcatgatcaacactattcttagaagacgaaccccatgg
aaccagccccaacaacacggttgctgaggtgcgcaggccaaggccggagce
ctcgaaggacgagtgccggtggcgacacggttgecgtctgaageccgcectecece
cacccagcaccttaccaattcgtaagttgtcecgccaagcececgtecteteget
agatctcgccatccacgcatgccgggaatgatcgggctgatgcgaatect
gcttatcgaggacgataccaagacgtccgattatatcgccaagggetttt
ccgaggccgggcatgtctgtgatgtggtcggcgacggeccgggacgggctyg
tttcaggcgcagcgcgaggcectatgacgtcatcecgtecgtecgatecgecatget
gccgggtctcgatggactggcgatcgtgegttecgettagggectgccaagg
tcggcacgtcggcgctgttecctgacgtcgatcggecggegtcgacgategg
gtcgaggggctggaggcgggcggcgacgattatctggtcaagecectttge
cttctccgagctgatggcgecgegtcaatgecgettggeccggecggecgeccgyg
tgcaggagcagcggacggtgctgaaggttgccgatctcgagctcgatectyg
atccggcgggaggcccgceccgcgcecggccaggtgatcgagetgcagecgeg
cgaattcaccctgctcgaggtgctgatgcgecggcgaaggeccgggtcecatcea
ccaagacgatgctgctggagcgggtctgggatttccacttcgatccgaag
accagcgtcgtcgagacccatatcagccggctgagagccaaggtcgacaa
gccgttccagatccagcecttctgcatacggtccgcaacaccggatacagece
tgcatgcgcecctcgctagectgecgcaggagcacgecgttecgecttgeecgt
caccttcggcgtgctcecttegtecgtegecttecatecctgagecggegegatcea
tctatcacatgctgcagctcggceccttgecgegtgatctcgaacagtecgete
aacgagatgaattcgcttattatctcgacctacgagcccaacgacaccga
agatctgatcaacacgctgaacaattatgcaagcttccaatcgaccteccg
acgggctttattcgctgacggatgcaggcgggcgcaaacttgceccggcaat
ttcgccgcaccccecgcatcccgaacggcecgtctataccgtcaccteccaggga
tgtcgggctgaaggggcatgaacgctaccggatgcaggtgtcgaccatcg
gcccctacagectggtggtggcggaaaacttcaacgatgtcgacgagatg
ctgcggatcgtgctggtcagecttcgaatgggcggeccgecgateg
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tcataccaatccgtaagaatgccgeccccggecgeccgaccgecgeacttt
acgaaaatgtatggttccagcgaggtcccggtgaggtttggagecgcagcet
tggcgccatcattgccaagtcgaggtcagctctctcatgaacatgecgege
cgcacctgccgcecceccttatgceccggeccttecateccggtcagectgegggtga
acacctacctgatcaatctcgatcgtgcgeccttgecgcaggtttcgaatyg
gaacgcctgctggcaagcttcggecttgecttcgagecgegtggeggeggt
cgatggggcagggctgagcctgeccgcatceccgggcttecgacgacgcagcect
atctcagccggcacggccgceccggeccgaaccctttecgagatecgge

tcttccatgtcgatgaaaacggtccgttctcggaagcatceccgggttegtce
agcacactcgccccgctcaggatcgectcecccaaggcgacgttcaggaagaa
ccgccatagcgceccecctggttggtteccggtetecgacgtgtggetgaccgaga
acggcgtccgccgtatcecctegtcecteccecggcatceccgcaccgaacagtgcectge
gagaccacgacccgccatgcecctcggatctcggctatcaagtcgactatgt
cggcgaagcgaccctgacctttccaatgaccgacgtcacaggacgcacct
ggagcgcgagggaaatccgggaccggaccgaactggtcecctgtecgggecgt
ttcgctcggatcgecgaccgtcgaacaggecttggeccgggecgecgaaaaatce
gctcgccgcatgaccgacgccgcgcageccttcgatatecececggtettegt
cgtcgtgccgccgcecgcegtgcectgectgectecgacgtggeccggeccgatcgaag
tgctgcgcaaggcgaacctcgaacagcacacggtgecgttttaccgtgacc
tatatcggcccatcggcgacggtcggcagctcgatcggtecttgeecgttac
gggcgtcgccgcegttacccgagcgcecttgeccgataacgecgecttgtegtea
ttgccggcagecgeccgatgecccgatggataacaaccgeccgtgggacgaa
caggaacgcgccgagcaggctgccatcgtcgcatggctgaagecgegecat
tcttccgggaattcgtcectggtctcgatctgectecgggegecattgectegetyg
ccgaagcaggcatgctcgacggccgcgactgcaccacccaccacgectge
atagaggatctggtgagactcgcacccaccgcgcgcgtceccgggacaaccyg
gctctatgtcgaggatggagaccgcctcaccagcgceccggecatcaccgecg
gcatagatctcatgctgcatatcgttgccgaagcggcgggacatgectge
gcgcttgcggttgcgcgatatcttgtecgtectatctcaggecgeggeggetce
ggatccgcagctttcgeccctggctcgaaggtcgcaaccatatccaccecgg
tcattcaccgcgcgcaggatgcggtggtecgeccaacccecctectcaggattgg
tcggtcgectegetegegegectcageggtgeccageccgegcaaccttte
acggctgttcaacgagcagacgggcatgagcgttacggatttcgtcaacc
ttatgcgcgtggctcttgceccgcgagatgetecgecggttcacggetggac
atggaggccgtcgcgatgcgcgceccggcttcecggectecggegeggcagetecg
