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Abstract

The symbiosis between Sinorhizobium meliloti and its plant host Medicago sativa,
offers a tractable model to explore the bacterial requirements for endocytic survival in a
eukaryotic host. It has been shown that during development of this symbiosis, M. sativa
releases an oxidative burst that S. meliloti must be able to overcome in order for
symbiotic development to continue. Employing a novel two-part screen, I identified
Sinorhizobium meliloti mutants that were both sensitive to oxidative stress and
symbiotically defective on the host plant Medicago sativa. The mutants affect a wide
variety of cellular processes and represent both novel and previously identified genes
important in symbiosis.

One mutant I identified was disrupted in siz4, which encodes the periplasmic
binding protein of the putative iron/manganese ABC transporter SitABCD. Disruption of
sitA causes elevated sensitivity to the reactive oxygen species hydrogen peroxide and
superoxide. Disruption of sit4 leads to elevated catalase activity and a severe decrease in
superoxide dismutase B (SodB) activity and protein level. The decrease in SodB level
strongly correlates with the superoxide sensitivity of the sit4 mutant. I demonstrate that
all free-living phenotypes of the sit4 mutant can be rescued by the addition of exogenous
manganese but not iron, a result that strongly implies StABCD plays an important role in
manganese uptake in S. meliloti.

A second mutant I identified in my screen was disrupted in a previously
unexplored orf, SMc01113. SMc01113 produces an18 kD protein that is a member of a
highly conserved family, universal among bacteria. In addition to being required for S.
meliloti symbiosis with alfalfa, SMc01113 is also required to protect the bacterium from a
wide range of environmental stresses. Our findings support a role for this novel protein
in RNA and/or phospholipid metabolism.

The striking pleiotropy of the SMc01113 mutant lead me to further investigate the
molecular function of SMc01113. I show that the SMc01113 protein is part of a large
Cluster of Orthologous Group (COG), COG0319 and that homologs of this protein are
functionally equivalent. Using the model system of Escherichia coli, I demonstrate that
the E. coli homolog, YbeY, is required for ribosome maturation. Loss of YbeY activity
affects maturation of both 16S and 23S rRNA and causes a severe loss of polysomes.

708 ribosomes formed in a AybeY mutant show reduced translational activity and fidelity.
I further demonstrate the human homolog, C210rf57, may play a similar role in human
mitochondria.

While investigating the AybeY mutant, I found that, in contrast to the wide range
of stresses it was sensitive to, the AybeY mutant was very resistant to the DNA replication
inhibitor hydroxyurea. Using a systems-level analysis of the genomic transcriptional
response to hydroxyurea, I show that hydroxyurea triggers pathways involved in both cell
survival and cell death, and suggest a model where, for any given bacterium in a
population, hydroxyurea can induce a molecular switch from a survival mode to a
programmed cell death mode. I use this model to explore possible mechanisms for the
increased resistance of the AybeY mutant to hydroxyurea



Acknowledgments

I would like to thank my advisor, Graham Walker, for his encouragement,
support, and scientific advice, and the members of my thesis committee for their helpful
suggestions. Thanks are also due to all members of the Walker lab, both past and
present, for their scientific and technical advice. Special mention is due to members of
the RajBhandary lab for their patience and scientific teaching. Thanks also to the Bell lab
for all their technical support. I would like to thank my friends and family for their

support over the past years and encouragement as I step forward.



Chapter 1

Introduction



My thesis covers several areas of bacterial research. I began by studying the
symbiosis between the soil bacterium Sinorhizobium meliloti and its host plant Medicago
sativa (alfalfa). This led me to explore role of manganese in oxidative stress protection,
and also a novel protein of unknown function that is part of a highly conserved protein
family, universally conversed among bacteria. My investigation of this protein family led
me into several fields including protein translation and DNA replication. Each of these
fields covers a wide breadth of research. In the following introduction I will confine my

discussion to the material most applicable to my work.

Sinorhizobium meliloti Symbiosis and the Role of Oxidative Stress.

Under conditions of poor nitrogen availability, the _-proteobacterium
Sinorhizobium meliloti can invade and establish a chronic symbiotic infection within the
host plant Medicago sativa (alfalfa) (1, 2). The development of the symbiosis is
complex. It begins by an intricate chemical conversation with each organism secreting,
and responding to, small molecule signals. These chemical exchanges induce
physiological changes in the plant host including cortical cell division in the roots to
produce nodules, and root hair curling that traps nearby bacteria, creating an entry point
for S. meliloti (1-4). Through a plant-derived structure called an infection thread, S.
meliloti cells traverse the root hair cell until they are finally endocytosed into the cells
within the developing plant nodule (4, 5). In the nodule, S. meliloti differentiates into a
nitrogen-fixing bacteroid capable of converting atmospheric nitrogen into a usable form

for plant consumption (1, 2).



While in the infection thread, S. meliloti is exposed to an oxidative burst released
by the host plant that is composed of at least hydrogen peroxide (H,0O,) and superoxide
(6). S. meliloti encodes a set of enzymes to defend against these reactive oxygen species
(ROS) including superoxide dismutases, catalases and alkylhydroperoxidases (7). It has
become evident that S. meliloti must be able to manage oxidative stress while in the host
plant as loss of certain oxidative stress defense mechanisms cause symbiotic defects. For
example, S. meliloti strains deficient in both catalase B and catalase C (katB/C) or both
catalase A and catalase C (katA/C), enzymes that detoxify H,O,, are symbiotically
defective (8, 9). However, exactly which rhizobial defenses are required to combat
oxidative stress is a complex question. Several genes known to be required for defense
against ROS in the free living state are dispensable for symbiosis. For example,
disruption of the global regulator of H>O, protection, oxyR, makes the free-living strain
extremely sensitive to H,O,, but does not affect symbiosis (10).

I was interested in identifying novel genes involved in S. meliloti oxidative stress
protection and determining if these genes also played a role in the development of
symbiosis. To explore this question I undertook a two-part screen to identify transposon
mutants of S. meliloti that were both sensitive to H,O, and symbiotically defective (see
Chapter 2). Through this screen I identified several genes that have not previously been
recognized as being important either in symbiosis or in oxidative stress protection for S.
meliloti. One mutant identified in the screen has a transposon insertion in the sit4 gene.
sit4 is the first gene in the four gene operon sitABCD that had been annotated as coding

for a putative iron/manganese ABC transporter (7).



The Role of Manganese in Oxidative Stress Protection

Iron and manganese are important metals for oxidative stress protection. Iron is
used as a cofactor in defense enzymes such as catalase (11). Although in this context
iron is helpful in protection against ROS, free iron in the Fe*" state, can serve to
exacerbate oxidative stress by producing hydroxyl radicals from peroxides through
Fenton chemistry (12). In contrast to iron, manganese ions can help defend against ROS
by scavenging both H,O, and superoxide, as part of low molecular weight complexes
with cellular ligands such as phosphate, lactate or bicarbonate. Although the exact
chemistry of the scavenging has not been determined, the mechanism is thought to
involve manganese ions cycling between the Mn®* and Mn®* states (13-16). In its
enzymatic capacity, manganese also aids in oxidative stress defense by acting as the
essential cofactor in dedicated ROS scavenging enzymes such as manganese-containing
superoxide dismutases and catalases (17, 18). In addition to safe guarding bacteria
against ROS, manganese has also been shown to play an important role in virulence.
Disruption of manganese uptake in pathogens Salmonella enterica serovar Typhimurium
and Streptococcus pyogenes attenuates their virulence (19, 20).

