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ABSTRACT

Autorepression is an intrinsic pathway of autoregulation developed to
maintain homeostasis in biological systems. The s7/4 gene encodes a predicted
thioredoxin-like protein and deletion of s7/4 results in increased sensitivity to salt and
oxidizing agents in the nitrogen-fixing facultative endosymbiont, Sinorhizobium
meliloti. The srlA promoter is autorepressed by an unknown mechanism. In my thesis, |
investigate the mechanism of the autorepression phenotype. Chapter 1 is a literature
review and provides an overview of the sr/4 promoter and gene, the autorepression
phenotype observed, as well as possible autorepression mechanisms. Chapter 2
documents a bioinformatic analysis of SrlA protein structure and possible subcellular
location, and an experimental analysis of whether the thioredoxin-like C-X-X-C motif of
SrlA is required for the autorepression phenotype. Chapter 3 details the use of
transposon mutagenesis and a promoter activation screen to investigate the possibility
that other S. meliloti genes play a role in the autorepression of s#/4. Chapter 4
investigates whether gene sr/A4 is required for effective nodulation and growth
stimulation of the S. meliloti plant host, alfalfa (Medicago sativa). Finally, Chapter 5

includes a summary of the thesis and concluding statements.
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Chapter 1: Literature review

1.1 Sinorhizobium meliloti and endosymbiosis

Bacterial symbionts from the family Rhizobeacae (collectively called rhizobia)
mostly associate with leguminous host plants from the family Fabaceae in a strain-host
plant specific manner (Van Rhijn & Vanderleyden, 1995). The a-proteobacterium
Sinorhizobium meliloti is a model research organism and can form an endosymbiotic
relationship with Medicago sativa (alfalfa) and facilitate nitrogen fixation (Brewin,
1991; Fisher & Long, 1992). These gram-negative bacteria can be free-living in the soil
or exist as endosymbionts within the root cells of alfalfa plants (Poole et al., 2018). S.
meliloti is a slow-growing bacterium and possesses a chromosome (3.7Mb) and two
large megaplasmids, pSymA (1.4Mb) and pSymB (1.7Mb) (Dai et al., 2018; Poole et al.,
2018; Galibert et al., 2001). As an endosymbiont within the plant root cells, S. meliloti
induces the formation of tumor-like structures called nodules in which atmospheric
dinitrogen gas is reduced to ammonium (Brewin, 1991; Wang et al., 2012). This fixed
nitrogen becomes a source of nitrogen for the host plants naturally fertilizing and aiding
plant growth and development. This relationship is exploited in the cultivation of

agricultural legume crops by using these bacteria as bioinoculants (Bohlool et al., 1992).

Symbiosis is initiated by the plant releasing flavonoids that can act as signaling
molecules, antimicrobials, and growth promoters into the soil (Brewin, 1991; Compton
et al., 2020). These phenylpropanoid derivatives are received by the bacterial sensory
protein NodD resulting in induced expression from nod-box genes (Wang et al., 2012).
This results in the synthesis of Nod factors, which are secreted and then recognized by

transmembrane plant receptors with strain-host plant specificity (Poole et al., 2018).
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Bacteria attached to the root hairs are then enclosed in an infection pocket when root
hairs curl (Garrido et al., 2008). To invade the root hairs, the rhizobia will bore a hole in
the root hairs and subsequently enter through a plant-derived infection thread (Haag et
al., 2013). As the bacteria become intracellular, they divide and differentiate into
nitrogen-fixing bacteroids (Poole et al., 2018; Monahan-Giovanelli et al., 2005). The
rhizobial nitrogenase enzyme that converts dinitrogen gas (N2) to ammonia (NH3) is
inhibited by oxygen (Wong & Burris, 1972). A plant response to infection is to
synthesize leghaemoglobin that buffers oxygen levels in the cytoplasm of infected plant
cells, giving nodule tissue a distinct pink or reddish colour (Uheda & Syodno, 1982). The
plant-rhizobium symbiosis can have rather dramatic consequences. For example, alfalfa
plants grown in artificial soils devoid of utilizable nitrogen are typically severely
stunted, chlorotic, and do not reach sexual maturity (Wan et al., 2023). Pre-infecting
plants grown under these conditions with S. meliloti restores plant growth to levels
comparable with un-infected plants grown in artificial soil that has sufficient nitrogen

fertilizer levels (Guifiazu et al., 2009).

In our laboratory we use S. meliloti as a model system to identify stress response
genes and proteins, how their expression is regulated, and the signal transduction

systems that sense physicochemical changes in the environment.

1.2 Signal Sensing and Signal Transduction in Bacteria

Bacteria are single-celled organisms, widely spread throughout nearly all niches.
To survive and persist in these environments, the ability to sense variable
physicochemical conditions and adapt through regulated gene expression is essential

(Stock, 2004). Bacteria have evolved different mechanisms for sensing internal and
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external physicochemical stressors and signal transduction pathways that ultimately lead
to the regulation of gene expression (Galperin, 2005; Galperin, 2018; Martin-Mora et al.,
2018; Mo et al., 2022). Major mechanisms (Staron et al., 2009) of signal sensing and
transduction that regulate transcription initiation specifically include: Extracytoplasmic
function o factors (ECF o factors) (Lonetto et al., 1994; Mascher, 2023); Two-
component Regulatory Systems (TCS) (Nixon et al., 1986); and One-Component
Systems involving small ligand-binding activators and repressors (Ulrich et al., 2005)

(Figure 1.1).
1.2.1 ECF o factors and anti-o factors

Bacteria must develop efficient mechanisms to sense stressors such as adverse
physical and chemical conditions to survive in variable environments. Extracytoplasmic
function o factors (ECF) and their cognate anti-c factors are found in most bacteria and

aid in bacterial survival (Helmann, 2002; Casas-Pastor et al., 2021; Todor et al., 2020).

ECF o factors, also known as Group 4 ¢ factors, belong to the 6’° family and are
typically the most numerous and diverse group of ¢ factors (Paget & Helmann, 2003;
Todor et al., 2020). They are divergent from other groups of ¢ factors in the ¢’° family
because while Group 1 ¢ factors usually possess 4 folded domains, ECF ¢ factors only
possess conserved domains 2 and 4 (62 and 64) which interact with the -10 and -35
promoter DNA elements, respectively (Brooks & Buchanan, 2008; Paget, 2015; Casas-

Pastor et al., 2021).

ECF o factors operate in transcription regulation systems that typically (though

not exclusively) respond to signals or stress from the external environment (Brooks &



Buchanan, 2008). Like all ¢ factors, they complete the RNA polymerase holoenzyme
and play critical roles in determining promoter selectivity and DNA melting (Helmann,

2002; Davis et al., 2017).

To prevent unnecessary transcription of stress response genes, ECF o factors are
bound by cognate (usually) transmembrane proteins called anti-c factors, which
sequester the ¢ factor from RNA polymerase (Helmann, 2002). Specific environmental
stressors can activate a proteolytic program that degrades the anti-c factor, releasing the
ECF o factor for complexation with RNA polymerase and, consequently, transcription of

unique regulons that are a response to the original stressor (Missiakas & Raina, 1998).

A well-examined example of an ECF mechanism is the ECF ¢ factor 6t (RpoE)
found in Escherichia coli, which responds to membrane stress (De Las Pefias et al.,
1997). Under normal conditions, RpoE is sequestered by the anti-c factor RseA, a
cytoplasmic transmembrane protein. Upon sensing stress, in this case periplasmic and
outer membrane protein misfolding, RseA is degraded (Mecsas et al., 1993; Ades et al.,
1999) and RpoE associates with core RNA polymerase to transcribe genes that encode a
variety of stress response proteins including regulatory small RNAs and chaperones

(Klein & Raina, 2017).
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Figure 1.1. Major mechanisms of sensory perception and signal transduction
regulating transcription initiation in bacteria. Extracytoplasmic Function (ECF) ¢
factors are sequestered from core RNA polymerase by cognate anti-c factors that are
degraded by proteolysis upon signal (yellow bolt) stimulus. Two-component regulatory
systems consist of a sensory histidine kinase (HK) and cognate response regulator (RR).
Kinase-mediated phosphorylation of the RR regulates promoter DNA binding and
subsequent activation or repression of transcription. One-component transcription
factors (TF) are often regulated by the binding of small ligands (red circles) that regulate
DNA binding and subsequent activation or repression of transcription.



1.2.2 Two Component Regulatory Systems

In addition to the ECF o factors, TCSs are another mechanism for sensing and
responding to external stressors (Mo et al., 2022; Capra & Laub, 2012). These systems
are generally comprised of a pair of proteins: a histidine kinase and its cognate response
regulator, that link signal sensing to regulated gene expression (West & Stock, 2001;
Casino et al., 2010). The sensory kinase usually exists as a homodimer transmembrane
protein consisting of a transmembrane sensory domain and a transmittance domain
(Nguyen et al., 2015). Upon the reception of an external signal by the sensory domain,
the transmittance domain auto-phosphorylates at a conserved histidine residue (Stock et
al., 1989; Hsing et al., 1998). The response regulator consists of two components: a
phosphoacceptor (receiver, REC) or regulatory domain and a variable effector domain
(Stock et al., 2000). From the auto-phosphorylated histidine residue, the phosphate
group is transferred to a highly conserved aspartate residue in the regulatory domain of
the response regulator (West & Stock, 2001). Phosphorylation of the response regulator
results in conformational changes that regulate DNA-binding activity in the case of

transcription factors (Gao et al., 2007).

There are a variety of effector domain classifications due to the vast array of
output domain functions (Galperin, 2010). The majority of response regulators function
as transcription factors with DNA-binding domains often (but not exclusively) featuring
variants of helix-turn-helix (HTH) structural motifs. Additional response regulator
effector domains include RNA-binding domains, protein-binding domains and

enzymatic activity domains (Gao et al., 2007).



1.2.3 One-component Transcription Factors

One-component transcription factors usually have the same general structure as
the response regulators of two component systems: a regulatory domain and an effector
domain (Ulrich et al., 2005). One-component regulators are distinguished from response
regulators in that they do not work with a cognate histidine kinase and regulation of
effector domain activity is usually mediated by the binding of a small ligand to the
regulatory domain (Ulrich et al., 2005). Classic examples of these transcription factors
include the /ac repressor, Lacl, that loses the ability to repress the /ac operon when
bound to allolactose, and the cAMP receptor protein, Crp that can activate lac operon
transcription, and regulate the transcription of many other operons, when bound to

cAMP (Lewis et al., 1996; Kolb et al., 1993).

1.3 Modes of transcription activation and repression

Both TCS response regulators and one-component regulators can bind specific
promoter-proximal DNA sequences to either activate or repress transcription (Ulrich et
al., 2005). Some proteins can act as both activator and repressor depending upon the
location of their binding site within a specific promoter. Alternatively, the binding of
variant recognition sequences depends upon whether proteins are structurally modified
by small ligand binding or not (Latchman, 2001). Transcription factors are frequently
classified based upon their structural similarity to canonical and well-characterized
transcription factors (Kompaniiets et al., 2023; He et al., 2023). For example, the CenR
response regulator that is relevant to this thesis is a member of the OmpR/PhoB family

(Skerker et al., 2005). OmpR is the response regulator cognate with OmpZ and this TCS



regulates gene expression primarily in response to ambient osmotic conditions (Gao et

al., 2011).

Structural similarities within a transcription factor family can be predictive in
terms of how a protein binds to DNA and how the protein interacts with RNA
polymerase to activate or repress transcription, but inclusion within a family has little or
no power to predict what genes are regulated nor their physiological role in the cell
(Suvorova & Gelfand, 2021; Suvorova et al., 2015; Fang & Zhang, 2021; Colclough et
al., 2019). Most transcription factors bind to DNA as a dimer (Browning & Busby, 2004)
(sometimes forming dimers of dimers or tetramers), and the classic dimer formation may
be either in a head-to-head or head-to-tail configuration (Fernandez-Lopez et al., 2022).
This configuration dictates the arrangement of the recognition site in DNA (Fernandez-
Lopez et al., 2022). For example, the binding site for a head-to-head dimer would most
often present itself as an inverted repeat in the DNA while the binding site of a head-to-
tail dimer would be a tandem or direct repeat sequence in DNA (Ferndndez-Lopez et al.,
2022). Whether an inverted or direct repeat, the two half-sites of the recognition
sequence usually have a center-to-center distance of 10-11 base pair (bp) matching the
center-to-center distance between adjacent major grooves in the DNA. Most often, the
primary determinants of actual binding of the transcription factor are mediated by an a-
helix in the DNA-binding motif fitting into the major groove and making a specific
pattern of intermolecular interactions between functional groups on the side chains of
amino acids in the a-helix and functional groups on the nitrogenous bases exposed in the

major groove (Luscombe et al., 2000). Non-specific interaction between main chain



determinants on the polypeptide and nucleic acid almost always contributes to binding

as well.