ccgcgcctggaaccgceccttaatgacggcccgcecgagecgecggcacggtcaa
ggctgcccgtcecggttcatagactgctcgeccgecggecgeccagatcecgggat
cacggtcgcggacatattctctcgcaattttcacgttgaagecgettgecg
cgatggttgccgcatgcgctcggaaagagatccgtctgggaaatacatcet
gtggaagcgacggcgcatctggcttaagaaatgactgtgecgececgttget
cccgcgatgagggatgcatggatggaattcgacgggectgcecttacccatcece
gcgactgaaagctagttgaaagcttcgacgtcataggaaggggcagcatc
gtggaggagacacgggtcaaggtggcgagacgacgatgctagcaaaccac
aggaggagatttccatgcgttcttcacgcagcectttttcacaccgtcget
ttttcggcgcttectecgecgcagecatctttegecgaccagegecgcacatge
ggccgataagatc

tcatcttcctgacgtcgatggatatttcgggcaccgaaaaggaattcgeg
gcgctgaacggccacgcgcatctgatgaagccggcgecgegccaacgtget
gcgcaacaccgtcgtcgaagtggtgcgcgccagccgcgtcaagcaggcett
ccgaggccgacattgcccggctgcagacggaagcggcectgtgecggecgceca
gcgcctatgccgcagaaacgggccgcggaattecgtcgacgtgectegttge
cgaggacaacgaggtcaaccagatcgtcttcacccagatcctgcaaggceca
caggtctttccttcecctcecgtecgtcgacaatggcgaggaggcggtecgeecgec
tgggagcggcatacgccgcgcatcatcatgatggacgtctcgatgecegt
catgaacggccatcaagccacccagacgatccgcgaacgcgaaaaggggce
aggggcaccgggtgccgatcatcggcecgtcaccgecccatgecgectcgaaagce
gaccgcgaactctgcctcgatgeccggcatggacgactacatgtcgaagcec
gatcagtcccgaactgctcgaggaaaaaatccgccagtggctcecggaacga
gcgagcagcagccggagcgcaccagctactgacctccggataatttttat
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gaacggcgatggttggtgggtagctcttcagcgectaatatttttacgee
gcagagcatttcgcgcttgccggcaaagcccttgecggegectcgacggecga
agcccgcggcgatgagattgcggcecgcacgaageccggcecgecgcataggtyg
gcgaaggtgccaccggctgecgettttctcgcagacgageccgecatcagttyg
ctccgaccacatatcgctgttgcgcgagggggcgaagccgtcgagatacce
aggcgtcgaagccgggcgtggctgccgeccacgceccctceccaatgcatggecg
catacgacgctgagcgtcgtctgggcatcgagatcgagtcgcacgatacce
ggccggtatttccggccaageccgecggtcagcacctgacgttecggcatcga
tctccggccagtgcgacagecgecccggecgatttettecgecgegecatecggg
tggagttcgaaggaggtgaaatgcaggtgctggccgtctgcacggtggag
cttccattgccgccaggtttecggtgaagttcaggeccggtgecgaagecga
gttcgccgatcaggaagtgcttccgececgetceccatecgtteccggcaggecyg
ttgccggcgaggaaaacgtggccgcattccagecgeccgteggtetggea
ataaaaatgatcgccaaaggcggtggaatagggcatatcgccgtcgecgec
attcgagcggctgcggcgecgcecctgcecgccaatctgatcggggttcacgtet
gtcatggaaaaagccgatagtcctgcecgeccggtctcaggtcaategtectg
cgaattgctgatcgtcggcggcggcatcatgggtcectcectgggtggecgtec
atgccgaacgccgtggtatccgtacctttgtcgecggacgeccggcagecta
ggcggaggtgcgagcggcggcctgctcggggecgectgatgeccgcacatgec
ggatcg

tccagatgaccggcagectgectgceccectattatteccgageggeggecacagce
agcgacgattcgacattgccggtcgaggtctttgeccgecgtcacccgaag
catggcctatatcgtgctaccgatgagcctcecgggettgecgecgatctecea
gcgaattggtgattgtggtgttcggcgaagcgttccgeccgcagecgggacyg
gtggtggcactgcttgcgctcgtcgectcececgectataccttcatgcagat
cctcagcctctacctgectgtcgatggacagggecccgetecececgectcaaca
tcagtgtgataggtggcctactgatggtagcgggttgtttactgategta
cctaggcttgcggccgagggcgcecgcaatcgtgegecatectegtattegt
tgcgatgtcgatgatgatgatcagacagacaggattcggatcccagettt
cgggtctctacgcaagcctgacgaaggtgacgctcgectcececgtectetge
gcttgcggagcgacttccecgtgcectggaattcecgtccagggteccggecggatt
ggtcggcgcgatcatcgccggecgcattecgectatttcecgecagecactecggg
tgctgcgcgcececgtgeccgggcgaggatgtcgaagtcatgegeteccattcete
gagaagatgccgtccctgctgcggcgaccggtcggeccacgcgatcaattt
cattgcgccgcggcttcecececggecgateccecgatecgegeccaaggtcecgegeccyg
gcgaattctcgctcgaaccggccgagggcgcgggacgcagcgecgecctg
cccgtcecgtettcgacggcacgattgggctgttcatgectgaaaatectet
cgccaaaaaacgttcggccgcecgtgcectcecttegtcagececectggggttteg
aggagatgtgcagccgcaaattcttccgecgtecgecggecgagecattteteg