Considering the known roles for manganese in oxidative stress protection and the
requirement of manganese uptake in pathogen/host interactions, the sit4 mutant I
identified was an intriguing candidate for further exploration. To define the role of SitA
in S. meliloti free-living and symbiotic physiology, I first determined the deficiency
responsible for the sit4 mutant free-living phenotypes and subsequently explored the
downstream effectors that contribute to the oxidative stress sensitivity and symbiotic

defect (Chapter 3).



Investigation of a Highly Conserved Protein of Unknown Function Required for S.
meliloti Symbiosis and Environmental Stress Protection.

The genome of S. meliloti strain Rm1021 was recently sequenced and revealed
6204 predicted protein-coding regions. Of these 6204 genes, a putative function could be
postulated for only 59.7% of Rm1021 genes on the basis of bioinformatics analysis. An
even smaller percentage of genes have actually been biochemical validated (7). These
facts highlight a major stumbling block in all current omic level efforts. At best, we
understand the function of only 54% of genes in any organism we are examining (21,
22). For E. coli, arguably the most highly studied organism, we currently understand the
actually biological function of only 53.1% percent of the genes (21). This numbers drops
for the majority of the other sequenced prokaryotes and dips precipitously for most
eukaryotic and archaeal organisms (22, 23). This lack of knowledge of the fundamental
functions of the majority of genes in the every genome is a serious stumbling block in all
omic efforts (22). With advances into areas of network modeling and systems biology a
more complete knowledge of the genome is becoming increasingly important in order to
build and interpret accurate models.

Continuation of the screening strategy I developed to identify oxidative stress
sensitive and symbiotically deficient S. meliloti mutants (Chapter 2) led to the discovery
that orf SMc01113, which encodes a protein of unknown function, is essential for
symbiosis (Chapter 4). The SMc01113 protein is part of a highly conserved protein
family (24), present in all bacteria. The family is also one of 206 that comprise the

predicted minimal genome required to be a bacteria (25). In S. meliloti, I found that the



function of SMc01113 is not only critically required to establish the chronic intracellular
infection necessary for symbiosis, but also for defense against a wide range of
environmental stresses (Chapter 4). The universal conservation of this protein among
bacteria and extremely pleiotropic nature of the S. meliloti SMc01113 mutant drove me to
continue my studies of this highly conserved and very important protein family, not only
to learn more about S. meliloti requirements for symbiosis, but also to deepen our
knowledge of all bacteria.

I show that homologs of this protein are functionally equivalent (Chapter 5). As
we describe in this thesis, deletion of the Escherichia coli homolog, ybeY, resulted in
highly pleiotropic strain, similar to that observed by the disruption of SMc01113 in S.
meliloti. Due to the greater utility of biochemical and genetic techniques, I continued my
investigation of this protein family in E. coli where I identified a role for the E. coli

homolog, YbeY, in ribosome maturation (Chapter 5).

Ribosome Maturation and Protein Translation

Protein translation is a complicated process performed by the ribosome and its
associated factors (27-30). In bacteria, a large 50S subunit and smaller 30S subunit
associate to form an active 708 ribosome, competent for translation. The 50S subunit is
composed of a 23S and 5S rRNA along with 33 ribosomal proteins while the 30S
subunits is composed of a 16S rRNA and 21 ribosomal proteins (28, 30, 31). While
reconstitution of active 30S and 50S subunits has been performed in vitro using only their
respective rRNA and ribosomal proteins (32, 33), it is well recognized that many

additional accessory factors are required for 50S and 30S formation in vivo (29, 34).
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Proper assembile of the ribosome is crucial to its function. Several mutants have been
identified that disrupt processing of rRNA or assembly of subunits that have detrimental
affects on ribosome synthesis and cell viability (29, 34).

Ribosome maturation occurs in a cooperative and ordered fashion (29, 34).
Before transcription is even complete, ribosomal proteins associate with IRNA forming
ribonuclieoprotein particles that are acted on by RNase III. RNase III begins IRNA
maturation cleaving it into precursors that will go onto become mature 168S, 23S and 58
rRNA. RNases capable of the final maturation of the 23S (35, 36) and the 5’ end of 16S
tRNA (37) have been identified, however the enzyme responsible for the 3’maturation of
16S rRNA has remained elusive (37). Immature 23S rRNA can form functional
ribosomes (38), but immature 16S rRNA cannot (39). While final maturation of some
rRNA termini can be performed in vitro using 70S ribosomes (37), it appears that the
final maturation steps for both 16S and 23S rRNA in vivo may actually require formation
of polysome structures (38, 39).

Protein translation proceeds through 4 stages; initiation, elongation, termination
and ribosome recycling. Initiation of protein synthesis is a complex process (40). While
it cannot be entirely separated from the preceding ribosome recycling phase of
translation, I will outline the general steps of initiation following 70S dissociation.
Initiation begins with the 30S subunit bound by initiation factors (IF) 1 and 3. IF1 Binds
specifically to the base of the tRNA binding aminoacyl (A) site of the 30S ribosomal
subunit and is thought to direct the initiator tRNA (fMet-tRNA{) to the ribosomal
peptidyl (P) tRNA binding site (41, 42). IF2, initiator tRNA and mRNA than associate

with the 30S subunit in an as of yet unknown order (34). IF2 is a GTP/GDP-binding
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protein whose main function is to specifically interact with fMet-tRNA and to position

it correctly in the ribosomal P-site, thereby increasing the fidelity and rate of translation
initiation (43, 44). IF2 also promotes 30S/50S subunit association (45). The Shine-
Dalgarno (SD) sequence of canonical mRNAs interact with the anti-SD sequence of the
16S rRNA (46), and the initiation codon is adjusted to the P-site of the ribosome (47).
fMet-tRNA{ is than positioned in the P-site and, after a conformational change in the

Met

30S subunit promoting fMet-tRNAf " codon-anticodon interactions, the 30S initiation

complex is formed (48, 49). IF1 and IF3 are ejected from the complex, while IF2
promotes association with the 508 subunit (50). fMet-tRNAM® is adjusted to the correct
position in the P-site, and IF2 is released from the complex. The resulting complex is
then competent to enter elongation phase of translation.

Error rates of translation in vivo have been estimated to be on the order of 10 to
10* (51). Translational errors can arise from improper tRNA aminoacylation, incorrect
tRNA selection by the ribosome, or frameshifting during translation. tRNA

lle_synthetase will exclude Val

aminoacylation is very accurate. For example Ile-tRNA
with an efficiency of 2.5 x 10” (52, 53). This suggests that the errors in decoding by the
ribosome are responsible the cause of most translation errors.

Translational frameshifting occurs by slipping of the ribosome to an alternate
reading frame. Frameshifting is generally detrimental as it changes the reading frame of
the message being translated producing a truncated protein (54). The exact mechanism of
frameshifting has not been established (55), however factors known to potentiate the

event have been discovered. These factors include certain mutations in 23S and 16S

rRNA (56, 57), mutations in ribosomal proteins (58, 59) and elongation factor 2 (60) as
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well as loss of certain tRNA modifications (61). Interestingly however, expression of
certain genes actually require frameshifting for expression such as the Gag-Pol-Pro
protein in retroviruses (62) that require -1 frameshifting or the E. coli prfB gene that
requires +1 frameshifting (63).