Generally, activator proteins can be classified depending on their binding
location in the promoter and how they interact with RNA polymerase (Figure 1.2). Class
I activators generally bind some distance upstream of the -35 element and interact with
the C-terminal domain of the RNA polymerase a subunit and stabilizes the complex at
the transcriptional start site (TSS) (Browning & Busby, 2004). Class II activators bind to
regions abutting or overlapping the -35 element of the promoter (indeed their
recognition sequences may replace the -35 recognition sequence) and interact with
domain 4 of the o factor (Browning & Busby, 2004). Class III activators refers to
activation by two transcription factors making independent contacts with RNA
polymerase subunits (Lee et al., 2012). An additional class of activators is comprised of
proteins binding to regions between the -35 and -10 elements and altering the
conformation of the DNA so that the RNA polymerase can bind to the promoter

(Browning & Busby, 2004).



Class |
Activation

Class Il
Activation

Figure 1.2. Class I and II activation modes. Class I and II activators (TF, red) bind
distinct locations within bacterial promoters. Class I activators interact with the C-
terminal domain of the core RNA polymerase (RNAP) a subunit (grey) while Class 11
activators bind proximal to, or overlapping, the -35 promoter element. Class II activators
interact with domain 4 of the ¢ factor (salmon).
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Repressors can also be grouped by function into major categories. Via steric
hindrance, many repressors compete with the RNA polymerase for access to the
promoter (Rojo, 1999; Browning & Busby, 2004). Repression can also occur when the
conformation of the promoter DNA is altered, for example, by looping, rendering the
promoter inaccessible to the RNA polymerase (Rojo & Salas, 1991). Many more
complex repression mechanisms have been identified. For example, certain repressors
might function by interacting with a required activator, inhibiting its activity and
therefore preventing the recruitment of RNA polymerase to the promoter (Valentin-

Hansen et al., 1996).

My research involved investigating the s7/4 gene in the nitrogen-fixing
endosymbiont S. meliloti. Expression of this gene is autorepressed and is activated by

the TCS CenK/CenR.

1.4 The CenK/CenR TCS and the target regulon member, gene sriA

The S. meliloti TCS CenK/CenR is comprised of the histidine kinase CenK and
its cognate DNA-binding response regulator CenR. The CenK/CenR system is
widespread amongst the a-proteobacteria and appears to regulate genes that play an
important role in bacterial cell growth and division, the integrity of the cell envelope, as
well as the bacterial response to stress (Zhang et al., 2009; Skerker et al., 2005; Bensig

et al., 2022).

Zhao et al. (2019) and Lakey et al. (2022) demonstrated that CenR, but not
CenkK, was essential for cell viability in Rhodobacter sphaeroides using Tn-Seq

approaches and a direct deletion analysis. Zhang et al. (2009) showed that in Brucella
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melitensis, CenR does not appear to be essential, while both CenK and CenR were

essential in Caulobacter crescentus (Skerker et al., 2005).

In S. meliloti, CenR but not CenK is essential, as in R. sphaeroides (Bensig et al.,
2022). The CenK/CenR system regulates the salt-sensitivity locus s7/4 in which
transcription activation is dependent upon binding of CenR to sr/4 promoter DNA
(Bensig et al., 2022). Although CenK is non-essential in S. meliloti and CenR does not
need to be phosphorylated to carry out its essential role in the cell, CenK plays a role in
the regulation of s7/4. Deleting cenK or expressing of a variant of CenR that cannot be

phosphorylated abolishes s7/4 promoter activity (Freire et al., 2024).

1.5 Gene sri4 and the auto-repression phenotype

S. meliloti homologues of CenK/CenR, also known as proteins SMc01716 and
SMc03820, activates the expression of s7/4. Located on the S. meliloti chromosome,
srlA (gene SMc03845) encodes for a thioredoxin-like protein of unknown function
(Bensig et al., 2022). srl4 was initially identified in a transposon mutagenesis screen for
insertions that increased sensitivity to elevated salt (NaCl) concentrations in growth
media. Subsequently, it was demonstrated that a s7/4 deletion mutant displays increased
sensitivity to elevated salinity and the oxidizing agents hydrogen peroxide and cumene

hydroperoxide (Bensig et al., 2022).

Further investigation using a sr/4 promoter-gfp transcriptional fusion revealed
that in addition to activation by CenK/CenR, the sr/4 promoter is autorepressed: the
reporter vector exhibits low green fluorescent protein (GFP) activity in wildtype (wt)

cells but high activity in a s7/4 deletion derivative (Bensig et al., 2022).
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1.6 Concluding Statement

The research described in this thesis primarily focused on the autorepression
phenotype displayed by the s#/4 promoter. Chapter 2 reports a computational analysis of
SrlA protein structure that was designed to predict the likely subcellular location of
SrlA. Chapter 2 also includes an experimental analysis of the importance of cysteine
residues in SrlA and whether their substitution affects the autorepression phenotype.
Owing to the possibility that SrlA may be a secreted periplasmic protein (and possibly
anchored in the cytoplasmic membrane) I considered the possibility that SrlA does not
directly repress its own promoter but that its secretion might activate a signaling
pathway involving other proteins that ultimately leads to promoter repression.
Accordingly, Chapter 3 describes a random transposon mutagenesis approach to
identifying additional genes in S. meliloti that when disrupted abolishes the
autorepression phenotype. Chapter 4 describes the results of an initial set of experiments
to determine whether the s7/4 gene is required for the alfalfa-S. meliloti endosymbiotic
relationship. Finally, Chapter 5 summarizes the work that was done, and the conclusions

drawn.

13



References

Ades, S. E., Connolly, L., Alba, B. M., & Gross, C. A. (1999). The Escherichia
coli sigma E-dependent extracytoplasmic stress response is controlled by the regulated
proteolysis of an anti-sigma factor. Genes & Development, 13(18), 2449-2461.

https://doi.org/10.1101/gad.13.18.2449

Bensig, E. O., Valadez-Cano, C., Kuang, Z., Freire, I. R., Reyes-Prieto, A., &
MacLellan, S. R. (2022). The two-component regulatory system CenK—CenR regulates
expression of a previously uncharacterized protein required for salinity and oxidative

stress tolerance in Sinorhizobium meliloti. Frontiers in Microbiology, 13.

https://doi.org/10.3389/fmicb.2022.1020932

Bohlool, B. B., Ladha, J. K., Garrity, D. P., & George, T. (1992). Biological
nitrogen fixation for sustainable agriculture: A perspective. Plant and Soil, 141(1-2), 1-

11. https://doi.org/10.1007/bf00011307

Brewin, N. J. (1991). Development of the legume root nodule. Annual Review of

Cell Biology, 7(1), 191-226. https://doi.org/10.1146/annurev.cb.07.110191.001203

Bridges, A. A., Prentice, J. A., Wingreen, N. S., & Bassler, B. L. (2022). Signal
transduction network principles underlying bacterial collective behaviors. Annual
Review of Microbiology, 76(1), 235-257. https://doi.org/10.1146/annurev-micro-

042922-122020

Brooks, B. E., & Buchanan, S. K. (2008). Signaling mechanisms for activation of
extracytoplasmic function (ECF) sigma factors. Biochimica Et Biophysica Acta (BBA) -

Biomembranes, 1778(9), 1930-1945. https://doi.org/10.1016/j.bbamem.2007.06.005

14



Browning, D. F., & Busby, S. (2004). The regulation of bacterial transcription

initiation. Nature Reviews Microbiology, 2(1), 57-65.https://doi.org/10.1038/nrmicro787

Capra, E. J., & Laub, M. T. (2012). Evolution of Two-Component signal
transduction Systems. Annual Review of Microbiology, 66(1), 325-347.

https://doi.org/10.1146/annurev-micro-092611-150039

Casas-Pastor, D., Miiller, R., Jaenicke, S., Brinkrolf, K., Becker, A., Buttner, M.
J., Gross, C. A., Mascher, T., Goesmann, A., & Fritz, G. (2021). Expansion and re-
classification of the extracytoplasmic function (ECF) o factor family. Nucleic Acids

Research, 49(2), 986—1005. https://doi.org/10.1093/nar/gkaal229

Casino, P., Rubio, V., & Marina, A. (2010). The mechanism of signal
transduction by two-component systems. Current Opinion in Structural Biology, 20(6),

763-771. https://doi.org/10.1016/j.sbi.2010.09.010

Colclough, A., Scadden, J., & Blair, J. M. A. (2019). TetR-family transcription
factors in Gram-negative bacteria: conservation, variation and implications for efflux-
mediated antimicrobial resistance. BMC Genomics, 20(1).

https://doi.org/10.1186/s12864-019-6075-5

Compton, K. K., Hildreth, S. B., Helm, R. F., & Scharf, B. E. (2020). An
Updated Perspective on Sinorhizobium meliloti Chemotaxis to Alfalfa Flavonoids.

Frontiers in Microbiology, 11. https://doi.org/10.3389/fmicb.2020.581482

Dai, X., Shen, Z., Wang, Y., & Zhu, M. (2018). Sinorhizobium meliloti, a Slow-
Growing Bacterium, Exhibits Growth Rate Dependence of Cell Size under Nutrient

Limitation. mSphere, 3(6). https://doi.org/10.1128/msphere.00567-18

15



Davis, M. C., Kesthely, C. A., Franklin, E. A., & MacLellan, S. R. (2017). The
essential activities of the bacterial sigma factor. Canadian journal of microbiology,

63(2), 89-99. https://doi.org/10.1139/cjm-2016-0576

De Las Pefias, A., Connolly, L., & Gross, C. A. (1997). The cE-mediated
response to extracytoplasmic stress in Escherichia coli is transduced by RseA and RseB,
two negative regulators of 6E. Molecular Microbiology, 24(2), 373-385.

https://doi.org/10.1046/j.1365-2958.1997.3611718 x

Fang, C., & Zhang, Y. (2022). Bacterial MerR family transcription regulators:
activation by distortion. Acta biochimica et biophysica Sinica, 54(1), 25-36.

https://doi.org/10.3724/abbs.2021003

Fernandez-Lopez, R., Ruiz, R., Del Campo, 1., Gonzalez-Montes, L., Boer, De
La Cruz, F., & Moncalian, G. (2022). Structural basis of direct and inverted DNA
sequence repeat recognition by helix—turn—helix transcription factors. Nucleic Acids

Research, 50(20), 11938—11947. https://doi.org/10.1093/nar/gkac1024

Fisher, R. F., & Long, S. R. (1992). Rhizobium—plant signal exchange. Nature,

357(6380), 655-660. https://doi.org/10.1038/357655a0

Freire, I. R., Bensig, E. O., Kuang, Z., & MacLellan, S. R. (2024). Analysis of
CenKR essentiality in Sinorhizobium meliloti and its activity at a target gene promoter in

vivo. FEMS microbiology letters, 371, fnae061. https://doi.org/10.1093/femsle/fnae061

Fuqua, W. C., Winans, S. C., & Greenberg, E. P. (1994). Quorum sensing in

bacteria: the LuxR-LuxI family of cell density-responsive transcriptional regulators.

16



Journal of Bacteriology, 176(2), 269-275. https://doi.org/10.1128/jb.176.2.269-

275.1994

Galibert, F., Finan, T. M., Long, S. R., Piihler, A., Abola, P., Ampe, F., Barloy-
Hubler, F., Barnett, M. J., Becker, A., Boistard, P., Bothe, G., Boutry, M., Bowser, L.,
Buhrmester, J., Cadieu, E., Capela, D., Chain, P., Cowie, A., Davis, R. W, . . . Batut, J.
(2001). The Composite Genome of the Legume Symbiont Sinorhizobium meliloti.