gatatcggcgtgccgagcctgcecgcttcgactatcgecggcactggecgacgce
gctcgatttcgacgcactgccggcgaggctggaaacctgggaagattcga
tcecgtgecggceccaccgacaagctgaagtcecgectgageggectgtgacecgeatce
atcctcatcgcacagggccttggtgcgacgcttgecccatecgegtecggtte
ctcgatcgagggcgtcgacagcecctcecgtcatgectggegecggtgetgageg
gccgggcctatctgcgcgaactcaacatgtggtccaagatcatcgatgcec
gatctcggcctcggcaaagagcatatccagactgccaaggtgcagattge
cgggctcgtcatgcccgaagagatcgecgecgagcectcecggcaagctcaaca
tcacctcgeccgcaggggctcgcaacctceeccgcectacctgatectecgaacgt
cctgccaaagccgaggataccggcectttgeccgatgecgectgaaggegettgg
cgccgatgtcgagcagaaggctttcgaaggctatgacgaactcgceccacca
acccgctgtttgccaagacgccgatgactgtcecgtggecgectgetgacggceg
tggctggagacaaggacgacggagacatccgccgeccattegtecggeage
gatcgacaacccgccgcttgeccggecgacggttttgecggaaacgeccggtece
gtttcggaagccataatcatctggtcggecgtcgtcagecggecgctecgge
gagatcaa

tccgceccatggecattgcgcaggggaagcaggagcgectgecgcaacaagagce
ggcagcgaatattctgggcggttttctcaacgatgcatteccttgtggtceg
aaggcattggtgccttttcccgagectgtgeccaactcgatgaaggattgeg
gctcatgtggaggcaacccgatcctggctecgeggtgatgtcatcgcagga
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taagtaacggggtgaacgttaagtgcggtcaagttagtgttaagttaggt
aaaacccggtcgcgcggctgagtttgtgectgtatggcttacccggatcaa
tgacggacgaagtgaatgaacaaggttctcctcatcgacgacgatgeccga
gctgacgacgcttctgcaggaatatctggtcgaagaaggatatgacgtcg
tcacggatacggacgggcgcgccgccattgcggecggecggecggcaatacyg
gtcgatattatcgtgctcgacatcatgatgcctcggatgaacgggatcga
ggttctgcagaggatcaggaagctcagccaggtcccggtectgatgctga
ccgcaaggggcgatgacgtcgacaggatatcgggtctcaatctgggegec
gacgactatgtgccgaagccatgctcgeccgggcgaacttgecggecgagact
gcgcgctatcctccgeccgggcaggacagccggecggecggtacttecgaccyg
acacgataagggcgggaaaactcgtgattcatccgggcagcaggatcgec
gaatggcgcggcgaaagcttggaactgaccggcacggaattcagecctgat
cgaggtcctcgcecccgcagegectggeccagetegtgtcgaagcaggacattt
cgaagcgggccttcggcaagccgctcaccccattcgatecgecgtatecgac
gtccatatcagcagcgttcgtcagaagctcggactgagggaggacggcca
atcctggatccagtccgttcecgecggccagggctatcaacttcectegtggact
gaccatgccccggcecttttctggaaattcttcacgacgatctggttgacga
tggcggcgacagtcggecgtgatcatcctgctecgtcaattttecteccaagag
gttccttttgcgcgcgaactggaggaagagcggcgagcgatcgecctgaa
cctcaccgcaaacgtgctcgccaaagatggcgaagatgceccgecgegeatt
tcgtgcgcacaaatgaagagacgctaccggctggtctgacgatctccaaa
actgcgaaagccgatgcttgtgcggttccaaagaccgtcgacacaagatc
cgtccaggaggacggggtttgctatcagatttccctgecggtectggega
cgttcaccttcgagaacttcggeccececgttettgeccatggectcacgatectyg
atttcgagcacgatatcggcaggcgcactcgecccgatacctcattegtcece
cgtcgttcatctgcgcgatggcttgagcgecgectecgeccatggecgetteg
acttccgcattggtgacaagatggccggccgaaaggacgaggttaccgeg
cttgcacatgatttcgattccagcgccgececggcttcaggagetgcagga
tgcgcagcagcggttgttccatgatgtctcacacgaactgcgttcgectt
tgtcccgectgcaggeccgetgtecggegtecteccggcagagecccggcgaaa
ctcgccgceccatgectggaccgcatggaccgagaggtcgaacggettgatge
cctggtcggcgaagttctgacgecttgcaaggttgactgeccggatceccagec
ggccgctgaaaacgcacactcttgatgtcatcgaactcctgaacgaaatc
ctcagcgacgcggcattcgaagcccaggcacgggaggtctecgatcacaac
cagtgtcgagggcaccttccgecgccgaggtcgaaggtgagectggtctaca
gggcgctcgaaaacgtcgtgcgcaacgccgtcaaatacacggccgageat
tcgcgcatatcagtagecttgcgaggcgacggccgaccgectcecgaaatetyg
cgtcacggatcaggggccaggtgtcaggcgggacgaactcgaacggatct
tccagccgttctcacgtgggacagaggccgtgccaagaggcggatacgge
cttggtctggcaatcaccaggcaggccatcgaacgccacggtgggegtgt
gtatgcgtcattgcctgatacaggtggcctggcaatcaccctggagcette
ccaggaagccgataccctatggecttggcggacgaacacgcecctgaggaccyg
ctcgacgaagcttgaggcggtggtcggtcatcccgaagtaaaaacgacgg
gcgcgagggaggcgggcgccgaagctttgettttgaaacttcecgegecgga