I present data that supports a role for YbeY in ribosome maturation. Specifically
YbeY may act in the, as yet undetermined, process of 16S 3’ maturation. Not only does
loss of YbeY activity affect ribosome maturation but the ribosomes that are formed show
decreased translational activity and increased frameshifting. I further demonstrate that
the human homolog, C21orf57, may perform a similar task as YbeY in human

mitochondria.

Hydroxyurea and Damage-Independent DNA Replication Fork Inhibition

While investigating the E. coli AybeY mutant I constructed, I made another
intriguing observation. Although this mutant exhibited extreme sensitivity to several
environmental stresses, it was very resistant to hydroxyurea. Hydroxyurea (HU) is
commonly used in both prokaryotes and eukaryotes to study DNA damage-independent
replication fork arrest (64-66). HU is potent inhibitors of class I ribonucleotide reductase
(RNR), the enzyme responsible for the synthesis of ANTPs under aerobic conditions in
many organisms. Depletion of dNTP pools through HU treatment leads to replication
fork arrest, most likely through substrate starvation (66-68).

DNA damage, induced by mutagens such as UV, interferes with DNA replication
through a mechanism different from that caused by HU (67, 69). When a replication fork

encounters DNA damage caused by UV, replication proceeds discontinuously, leaving

13



gaps juxtaposed to the lesion (70). The excess ssDNA generated results in formation of
the RecA/ssDNA nucleoprotein filaments that facilitate auto-cleavage of the
transcriptional repressor LexA and derepression of the SOS-regulon. The SOS response,
involves the upregulation of more then 40 genes involved in numerous aspects of DNA
repair and other cellular functions (71). The genomic response to UV damage has been
investigated and described in two independent studies using microarray analysis (72, 73).
The majority of genes identified in these experiments belong to the SOS-regulon. The
authors identified only a small subset of genes that varied independently of the major
SOS transcriptional repressor, LexA, or that were downregulated in response to UV. HU
treatment had been shown to upregulate two genes of the SOS-regulon, rec4 and suld
(74) however the extent of SOS induction as well as other cellular responses brought
about by HU-dependent fork arrest had not been investigated in detail.

Before investigating the AybeY mutant’s resistance to HU, I needed to understand
the full spectrum of cellular effects incurred by HU treatment. Work by several groups
has shown that HU is exquisitely specific for inhibiting DNA synthesis through RNR
inhibition (75, 76). However, a complete picture of the subsequent effects of ANTP pool
depletion and replication fork arrest on cell physiology had been lacking. In addition, it
was not known how Escherichia coli responds differently to replication interference
resulting from DNA damage compared to a damage-independent mechanism.

In collaboration with Jim Collin’s group at Boston University, I combined
microarray technology with systems level analysis to determine the genome-wide
transcriptional response to HU in the model organism Escherichia coli (Chapter 6).

Using my collaborators analysis of the transcriptional response to HU in E. coli to guide
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my investigation, I demonstrate that HU induces global molecular changes that
encompass not only DNA repair but importantly pathways that extend into envelope
stress, iron transport and toxin-antitoxin regulation. These data support a model that E.
coli induces a distinctive transcriptional profile in response to damage-independent fork
arrest that permits individual cells in the population to switch from a survival mode to a

programmed cell death mode.

A Role for YbeY in DNA Replication?

Recently a body of work has emerged suggesting an intricate coupling of protein
translation and DNA replication (67, 77, 78). The highly conserved GTPase,
ObgE/CtgA, exemplifies this association. ObgE/CtgA has been shown to bind the
ribosome (79, 80) and is required for ribosome assembly (78, 81). ObgE/CgtA has also
been shown to regulate chromosome partitioning and subsequent cell events (67, 82, 83).
In Chapter 7, I explored the possibility that, like ObgE/CtgA, YbeY may act as a
mediator between translation and replication and how this role may lead to the increased
resistance to HU observed in the AybeY mutant.

With my model of the cellular response of E. coli to HU, I began studying the
resistance of the AybeY mutant to HU. I used a systems-level analysis of genome-wide
transcriptional response of the AybeY mutant to HU treatment and compared this to the
response of the parental strain MC4100. The results showed a striking deviation in
response. The AybeY mutant initiated the major DNA repair response like the parental

strain MC4100, but was much less sensitive to activation of cell death programs (Chapter
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7). In addition I show that YbeY expression is responsive to HU treatment and YbeY

directly associates with ribonucleotide reductase in vivo.
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Chapter 2

Identification of Novel Sinorhizobium meliloti Mutants Compromised for Oxidative

Stress Protection and Symbiosis.*

* Davies, B. W., and G. C. Walker, 2007. Identification of Novel Sinorhizobium
meliloti Mutants Compromised for Oxidative Stress Protection and Symbiosis. J.
Bacteriol. 189: 2110-2113.



Identification of Novel Sinorhizobium meliloti Mutants Compromised for Oxidative

Stress Protection and Symbiosis.

Running title:

S. meliloti mutants defective in oxidative stress protection and symbiosis.

Bryan W. Davies and Graham C. Walker .

Department of Biology, Massachusetts Institute of Technology, Cambridge, MA 02139.

*Corresponding author. Mailing address: Department of Biology, Massachusetts Institute

of Technology, Cambridge, MA 02139. Phone (617) 253 6711. Fax: (617) 253 2643.

Email: gwalker@mit.edu.

1R



Abstract

Employing a novel two-part screen, we identified Sinorhizobium meliloti mutants
that were both sensitive to hydrogen peroxide and symbiotically defective on the host
plant Medicago sativa. The mutants affect a wide variety of cellular processes and

represent both novel and previously identified genes important in symbiosis.
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Introduction

During symbiotic development with the host plant Medicago sativa, Sinorhizobium
meliloti is subjected to a prolonged oxidative burst released by its host (6). The burst is
composed of at least superoxide and hydrogen peroxide (H,0O), both of which are
deleterious to cell survival. The prolonged burst is a chronic stress for S. meliloti with
both superoxide and H,O, readily detected in nodules several weeks after infection (6). It
has become apparent that S. meliloti must be able to manage oxidative stress while in its
host, but the issue is complex. For example, S. meliloti single mutants that lack either
catalase A (katA) or catalase C (katC), which detoxify H,0O,, are symbiotically proficient,
whereas the katA/katC double mutant is symbiotically defective. Furthermore, novel
regulatory mechanisms may control the S. meliloti response to oxidative stress in planta
as disruption of the major regulator of H,O, defense in the free-living bacterium, oxyR,
does not adversely affect symbiosis (8, 9). Given the obvious necessity of managing
oxidative stress in the plant, and the apparent complexity of the defense network required
to meet this stress, we hypothesized there might be additional oxidative stress defense
mechanisms outside the spectrum of classic defense enzymes required for symbiosis. To
explore this hypothesis, we undertook a novel two-part screen to identify S. meliloti
mutants that are both sensitive to oxidative stress in the free-living state and
symbiotically defective. Through this screen we identified several genes that have not
previously been recognized as being important either in symbiosis or in oxidative stress