Science, 293(5530), 668—672. https://doi.org/10.1126/science.1060966

Galperin, M. Y. (2005). A census of membrane-bound and intracellular signal
transduction proteins in bacteria: Bacterial IQ, extroverts and introverts. BMC

Microbiology, 5(1). https://doi.org/10.1186/1471-2180-5-35

Galperin, M. Y. (2010). Diversity of structure and function of response regulator
output domains. Current Opinion in Microbiology, 13(2), 150—159.

https://doi.org/10.1016/;.mi1b.2010.01.005

Galperin, M. Y. (2018). What bacteria want. Environmental Microbiology,

20(12), 4221-4229. https://doi.org/10.1111/1462-2920.14398

Gao, H., Zhang, Y., Han, Y., Yang, L., Liu, X., Guo, Z., Tan, Y., Huang, X., Zhou,
D., & Yang, R. (2011). Phenotypic and transcriptional analysis of the osmotic regulator
OmpR in Yersinia pestis. BMC Microbiology, 11(1). https://doi.org/10.1186/1471-2180-

11-39

Gao, R., Mack, T. R., & Stock, A. (2007). Bacterial response regulators: versatile
regulatory strategies from common domains. Trends in Biochemical Sciences, 32(5),

225-234. https://doi.org/10.1016/].tibs.2007.03.002

17



Garrido, M., Jiménez-Zurdo, J. L., Velazquez, E., Trujillo, M. E., Zurdo-Pifieiro,
J. L., Ramirez-Bahena, M., Ramos, B., Diaz-Minguez, J. M., Dazzo, F. B., Martinez-
Molina, E., & Mateos, P. F. (2008). Rhizobium cellulase CelC2 is essential for primary
symbiotic infection of legume host roots. Proceedings of the National Academy of
Sciences of the United States of America, 105(19), 7064-7069.

https://doi.org/10.1073/pnas.0802547105

Guinazu, L. B., Andrés, J., Del Papa, M. F., Pistorio, M., & Rosas, S. B. (2009).
Response of alfalfa (Medicago sativa L.) to single and mixed inoculation with
phosphate-solubilizing bacteria and Sinorhizobium meliloti. Biology and Fertility of

Soils, 46(2), 185-190. https://doi.org/10.1007/s00374-009-0408-5

Haag, A. F., Amold, M. F. F., Myka, K. K., Kerscher, B., Dall’Angelo, S., Zanda,
M., Mergaert, P., & Ferguson, G. P. (2013). Molecular insights into bacteroid
development during Rhizobium-legume symbiosis. FEMS Microbiology Reviews, 37(3),

364-383. https://doi.org/10.1111/1574-6976.12003

He, H., Ming, Y., Li, S., Zhang, G., Ding, Z., Zhang, L., Shi, G., & Li, Y. (2023).
Mechanisms and biotechnological applications of transcription factors. Synthetic and

Systems Biotechnology, 8(4), 565-577. https://doi.org/10.1016/j.synbio.2023.08.006

Helmann, J. D. (2002). The extracytoplasmic function (ECF) sigma factors. In
Advances in Microbial Physiology (pp. 47—110). https://doi.org/10.1016/s0065-

2911(02)46002-x

18



Hsing, W., Russo, F. D., Bernd, K. K., & Silhavy, T. J. (1998). Mutations that
alter the kinase and phosphatase activities of the Two-Component sensor ENVZ. Journal

of Bacteriology, 180(17), 4538—4546. https://doi.org/10.1128/jb.180.17.4538-4546.1998

Klein, G., & Raina, S. (2017). Small regulatory bacterial RNAs regulating the
envelope stress response. Biochemical Society Transactions, 45(2), 417-425.

https://doi.org/10.1042/bst20160367

Kolb, A., Busby, S., Buc, H., Garges, S., & Adhya, S. (1993). Transcriptional
regulation by cAMP and its receptor protein. Annual review of biochemistry, 62, T749—

795. https://doi.org/10.1146/annurev.bi.62.070193.003533

Kompaniiets, D., Wang, D., Yang, Y., Hu, Y., & Liu, B. (2023). Structure and
molecular mechanism of bacterial transcription activation. Trends in Microbiology.

https://doi.org/10.1016/j.tim.2023.10.001

Latchman, D. S. (2001). Transcription factors: bound to activate or repress.
Trends in Biochemical Sciences, 26(4), 211-213. https://doi.org/10.1016/s0968-

0004(01)01812-6

Lee, D. J., Minchin, S., & Busby, S. J. W. (2012). Activating transcription in
bacteria. Annual Review of Microbiology, 66(1), 125-152.

https://doi.org/10.1146/annurev-micro-092611-150012

Lewis, M., Chang, G., Horton, N. C., Kercher, M. A., Pace, H. C., Schumacher,
M. A., Brennan, R. G., & Lu, P. (1996). Crystal Structure of the Lactose Operon
Repressor and Its Complexes with DNA and Inducer. Science, 271(5253), 1247-1254.

https://doi.org/10.1126/science.271.5253.1247

19



Lonetto, M. A., Brown, K. E., Rudd, K. E., & Buttner, M. J. (1994). Analysis of
the Streptomyces coelicolor sigE gene reveals the existence of a subfamily of eubacterial
RNA polymerase sigma factors involved in the regulation of extracytoplasmic functions.

Proceedings of the National Academy of Sciences of the United States of America,

91(16), 7573—7577. https://doi.org/10.1073/pnas.91.16.7573

Luscombe, N. M., Austin, S. E., Berman, H. M., & Thornton, J. M. (2000). An
overview of the structures of protein-DNA complexes. Genome Biology, 1(1).

https://doi.org/10.1186/gb-2000-1-1-reviews001

Martin-Mora, D., Ferndndez, M., Velando, F., Ortega, A., Gavira, J. A., Matilla,
M. A., & Krell, T. (2018). Functional annotation of Bacterial signal transduction
Systems: progress and challenges. International Journal of Molecular Sciences, 19(12),

3755. https://doi.org/10.3390/ijms 19123755

Mascher T. Past, Present, and Future of Extracytoplasmic Function ¢ Factors:
Distribution and Regulatory Diversity of the Third Pillar of Bacterial Signal
Transduction. Annu Rev Microbiol. 2023 Sep 15;77:625-644. doi: 10.1146/annurev-

micro-032221-024032. Epub 2023 Jul 12. PMID: 37437215.

Mecsas, J., Rouviere, P. E., Erickson, J., Donohue, T. J., & Gross, C. A. (1993).
The activity of sigma E, an Escherichia coli heat-inducible sigma-factor, is modulated
by expression of outer membrane proteins. Genes & Development, 7(12b), 2618-2628.

https://doi.org/10.1101/gad.7.12b.2618

20



Mironov, A. S., Gusarov, L., Rafikov, R., Lopez, L. E., Shatalin, K., Kpenesa, P.
A., Tlepymos, /1. A., & Nudler, E. (2002). Sensing small molecules by nascent RNA.

Cell, 111(5), 747-756. https://doi.org/10.1016/s0092-8674(02)01134-0

Missiakas, D., & Raina, S. (1998). The extracytoplasmic function sigma factors:
role and regulation. Molecular Microbiology, 28(6), 1059—1066.

https://doi.org/10.1046/j.1365-2958.1998.00865.x

Mo, R., Liu, Y., Chen, Y., Mao, Y., & Gao, B. (2022). Evolutionary principles of
bacterial signaling capacity and complexity. MBio, 13(3).

https://doi.org/10.1128/mbio.00764-22

Monahan-Giovanelli, H., Pinedo, C. A., & Gage, D. J. (2005). Architecture of
Infection Thread Networks in Developing Root Nodules Induced by the Symbiotic

Bacterium Sinorhizobium meliloti on Medicago truncatula. Plant Physiology, 140(2),

661-670. https://doi.org/10.1104/pp.105.072876

Nixon, B. T., Ronson, C. W., & Ausubel, F. M. (1986). Two-component
regulatory systems responsive to environmental stimuli share strongly conserved
domains with the nitrogen assimilation regulatory genes ntrB and ntrC. Proceedings of
the National Academy of Sciences of the United States of America, 83(20), 7850-7854.

https://doi.org/10.1073/pnas.83.20.7850

Nguyen, M., Yoon, J., Cho, M., & Lee, S. (2015). Prokaryotic 2-component
systems and the OmpR/PhoB superfamily. Canadian Journal of Microbiology, 61(11),

799-810. https://doi.org/10.1139/cjm-2015-0345

21



Paget, M. S. B. (2015). Bacterial Sigma Factors and Anti-Sigma Factors:
Structure, function and distribution. Biomolecules, 5(3), 1245—-1265.

https://doi.org/10.3390/biom5031245

Paget, M. S. B., & Helmann, J. D. (2003). The 670 family of sigma factors.

Genome Biology, 4(1), 203. https://doi.org/10.1186/gb-2003-4-1-203

Poole, P. S., Ramachandran, V. K., & Terpolilli, J. (2018). Rhizobia: from
saprophytes to endosymbionts. Nature Reviews Microbiology, 16(5), 291-303.

https://doi.org/10.1038/nrmicro.2017.171

Rajagopal, L., Clancy, A., & Rubens, C. E. (2003). A Eukaryotic Type
Serine/Threonine Kinase and Phosphatase in Streptococcus agalactiae Reversibly
Phosphorylate an Inorganic Pyrophosphatase and Affect Growth, Cell Segregation, and
Virulence. Journal of Biological Chemistry, 278(16), 14429—14441.

https://doi.org/10.1074/jbc.m212747200

Rojo, F. (1999). Repression of transcription initiation in bacteria. Journal of

Bacteriology, 181(10), 2987-2991. https://doi.org/10.1128/jb.181.10.2987-2991.1999

Rojo, F., & Salas, M. (1991). A DNA curvature can substitute phage phi 29
regulatory protein p4 when acting as a transcriptional repressor. The EMBO Journal,

10(11), 3429-3438. https://doi.org/10.1002/].1460-2075.1991.tb04907.x

Roy, S., Garges, S., & Adhya, S. (1998). Activation and repression of
transcription by differential contact: two sides of a coin. Journal of Biological

Chemistry, 273(23), 14059-14062. https://doi.org/10.1074/jbc.273.23.14059

22



Skerker, J. M., Prasol, M. S., Perchuk, B. S., Biondi, E. G., & Laub, M. T.
(2005). Two-Component signal transduction pathways regulating growth and cell cycle

progression in a bacterium: a System-Level analysis. PLOS Biology, 3(10), e334.

https://doi.org/10.1371/journal.pbio.0030334

Staron A, Sofia HJ, Dietrich S, Ulrich LE, Liesegang H, Mascher T. The third
pillar of bacterial signal transduction: classification of the extracytoplasmic function
(ECF) sigma factor protein family. Mol Microbiol. 2009 Nov;74(3):557-81. doi:

10.1111/5.1365-2958.2009.06870.x. Epub 2009 Sep 8. PMID: 19737356.

Stock, A. (2004). Signal transduction in bacteria. In The Markey Scholars
Conference: Proceedings (pp. 80—89). Washington, DC: The National Academies Press.

https://doi.org/10.17226/11001

Stock, A., Robinson, V., & Goudreau, P. N. (2000). Two-Component signal
transduction. Annual Review of Biochemistry, 69(1), 183-215.

https://doi.org/10.1146/annurev.biochem.69.1.183

Stock, J., Ninfa, A. J., & Stock, A. (1989). Protein phosphorylation and
regulation of adaptive responses in bacteria. Microbiological Reviews, 53(4), 450-490.

https://doi.org/10.1128/mr.53.4.450-490.1989

Suvorova, I. A., & Gelfand, M. S. (2021). Comparative analysis of the I[CLR-
Family of Bacterial Transcription Factors and their DNA-Binding Motifs: Structure,

Positioning, Co-Evolution, Regulon Content. Frontiers in Microbiology, 12.

https://doi.org/10.3389/fmicb.2021.675815

23



Suvorova, I. A., Korostelev, Y. D., & Gelfand, M. S. (2015). GNTR Family of
bacterial transcription factors and their DNA binding motifs: Structure, Positioning and
Co-Evolution. PLOS ONE, 10(7), e0132618.

https://doi.org/10.1371/journal.pone.0132618

Todor, H., Osadnik, H., Campbell, E. A., Myers, K. S., Li, H., Donohue, T. J., &
Gross, C. A. (2020). Rewiring the specificity of extracytoplasmic function sigma factors.

Proceedings of the National Academy of Sciences of the United States of America,

117(52), 33496-33506. https://doi.org/10.1073/pnas.2020204117

Uheda, E., & Syono, K. (1982). Effects of leghaemoglobin components on
nitrogen fixation and oxygen consumption. Plant and Cell Physiology, 23(1), 85-90.

https://doi.org/10.1093/oxfordjournals.pcp.a076333

Ulrich, L. E., Koonin, E. V., & Zhulin, 1. B. (2005). One-component systems
dominate signal transduction in prokaryotes. Trends in Microbiology, 13(2), 52-56.

https://doi.org/10.1016/}.tim.2004.12.006

Valentin-Hansen, P., Segaard-Andersen, L., & Pedersen, H. (1996). A flexible
partnership: the CytR anti-activator and the cAMP—CRP activator protein, comrades in
transcription control. Molecular Microbiology, 20(3), 461-466.

https://doi.org/10.1046/5.1365-2958.1996.5341056.x

Van Rhijn, P., & Vanderleyden, J. (1995). The Rhizobium-plant symbiosis.