tgttccgcgtcaccggcatgggtgecgtttgcaatcatcattgacaacatce
accatcggggcgcgacggtcgcgaagggcggcaaccgecgcecatcecgecacat
tgcggtaggtcaaggcggccgccaagceccggteecggtategtgecatgetet
tctagctggagccttacacatgacgatccccgccaagtcgatgatgacaa
cggatttagttacggtgtcgcctgaggccaccgtggccgaggccgecccgyg
tgcatgcttatccatcacgtcaccgeccgtaccggtggtggacgeccgataa
ccggccgcttggattggtcagcgaaggcgacgtgatgecgeccacttcegget
cgcagtttcaaagtgagcgggcgcaatggctacgcatgctggecggaaggce
gagacgctcgccccggagttcecctcecgeccgaaatccgectcaaccagcagceca
cgtccgcgagattatgcacacggccatcatcteccgectggtgaggaagcect
cgcttgcggagttggctgatctgatgctgaaacatgggatcaagcgegtce
cctatcctgcgtgacggcgtgttggttggcatcgtcagecgegecgacgt
ggttcgggccgtcgtcgaaaaactggacgatttgcttgageccgacggact
agcaccggaagctggtcggccggaccccatcatccaccagcgcagcggcece
ggtcggcgaccaacagcagcggcacgacaaaaatcagcggggcgtagggg
tggcacgccttgatgcecctctcatgttgagcagcatctgecattgtcgattt
gaggcgatagttcgctggtggaaggcgggcagcgccctggagecgectcga
cgatctgaccgacgaggagatcgcgactaagctgeccggtgecatcectteget
atcttcccgacgcgctcgecggcatgaatgagaaaatggcgatgecttect
tccatccggactcgatgcagctcecttectecgttgaggacgaggeccgegecag
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ctctgctgaaccgagatgtgcgacgagacccggattttacccaactttac
agtgtctttacagccattaacgttggcgccgctaagcctgaacctacgat
cccggttcagaaagctcecgeccagtgagtececgtecgetcectgecacgaaaacatce
atcgctccgctacgceccgcatcggecgatcacgettectgettgegggetgeg
tcagcggcccggatcacgcetcccecccacagatgecgettectgecaaatte
caagagggcgggagcaagagcaacggcgatgtggtggcggcgecagtggtg
gacggcctatcgggacaaacagctcgacggcctggtggctcatggectca
gcgagaaccttgatgtcctgcaggcgctcgagcgcatcaattcggettcee
gccaatgttacggttgccggtgeccggtggecctgeccgagectecgatgtegg
cgcatcacacaccgtgtacggtgagaagggttcgcagcgtacgaccatcg
gcaccaagaacacgacaggcggcgaggccagcectttectggetgectecgac
ttcttcggccagtaccgtegectccaaggagagtgcaatecgectegettgg
ggccgcctatgcaacggccgacgatgccaagctcacctttcectgaaggacce
tcgtctccagttatgtcgacgecccgcectattatcagcagecgcatcecgegett
tcgcaggcgaacttgaaatcccgtcaggagacctacgaactcacgcaact
gcagctcaaggcaggtgcggcctctcecgecttgacgtecgttcaggeccgaag
gccttgttcagtcgacgaaggccgacatccctggtctcgaacagagcectte
accgtttcggctcaccacatcgeccttgectgctcgggatgecggeggecte
gttgatgaatgagctgcagaggagtacaggccagccggtcttccgeggeg
acattcgagccggcattccggccgacctcatccgcaaccgtececcgatatce
cgcaaggcagaacgcgacctggcggcggeccgtegecgatatecggtgetge
cgaagcccagctttatccatcgatc

tcccecgtagactcagecttgtcgagecgeccatcagecgeccggcacggectee
tcgaggctgatgcggcgtccgatcagcttcectgeggtgcgatectttecgge
cgaaagcatcgacagcatggcgtcgtatcgeccatgectgcatgeecgtgge
tgccgtagatttccagetecttggecgatcacctgtgecatecgggatttge
ggcgtcgcatgctcgccgagcatcaaccccacctgcacatgecgtecgeg
ccggcgcagattcttgatcgagttgaagcaggtgacgggatggeccgagceg
cgtcgatcgagacatgcgcgccgcecccttggtgatctcgecgecaccgectece
gccacatcggcgacgcctgacgcgttgaccgtcgeccaccgecceccgecacte
ccgggcaaaggcgagcttctcecctcggaaatgtcgatgecgatecgecatteg
ccccaagcgccgtggcgatcatgatcgeccgacaggeccgacaccgecgecag
ccatgcactgagatccattcgccgggecctggtgecgegectggtecggegac
ggcgcgaaacgaggtggcgaagcggcagccgaggcttgeccgecgtegeat
cgtcgatcgtatcgggcaggtgcaccagattggtatcggcataatcgatce
gccacatattcggcaaacgacccccaatgggtgaagecccggectggaactg
gttcgggcagacctgctggttgccggaatggcactccceccgcaatggceccge
agccggaaacgaagggcacggtcacccggtcgecccaccttgaagcecgcecatce
acgccgcggccggtggcgacgatccgceccggcaagctcatgtececggeac
atgcggcaggcggatatccgggtcgtggcecccatccagecgtgeccagtcac
tgcggcagagcecccgcectggecccgacggatatgacgacaccgtectetgte
ggagtcggatcggcaacggtgcggatttcgggcgectgttcgaaggctte
gtagaacatggctttcatcggcgtcttececcttgetgecttateccgetgttyg
cgcccatcatcgcatgcggcagccagccattccaacattccattecatca