protection for S. meliloti.
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Identification of H,O,-sensitive and symbiotically defective S. meliloti
mutants. S. meliloti is exposed to a chronic H,O, stress in the infection thread and
nodule (6). Previous work has shown that certain S. meliloti strains compromised for
H,0, detoxification are symbiotically defective (8, 9). Considering this work, we choose
to use H,0, as the oxidative stress agent with which to screen S. meliloti mutants. We
obtain a random pool of S. meliloti mutants by mutagenizing the wild type strain,
Rm1021, with mTn5-GusNm (mTnJ5) (84, 85). The mTnJ was introduced into Rm1021
on a plasmid by triparental mating (85, 86). mTn5 mutants were selected on Luria-
Bertani (LB) agar plates containing 200 _g/ml neomycin at 30 °C. We measured the
endogenous peroxide level of LB using the Amplex Red Hydrogen Peroxide/Peroxidase
Assay Kit (Molecular Probes) and found it to be 1.8 uM. Since a sublethal dose of H,0,
for wild type S. meliloti is 1 mM we felt confident the endogenous peroxide levels of the
LB would not perturb our study (10). Matings were diluted so as to obtain approximately
100 colonies per plate and H,O,-sensitive mutants were subsequently identified by
replica plating onto LB plates containing 0.7 mM H;0, and 10 mM HEPES pH 7.0.
After 3 days, we identified colonies unable to grow on plates containing H0,. H,;0,
sensitivity was confirmed by zone of inhibition assays (87). The mTn5 mutants
showing sensitivity to H,O, were tested for symbiotic proficiency with the plant host
Medicago sativa (88). After 4 weeks, plant height was measured and compared to
Rm1021-inoculated plants. Mutant-inoculated plants that were statistically shorter than
Rm1021-inoculated plants were initially considered symbiotically defective. To confirm
that the mTn5 was linked to both the H,O, sensitivity and symbiotic deficiency, each

mutant allele was transduced back into the parental strain Rm1021 (89). Three
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independent transductants for each mutant allele were tested for both H,O, sensitivity and
symbiotic proficiency. To more precisely analyze the symbiotic phenotype, nitrogenase
activity was then determined using acetylene reduction (90).

Santos, R., et. al., showed that S. meliloti is exposed to chronic oxidative stress while
in the plant (6). Furthermore, Herouart D., et. al . (91) demonstrated that S. meliloti
defective in katA4 are sensitive to acute oxidative stress but do not show a symbiotic
defect. These results suggest that chronic resistance to oxidative stress may be an
important factor for S. meliloti to establish a functional symbiosis. Because of these
observations, we employed assays such as zone of inhibition that measure S. meliloti
sensitivity to chronic oxidative stress. In total, we screened 1.5x10* mTn5 mutants.
After transduction, we isolated 112 H,O,-sensitive mutants. Of these, 9 mutants were
also symbiotically defective. To more broadly characterize the oxidative stress
sensitivity of these mutants, we tested them for chronic sensitivity to superoxide by zone
of inhibition assay using the superoxide generator menadione.

We used random primer PCR to identify the insertion point of the mTnJ in each
mutant (Table 1) (85). The mTn5 has not been tested to determine if it contains the
outward reading promoter present in the parental TnJ5 (92, 93). As such, insertion of the
mTnS may cause polar effects on downstream genes, however work from our lab shows
expression of downstream genes can occur in at least some of these contexts (94).

The exoP::mTn3, gigAl::mTn5 and sitA::mTn5 mutants all show small increases
in sensitivity to H,O by zone of inhibition assay (Table 1). To better quantify the HO,
sensitivity of these mutants, cultures of each mutant strains and Rm1021 were serially

diluted and spread on LB plates and LB plates containing 0.3 mM H,0; to determine
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their relative plating efficiencies. After 3 days of growth, visible colonies were counted.
Using this chronic stress method we determined that exoP::mTnJ, glgd/::mTn5 and
sitA::mTn5 show plating efficiencies 0f 2.1 % £ 0.2 %, 11.3 % + 2.3 %, and 4.6 % + 2.1

%, respectively, relative to Rm1021 on LB plates containing 0.3 mM H,0,.

Defects in genes associated with succinoglycan production cause H,0,
sensitivity. Rm1021 produces an acidic exopolysaccharide, succinoglycan that is
required for proper symbiotic development (88 73). Succinoglycan is produced in both
high and low molecular weight forms and carries succinyl, acetyl and pyruvyl
modifications (95, 96). The low molecular weight fraction of succinoglycan is of
particular interest because past studies have reported that the low molecular weight
succinoglycan, rather than the high molecular weight succinoglycan, is able to restore the
ability of invasion-deficient mutants to invade nodules (97-99). Our screen identified
three genes previously shown to be required for succinoglycan production and symbiosis
(Table 1) (100).

ExoP is required for polymerization of the succinoglycan monomer. It is thought
to work in conjunction with ExoQ, to produce high molecular weight succinoglycan or
with ExoT to produce the low molecular weight form (100, 101). A role for
succinoglycan in protection against oxidative stress has not previously been reported for
S. meliloti. One possibility is that succinoglycan can act as a diffusion barrier against
H>0, thereby protecting cells against exogenous H>O,. Consistent with this hypothesis,
we find that an exoY mutant, which completely lacks succinoglycan, shows increased

sensitivity towards H>O; (zone of inhibition = 5.9 + 0.1 cm) (101). This hypothesis is
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supported by studies on the nodulation of Sesbania rostrata by Azorhizobium
caulinodans. The early stages of this symbiosis are characterized by a massive
production of H,O, by the plant host. In situ H,O, localization demonstrated that
increased exopolysaccharide production by A. caulinodans prevented the incorporation of
H,0, inside the bacterium, suggesting a role for exopolysaccharide in protecting 4.
caulinodans against H,O, (102). Additionally, the extensive pyruvyl modifications on
Rm1021 succinoglycan may also play a role in protection against H,O, as pyruvate has
been shown to scavenge H,O, non-enzymatically (103). The sensitivity of these
exopolysaccharide mutants appears specific to H;O; as none of the exopolysaccharide
mutants showed increased sensitivity to menadione relative to Rm1021 (Table 1).

We also identified exoD in our screen. Although mutations in exoD lead to
altered succinoglycan production, no biosynthetic role in succinoglycan synthesis has
been attributed to exoD. Furthermore, genetic evidence has shown that altered
production of succinoglycan is not the cause of the symbiotic defect in an exoD mutant
(104). Although efforts have been made to define a physiological function for ExoD,
further research will be required to explain why loss of this gene causes increased H,O,

sensitivity.

Metabolic defects cause H,0; sensitivity and symbiotic defects. Our screen
identified mutants in several different metabolic pathways, including nucleoside
biosynthesis and sugar storage and metabolism (Table 1). We identified tkz2, which
encodes one of two paralogs of transketolase found in the Rm1021 genome. This mutant

is sensitive to both H,O, and menadione. Transketolase functions at two stages in the
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non-oxidative steps of the pentose phosphate pathway (105). Enhanced flux of sugars
through the pentose phosphate pathway has been linked to oxidative stress resistance,
possibly by increasing the production of reducing power in the form of NADPH (106-
108).