Microbiological Reviews, 59(1), 124—142. https://doi.org/10.1128/mr.59.1.124-142.1995

Wan, W., Liu, Q., Zhang, C., Li, K., Zhi, S., Li, Y., & Li, H. (2023). Alfalfa

growth and nitrogen fixation constraints in salt-affected soils are in part offset by

24



increased nitrogen supply. Frontiers in Plant Science, 14.

https://doi.org/10.3389/fpls.2023.1126017

Wang, D., Yang, S., Tang, F., & Zhu, H. (2012). Symbiosis specificity in the
legume - rhizobial mutualism. Cellular Microbiology, 14(3), 334-342.

https://doi.org/10.1111/j.1462-5822.2011.01736.x

West, A. H., & Stock, A. (2001). Histidine kinases and response regulator
proteins in two-component signaling systems. Trends in Biochemical Sciences, 26(6),

369-376. https://doi.org/10.1016/s0968-0004(01)01852-7

Wong, P. P., & Burris, R. H. (1972). Nature of Oxygen Inhibition of Nitrogenase
from Azotobacter vinelandii. Proceedings of the National Academy of Sciences of the

United States of America, 69(3), 672—675. https://doi.org/10.1073/pnas.69.3.672

Wouichet, K., & Zhulin, I. B. (2010). Origins and diversification of a complex
signal transduction system in prokaryotes. Science Signaling, 3(128).

https://doi.org/10.1126/scisignal.2000724

Zhang, X., Ren, J., Li, N., Liu, W., & Wu, Q. (2009). Disruption of the
BMEI0066 gene attenuates the virulence of Brucella melitensis and decreases its stress

tolerance. International Journal of Biological Sciences, 570-577.

https://doi.org/10.7150/ijbs.5.570

Zhao, Z., Peng, T., Oh, J., Glaeser, J., Weber, L., Qing-Feng, L., & Klug, G.
(2018). A response regulator of the OmpR family is part of the regulatory network
controlling the oxidative stress response of Rhodobacter sphaeroides. Environmental

Microbiology Reports, 11(2), 118—128. https://doi.org/10.1111/1758-2229.12718

25



Chapter 2: Bioinformatic and experimental analysis of the SrlA protein

2.1 Introduction

SrlA is a protein encoded by gene SMc03845. This gene first came to our
attention during a search for transposon insertion mutants with increased sensitivity to
high salt levels (0.16 M NaCl) in an LB growth medium. In our lab, PhD student Eukene
Bensig was actually looking for salt-sensitive mutants in an S. meliloti strain where all
Extracytoplasmic Function (ECF) o factor genes had been previously deleted. The goal
was to identify stress response genes that were redundant in the wildtype (wt) strain but
important in a strain lacking the complement of ECF ¢ factors. Ultimately, it was found
that the deletion of s7/4 rendered cells unable to grow in elevated NaCl levels and more
sensitive to the oxidizing agents cumene hydroperoxide and hydrogen peroxide (Bensig
et al., 2022). This phenotypic profile was true for s7/4 deletions in both the wt and ECF

o factor deletion strain background.

To examine the expression of the sr/4 gene, the promoter region was amplified
and ligated into the GFP reporter vector pOT1 (Allaway et al., 2001). In wt strain P110
cells, very low GFP activity was detected, but the activity was much higher in strain
NB1854, which carries a srl4 gene deletion. This is indicative of autorepression of
the srlA promoter. The most straightforward explanation for autorepression is that once
synthesized, the SrlA protein can bind to its promoter and block access by RNA
polymerase. sr/4 is annotated as a conserved gene of unknown function, and it is
broadly distributed amongst the a-proteobacteria. Although enzymatic characteristics of
the SrlA protein or its homologues have never been experimentally examined, a
homologue (58% identify) (protein Atu2684 from Agrobacterium fabrum) has been

26



crystallized and structurally characterized (PDB 2AXO). The structure of SrlA was
modeled (Bensig et al., 2022 and again in this thesis) from Atu2684 using the protein
structure prediction program Phyre2 (Kelley et al., 2015) and rendered using Chimera
(Pettersen et al., 2004). It carries a thioredoxin fold (Figure 2.1) but lacks an obvious
DNA-binding motif. The Phyre2 output suggests that SrlA may be anchored in the
cytoplasmic membrane (Bensig et al., 2022). These details argue against SrlA binding its

own promoter and repressing expression.

As a prelude to an experimental investigation of the s7/A4 autorepression
phenotype, I used web-based bioinformatic programs in attempts to predict a) the
subcellular location of the SrlA protein, b) whether the protein possessed a secretion
signal, ¢) whether the protein possessed a transmembrane domain, and d) whether SrlA
possessed a likely DNA-binding domain. Since previous work in our lab suggested that
mutating one of the cysteines in the thioredoxin fold seemed to impair the autorepression
phenotype, I also experimentally extended the analysis of whether the ability to
reversibly form a disulfide in the thioredoxin fold of SrlA influenced the autorepression
phenotype and whether the protein expressed with cysteine substitutions could
complement the salt-sensitive phenotype of a sr/4 deletion mutant. The results of the
bioinformatic analysis were variable and program-dependent, but a consensus suggests
that SrlA is likely not a cytoplasmic protein. There was no evidence that mutating the
thioredoxin fold cysteines significantly affected the autorepression phenotype and SrlA

cysteine mutants could still complement the salt sensitive phenotype.
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Figure 2.1. SrlA tertiary structure prediction using Phyre2. a helices (green) and 3
strands (red) comprising thioredoxin-like fold are indicated. The location of Cys61 and
Cys64 (rendered as a ball and stick disulfide) is labelled. The N-terminal 44 residues are
not modeled. Model building used A. fabrum protein Atu2684 (PDB 2AXO0) as template.
Image rendered using Chimera.
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2.2 Materials and methods

2.2.1 Bacterial strains, plasmids, and growth conditions

The E. coli and S. meliloti strains and plasmids used are listed in Table 2.2. All
bacteria were grown in Lysogeny Broth (LB, Miller formulation), or this medium
solidified with 1.6% agar. For S. meliloti cultures, broth was supplemented with 1.5 mM
calcium chloride (CaCly) and 1.5 mM magnesium sulfate (MgSOs) (LBmc). Where
required, media were supplemented with the following antibiotics: streptomycin (200
pg/ml), gentamicin (20 pg/ml for E. coli, 60 pg/ml for S. meliloti), and chloramphenicol
(10 pg/ml). E. coli cultures were grown at 37°C, and S. meliloti cultures were grown at

30°C.

2.2.2 Site-directed mutagenesis

Site-directed mutagenesis was performed on pEB60 using a protocol based upon
the QuikChange method (Agilent) and Phusion polymerase (New England BioLabs).
The mutagenic primers used for the C61A substitution were Pr1040/Pr1041, and for the
C648S substitution were Pr1042/Pr1043. The mutations were confirmed using Sanger
sequencing (Genome Quebec). Plasmid conjugation of mutagenized plasmids pZYKS
(C61A) and pZYKO9 (C64S) from E. coli DH5a donor cells into S. meliloti NB1854 host

cells was conducted using the helper strain E. coli MT616 and its plasmid pRK600.

2.2.3 Promoter activity assays

Promoter activity was assessed using a GFPUV reporter gene in plasmid pOT]1
(Allaway et al., 2001). To measure activities, 2 ml cultures in triplicate for each test

strain were grown for 18 h with shaking at 30°C. From 1 ml aliquots, cells were
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collected by centrifugation, washed twice in 1 ml sterile saline (0.85% NaCl), and
resuspended in 1 ml saline. Samples were diluted 1:4 in saline and 200 pl volumes were
placed in a 96-well plate. GFP activity was measured at an excitation wavelength of 340
nm and emission wavelength of 520 nm in a Spectramax 3 plate reader (Molecular
Devices). Optical density was measured at a wavelength of 600 nm. Specific GFP
activity (arbitrary units) was calculated using the formula: GFP fluorescence/Optical

Density.

2.2.4 Computational techniques

The amino acid sequence of SrlA was acquired from the S. meliloti 1021 genome
website (https://iant.toulouse.inra.fr/bacteria/annotation/cgi/rhime.cgi/) and pasted into a
variety of web-based programs (referenced in Table 2.1) to predict the possible
subcellular location of SrlA, the presence of an N-terminal signal sequence, and the
presence of a possible DNA-binding motif. cDART (Geer et al, 2002) was used to assess
the domain architecture of SrlA. The program Phyre2 (Kelley et al., 2015) was used to
identify a structurally characterized homolog of SrlA (Atu2684 PDB 2AXO) and model
the possible structure of SrlA using this homologue as a template. The program Chimera

(Pettersen et al., 2004) was used to depict predicted SrlA structure.

2.3 Results
2.3.1 General features of the SriA protein

SrlA is a 272 amino acid protein with a mass of 28.5 kDa and a predicted
isoelectric point of 6.34. According to the Conserved Domain Architecture Retrieval
Tool (cDART) (Geer et al., 2002), SrlA is one of many similarly sized plant and bacterial

proteins possessing a domain of unknown function (DUF1223) described as belonging
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to the thioredoxin superfamily. The modeled structure of SrlA (Figure 2.1) displays a
four-stranded [3 sheet (strand order 2134 where strand 3 is antiparallel to the rest)
between a three alpha helix bundle - an organization typical of a thioredoxin fold (Qi &
Grishin, 2005). On the loop connecting B-strand 1 and a-helix 2, two cysteine residues
(C61 and C64) are poised and likely have the potential to reversibly form a disulfide
bond. Although we were most interested in using Phyre2 to predict the general tertiary
organization of the protein, the program also predicts (Figure 2.2) an N-terminal
secretion signal (amino acids 1-38) and a cytoplasmic membrane location for the protein
wherein amino acids 39-252 comprising the putative thioredoxin domain would be
periplasmic, amino acids 253-268 would comprise a transmembrane segment, and amino
acids 269-272 would be cytoplasmic. The robustness of these latter predictions,

especially the transmembrane segment, is unclear.

2.3.2 Prediction of SrlA Subcellular Location

Aside from the structural and topological predictions from Phyre2, we also used
several programs to predict the presence of a signal sequence and the subcellular
location of SrlA. The program PSORTDb (Yu et al., 2010) detected the presence of a
signal sequence and only indicated the subcellular location of SrlA as non-cytoplasmic.
The program SignalP-6.0 (Teufel et al, 2022) predicts a signal peptide (probability
0.9703) with a cleavage site between amino acids 27 and 28 (probability 0.92). The
program Signal-3L 3.0 also predicts signal peptide and cleavage site between residues
27 and 28. The program TOPCONS predicts that SrlA is a secreted protein while the

program PSLpred (Bhasin et al., 2005) predicts a cytoplasmic location for SrlA. The
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Figure 2.2. SrlA most probable subcellular localization per Phyre2 predictions. SrlA
is most likely a cytoplasmic membrane location per Phyre2 predictions. The program
predicts an N-terminal signal peptide from amino acid 1-38 with the bulk of the protein,
from amino acids 39-252, being periplasmic, a transmembrane segment from amino
acids 253-268 and finish with a cytoplasmic C-terminal end from amino acids 269-272.
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data from the above analysis along with the output of other programs is summarized in

Table 2.1.

2.3.3 Prediction of transmembrane regions of SrlA

In so much that SrlA might be anchored in the cytoplasmic membrane, we used
several programs to predict segments of the protein that may be transmembrane. The
Transmembrane Prediction server program DAS (Cserzo et al., 1997) predicts two
regions of SrlA that may be associated with the cytoplasmic membrane, one at the N-
terminus of the protein (which might be associated with the signal peptide) and one at
the extreme C-terminus (roughly coincident with the transmembrane segment predicted
by Phyre2 (Figure 2.3). The program CCTOP (Membrane Protein Bioinformatics
Research Group at the Institute of Enzymology, Research Centre of Natural Sciences)
predicted zero transmembrane segments but did predict the presence of a signal
sequence from amino acids 1-28 (although this program seems to use the SignalP
algorithm for this latter prediction, so it is not a unique prediction). The program
TOPCONS (Tsirigos et al., 2015) predicts the same signal sequence, zero

transmembrane segments, but does predict an extracytoplasmic location for SrlA.

2.3.4 Prediction of DNA-binding domain

Neither the program cDART nor any other program indicated the likely presence

of a known DNA-binding domain or motif.
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Figure 2.3. ‘DAS’ prediction of SrlA transmembrane domains. The ‘DAS’ program
predicts two transmembrane domains for SrlA protein, one near the N-terminal from
amino acid 12-23, and the other near the C-terminal from amino acid 258-264.