tttttgctgatgcacccatcgatgaagctgeccgttgetgecgcacgaatat
tgcggcctggegceccattcececcecggecattttettgettecgtgtttecgete
gggatttgtccttgacccggcttgeccgecggecggtttttectteteecgget
tcaggaggaaaccatcatggccgtcgatacatcaccccgttcaaccacct
ggactcatgtcgacggagagtggctccccggcaatccgecgetgatcggg
cctacctcgcatgccatgtggctgggectcgacggtecttecgacggegeccyg
ctggttcgacggcatcgcgccggatctcgacctgecactgceccagcgcatca
accgctcggcgctcgceccatgggecctgaageccggtgaaatcageccgaggag
attgtggcacttgcctgggaaggcgttgcgaaattcgatggcgeccacgge
gatttatatcaagccgatgtattggggcgagcacggttcgccgggcagcyg
tcgtcgeccgtcgacggggaatcgaccecgecttecgegetetgectgttegag
gcgccgatgggcggccatggcggcacaagcctcacagtctegecctateg
ccgcccgtecgecggaaacggcgatgaccgaggcgaagaccggetegetet
atccaaacagcggccgcatgatcgeccgaagcgecgcagecgecggtttecgac
aatgcgctggtgcgcgacctgaacggcaacgtcgtcgagaccgecttecte
gaacgtcttcatggtcaaggacggcgtggtgatgacgcccgeccgceccaace
gcaccttcctcgeccggcattacgegttecccgegtcatecggectgectgege
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aaggccggtttcgacgtgcatgaagcagcgctctcececgtcgaggatttect
gcaggccgacgagatcttcaccaccggcaactattccaaagtcgtecggeg
tcacccgcecctcgacgaccgcaatctccaggaaggeccecggtcaccecgecaag
gcgctggaactttacatggactgggccttcggeccgcagcgagagcgagga
gtgaggagaggtcccgcgaagcgggagcaatcgatccagtgaatcgattyg
caacgacgaacgcccgaagcgcaagcgcagggctgcageggttcecggegga
tcagagcccagcccgcecccctecatcececgectgecggecacctteteceecgett
gcggggcgaagggggatagccgcagcctctcagttcacgcaagggtegte
aaaagtactcatctcgcctgtagaaattgccgtagaggtgcgtcagcacc
gaattggctgccaatttttcttcatcgctgtcgccataaaccagtttggg
cggatcgctttcgctaaagatgagagcgacaaaatgattgtaacccgcegce
cggcgatccctgtcgaaacgtcgcgceccecctecgatgatcgtacegttetgt
gcagagccactcgcggctgccgacgcttcgaaacgcgatttattgaaaat
gacgtaccatagccaaggatcgaacaaaggcacggtgatcatcgtcaaac
cggaacaatgatgatagcaataagacgactcaccattccacggatacgac
gacgaaataacgcgactaatgcgccgataaaccaaacgaacagtatgecce
gcgaccgagagaaagagcagcggccctcccaatagatccaagagtecteg
tagcccattggccgaatcaagcggccaaaaatccaaggcgcgatggtaag
ctgcacacgcgatgccaagaaaagcggcgatgaccattcgeccgaacattce
caaatatctatgggcacagccgacacaccatcctgttgtttttcatagtce
gaatggtgtccagcgaagtcgaggcatttttggggccgaacggcattget
gccgaattccgctgtgttgcagtgaagggtgacctccaatgtaaaattac
ccctcacgtcatccactteccgatgectcagcaaatctectecgecaagagat
cgatgaacagccgcaccttcgtcggcagatggctgecggttggggtagacyg
gcgttgatgttgaattccaccggccggtagtccggcatgatcecttcaccag
ccgcccttecggcgatgtecgtcgaacaccacgaaactcggcgceccaggaaga
tgccceccecgceccggtcagegtcaggaaacgcagcatcecteggegetgttggag
acgacgttgccgctgatcttgacgctctecttgtteccecctegecatecte
gaagcgccattcgtcgccataggggtaataggcatattgcaggcaattgt
gatcggcgacctcggccggcegtcecttecggcatcggatggectctggaaatag
gccggcgagcagacgagcatatggcgccagggtgtcagecttgecgggcgac
gagtgatgaatccggcggcggtacggtgcgcatcaccaggtcgtagecat
cctcgatcatgtcgaccatcecgttegecgacgctgaaatcgagtgagatce
gacggataaagctccataaattcgctgacgacgggcagcaggaaacgcac
gatggcactgctggtatagaccttcagcgtgcccecgecggegtegtgcetea
gcgcgccggcecgteccggtecgectcatcgagttecggeccaggatectgecgac
gagcgctcataataatatttgccggtctcececgtcaggctgaccttgegegt
cgtgcggttaagcagccgcacgccgagccggtectceccagecgattgecacgt
gattgccgaccatggtgacggacatgttgagccggcgecgecggcggcggaa
aaaccgccgcattccaccacgcggccaaacaccatgaggectggttagtceg
atccatattgccctcggattatccgectgagagttgatgatcecctteccgat
ttaagcagattatcaaaatgaatgtcagggtgcattttccttecgecatcga
acagggcctctcgcagaggaggccaacggtgaaggagaatgacgatggtc
gagttgccccgcaaagacgttttcgaaagtgcgagggaggctgagcagat
cctggccgaggaagccgccagggcacccgeccgtcgaggecgegececcatge
ctgtctccgaagcgeccggttgecggacgcaccggtcecgeggatgetcecccaaa