Another mutant which is both sensitive to H>O, and symbiotically defective has a
mTnJ insertion in gig4 I, which is a putative glycogen synthase that adds glucose to
growing starch chains. In S. meliloti, gigA1 lies directly upstream of the gene for
phosphoglucomutase (pgm). pgm is also an exo gene (exoC) which catalyzes the
reversible conversion of glucose-1-phosphate to glucose-6-phosphate for entry into
carbon metabolism. S. meliloti exoC mutants induce empty, ineffective nodules on
alfalfa and are dim on calcofluor due to a deficiency in succinoglycan synthesis (88).
Calcofluor is a dye that fluoresces under UV light when bound to certain _-linked
polysaccharides, such as succinoglycan (88). In contrast to exoC mutants, our glgA4]
mutant is bright on calcofluor (data not shown) and indistinguishable from Rm1021
indicating that the mTnJ insertion in our gig4 ! mutant is not polar on exoC. A role for
glucose storage in oxidative stress protection has not previously been reported in S.
meliloti and will require further investigation to elucidate its role. Interestingly, a
glycogen synthase mutant identified in Rhizobium tropici shows enhanced symbiotic
performance on the plant host Phaseolus vulgaris. This contrasting result highlights how
different symbiotic associations can have significantly different host/symbiont
requirements (109).

Our screen also identified purL, which encodes

phosphoribosylformylglycinamidine (FGAM) synthetase, the fourth enzyine in the
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pathway for purine biosynthesis (110). Purine auxotrophs of most rhizobial species,
including S. meliloti, have previously been shown to be symbiotically defective, however
they have not been reported as sensitive to oxidative stress (111-113). It was recently
shown that a Sinorhizobium fredii purL mutant has an altered lipopolysaccharide (LPS)
layer though the reasons for this remain unclear (111). We considered the possibility that
an altered LPS layer might allow easier diffusion of H,O; into the cell, thus explaining an
increased sensitivity. However, we found that, unlike S. fredii, disruption of purL in S.
meliloti does not cause an observable change in the LPS layer by SDS-PAGE analysis

(data not shown).

Defects in metal transport, protein biosynthesis and cytochrome C biogenesis
cause H,0; sensitivity and symbiotic defects. SitA is the periplasmic binding protein
of a putative Mn/Fe ABC transporter. Our investigation of the sit4::mTnj mutant is
discussed in the accompanying manuscript (114).

We were very surprised to identify peptidyl-tRNA hydrolase (pth) in our screen
since Rm1021 has only one copy of pth in its genome (7). Pth scavenges peptidyl-tRNA
molecules that arise normally during protein biosynthesis, is ubiquitous among bacteria
and, in most cases, is an essential enzyme (115). Our pth::mTn5 mutant also shows
considerable sensitivity to menadione suggesting that Pth may have a general role in
oxidative stress protection. One possibility is that translation increases in response to
oxidative stress that in turn increases the demand on tRNA recycling.

The final gene we identified was cycK. cycK is part of the cycHJKL operon

involved in cytochrome C-type biosynthesis. cyc mutants have been identified previously
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in S. meliloti and other rhizobial species as required for symbiosis, but not for oxidative
stress protection (116-118). The cycK::mTn5 mutant exhibits the greatest increase in
sensitivity to H,O, and menadione (Table 1). In S. meliloti, C-type cytochromes are
required for nitrate reduction ex planta and nitrogen fixation in root nodules (117). The
role of cycK and cytochrome-C in oxidative stress defense will require further
investigation.

Of the 112 mTn5 mutants we identified that were H,O,-sensitive but
symbiotically proficient, we identified the mTnJ insertion point for the 3 mutants that
displayed the most severe H,0; sensitivity (Table 2). The mutant exhibiting the greatest
sensitivity was disrupted in the global regulator of H,O; protection, oxyR, which has
previously been shown not to be required for symbiosis (10). actR was originally
identified in S. meliloti as part of a two component system required for growth at low pH
(119). Recent work in E. coli has shown that pH changes and oxidative stress affect the
regulation of a large and overlapping set of genes suggesting a strong relationship
between acid stress and oxidative stress (120). Interestingly, the acfR::mTnS mutant is
also very sensitive to menadione suggesting a general role in oxidative stress protection.
We also identified a putative orf (SMc01853) coding for a protein with a DnaJ-domain.
As oxidative stress causes protein damage, SMc01853 may act as a chaperon to manage
oxidized proteins.

Comparison of Table 1 and Table 2 shows that the sensitivity of a mutant strain to
H>0, or menadione ex planta does not correlate with its ability to effectively nodulate
alfalfa. This suggests that, of the several oxidative stress defense systems available to S.

meliloti, only a specific subset may be required to combat the oxidative stress
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encountered in planta. This may be due to the specific composition of the oxidative burst
S. meliloti experiences in planta, which has not been fully characterized (6). Further
study of Table 1 also shows a lack of correlation between the sensitivity of a strain to
H,0, or menadione ex planta and its capacity to fix nitrogen in planta. This may be
because the oxidative stress sensitivity of some of the mutants is not the cause of their
symbiotic deficiency. Alternatively, the different oxidative stress defense systems may
be required at different developmental stages, allowing some mutants to proceed further
in symbiosis than others. Our screen has identified several genes previously not
associated with oxidative stress protection in S. meliloti. The results of this screen
suggest that oxidative stress protection encompasses a much broader range of cellular

functions than traditionally recognized.
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Table 1. Rm1021 mTn5 mutants identified as both H,O, sensitive and symbiotically

defective.
Mutant H,0, Menadione Plant Height Acetylene
Zone of Zone of (cm) Reduction
Inhibition (cm) | Inhibition (cm) (pmol/nod/h)
Rm1021 (WT) 4.6+0.1 2.6+0.1 7.8+1.8 48.5+5.3
exoP 4.9+0.1 2.6£0.1 1.8+£0.4 0.0+0
exoD 5.5+0.1 2.6x0.1 2.1+0.8 0.0+0
exoQ 5.2+0.1 2.6+0.1 1.8+0.1 3.1£14
glgAl 4.9+0.1 2.7+0.1 1.6+1.0 11.8+15.8
tht2 5.6+0.1 3.0+0.1 2.2+0.5 5.9+£5.2
purL 5.0+0.1 2.7+0.1 1.7£0.4 3.542.5
sitA 4.9+0.1 3.5+0.1 3.8+2.1 15.9+18.4
cycK 7.0+0.1 >8.0 1.7+0.4 0.3+0.3
pth 5.3+0.1 3.7+0.1 2.0+0.6 0.2+0.3
Blank control --- --- 2.1+0.1 0.0£0
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Table 2. Rm1021 mTnS mutants that were symbiotically proficient but displayed high

sensitivity to H,O,.