34



2.3.5 The effects of Cys61 and Cys64 substitutions on autorepression and

complementation

Previously, it was shown that the s7/4 promoter ligated into a GFP expression
vector (pEB57) has low activity in a wt (strain P110) background but high activity in a
AsrlA strain (NB1854) (Bensig et al., 2022). This high activity in the Asr/A4 background
was repressed if the sr/4 promoter plus the entire s7/4 open reading frame (ORF) was
ligated into the vector (forming plasmid pEB60, strain NB2140), demonstrating that
SrlA expression from the plasmid could repress the promoter. When the s7/4 ORF was
interrupted by a Pvul-Pvul 52 codon in-frame deletion (pEB66, strain NB2141), the
promoter was no longer repressed (Bensig et al., 2022). To test whether the presumed
notable activity of a thioredoxin fold (namely, the ability to reversibly form a disulfide in
the CXXC motif) was required for the autorepression phenotype, I used this same
plasmid expression system (pEB60) to examine the effects of Cys61 and Cys64

substitutions in the thioredoxin fold of SrlA on promoter autorepression.

As noted previously, pEB60 (carrying the intact s7/4 gene) displays low
promoter activity in the Asr/4 background (strain NB2140), while pEB66 (carrying
the s7/4 Pvul in-frame deletion) displays high promoter activity (strain NB2141) (Figure
2.4). All three constructs expressing SrlA with cysteine substitutions (C61S, C61A, and
C64S forming strains NB2142, NB2143, and NB2144, respectively) still substantially
repress the promoter (Figure 2.4), suggesting the ability to form a disulfide in the C61-

X-X-C64 thioredoxin motif is not required for the autorepression phenotype.

Since a srl4 deletion (strain NB1854) renders cells more sensitive to NaCl than
wt (strain P110) cells (Figure 2.5), I could also test whether substitutions of Cys61 and
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Cys64 affect the ability of the plasmid-borne sr/4 gene to complement the effects of the
genomic deletion of sr/4. NB1854 salt sensitivity can be complemented by the

wt srl4 gene (strain NB2140) but not when this gene is disrupted by the Pvul in-frame
deletion (strain NB2141). However, plasmids bearing the C61S, C61A, and C64S
substitutions (strains NB2142, NB2143, and NB2144, respectively) are still able to
effectively complement the s7/4 genomic deletion. This suggests that, like the
autorepression phenotype, the C61-X-X-C64 thioredoxin motif is not important for the

salt-sensitivity effect.

2.4 Discussion

SrlA is a protein of unknown function with homologs widely distributed in the a-
proteobacteria. Deletion of the s7/4 gene in S. meliloti renders cells more sensitive to
elevated NaCl levels in the growth medium and more sensitive to the oxidizing agents
hydrogen peroxide and cumene hydroperoxide (Bensig et al., 2022). SrlA expression is
positively regulated by the two-component regulatory system CenK-CenR, but high
promoter activity is only evident in a Asr/4 background, suggesting autorepression. To
our knowledge, the cellular role of this gene or protein has not been experimentally
investigated in any other species. After modeling the structure of SrlA based on the
known structure of an 4. fabrum homolog (Atu2684), the program Phyre2 predicted that
SrlA is a periplasmic protein anchored in the cytoplasmic membrane by a C-terminal
segment. While it is not clear how sound this prediction is, several other programs also
predict the presence of an N-terminal secretory signal sequence and an extracytoplasmic
location for SrlA. Given the possibility that SrlA is not a cytoplasmic protein and has no

obvious DNA-binding motifs, it is unclear how SrlA autorepresses its promoter.
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Figure 2.4. Influence of cysteine substitutions on autorepression phenotype. GFP
activity reported as mean = sd, n = 3. Letters indicate significantly different means
(p<0.01, ANOVA and Tukey HSD).
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Figure 2.5. Spot plate of sri4 deletion stains and C61 and C64 mutagenized strains
on increased salt concentrations. Strains carrying sr/4 deletions (NB1854, NB2141)
showed increase salt sensitivity whereas salt resistance was regained when the sr/4
deletion was complemented. Strains with C61 or C64 alterations (NB2142, NB2143,
NB2144) did not show a similar salt sensitivity.
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SrlA carries a predicted thioredoxin-like fold, which includes a CXXC motif.
Preliminary data in our lab suggested that the autorepression phenotype might be
dependent upon the CXXC motif and the (probable) ability to form a catalytic disulfide.
An intriguing hypothesis was that disulfide bond formation could act as a switch that
regulated autorepression. However, my analysis of C61S, C61A, and C64S substitution
mutations revealed that these SrlA mutants could still substantially autorepress
transcription. Surprisingly, these cysteine substitutions also had no effect on the ability
of SrlA expression in trans to complement the salt-sensitive phenotype of a sr/4 deletion
mutant. Perhaps these cysteines will prove important with respect to the hypersensitivity
of a srl4 deletion mutant to oxidizing agents such as hydrogen peroxide and cumene

hydroperoxide, but I did not test this.

In bacteria, true thioredoxins are usually small proteins (~ 100 amino acids) and
usually act in the reducing cytoplasmic environment to mediate redox homeostasis and
respond to oxidative stress, among other activities (Smits et al., 2005; Zeller & Klug,
2006). SrlA, on the other hand, is a larger protein (272 amino acids) and a member of a
large group of similarly sized proteins (cDART DUF1223) with similar domain
structures widely distributed in bacteria and plants. Not all these proteins have obvious

signal sequences.

Another a-proteobacterial protein carrying a thioredoxin fold that has been well-
characterized is TIpA from Bradyrhizobium japonicum (Loferer et al., 1993; Mohorko et
al., 2012; Abicht et al., 2014). This protein is similar in size to SrlA (though it is not
homologous) and plays a role in the reduction of certain periplasmic proteins and the

biogenesis of cytochrome aa3. It is localized in the periplasm and is anchored in the
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cytoplasmic membrane by an N-terminal transmembrane helix. It is worth noting that
the differentiation of N-terminal transmembrane helices from N-terminal secretion
signals by structure prediction programs can sometimes be problematic, and Loferer et
al. (1993) used alkaline phosphatase and B-galactosidase fusions and cell fractionation
experiments to confirm that the N-terminus of TIpA was a transmembrane helix and was
not proteolytically processed upon secretion. It is, therefore, an interesting possibility
that the SrlA N-terminal signal sequence may be a transmembrane anchor. Three
programs used in my bioinformatics analysis (DAS, SPLIT 4.0, and PRED-TMBB) also
predicted N-terminal transmembrane helices, whereas most other programs predicted
this region as a signal sequence. Understanding the cellular role of SrlA and how it

autoregulates its promoter will benefit subcellular localization experiments.

Given that SrlA may be localized outside of the cytoplasm and given the paucity
of an obvious DNA-binding motif, we have considered the possibility that SrlA may not
directly repress transcription from its own promoter. It is possible that the expression
and secretion of SrlA triggers a signal transduction pathway that ultimately results in the
expression/activation of an actual DNA-binding repressor protein in the cytoplasm that
can bind to the sr/4 promoter or negatively regulates the expression or activity of the
CenR response regulator (activator) that is required for transcription from the sr/A4
promoter. The above scenarios imply roles for additional genes and proteins in the sr/4
autorepression phenotype. Chapter 3 (below) documents my experimental search for

these hypothetical additional genes.
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Table 2.1. Summary of web-based prediction programs used for the bioinformatics analysis of SrlA.

Server Signal | Subcellular Transmembrane | DNA binding | Additional motifs Reference or source

Program peptide | location domain domain

Phyre2 1-38 aa | Transmembrane | 253-268 aa - Thioredoxin-like motif | (Kelley et al., 2015)

MOTIF - - - - Thioredoxin-like motif | (Kanehisa et al., 2002)

Motif Scan - - - - Thioredoxin-like motif | (Pagni et al., 2007)

SMART 1-27 aa | Secreted - - Motif homologous to (Schultz et al., 2000)

2AXO0|A

P2RP - - - - None (Barakat et al., 2013)

PredictProtein | 1-29 aa | Secreted - None None (Bernhofer et al, 2021)

DeepTMHMM | 1-27 aa | Secreted None - - (Hallgren et al., 2022)

TOPCONS 1-28 aa | Secreted - - - (Tsirigos et al., 2015)

Phobius 1-27 aa | Secreted - - - (Kall et al, 2007)

PROTTER 1-27 aa | Secreted - - - (Omasits et al., 2014)

CELLO - Cytoplasmic/ - - - (Yu et al, 2006)
Periplasmic

PSORTD Yes Non- - - None (Yu et al, 2010)
cytoplasmic

SSPRED - Secreted - - - (Pundhir & Kumar,
(Type-II) 2011)

Signal-3L.3.0 | 1-27 aa | Secreted - - - (Zhang et al, 2020)

SignalP 6.0 1-27 aa | Secreted - - - (Teufel et al, 2022)

CCTOP - Not - - - (Dobson et al., 2015)
transmembrane

DAS - - 12-23 aa - - (Cserzo et al., 1997)

258-264 aa
SPLIT 4.0 - - 10~30 aa - - (Juretic et al., 2002)
Transmembrane

helix
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PRED-TMBB Possibly outer 12-22 aa - (Bagos et al., 2004)
membrane 81-89 aa
protein
GYM 2.0 - - None (Narasimhan et al.
2002)
DRNApred - - None (Yan & Kurgan, 2017)
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Table 2.2. List of bacterial strains used and constructed.

Species Strain Genotype or phenotype Reference or source
E. coli DH5a F— @80lacZAM15 A(lacZYA-argF)U169 recAl endAl Invitrogen
hsdR17(rK—, mK+) phoA supE44 A—thi-1 gyrA96 relAl
MT616 | Helper strain (pRK600) lab strain
NB77 DH5a (pOT1) lab strain
NB1929 | DH5a with 180nt upstream (presumed promoter region) + srl4 lab strain
NB1971 | DH5a (pEB66) (Bensig et al., 2022)
NB1972 | DH5a (pEB67) (Bensig et al., 2022)
NB2136 | DHS5a (pZYKS) this study
NB2137 | DH5a (pZYK9) this study
S. meliloti | Rm1021 | W168 Str' from T. Finan
RmP110 | Rm1021 with genetically corrected modifications (Yuan et al. 2006); from T. Finan
NB1854 | RmP110 :: Asri4 (Bensig et al., 2022)
NB2140 | NB1854 with 180nt upstream (presumed promoter region) + sr/4 | this study
NB2141 | NB1854 (pEB66) this study
NB2142 | NB1854 (pEB67) this study
NB2143 | NB1854 (pZYKS) this study
NB2144 | NB1854 (pZYK9) this study
Table 2.3. List of vectors used and constructed for site directed mutagenesis.
Vector | Genotype or phenotype Resistance Reference or source
pOT1 Promoter probe vector based on pBBR-1-MCS-5 replicon Gentamycin (Gm") (Allaway et al., 2001)
pEB60 | pOT1 :: 180nt upstream (presumed promoter region) + sr/A Gentamycin (Gm") (Bensig et al., 2022)
pEB66 | pEB60 :: APvul: aa 164-261 Gentamycin (Gm") (Bensig et al., 2022)
pEB67 | pEB60 :: C61S Gentamycin (Gm") (Bensig et al., 2022)
pZYKS8 | pEB60 :: C61A Gentamycin (Gm") This work
pZYK9 | pEB60 :: C64S Gentamycin (Gm") This work
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Table 2.4. List of primers used for site directed mutagenesis.

Primers Sequence Description and usage

Pr927 TATAAGCTTCGTGGGTTTTCCACGGCTTTG srlA promoter region forward primer (HindIII)
Pr857 AAACTGCAGTCAGAGCTTTCCCTGTGGCC srlA promoter region reverse primer (Pstl)
Pro03 CACCAGCCAGGGCAGCTCCTCCTGTC Forward C61S site-directed mutagenesis primer
Pro04 GACAGGAGGAGCTGCCCTGGCTGGTG Reverse C618S site-directed mutagenesis primer
Pr1040 CACCAGCCAGGGCGCCTCCTCCTGTCCG Forward C61A site-directed mutagenesis primer
Pr1041 CGGACAGGAGGAGGCGCCCTGGCTGGTG Reverse C61A site-directed mutagenesis primer
Pr1042 GCTGCTCCTCCAGTCCGCCGGCG Forward C64S site-directed mutagenesis primer
Pr1043 CGCCGGCGGACTGGAGGAGCAGC Reverse C64S site-directed mutagenesis primer




Chapter 3: Identifying other genes involved in the srl4 promoter autorepression

mechanism using TnS mutagenesis and a promoter activation screen

3.1 Introduction

srlA (SMc03845) is a gene that when disrupted by a transposon or deleted leads
to cells with increased sensitivity to salinity (NaCl), hydrogen peroxide, and cumene
hydroperoxide (Bensig et al., 2022). The expression of srl/A4 is positively regulated by the
two-component regulatory system CenK-CenR. The promoter of sr/4 (PsrlA) is inactive
in wildtype (strain P110) cells but has high activity in cells carrying Asri/4 (e.g.
NB1854) (Bensig et al., 2022). This is indicative of an autorepressed promoter and the
overarching goal of this thesis (and particularly the experiments described in this

chapter) was to characterize the mechanism by which SrlA autorepresses PsriA.