aagactggccgtcgcatcgtcaagcgcgceccgtcatcecgecgecgtectget
tgccggcgtcgetttecgectggecgacttecggctaccgctactggacggteg
gccgcttcatcgaatccaccgacgatgecctatgtgaaageccgattacacc
accgtcgccccgaaggtcgeccggectatatcaaggcagtgectecgtcaacga
caatgacgcggtcaaggccggccaggttcectecgececgtatcgacgaccgeg
actttcaggccgcattgtcgcaggcgaaggccgatgtgaaggcggecgag
gccgccatcaccaatatcgacgcccagatctctctgcagcaatcggtgat
cgagcaggccaaggcgacggtcgatgcctcgcaggectegttecgattttyg
ccgtgtccgatgccgecccgectcecggeccgectgate

tcececttetegetecgaaacggtgegggcaaccatgggeteggtetttgeecg
ttccgctcgecgecgggecgacgccagaggaattcatecgectggeggaaateg
gccggcecgtttcececgtecgtecgecgacacatcttgecggggeggtecgattaccg
gacgatcgactaccggaaaaagcccgtcgtgectgttgatgggcaacgaac
aatccggcctgcccgagcagctggeccagggaggceccgacgegettgeecegt
attccgcagcagggccgcgccgattcactgaacctcecgecgttgeccaccge
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cgtcatgcttttcgaggcgcgceccgecatctectcectcacttgecgagggea
aatgaccgaacagacgcatgcacgcccggcgectgttttcgecgeccggege
cgatcctcttcttcatecgtecgtegecgttectgatcgaccaggececgtcaag
atcgccgtcgatcattacctgeccgectgcaggaggecggtgececgtegttee
gatgctggcgctctaccgcacctacaatctcggecgtecgecttttegatge
tatcaggcatggatggctggttcatcgtcggcatgcggetcatcategte
gccttegtcatctggectgtggtaccgcacggcgaaggatcgectggatecge
ccatctcggttatgcgctgatcatcgeccggtgecgatcggcaatctegteg
accgcttcgcecctatgggcatgtgatcgattacattcttttctacaccgag
agctggtccttcgcggtcttcaatctcgeccgacagtttcatcaccatcgg
ggccggctgcgtcattctcgacgagectgcecttttgeccgaaaaaggccggcece
gctaaaatcttatcgaaatcctgaaggcattcggaacgggcctcatgtta
gctagatagcatgcagaacctgggacagttgcaggaaagattgtccgecg
ccttcggtggacccgceccgccaageccgcttgagaagecggatggaggtettt
tccccacggcecccaacgcagcggcaccccggggecgceccgatgaccgeccaggg
cgggcctgcaccgacacggcgcectgcectgttectactggetgggeggegecyg
gccttctggceccgcaacaatcctgatgctgectageccatgecggegatecg
ctgctgctttctggecggtectegtegttecttgggettgecgtecategecag
ttatgccctgctgatggttecgectcgecgcagggeccgggcagecgecccggte
aaaccatgccggatgggaacggcggcgcaaagctgttcgceccgacgtgceac
gacgtgctcggcgacatcacggtcagccgcaccatggaccggcgcatcat
ctccgccaacgacacatttcgecgectgaccgggeggectgegeccggaag
gaaaaacctgcgaggaaatcgggcttgctttceccgeccecggteccgataccg
cattgctacgatgtcgagatctcgacaccggagggccagcgtatcttect
ctggcgcgatgtcgtcacccgcgacccggcgaacggceccgtetgetgetge
agagcgttgcccgcgacgtgaccgacgagcggctgatcgecgcagggecgg
gaggaggcccgccagaaggccgagtataacagcgceccgeccaaatcgagget
gcttgccaccgtcagccacgaggtgcgcacgeccgctttececggecatecttg
gcatgacacatctgatcgccgagacgcggctgacgcaggaacagcagaac
tatctcgcgagcatccgccagtceccggceccatgcattgacgcagetegtecga
ggatctgctcgatttctccaccatcgaggtcggeccgecttegegetgcacce
cgcgctcggaatcgctgcgcaagcttectggaaagegtegtecgagatgett
gcccaccgggcgcatgaaaagggtatcgagatcggecgeccaccgtgtecate
cgacgtgcccgaaaatatgagcttcgacccggecgecggctgegecaggtte
tgttcaacgttatcggcaacgccgtgaaattcacccaggtcggecggegtce
ttcatccgecgtgtcgctcgacggcgacgacctgtcecgatce

tctctacggctggacgaaggacggctccttececccaaggaaatgtggggtyg
ctgccggcggaacccagtacaagaacatgggcgacgagttcgtcaacggce
aacgtcgtgacctatctcgccggcaactggatggtcaatccgttccagaa
aaagatcggcgacgccttcgactggacggcgatcagcgcgecgtgeggceg
atgccggctgctatgcgatgecccggtggcaccgecgatecgtecggettcaag
cgcaccaagtctccggaggccgtggceecgegttcatcgagttecteggetce
tgaaaaggtccagcgtgaaatcgctgaaaactacgtcgtecctgacgggeg
ctgacatcaaggacccgcaatacaagctcgagagcaagaatgccaaggat
gccatggccgtcttcecctcggaageccgcaatagecgtgeccgcaggcagcccg
ggacctggaacgtctcaagggatcctccgccatctatcagctcatecgtee
agaggatgagccagctgatcgtcggcgagctttceccctcgacgagacctte
aaggcaatgaatgccgacgtcgacaaggtcaacgaggcgctcgeccgccaa