Mutant H,0, Menadione
Zone of Inhibition (cm) Zone of Inhibition (cm)
Rm1021 (WT) 4.6+0.1 2.6+0.1
actR 5.3+0.2 6.0+0.1
oxyR 7.4+0.1 4.2+0.1
SMc01853 (contains DnaJ 5.6+0.1 2.7£0.1

domain)
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Chapter 3

Disruption of sitA Compromises Sinorhizobium meliloti for Manganese Uptake Required

for Protection Against Oxidative Stress*

* Davies, B. W., and G. C. Walker. 2007. Disruption of sit4 Compromises
Sinorhizobium meliloti for Manganese Uptake Required for Protection Against Oxidative
Stress. J. Bacteriol. 189: 2101-2109.
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Abstract

During the initial stages of symbiosis with the host plant Medicago sativa,
Sinorhizobium meliloti must overcome an oxidative burst produced by the plant in order
for proper symbiotic development to continue. While identifying mutants defective in
symbiosis and oxidative stress defense, we isolated a transposon-insertion mutant of sit4,
which encodes the periplasmic binding protein of the putative iron/manganese ABC
transporter SitABCD. Disruption of sitA4 causes elevated sensitivity to the reactive
oxygen species hydrogen peroxide and superoxide. Disruption of sit4 leads to elevated
catalase activity and a severe decrease in superoxide dismutase B (SodB) activity and
protein level. The decrease in SodB level strongly correlates with the superoxide
sensitivity of the sit4 mutant. We demonstrate that all free-living phenotypes of the sit4
mutant can be rescued by the addition of exogenous manganese but not iron, a result that

strongly implies SitABCD plays an important role in manganese uptake in S. meliloti.
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Introduction

Symbiosis with the gram-negative _-proteobacterium Sinorhizobium meliloti
allows the host plant, Medicago sativa (alfalfa), to utilize atmospheric nitrogen fixed by
the microsymbiont. Through a complex exchange of chemical signals, S. meliloti induces
root hair curling and nodule formation on alfalfa. S. meliloti trapped in the curled root
hairs invade M. sativa through a tube-like structure called an infection thread and are
eventually released into the cells of the developing nodule where they differentiate into
nitrogen-fixing bacteroids (1, 2).

While in the infection thread, S. meliloti is exposed to an oxidative burst released
by the host plant that is composed of at least hydrogen peroxide (H,0,) and superoxide
(6). S. meliloti encodes a set of enzymes to defend against these reactive oxygen species
(ROS) including superoxide dismutases, catalases and alkylhydroperoxidases(7). It has
become evident that S. meliloti must be able to manage oxidative stress while in the host
plant as loss of certain oxidative stress defense mechanisms cause symbiotic defects. For
example, S. meliloti strains deficient in both catalase B and catalase C (katB/C) or both
catalase A and catalase C (kat4/C), enzymes that detoxify H,O,, are symbiotically
deficient (8, 9). However, exactly which rhizobial defenses are required to combat
oxidative stress is a complex question. Several genes known to be required for defense
against ROS in the free living state are dispensable for symbiosis. For example,
disruption of the global regulator of H,0O, protection, oxyR, makes the free-living strain
extremely sensitive to H,O,, but does not affect symbiosis (10).

We were interested in identifying novel genes involved in S. meliloti oxidative

stress protection and determining if these genes also played a role in the development of
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symbiosis. To explore this question we undertook a two-part screen to identify
transposon mutants of S. meliloti that were sensitive to H,O,, and that were also defective
in symbiosis (114). One mutant identified in the screen has a transposon insertion in the
sitA gene. sitA is the first gene in the four gene operon sitABCD that has been annotated
as coding for a putative iron/manganese ABC transporter (7).

Iron and manganese are important metals for oxidative stress protection. Iron is
used as a cofactor in defense enzymes such as catalase (11). Although in this context
iron is helpful in protection against ROS, free iron in the Fe** state, can serve to
exacerbate oxidative stress by producing hydroxyl radicals from peroxides through
Fenton chemistry (12). In contrast to iron, manganese ions can help defend against ROS
by scavenging both H>O, and superoxide, as part of low molecular weight complexes
with cellular ligands such as phosphate, lactate or bicarbonate. Although the exact
chemistry of the scavenging has not been determined, the mechanism is thought to
involve manganese ions cycling between the Mn?* and Mn®" states (13-16). In its
enzymatic capacity, manganese also aids in oxidative stress defense by acting as the
essential cofactor in dedicated ROS scavenging enzymes such as manganese-containing
superoxide dismutases and catalases (17, 18).

In addition to safe guarding bacteria against ROS, manganese has also been
shown to play an important role in virulence. Disruption of manganese uptake in
pathogens Salmonella enterica serovar Typhimurium and Streptococcus pyogenes
attenuates their virulence (19, 20). Furthermore, in S. pyrogenes disruption of manganese
uptake has also been linked to oxidative stress sensitivity (20). The use of manganese in

virulence is most pointedly observed in the extreme case of the Lyme disease pathogen
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Borrelia burgdorferi. B. bugrdorferi has dispensed with a requirement for iron and has
evolved survival strategies that are fully accommodated by manganese (121).
Considering the known roles for manganese in oxidative stress protection and the
requirement of manganese uptake in pathogen/host interactions, the sit4 mutant we
identified was an intriguing candidate for further exploration. To define the role of SitA
in S. meliloti free-living and symbiotic physiology, we first determined the deficiency
responsible for the sit4 mutant free-living phenotypes and subsequently explored the
downstream effectors that contribute to the oxidative stress sensitivity and symbiotic

defect.

Materials and Methods

Bacterial strains, phage, plasmids and growth conditions. Bacterial strains,
generalized transducing phage and plasmids are listed in Table 1. E. coli strains were
cultured at 37 °C in LB. S. meliloti strains were cultured at 30 °C in either LB
supplemented with 2.5 mM MgSO, and 2.5 mM CaCl, (LB/MC) or M9 minimal media
with 15 mM succinate (M9) (122). M9 was prepared without iron or manganese sources
in plastic containers and filter sterilized. Manganese (Mn®") was added as MnSO,
(Sigma) and iron (Fe*") as FeSO, (Sigma). Plastic tubes were used for growth and
sensitivity assays. Unless otherwise stated, strains were initially grown on LB/MC before
dilution into M9. The following antibiotics were used: streptomycin (500 pg/ml),

neomycin (200 pg/ml), chloramphenicol (20 pg/ml), and tetracycline (10 pg/ml).
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Genetic techniques and DNA manipulations. Transductions with fM12 were
performed as described (89). Random mini-Tn5-GusNm (mTn5) mutagenesis and tri-
parental matings were performed as described (85, 86). The protocols of Sambrook (123)
were used for routine manipulations of plasmid and chromosomal DNA. To construct
strains GWBD2, GWBDS8, GWBD9 and GWBD10 a 300-500bp internal fragment of
sodB, pphA, degP1 or relA was cloned into pKNOCK-Tc respectively. To construct
strains GWBD4, and GWBDI11, a 300-500bp internal fragment of sitB or degP2 was
cloned into pJH104 respectively. The resulting plasmids were conjugated into Rm1021
via triparental mating to introduce a disruption by single-crossover homologous
recombination. Single-crossover disruptions were transduced into Rm1021 and verified
by PCR. To construct plasmid pGW1, full length sit4 was PCR amplified and cloned

into pMSO4. pGW1 was introduced into GWBD]1 by triparental mating.

Hydrogen peroxide and plumbagin sensitivity assays. For H,O; sensitivity
assays, S. meliloti cultures were diluted into M9 medium and grown 3 days to ODggp 1.0-
1.2 . These cultures were diluted to ODggp 0.1 into M9 with or without 10 uM MnSO; or
30 uM FeSO4 and grown 2 h at 30 °C before the addition of H,O; to a final concentration
of 8 mM. At the indicated times, samples were taken, serially diluted, and spotted onto
LB agar. After 4 days of growth at 30 °C, the number of colony forming units was
determined. For plumbagin sensitivity assays S. meliloti cultures were diluted into M9
medium with or without 10 pM MnSO, or 30 uM FeSO4 and grown overnight to ODggo
1.0-1.2. These cultures were diluted to ODggo 0.1 into M9 with or without 10 pM MnSO,

or 30 pM FeSO, before the addition of plumbagin to a final concentration of 0.75 mM.
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At the indicated times, samples were taken, serially diluted, and spotted onto LB agar.
After 4 days of growth at 30°C, the number of colony forming units was determined.
H,0, concentrations in solution were determined using Amplex Red Hydrogen

Peroxide/Peroxidase Assay Kit (Molecular Probes).