In general, I can conceive of three possible scenarios by which SrlA can regulate
its own transcription (Figure 3.1). The most straight-forward possibility (Scenario 1) is
that once translated, SrlA can bind Psr/4 and repress transcription by blocking access by
RNA polymerase. However, although the subcellular location of SrlA has not been
experimentally determined, most structure prediction programs predict that the N-
terminus of SrlA possesses a signal sequence (or perhaps a transmembrane helix, see
Chapter 2). Should this be true, the majority of SrlA expressed is secreted out of the
cytoplasm. In addition, SrlA does not carry an obvious DNA-binding motif. Scenario 2
(Figure 3.1) invokes the possibility that secretion of SrlA triggers a signal transduction
pathway (presumably via protein-protein interaction in the periplasm) that ultimately
results in the expression or activation of a different cytoplasmic protein that can directly
block RNAP access by physically binding to the promoter DNA. Scenario 3 is similar to
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Scenario 2 except an alternative repressor protein could act either by repressing
expression or activation of the response regulator CenR. The two latter scenarios could
include one or more other genes and proteins that would be required for the

(hypothetical post-SrlA secretion triggered) repression of PsriA.

While Scenarios 2 and 3 are not parsimonious, they remain a possibility if
Scenario 1 (direct binding of SrlA to its own promoter) is not possible. Also, early
experiments in our lab suggested that the autorepression effect could be impaired by
mutating one of the cysteines in the thioredoxin fold of SrlA, raising the possibility that
reversible disulfide bond formation with another protein in the periplasm could be a
switch that activates a signal transduction system leading to Ps#/4 repression. In Chapter
2 my experiments discount the importance of Cys61 or Cys64 in the autorepression
mechanism but do not discount the possibility that secretion of SrlA triggers a pathway

that leads to repression.

In this chapter I describe an attempt using TnS random insertion mutagenesis to
identify of other genes in the genome that are required for the repression of Psr/A that is
observed in a wildtype background. Basically, Psr/4 was ligated into a GFP reporter
vector upstream of a promoter-less tetracycline resistance gene and conjugated into
wildtype (strain P110) cells where the promoter would be inactive. These cells were
subjected to random Tn5 mutagenesis and transposon mutants were selected on LB agar
plates containing tetracycline and screened for an active promoter phenotype (GFP
fluorescence under ultraviolet (UV) light). In this way we hoped to identify one or more
other S. meliloti genes that, when disrupted by Tn5 insertion, led to a cessation of

autorepression in the wildtype background.
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Figure 3.1. Hypothetical sri4 autorepression mechanisms. Scenario 1 proposes the SrlA protein is directly binds its own promoter
and occludes RNA polymerase. In both scenario 2 and 3, alternative genes must be involved to stimulate a signal transduction pathway
synthesising a srl4 promoter repressor or repressing activity of an activator (see text). Image was created using BioRender.



Despite screening over 320,000 insertion mutant colonies from 8 independent
experiments, I was only successful in identifying insertions in the s7/4 gene itself as
events that led to promoter activation - a result we predicted we would obtain since we

know disruption of sr/4 leads to promoter de-repression.

3.2 Materials and methods

3.2.1 Bacterial strains and culture conditions

E. coli and S. meliloti strains used are listed in Table 3.1 and were grown in
Lysogeny Broth (LB, Miller formulation) or this medium solidified with 1.6% agar. S.
meliloti strains were cultured in broth supplemented with 1.5 mM CaCl, and 1.5 mM
MgSO4 (LBmc). When required, media were supplemented with the following
antibiotics: streptomycin (200 pg/ml), gentamicin (20 pg/ml for E. coli, 60 pg/ml for S.
meliloti), ampicillin (100 pg/ml), tetracycline (increasing concentrations for a titration
test and mutant isolate selection), neomycin (50 pg/ml), and chloramphenicol (10
png/ml). E. coli cultures and S. meliloti cultures were grown at 37°C and 30°C,

respectively.

3.2.2 Dual selection-reporter vector pZYK?7 construction

All vectors are listed in Table 3.2. The dual-reporter vector pZYK?7 was
constructed to select and screen for mutant isolates with increased promoter activity
after transposon insertion (Figure 3.3). It consists of the 174 bp srl4 promoter, amplified
from pEB57, and the 1.2 kb tetracycline resistant gene (tetC) amplified from pSRK-Tc
(Table 3.2). The two amplified fragments were ligated into the backbone plasmid pOT1,

which possesses a green fluorescent protein gene (gfp). In cells where Psr/A4 becomes
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activated, cells should display increased resistance to tetracycline (allowing selection for
these cells) and increased GFP expression, enabling a screen for increased promoter

activity.

The srlA promoter was amplified using primers Pr927/Pr987 possessing HindIII
and Xball restriction enzyme cleavage sites, respectively, and cloned into pOT]1
producing pZYKG6 (Figure 3.2). The tetracycline resistance gene (feftC) was amplified
from plasmid PSRKTc using primers Pr988/Pr989 possessing Xbal and Pstl restriction
sites, respectively, and subsequently ligated into pZYK®6 resulting in the final vector

pZYK?7 (Figure 3.3).

3.2.3 Testing pZYK7 tetracycline resistance and GFP fluorescence phenotypes in

wt and AsrlA backgrounds

To confirm that pZYK7 would differentially impart tetracycline resistance and
GFP expression in wt (promoter OFF) and AsriA (ASMc03845) (promoter ON)
backgrounds we tested tetracycline resistance by spotting 5 pl of 18 h cultures (diluted
to 10 in sterile saline) on plates with increasing tetracycline concentrations. For this
test, two genetically similar wt strains (Rm1021 and P110) and their respective AsrlA
derivatives (NB1854 and NB1903) were used. For the spot plate assays, tetracycline
concentrations of 0 pg/ml, 5 pg/ml, 10 pg/ml, 20 pg/ml, and 30 pug/ml were used, and

growth was monitored qualitatively at 24 h, 48 h, and 72 h post inoculation.

For GFP expression measurements, cultures were grown for 18 h, cells were
collected by centrifugation and washed 2x in 1 ml sterile saline. Cultures were diluted

1:2 in sterile saline and 200 pl volumes were placed in a 96 well microtitre plate.
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Fluorescence activity was measured using an excitation wavelength of 390 nm and
emission wavelength of 510 nm in a Spectramax M3 plate reader (Molecular Dynamics
Inc). Absorbance was measured at 600nm. Specific fluorescence was calculated by

dividing emission units by absorbance units and was reported as arbitrary units.

3.2.4 Transposon mutagenesis and mutant selection

Transposon mutagenesis was conducted using a triparental mating consisting of
the host strain NB2029 (wt strain P110 carrying plasmid pZYK?7), donor strain E. coli
NB187 (DH5a carrying miniTn5-Kn) and the E. coli helper strain MT616. 60 pul
volumes of each 18 h cultures were mixed on LB plates and incubated overnight at
30°C. The next day mating spots were suspended in 1 ml volumes of sterile saline and
100 pl volumes were spread-plated on LB agar supplemented with streptomycin (200
png/ml), gentamycin (60 pg/ml), tetracycline (30 pg/ml) and neomycin (50 pg/ml) to
select for transposon insertion mutants that were exhibiting increased tetracycline

resistance

Eight rounds of transposon mutagenesis were conducted as described above with
8 independent mating spots in each round. From the 64 independent conjugations,
approximately 320,000 colonies were subsequently screened for enhanced GFP activity
by viewing plates over a UV bed. Colonies displaying increased fluorescence were
purified by streaking. In total 48 presumptive positive transposon mutants displaying
enhanced GFP fluorescence were collected. Subsequent evaluation of GFP fluorescence
revealed that some did not exhibit increased fluorescence, and these were not analyzed

further.
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Figure 3.2. Plasmid map of pZYKa®6. pZYK6 was constructed by ligating the sr/4
promoter (Psr/4) into the GFP reporter vector pOT1. The srl4 promoter was inserted via
restriction enzymes HindIIl and Xbal. Image was created using PlasMapper 3.0.
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Figure 3.3. Plasmid map of pZYK?7. pZYK7 was constructed from plasmid pZYK6 by
ligating a promoterless tetC gene downstream of Psr/4 and upstream of the promoterless
gfp gene via Xbal and Pstl sites Under conditions of Psr/4 activation, host cells should
become tetracycline resistant and exhibit GFP fluorescence. Image was created using
PlasMapper 3.0.
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3.2.5 Screening putative transposon mutants using PCR

For transposon mutants displaying increased GFP fluorescence phenotypes the
plan was to determine the genomic location of the Tn5 insertions using arbitrary PCR.
However, since arbitrary PCR is a challenging procedure, I pre-screened isolates by
attempting to amplify the s7/4 gene using colony PCR. The rationalization was that
transposon insertion into the s7/4 gene would lead to a promoter ON GFP phenotype and
I wished to eliminate these from further analysis. Amplification of s7/4 should yield a
PCR product of approximately 0.8 kb but a Tn5 insertion in the sr/4 gene would greatly
increase the size of the amplified or most likely fail to yield a product. Amplification of
srl4 was conducted using primers Pr927/Pr857 or Pr1032 /Pr1033 and Tag 2X Master
Mix (New England Biolabs). For a limited number of isolates that failed to produce the
expected 0.8 kb PCR product (thus likely carrying an insertion in the sr/4 gene), a
second round of colony PCR was conducted using srl4-specific primers Pr1032/ Pr1033
in combination with Tn5-specific primers Pr797 or Pr800. This aimed to confirm the

presence of a transposon insertion within s7/4.

3.2.6 Arbitrary PCR

For transposon mutants without an insertion in the s7/4 gene, arbitrary PCR was
used to determine the genomic location of the Tn5 insertion. Genomic DNA was isolated
using the GenCatch Blood and Tissue Genomic DNA Extraction kit (Epoch Inc) and
subjected to an arbitrary PCR protocol based on that described by Miller-Williams et al.,
2006 (Figure 3.4). The first round of amplification pairs a degenerate primer that should
bind arbitrarily to S. meliloti genomic DNA and a Tn5-specific primer. After amplicons

are gel extracted (Qiagen Gel Extraction kit) they are used as template in a second round
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of PCR conducted using primers nested within the primer sequences used in the first
round of PCR. All primers used are listed in Table 3.4. Second round amplified PCR
products were gel extracted and sent for sequencing (Genome Quebec) using primer sets

listed in Table 3.4.

3.3 Results

3.3.1 Construction of dual selection-reporter vector pZYK7

To monitor PsriA4 activity in cells, a 174 bp region from upstream of the sr/4
open reading frame was amplified by PCR and ligated into the GFP reporter vector
pOT1 (forming plasmid pZKY6). The promoter region in pZYK®6 is shown in Figure
3.5. The srlA transcription start site (+1) was predicted in an earlier transcriptomic
analysis (Schliiter et al., 2013) and confirmed using 5’RACE in our laboratory (Bensig
et al., 2022). The approximate locations of the inferred -10 and -35 promoter elements
are indicated as is the location of an inverted repeat sequence required for promoter

activation by the response regulator CenR.

While GFP expression would permit screening of mutant colonies for increased
promoter activity, we also wished to select for cells harboring an active promoter, and to
do this, I also ligated gene tefC via Xbal-Pstl sites between the promoter and the
plasmid-borne GFP gene forming plasmid PZYK?7. Gene tetC confers tetracycline
resistance. Thus, the activation of Psr/4 in cells harboring pZYK?7 due to TnS disruption
at a different locus could both be selected for by the incorporation of tetracycline into

the agar growth medium and ultimately screened for based on increased GFP expression.
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To determine a baseline for an appropriate tetracycline concentration in selection
media, I tested pZYK?7 under conditions where Psr/4 would be inactive by conjugating
the plasmid into wildtype strains P110 and Rm1020 and into strains where the promoter
would be active by conjugating the plasmid into strains NB1854 and NB1903 which
have their s7/A4 genes deleted. After testing increasing concentrations of tetracycline
(Figure 3.6), AsrlA host cells were able to grow at tetracycline concentrations as high as
20 pg/ml after 24, 48 and 72 h incubation while wt cells harboring pZYK7 were unable
to grow at tetracycline concentrations higher than 5 ng/ml. Therefore, we used a
tetracycline concentration of 20 pg/ml to at least enrich for transposon mutants that
displayed increased Psr/A activity from pZYK?7. I also assessed pZYK7-dependent GFP
activity in these host strains and Ps7/4 has low activity in wt strains P110 and Rm1021
and higher activity in the Asr/A derivative strains NB1854 and NB1903 (Figure 3.7), as

expected.