gtaaccggtcacgcgttgtccecgcatcatgecgegcatgcagcageccacgyg
cctcgcaacagggccgtggcecttttecttteccccatggacacttcecgaccag
tttcgaattgtcgatggcaacgccggagatctaccgatgcggatgcgegyg
tctatcgcgggtcatctgtggcgaagecggtcatggageccacgcgecggecyg
agcgaatgccggccttcgcaccgatggcgaaggcatggtgacatgecggtt
cgggagaggctataggcgttgtcggceccttcgecggctecgcaggegeccatyg
gtcaacttacaaatgccggcaacccgattacatcaggcgacccagcgact
gtctaccgcatagaggtgcatttccatgccgatgggctccgagecatceccge
tgcgaagggaacttcacaacgagctccacgcgcggccgtegetttactte
gatggcgacacggatgtgtggcacgtcgctatcgtcggagaaaatgcccc
tcctcagataccaaattccctgeccgggactggaggatgtctceccacgaccce
gcgaaggcaaccacggcatcggccgcatcggcgacggceccggctgaagtgg
gaggcccataccgagttcctcaccctgaccttecgtegttecggecatcage
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cgaccccggcagcaatccgcectgaagectttcaggectgetgecgecaga
tcgacgggaaggtcatcgcagccgtcececgegtgetggtgecgecgacgagaag
gacgggcagcgtccagaaaaaccgaagttcgactatgtcgectctcaggt
cggcggcggcgacgcggaagtgcattcgaacttccggectgaccgacageg
gctttgtggaattcctgtttttcaaccgcaacctcaatgcecctatcgcecacc
ggccgcatggtcaggcgttttctggagatcgagacataccggatgatgge
gctgctggccttgceccgatggcgecgcgagacggtgtcgaagettteegtet
tcgaccggcgcectcgacctgectgatcgecgecatatgcagagtgeggtcaag
gtcgacaaggccctgcecttteccgaggtcaccaagectctegtcggatgtget
caatttctccgcgctcecgeccgceccaccgettecggecgecgacgaaagcectatyg
ccgagatcgtcgcaagcagatcgtcggagectgecgecgaggaacgecgtcegag
cagcgccagcggatcggcaccttcatcgaccggcgctttcaaccggecgt
ccgcgcggttcacgceccgceccgaacgceccgcectecgatgaactggecgaacggyg
tgagcctggcgggagacctgctcagaaccaccgtgcaggttcagctcgaa
gatcagaacgcgtcgctgctaacgtcgatggaagagcgggcgcgcatcca
ggtgcatatccagcaggcggtcgaaggcttctcececgtcatecgecatcacct
attacaccgtcggcctcgcaaagatc

tcttcaccaccggcaactattccaaagtcgtcggecgtcaccecgectcecgac
gaccgcaatctccaggaaggcccggtcacccgcaaggcgctggaacttta
catggactgggccttcggceccgcagcgagagcgaggagtgaggagaggtec
cgcgaagcgggagcaatcgatccagtgaatcgattgcaacgacgaacgcc
cgaagcgcaagcgcagggctgcagcggttcggecggatcagagecccagccce
gcccctcatccgectgecggcaccttectecececgettgecggggcgaagggg
gatagccgcagcctctcagttcacgcaagggtcgtcaaaagtactcatcet
cgcctgtagaaattgccgtagaggtgecgtcagcaccgaattggcectgecaa
tttttcttcatcgctgtcgceccataaaccagtttgggecggatcgetttege
taaagatgagagcgacaaaatgattgtaacccgcgccggcgatceccectgtce
gaaacgtcgcgcccctcgatgatcgtaccgttctgtgcagageccactecge
ggctgccgacgcttcgaaacgcgatttattgaaaatgacgtaccatagcec
aaggatcgaacaaaggcacggtgatcatcgtcaaaccggaacaatgatga
tagcaataagacgactcaccattccacggatacgacgacgaaataacgcg
actaatgcgccgataaaccaaacgaacagtatgcccgcgaccgagagaaa
gagcagcggccctcccaatagatccaagagtcecctecgtageccattggecg
aatcaagcggccaaaaatccaaggcgcgatggtaagctgcacacgcgatg
ccaagaaaagcggcgatgaccattcgccgaacattccaaatatctatggg
cacagccgacacaccatcctgttgtttttcatagtcgaatggtgtccage
gaagtcgaggcatttttggggccgaacggcattgctgeccgaattcececgetg
tgttgcagtgaagggtgacctccaatgtaaaattacccctcacgtcatcce
acttccgatgctcagcaaatctctccgccaagagatcgatgaacagceccgce
accttcgtcggcagatggctgcggttggggtagacggcgttgatgttgaa
ttccaccggccggtagtceccggcatgatcttcaccagecgecctteggega
tgtcgtcgaacaccacgaaactcggcgccaggaagatgeccccgeccggte
agcgtcaggaaacgcagcatctcggecgctgttggagacgacgttgecget
gatcttgacgctctccttgttcccecctecgeccatectcgaagecgecattegt
cgccataggggtaataggcatattgcaggcaattgtgatcggcgaccteg
gccggcgtcecttecggcatcggatggctctggaaataggeccggcgagcagac
gagcatatggcgccagggtgtcagcttgcgggcgacgagtgatgaatccg
gcggcggtacggtgcgcatcaccaggtcgtagccatcecctecgatcatgtceg
accatccgttcgccgacgctgaaatcgagtgagatcgacggataaagetc
cataaattcgctgacgacgggcagcaggaaacgcacgatggcactgcectgg