Bacterial lysates, enzyme activity assays and immunoblots. S. meliloti lysates
were obtained from cultures grown in M9 with or without 10 uM MnSO4 or 30 pM
FeSO4. Cells were disrupted by sonication and protein concentration was determined by
Bradford assay. In-gel catalase and superoxide dismutase assays were performed as
previously described (124, 125). Immunoblotting was performed as previously described

(126) with polyclonal Mn superoxide dismutase antibody (QED Biosciences).

RNA isolation and RT-PCR. Total RNA was isolated from S. meliloti cultures
grown in M9 using Qiagen RNeasy Mini Kit and quantified by OD»s. DNA
contamination was tested for by PCR amplification of 23S rRNA genomic sequence in
the absence of RT. RT-PCR was performed using SuperScript One Step RT-PCR Kit
(Invitrogen) using increasing amounts of RNA for 15 or 35 PCR cycles to determine the
linear range for each target transcript. Primers were designed to amplify 300-500bp
internal sequences for the indicated genes. RT-PCR reactions with primers specific to
23S rRNA were used as a control to ensure equal émounts of RNA template between

reactions.
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Plant assays. Alfalfa seedlings were nodulated on Petri dishes of Jensen agar as
previously described (88). Three-day-old seedlings were inoculated with approximately
107 bacteria. Plant height, nodule number and nitrogen fixation were determined after 4
weeks of growth. Nitrogen fixation was quantified via the acetylene reduction assay (90)
Ethylene-acetylene separation and quantitation were carried out on a Shimadzu GC-8A
gas chromatograph. The amount of ethylene produced was calculated by peak integration
and conversion to picomoles of ethylene formed per nodule by comparison to a standard
curve developed from injected standard amounts of ethylene. 4 week old nodules were
examined by electron microscopy using standard techniques (127, 128).

Bacteria were isolated as previously described (129). Briefly, nodules were
surface sterilized with 70% ethanol for 30 s, followed by three water washes, and
treatment with 10% bleach for 30 s, followed by three water washes. The nodules were
then crushed with a sterile pestle in 100 _1 of LB/MC medium containing 0.3 M glucose.
The nodule suspension was serially diluted (10° to 10-°) and plated onto LB/MC medium

containing 0.3 M glucose.

Results

The sitA::mTn5 mutant is symbiotically defective on Medicago sativa. The
sitA mutant we identified is disrupted by a mTnJ transposon at base 162 of the 903 bp
sitA open reading frame. After determining the H,0O, sensitivity and symbiotic defect of
the original isolate, we transduced the sit4::mTnJ allele into the parental wild type strain,

Rm1021. We tested several transductants and confirmed that both the H,O, sensitivity
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and symbiotic defect are linked to the mTn5 insertion in sit4. We selected one
transductant, GWBD1, for further study. For clarity, we refer to strain GWBD]1 as
sitA::mTn).

We inoculated sitd::mTn5 and Rm1021 onto Medicago sativa seedlings. After 4
weeks, we assayed nodule number, plant height and ability to fix nitrogen as measured by
acetylene reduction (Table 2). Both sit4::mTn5 and Rm1021-inoculated plants began
producing nodules after 1 week. After 4 weeks, sit4::mTn5-inoculated plants showed
approximately 20% more nodules than Rm1021-innoculated plants. Nodules from
Rm1021-innoculated plants were mostly pink (Fig. 1A) due to leghemoglobin which is a
marker of a healthy symbiosis (130).

In contrast, all sit4::mTnJ-innoculated plants produced mainly small white
nodules indicative of a defective symbiosis (Fig. 1B). In addition to the small white
nodules, sit4::mTnJj-inoculated plants produced another type of nodule that was
intermediate in size between healthy pink nodules and defective white nodules (Fig. 1C).
This type of nodule has a slight pink zone at the base proximal to the root. We did
observe an occasional pink nodule on a sit4::mTnJ5-innoculated plant but at a very low
frequency.

sitA::mTn5-inoculated plants were significantly shorter and had a substantial
reduction in acetylene reduction activity compared with Rm1021-inoculated plants
(Table 2). These characterizations were consistent with the decrease in healthy pink
nodules observed on sit4::mTn5-inoculated plants. While we were characterizing
sit4A::mTnJ, a report describing a sit4 deletion was published (131). In agreement with

our observations, that report showed acetylene reduction was decreased for alfalfa
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inoculated with the sit4 deletion strain but did not further characterize the physiology of
the symbiotic defect.

sitA::mTn3-inoculated plants showed reduced but measurable levels of acetylene
reduction, suggesting that the strain is able to colonize the nodules. However, the
majority of nodules produced by sit4::mTn5 were small and white, indicative of a failed
symbiosis. This suggests that if sit4::mTnJ is able to colonize nodules it does so with a
greatly reduced efficiency. To gain a better understanding of the effect of the sit4
transposon disruption on symbiotic development of S. meliloti, we examined the
ultrastructure of each type of nodule induced by sit4::mTn5 by electron microscopy (Fig.
1E). Each nodule type from sit4::mTnJ5-inoculated plants had a similar ultrastructure that
differs markedly from nodules induced by the parental strain Rm1021 (Fig. 1D). The
most striking difference was the presence of large starch granules in sit4::mTn5-induced
nodules. These large deposits found lining the wall of the plant cell in sit4::mTn3-
induced nodules were completely absent from Rm1021-induced nodules. Deposits of
large starch granules have also been observed in several other symbiotically defective
strains of S. meliloti, though the reason for their presence is still not understood (132-
134). We also observed that the plant vacuoles in sit4::mTnJj-induced nodules were
much smaller and displayed more irregular shapes than vacuoles in Rm1021-induced
nodules.

We found it intriguing that, although sit4::mTnJ clearly produces three
morphologically distinct types of nodules, the ultrastructure of each type was very
similar. This observation led us to hypothesis that, although sit4::mTn5 were found in

each type of nodule, perhaps their intracellular survival varies. To determine the number
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of bacteria in the nodules, we crushed each type of nodule from sit4::mTn5-inoculated
plants as well as nodules induced by Rm1021 to recover any bacteria present and plated
for colony forming units. Interestingly, although the micrographs show comparable
number of bacteria in each type of sit4::mTn5-induced nodule, we were only able to
recover bacteria from the pink nodules. However, these nodules contained approximately
1000-fold fewer bacteria than pink nodules from Rm1021-inoculated plants (data not
shown).

It was possible that the bacteria recovered from sit4::mTn5-induced nodules had
acquired a suppressor mutation allowing for their survival. To determine if a suppressor
had accumulated, we confirmed the presence of the mTnJ insertion in sit4 in bacteria
isolated from pink sit4::mTn5-induced nodules, and used these isolates to re-inoculate M.
sativa. After 4 weeks, we found the same plant phenotypes and spectrum of nodules as
were found when inoculating with the original sit4::mTnJ strain (data not shown). This
result indicates that the pink nodules formed by sit4::mTn5 are not due to the acquisition
of a suppressing mutation. As M. sativa is an outbred tetraploid, we hypothesize that the
formation of pink nodules with sit4::mTnJ is most likely due to the genetic variability of

the plant host (135).