3.3.2 Tn5 mutagenesis and selection/screening for PsrlA activation

Plasmid pZYK?7 was conjugated into wildtype (strain P110) cells forming strain
NB2027. In a typical mutagenesis experiment, E. coli donor cells carrying mini-Tn5-Km
were mated with NB2027 recipient cells and putative insertion mutants were selected in
LBmc containing streptomycin, gentamicin, and neomycin. Resulting cultures were
pooled and plated onto selection plates containing streptomycin, gentamicin, neomycin,
and tetracycline to select for cells with an active promoter. The effectiveness of
tetracycline selection for active promoters was not highly efficient, but perhaps at least

enriched the isolate population for cells harboring active Psr/4 promoters.
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Figure 3.4. Arbitrary PCR process for localizing transposon insertion. Modified
method was based on protocol described by Miller-Williams et al. (2006).
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ggctttttcatgccagctcggegtgggttttccACGGCTTTGCGGC

-35 -10
AGTCACTCCAACGTGACTTTTCGTTGACGAATACCCGTCGTATGTA

— C—

+1
GGGGTCTCCCCACGCGGCAATCGCGTTGAAACGACGCACTTCCGGA

TGGAAAACGGTTCCACATTTTCCCGGAAGTGCTCTAACGAGCACGA

ACAAAGACGCCatgatatcc

Figure 3.5. The srlid (SMc03845) promoter region. Upper case letters indicate the 174
bp region amplified and ligated into reporter vector pZYK?7. The predicted (Schliiter et.
al., 2013) -35 and -10 subsequences and +1 transcription start site are bolded. The +1
site was experimentally verified using 5’-RACE (Bensig et al., 2022). The promoter
proximal repeat sequence required for CenR-dependent activation is indicated by
inverted arrows although CenR likely recognizes an imperfect direct repeat (nominally,
TCA-N8-TGA). The srlA transcript includes a 97 nucleotide untranslated region before
the start codon (atg, bolded).

63



After screening an estimated 320,000 colonies for enhanced GFP fluorescence,
48 colonies from the tetracycline/neomycin selection plates that seemed to display
enhanced GFP fluorescence were purified by streaking and then again assessed for GFP
fluorescence (Figure 3.8). Of the original 48 isolates, isolates 1-12, 14-16, 20-22, 27-29
and 34-48 (all inclusive) displayed GFP activity similar to that displayed by strain
NB1854 harboring pZYK?7 and its ON Psr/4 promoter. By contrast, isolates 13, 17-19,
23-26, 30-33 (all inclusive) displayed GFP activity more indicative of the OFF Psri4
promoter in strain P110 (Figure 3.8). These latter isolates were deemed to have been

originally chosen as false positives and were therefore not analyzed further.

3.3.3 PCR screening putative transposon insertion mutants with increased PsrlA

activity

For cells from colonies displaying increased promoter activity, it would
ultimately be necessary to determine the genomic Tn5 insertion sites using arbitrary
PCR. Since this is a laborious process, we pre-screened isolates using standard PCR
amplification of the sr/4 gene. Note that Tn5 insertion in the s7/4 gene should result in
promoter activation and I wished to eliminate these events from our subsequent arbitrary
PCR analysis. Two primers flanking the s7/4 gene were used for pre-screening purposes
with the rationale that if the transposon was not inserted into the s7/4 we would amplify
an 819 bp PCR product (the length of the sr/4 gene) whereas if the transposon was
inserted into the s7/4 gene, we would amplify either a 8500 bp PCR product (or no
product at all since amplification of the s7/4 gene plus transposon insertion might be too
large to effectively amplify). Figure 3.9 shows representative results from the

amplification of gene sr/4 from isolates 1-10, all of which displayed enhanced GFP
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fluorescence. Of the 10, only isolate 1 demonstrated the presence of an intact sr/4 gene
using PCR. I further screened isolates 1, 2, and 3 with primer pairs consisting of a s7/A-
specific primer and a Tn5-specific primer with the expectation that if the Tn5 DNA was
inserted in the s7/4 gene, variably sized PCR products should be amplified. Both isolates
2 and 3 amplified at least one product suggested that indeed these isolates did carry
insertions in s7/A. By contrast, isolate 1 did not produce any amplified products which is

consistent with the s7/4 gene in isolate 1 not possessing a Tn5 insertion (Figure 3.10)

3.4 Discussion

The experiments described in this chapter were designed to identify S. meliloti
genes required for the Psr/A4 autorepression phenotype using random Tn5 mutagenesis
and a promoter(Psr/A) activity selection and screening vector. My attempts were
partially successful in that I constructed vector pZYK?7 and showed that the resident sr/4
promoter was active in a AsrlA strain and inactive in wt strains on the basis of increased
resistance to tetracycline and increased GFP expression. After subjecting the wt strain
harboring pZYK?7 to TnS mutagenesis, I identified 36 isolates with de-repressed Psr/4
activity (increased GFP expression). Because Tn5 insertion into the host s7/4 gene
would activate the pZYK?7 PsriA4 promoter, we expected that some of transposon
mutants would have insertions in this gene. Indeed, it is likely that 34 of the 36 isolates
harbor Tn5 insertions in their respective sr/4 genes and only two of the isolates (isolates
1 and 42) appear to possess intact s7/4 genes. Unfortunately, for these latter two isolates
I was unable to determine the location of the Tn5 insertion sites using arbitrary PCR. I
encountered several challenges in the course of these experiments. First, tetracycline

selection for isolates displaying activated Psr/A as the result of Tn5 insertion proved
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Figure 3.6. Testing tetracycline resistance from pZYK?7 host cells using spot plate
test. wt and Asr/A cells hosting either pOT1 or pZYK?7 vector were spotted onto LB agar
medium supplemented with streptomycin and gentamycin and increasing concentrations
of tetracycline. Spot plates were incubated at 30°C and examined every 24h for growth.
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Figure 3.7. Testing GFP activity from pZYK?7 host cells. wt and Asr/A hosting either
pOT1 or pZYK7 were examined for GFP expression after 18 h growth. Fluorescence
was measured with excitation at 390 nm and emission at 510 nm and cell density was
estimated by measuring absorbance at 600 nm. Arbitrary fluorescence units were
calculated by dividing arbitrary emission units by absorbance units. wt cells carrying
pZYK7 expressed low GFP activity while AsrlA4 cells displayed increased GFP activity
due to de-repression of the s7/4 promoter on pZYK?7.
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Figure 3.8. Presumptive GFP+ (activated Psri4) TnS insertion mutants under UV
and visible light. A) activity of Ps7/4 on pZYK7 in wt P110 host cells and AsriA4 strain
NB1854 cells. B) isolates 1-48 presumptively displaying enhanced GFP fluorescence in
initial screen. Not all of the presumptive positives actually displayed enhanced GFP
activity, and these were not analyzed further (see text).

68



-

= .
S— q)
g e
X ge
o

12 34 85 867 89 10

Figure 3.9. Representative PCR screen for TnS insertions in gene sri4 from isolates
1-10. PCR amplification of s7/4 using primers Pr927/Pr857 or Pr1032/Pr1033 should
yield a 0.8 kb product if cells possess an intact sr/4 gene (see control reaction using

P110 cells). If Tn5 has disrupted the s#/4 genes in isolates, a 0.8 kb product will not be
amplified.
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Figure 3.10. Representative PCR screen for Tn5 insertions in gene sr/4 from
isolates 1-3. Amplification reactions includes a primer upstream or downstream of sr/4
(either Pr927 or Pr857) paired with a primer that should anneal with the Tn5 sequence
(either Pr797 or Pr800) and amplify a variably sized product if TnS5 is inserted in s7/A.
Note that for isolates 2 and 3, one or more of the s#/4 primer-TnS primer pairs yielded
product confirming that the Tn5 was inserted into the s7/4 gene in these isolates.
Meanwhile, no products were obtained from isolate 1 suggesting in this strain TnS was
not inserted in s7/4 and may be inserted elsewhere in the genome (Figure 3.10).
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Figure 3.11. First round of arbitrary PCR for isolate 1. DNA was amplified using
indicated primer pairs (see Table 3.4). Amplicons were gel extracted and used in a
second round of PCR using nested primers.
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Figure 3.12. Second round of arbitrary PCR for isolate 1. Extracted bands from
round one (Figure 3.11) were used as template in a second round of PCR using indicated
nested primers (see Table 3.4). Amplified product was gel extracted and sequenced.
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inefficient but perhaps did act to at least enrich for cells displaying this phenotype,
although in the end I identified only 48 GFP+ colonies after screening approximately
320,000 colonies. Secondly, identifying colonies with increased GFP fluorescence was
difficult as the fluorescence under UV light from single colonies is not strong and these
colonies are difficult to discern on a plate populated by hundreds of non-fluorescing
colonies. This is led to a high false positive rate and only 36 of the 48 colonies displayed
legitimate GFP activity. Finally, only two of the 36 GFP+ colonies appear to have non-

disrupted s7/A4 genes and may possess Tn5 insertions at some other genomic loci.

Unfortunately, I could not get arbitrary PCR to work so could not identify the
TnS insertion sites in these strains. In every case the arbitrary primer-Tn5 specific primer
pairs amplified DNA from the resident pZYK7 plasmids. Evidently the Tn5 specific
primers are binding to DNA in the pZYKY7 tetracycline resistance gene and the arbitrary
PCR primers are binding to Ps#/4 DNA in pZYK?7. Possibly, new primers should be
designed and/or alternative thermocycler conditions need to be tested. Hopefully, these
problems can be solved and the Tn5 insertion sites in isolates 1 and 42 can be identified
as these insertions sites may indeed identify genomic loci in S. meliloti that play a role in

the PsriA4 autorepression mechanism.
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Table 3.1. List of bacterial strains used for transposon mutagenesis.

Species Strain Genotype or phenotype Reference or source
E. coli
DH5a F— ¢80lacZAM15 A(lacZYA-argF)U169 recAl endA1 Invitrogen
hsdR17(rK—, mK+) phoA supE44 A—thi-1 gyrA96 relAl
MT616 Helper strain (pRK600) lab strain
NB77 DH5a (pOT1) lab strain
NB&9 DH5a (pSRK-Tc) lab strain
NBI187 DH5aApir (pUT-miniTn5-Kn) Modal Inc
NB2025 DH5a (pZYKG6) this study
NB2026 DH5a (pZYK7) this study
S. meliloti
Rm1021 W168 Str* from T. Finan
RmP110 Rm1021 with genetically corrected modifications Yuan et al. (2006); from T. Finan
NB1903 Rm1021 :: AsriA (Bensig et al., 2022)
NB1854 RmP110 :: AsriA (Bensig et al., 2022)
NB2027 RmP110 (pZYK?7) this study
NB2028 NB1854 (pZYKT7) this study
NB2029 Rm1021 (pZYK?7) this study
NB2030 NB1903 (pZYK7) this study
NB2035 RmP110 (pOT1) this study
NB2036 NB1854 (pOT1) this study
NB2037 Rm1021 (pOT1) this study
NB2038 NB1903 (pOT1) this study




LL

Table 3.2. List of vectors used and constructed for transposon mutagenesis.

Vectors Genotype or phenotype Resistance Reference or source
pOT1 Promoter probe vector based on pPBBR-1-MCS-5 replicon. | Gentamycin (Gm") Allaway et al. (2001)
Contains promoter-less gfpuv and MCS between two
transcriptional terminators.
pSRK-Tc Tetracycline resistance gene tetC carrier Tetracycline (Tet") Farrand
pRK600 pRK2013 npt :: Tn9 Cm' Nm-Km®* Chloramphenicol (Cm") | Finan et al. (1986)
pUT-miniTn5-Kn | Transposon donor plasmid Ampicillin (Amp") Modal Inc.
pZYK6 srlA promoter ligated into pOT1 Gentamycin (Gm") this study
pZYK7 pZYKG6 :: pSRK-Tc Gentamycin (Gm") this study

Table 3.3. List of restriction enzymes used.

Enzyme Sequence Source

HindIII 5" AJAGCTT 3’ New England BioLabs
3’TTCGAIA S’

Xball 5’ TICTAGA 3° New England BioLabs
3" AGATC|T 5°

Pstl 5’CTGCAIG 3° New England BioLabs
3’ GIJACGTC S’
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Table 3.4. List of primers used for transposon mutagenesis and sequencing.