tatagaccttcagcgtgccccecgeggecgtegtgetcagecgegecggecgte
cggtccgcctcatcgagttcggeccaggatctgecgacgagecgctcataata
atatttgccggtctcecgtcaggctgaccttgecgegtecgtgecggttaagceca
gccgcacgccgagccggtecteccagegattgcacgtgattgecgaccatg
gtgacggacatgttgagccggcgcgcggcggcggaaaaaccgecgeatte
caccacgcggccaaacaccatgaggctggttagtcgatccatattgecect
cggattatccgctgagagttgatgatccttecccgatttaagcagattatce
aaaatgaatgtcagggtgcattttccttcgcatcgaacagggcctctecge
agaggaggccaacggtgaaggagaatgacgatggtcgagttgccccgecaa
agacgttttcgaaagtgcgagggaggctgagcagatcctggccgaggaag
ccgccagggcacccgceccgtcecgaggegegecccatgectgtetecgaageg
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ccggttgcggacgcaccggtcecgecggatgectcecccaaaaagactggecgteg
catcgtcaagcgcgccgtcatcgceccecgecgtectgettgecggegtegett
tcgctggcgacttcggctaccgectactggacggtcggecgecttcatecgaa
tccaccgacgatgcecctatgtgaaagccgattacaccaccgtcgeccccgaa
ggtcgccggctatatcaaggcagtgctcgtcaacgacaatgacgcggtca
aggccggccaggttctcecgeccgtatcgacgaccgcgactttcaggecgceca
ttgtcgcaggcgaaggccgatgtgaaggcggeccgaggcecgcecatcaccaa
tatcgacgcccagatctctctgcagcaatcggtgatcga

acggcaggaacgcccgcaaggcecctcggtcecgcggaagttgeccgaacgecacce
gtcaaggtgctgaaggcgaccgttccgectgecgttceccecggecategectt
cctctccggcggccagacgaccgaagaagcgacagcecccaccttteggega
tcaatgccatcggccacctgeccecctggttegtcaccttectectacggtege
gccctgcaggacagctcgctcaaggecctggaacggcaagcaggaaaatgt
cgccgccggccagcgcgaattcacccaccgegeccgagatgaacagecteg
ccgccaagggcaactggaagaaggacctggaaaaggccgcectgagtatta
acgcttaggacttgggcagggatggcaagcgcagcgtageccgecccctgece
atccctctctcectgectcectcattgtcacggcgacaagaaaccgcecttegtt
ccgcgaaaaaccgtgattactcatagcgceccctgtcacaacaggagctgec
atgaacaccctctcctacgtcaccgtcgatgtcecttcacctccaccecgett
cgagggcaatccgcttggegtcatcteccgatgegegeggectgagegatyg
cggcgatgcaaaagatcgcaaccgagttcaattattccgaagtcacctte
gtcctgcccecccggaagaccctcaaaattceccgeccgegtgegeatectteac
cccgacgatggaaataccctttgceccggceccatccgaatgtecggecaccgect
atgtgctcggccagcaggcggagattttcggcaageccggtcggctataag
ctgcgtttcgaggaaaaggccggcatcgtcgaagtcagectgaaacgcag
cggcggaaaggtttctgctgeccgceccatcecgegegecgcagecgectgacga
tcggcgacaccatcgceccgegcaaaccatcecgecggetgegtetegetegac
ccaggcgtcatcgtcgacaccagccatgceccccggtetttgecteggtegg
gctgaacttcgccatcgcagagctgaacgggctcgaagcgctggeccgceccyg
cccgcecccgaaccttgecggattceccaggcagecggecggecgeccagacgacyg
agcggccacgacttctcecgcectcecttectcectatgtgaggaccgeccgaaagace
atggaatattcgcgcccgcatgttcgecgecccecctecgacaatgtgeccgagg
atccggcaacgggcagcgcttcageccgecgecttggecgectatectegteteg
cttgcgccggaggccgatatgaacgcccgcatcaccatcgaacagggegt
cgaaatgggccgccgcagcgtcatcaccecttgatgtecgtgaaatccaacyg
gcatcgttaccgatgtcgtcatctcgggagactgecgttteccgtcatgege
ggagaaattagcttgcaagactgacggtcgcagctcgaccgtaccecctge
gttacacgtaatccggcgctacatcaggaaatcgcgcgaaagcagaacca
ctgcccagacggcgaaagcgatcagcgcgagcttccagaaatccatcecge
cgcctgaggccgggaaacccaagcggcttgatcacctgtatecgecatgge
aaggatgagcagcaaggctatcagctttgtcatgctttattttttecegtt
tttcggaatgtcacaggacggacatttttccgecgecgaacacaggatcteg
acacgccgtaaagacattccggggcacaatcaatcatcttgaggctggge
tgaagcaggtcctgccttatctcattgcaaatcgctaagaccgagtctgg
ggaaatgaagagaaatctgctgtccgtcgectgcgcectgectectttggcacge
tcttecttttcatgggcaacggecctgcagggcatecctgettececgtgege
ggcaatctcgaaggctacgcaacgacgacgctcggcectgectecggcactte
gtgggcggggggcttcgtcatcggctgectgattgecgecgaagattgtge
gccgcgtcggceccacgtgegtgecttttecggggttcatctecgatcatecgece
atcattgcgctggtcagcggcatcatcatcgatccggtctggtgggtggt
cctgcgcecgcecgtcaccggcecttcectceccaccgecggtacgtecgatgatce
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