Genetic characterization of sitd::mTn5. sit4 is the first transcribed gene of the
sitABCD operon (7). We therefore felt it essential to determine the effect of the mTnJS
disruption on expression of the downstream genes in the operon, sitBCD. We performed
RT-PCR on genes sitB, sitC and sitD. In sitA::mTnJ, sitB, sitC and sitD are all expressed

but at reduced levels compared to that in Rm1021 (Fig. 2). Although there is decreased
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expression from sitBCD, we nevertheless found that expression of sit4 alone from a
plasmid was sufficient to rescue the sit4::mTnJ symbiotic defect (data not shown).
However, sitBCD expression is still important for symbiotic development since a strain
carrying a polar disruption of sitB (GWBD4) shows a symbiotic defect equivalent to that

of sitA::mTnJ (data not shown).

Growth of sitA::mTnJ is limited for manganese. When we first isolated the
sitA transposon mutant we observed that it formed colonies more slowly than Rm1021 on
LB plates. sit4 is part of the sitABCD operon which is designated as a putative
iron/manganese ABC transporter in the S. meliloti genome (7). It seemed likely that the
decreased growth rate of sit4::mTnJ is due to insufficient uptake of one or both of these
metals. We subsequently found that sit4::mTnJ5 has a decreased growth rate compared to
Rm1021 in LB liquid media and the growth defect is even more severe in M9 medium.
Rm1021 was able to grow in M9 alone, however sit4::mTn5 showed no appreciable
growth (Fig. 3A). To determine if either iron or manganese limitation was responsible
for the growth defect, we supplemented the growth medium with either MnSO4 or FeSOj.
Addition of 10 M MnSO4 completely restored the growth rate of sit4::mTnJ to that of
Rm1021 (Fig. 3B). Addition of FeSO4 caused an increase in the growth rate of Rm1021
but did not affect the growth of sit4::mTnj even when included at 30 uM (Fig. 3C).
Taken together, these data indicate that the growth defect of sit4::mTnJ is due to a defect

in manganese uptake and not a defect in iron uptake.
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sitA::mTn5 sensitivity to H>O; is specifically rescued by manganese.
sitA::mTn5 was identified as H,O,-sensitive in our initial screen (114). In that study, we
assayed HO, sensitivity using zone of inhibition assays on LB plates. Under those
conditions sitA::mTn5 appeared only slightly more sensitive than Rm1021 to H,O,.
Similar to the growth defect, we postulated that the sensitivity would be more apparent in
minimal medium. As sitA::an5 does not grow in M9, we first grew the strain in M9
supplemented with 10 _M MnSO,. We then diluted the culture in M9 without
supplement and allowed the cultures to grow for 3 days to starve the cells for Mn** before
assaying H,0; sensitivity. Indeed, the sitd::mTn5 cultures starved for Mn®* showed a
substantial increase in sensitivity to H,O; relative to Rm1021 (Fig. 4A). Furthermore, we
found that if manganese-starved sit4::mTnJ cultures were then supplemented with 10 _M
MnSO; for 2 hours, the increased sensitivity to H,O, was greatly diminished (Fig. 4B).
We did not observe increased rescue with longer incubation times or increased MnSO4
concentrations up to 100 _M (data not shown). Also in agreement with the growth
phenotypes, supplementing the medium with FeSOy4 does not rescue the H,0; sensitivity
(Fig. 4C).

As discussed previously, Mn* ions in low molecular weight complexes are able
to detoxify H,O,. We were concerned that the rescue of H,O, sensitivity by MnSO4
might be a general detoxification of the medium by free Mn®*. To test this, we monitored
the decomposition of H,O, in M9 with and without 10 pM MnSO, over time using the
Amplex Red Detection system. We found that addition of 10 pM MnSO4 does not affect

H,0, concentration in solution (data not shown).
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Catalases are the major component of an adaptive response to HO, and have
been shown to be upregulated in bacteria compromised for other oxidative stress defenses
(91, 136, 137). S. meliloti contains three catalases, KatA, KatB and KatC, none of which
are manganese-dependent (8, 9, 91). We speculated that since sit4::mTnJ exhibits
increased sensitivity to H,O,, catalase activity may be altered in this strain. We assayed
total cell lysates of sit4::mTn5 and Rm1021 grown in M9, with and without MnSOy, for
catalase activity and observed an altered catalase activity profile in sit4::mTnJ (Fig. 5).
Most notably, KatA activity is upregulated in sit4:mTnJ. KatA is controlled by the
global sensor of H,0; stress, OxyR (10). Upregulation of KatA suggests that even during
normal growth, sit4::mTnJ experiences an increased intracellular stress from reactive
oxygen species. Furthermore, we found that sit4::mTn5 grown in M9 supplemented with
MnSO, showed a catalase profile that appeared identical to Rm1021, indicating that
manganese starvation is responsible for the increase in oxidative stress (Fig. 5).

When comparing the catalase profile of sit4::mTnJ to its sensitivity to H O, we
noted two intriguing phenomenon. First, although KatA activity is strongly up regulated
in sit4::mTn5 the strain is still quite sensitive to H,O,. Second, although addition of 10
pM MnSO, restores the sit4::mTnJ catalase activity profile to that of Rm1021 (Fig. 5),
sitA::mTnJ still remains slightly sensitive to HO; (Fig. 4B). These results suggest that
there is an additional mechanism employed by S. meliloti to manage H,O; stress that is

dependent on SitA and possibly on full SitBCD activity as well.

sit4::mTn5 shows increased sensitivity to superoxide that is specifically

rescued by manganese. Our initial characterization of sit4::mTnJ indicated an

45



increased sensitivity to superoxide (114). This phenotype was more apparent in M9,
where sitA::mTn5 showed very strong sensitivity to plumbagin (Fig. 6A), a redox cycling
quinone that generates superoxide (138). sit4::mTn5 sensitivity to plumbagin appears
much more pronounced than its sensitivity to H,O; as sit4::mTnJ requires only overnight
starvation of Mn”" before sensitivity to plumbagin is observed. As with the sensitivity
to HyO,, growing sit4::mTnJ in M9 supplemented with MnSQOy prior to assaying with
plumbagin decreased its sensitivity (Fig. 6B). Also like H,O, sensitivity,
supplementation with FeSOy did not rescue sit4::mTnJ5 plumbagin sensitivity (Fig. 6C).
The addition of MnSOy had an even greater affect on siz4::mTnJ plumbagin sensitivity
than on its H,O; sensitivity as addition of MnSQOy to the assay completely abolished

sitA::mTnJ sensitivity to plumbagin.

SodB activity is decreased in the sit4::mTn5 mutant and correlates with a
decrease in intracellular SodB level. Having established the ability of MnSOj4 to
alleviate sit4::mTnJ sensitivity to both H,0O, and plumbagin, we sought to determine the
mechanism(s) manganese was acting through to provide oxidative stress protection.
There is an increasing list of enzymes that require Mn*" for activity (12). S. meliloti
encodes a superoxide dismutase (SodB) that can use either Fe*" or Mn*" as a c