Primers | Sequence Description and usage

Pr927 | TATAAGCTTCGTGGGTTTTCCACGGCTTTG srlA promoter region forward primer (HindIII)

Pr987 | ATATCTAGAGGCGTCTTTGTTCGTGCTCG srlA promoter region reverse primer (Xbal)

Pro88 | ATATCTAGAGCTAACGCAGTCAGGCACC Tetracycline resistance gene (Tet") forward primer (Xbal)

Pro89 | ATACTGCAGTCAGGTCGAGGTGGCCCGG Tetracycline resistance gene (Tet") reverse primer (Pstl)

Pr970 | GCTGATCCGGTGGATGACC pOT1 forward sequencing primer

Pr971 | TGTGCCCATTAACATCACC pOT1 reverse sequencing primer

Pr1032 | CGTGGGTTTTCCACGGCTTTG pOT1 forward sequencing primer

Pr1033 | TCAGAGCTTTCCCTGTGGCC pOT1 reverse sequencing primer

Pr791 | GGCCACGCGTCGAGTCAGNNNNNNNNNNACGCC Arbitrary PCR primer ARB1 vl

Pr793 | GGCCACGCGTCGACTAGTCAG Nested arbitrary primer

Pr794 | AGGGCTTTACTAAGCTGATC IS50 1 v1 primer (203 nucleotides inside transposon)

Pr795 | GGCGAAGTAATCGCAACATC IS50 1 v2 primer (240 nucleotides inside transposon)

Pr796 | GCCACGCGTCGACTAGTCAGNNNNNNNNNNTCCGG | Arbitrary PCR primer ARBI1 v2

Pri97 | GGATGACCTTTTGAATGACC IS50 1 round 2 primer (180 nucleotides inside
transposon)

Pr798 | TGGATGACCTTTTGAATGAC IS50 2 primer v1 (200 nucleotides inside transposon)

Pr799 | TTTTGAATGACCTTTAATAG IS50 2 primer v2 (192 nucleotides inside transposon)

Pr800 | CGGTTTACAAGCATAAAGC IS50 2 round 2 primer (105 nucleotides inside
transposon)




Chapter 4: Impact of sriA deletion on endosymbiosis with alfalfa

4.1 Introduction

The Fabaceae family plants and their cognate bacterial species, collectively
called rhizobia, form endosymbiotic relationships that have been studied because the
bacteria facilitate the fixing of atmospheric dinitrogen (N2) within nodules in plant roots
(Wang et al., 2012; Compton et al., 2020). This biochemical process allows otherwise
unavailable atmospheric nitrogen to become accessible to the plants (Haag et al., 2013;
Laranjo et al., 2014). The dinitrogen transformed into ammonia (NH3) becomes a
reliable and constant source of usable nitrogen, which greatly benefits plant growth and
niche expansion from an ecological perspective and increases crop yield and reduces the
chemical fertilizer amount applied to the fields from an agricultural perspective
(Hanrahan & Chan, 2005; Laranjo et al., 2014; Jensen et al., 2011). Therefore, it is
important to understand the relationship between the plant host and its respective
rhizobia species, the bacterial genes involved, and their roles in plant infection, root cell
nodulation, and nitrogen fixation. The work in this chapter examines whether the sr/4

gene is required for endosymbiosis.

4.2 S. meliloti as an endosymbiont of alfalfa (Medicago sativa)

S. meliloti can infect plant species from the genera Medicago, Melilotus, and
Trigonella. The first step toward endosymbiosis is initiated by the host leguminous plant
releasing flavonoids into the soil (Fisher & Long, 1992; Haag et al., 2013). The
flavonoids can act as a chemoattractant and bind to a receptor site on protein NodD,

which in turn activates the expression of bacterial nod genes. These nod genes encode
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enzymes that synthesize Nod factors which are lipochitooligosaccharides with various
substituents (Gottfert, 1993; Brewin, 1991). The secretion of the Nod factors induce the
plant root hairs to curl around S. meliloti cells and allow bacterial migration into root
cells via infection threads (Wang et al., 2012; Monahan-Giovanelli et al., 2005).
Following successful infection, rhizobia cells begin cell division and differentiation into
bacteroids, forming anaerobic nodules that facilitate nitrogen fixation. The bacterial cells
receive dicarboxylic acids from the host plant that they use as a carbon and energy

source (Poole et al., 2018; Mushtaq et al., 2023).

During the formation of the endosymbiotic relationship, some host plants
produces nodule-specific cysteine-rich peptides (NCR), which are an assortment of
peptides with bactericidal properties like antimicrobial peptides of the defensin class
(Poole et al., 2018). Non-lethally, these NCR initiate a series of effects to increase
nitrogen fixation and nutrient exchange to promote a successful bacterial infection and
help to foster endosymbiosis between a specific host plant and their cognate rhizobia

(Wang et al., 2012; Downie & Kondorosi, 2021).

4.3 Nitrogen fixation in Medicago sativa plant root cells

Nitrogen fixation is a biochemical process that has been examined extensively to
understand and hopefully better utilize the abundant atmospheric nitrogen available
(Sloan, 1997). Due to the triple bond between the two nitrogen atoms, the energy
required to break them is enormous. In the Born—Haber process, high temperature and
pressure are required to produce partially reduced intermediates (Farrer & Pecoraro,
2003). However, under ambient conditions, nitrogen fixation is performed by rhizobia

endosymbionts within nodules formed in their respective host plant’s root cells (Artz et
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al., 2017). These nodules are a distinctive pink color due to the host plants synthesizing
leghaemoglobins, which function to buffer the oxygen levels in infected plant cells.
Leghaemoglobins are required due to the Oz-sensitivity of the nitrogenase (Uheda &

Sydno, 1982).

The nitrogenase enzymes are comprised of two proteins: a dinitrogenase
reductase and a dinitrogenase (Hanrahan & Chan, 2005). This biological fixation of

dinitrogen is represented with the following formula:

N2 + 16ATP + 8¢” + 8H — 2NH; + 16ADP + 16Pi +H>

A dinitrogenase reductase, containing a Fe—S center, holds the electrons before
donating them to the dinitrogenase (Artz et al., 2017). The dinitrogenase then catalyzes

N> reduction, and the fixed nitrogen can be subsequently oxidized or consumed.

This source of nitrogen is beneficial to alfalfa (M. sativa) especially in nitrogen-
poor soils. In the laboratory, alfalfa grows poorly in artificial soil without nitrogen but
infection with S. meliloti results in nitrogen fixation restores the development of normal
alfalfa growth comparable to that of alfalfa grown in artificial soil with nitrogen

fertilizer supplemented (Wan et al., 2023; Guinazu et al., 2009).

4.4 sriA in relation to plant infection and nitrogen fixation

As discussed earlier, s7/4 encodes a thioredoxin protein of unknown function that
when deleted increases cellular sensitivity to salt concentrations in growth media and to
the oxidizing agents hydrogen peroxide and cumene hydroperoxide (Bensig et al, 2022).
Current work in our laboratory is focused on identifying other phenotypes associated

with deleting s7/4 and understanding its cellular role. Since my thesis work was focused
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on srl4 and its expression, [ also examined whether this gene was required for
productive endosymbiosis and nitrogen fixation. Therefore, in Chapter 4 I tested whether
an S. meliloti AsrlA strain (NB1854) could induce nodule formation on alfalfa plants and

stimulate plant growth in an artificial soil devoid of nitrogen fertilizer.

Although an initial plant growth experiment showed that strain NB1854
displayed a marked inability to stimulate plant growth in the absence of nitrogen
fertilizer (relative to the wt strain P110), we eventually surmised that this was probably
due to nutrient salt build up in the artificial soil and the fact that strain NB1854 is
unusually salt sensitive. Subsequent experiments with modified conditions revealed that
NB1854 can indeed induce nodule formation on alfalfa roots and stimulate plant growth
in soil devoid of nitrogen, demonstrating that gene sr/4 is not absolutely required for
endosymbiosis and nitrogen fixation. Interestingly, comparing the results with
inoculation by wt cells (strain P110) showed that nodules formed after infection with
NB1854 cells were paler in colour and the vegetative plant growth also seemed a lighter
shade of green. It is important to note however, that the experiments reported in this

chapter are preliminary in nature and will have to be repeated.

4.5 Materials and methods

4.5.1 Bacterial strains and bacterial culture conditions

All S. meliloti strains used are listed in Table 4.1 and cultivated in LB broth
(Miller formulation) or medium solidified with 1.6% agar. S. meliloti cultures were
grown at 30°C in broth supplemented with 1.5 mM CaCl; and 1.5 mM MgSO4 (LBmc).

Bacterial media were supplemented with streptomycin (200 pg/ml).
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4.5.2 Alfalfa strain and growth medium conditions

Alfalfa (M. sativa cultivar Iroquois) seeds (gifted from the Turlough Finan Lab,
McMaster University) were sterilized following a protocol modified from Leigh et al.
(1985). Briefly, in a 50 ml Falcon tube 10g seeds were washed once with sterile
deionized water (dH>O), subjected to a one-minute wash with 100% ethanol and a 5 min
wash in 1% sodium hypochlorite, then washed 10x with 40 ml sterile dH>O to remove
residual bleach. Surface sterilized seeds were germinated on water agar (7% agar in
dH>0) at room temperature in the dark (Figure 4.1A). After 3-4 days, sprouts 2-3cm in
length were selected for planting (Figure 4.1B). All alfalfa plants were cultivated in
mixture of sterilized PRO-MIX vermiculite (Premier Teach Ltd.) and sand at a 1:1

(mass:mass ratio) wetted with Nitrogen-free (N-) 1x Jensen solution.

A 20x Jensen N- medium made following the standard recipe (Table 4.2)
(Vincent, 1970) and diluted to 1x prior to use. When required, nitrogen ammonium
nitrate (NH4NO3) was added to prepare a Nitrogen-plus (N+) Jensen medium as

specified in Table 4.3.

Alfalfa plants in a preliminary experiment (Trial 1) were grown in 8 cm x 8 cm
pots and were watered every 3 days with 1x Jensen’s nutrient solution and examined for
growth over a period of 36 days. Alfalfa plants in a subsequent experiment (Trial 2) were
grown in a Leonard assembly apparatus and watered with deionized water as needed. A
single-blinded experiment was set up in standard Leonard assemblies in 25 apparatuses.
For each apparatus, 2 alfalfa sprouts were planted, sharing space equally. For both trials,
three days post planting potted sprouts were inoculated with bacteria using a 5 ml cell

suspension (approximately 10° cells/ml washed and resuspended in sterile saline) or a 5
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Figure 4.1. Germination of M. sativa seeds. A) surface sterilized seeds were
germinated for 3-4 days on water agar. B) alfalfa sprouts approximately 2-3 cm in length
were carefully extracted from germination medium and planted in pre-wetted
vermiculite-sand mixture.
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ml sterile saline blank. The experimental pot design and inoculation schedule are as
specified in Table 4.4 or Table 4.5. All plants were grown in a growth chamber at 30°C

with a 16 h light/8 h dark cycle (50% humidity).

4.5.3 Post experiment analysis

At the conclusion of the growth experiments, plants were snipped above the
cotyledon and the above soil biomass was air-dried for 5 days and their masses
measured. Roots were also extracted from the soil, washed in sterile deionized water and
their roots were examined for nodule formation. Nodules were qualitatively examined
for size and coloration. In some cases, viable bacteria were recovered from nodule
tissue. To do this, nodules were removed from root tissue and surface sterilized by
immersion in 100% ethanol for 1 min and 3% sodium hypochlorite for 3 min. Surface-
sterilized nodules were macerated in 300 pl sterile saline and the supernatant was serial
diluted in saline and spread plated on LB agar containing streptomycin (200 pg/ml). For
some plants inoculated with strain NB1854, isolated bacterial colonies were subjected to
colony PCR using primers Pr1047 and Pr1048 (Table 4.6) and 2X Taq Master Mix (New

England BioLabs) to confirm that the bacteria lacked gene sr/A.

4.6 Results

I conducted two alfalfa growth stimulation trials (Trial 1 and Trial 2). In Trial 1,
alfalfa sprouts were planted in 8 cm x 8 cm polypropylene pots containing sterile
vermiculite:sand mixture. Three sprouts were planted in each pot, and these were
watered every 3 days with Jensen’s medium (either N+ containing a nitrogen source or

N- lacking a nitrogen source). In Trial 2, I used Leonard assemblies containing N+ or N-
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Jensen’s medium in a lower reservoir. Three sprouts were planted per pot, and these
were watered as needed with sterile dH>O. Alfalfa seeds were surface sterilized and

germinated on water agar (Figure 4.1) before planting.

4.6.1 Trial 1

Watering alfalfa sprouts with N+ Jensen’s medium supported plant growth while
watering with N- Jensen’s medium resulted in small chlorotic plants (Figure 4.2A).
Sprouts inoculated with wt S. meliloti P110 and watered with N- Jensen’s medium
demonstrated considerably more growth than those with no bacterial inoculation. The
sprouts inoculated with strain NB1854 (Asrl4) grew very poorly resembling the growth
of sprouts without bacterial inoculation and with N- Jensen’s medium (Figure 4.2A).
Quantitative measurements of plant biomass from each treatment (Figure 4.2B) matched

the qualitative observations.

The poor growth of plants inoculated with NB1854 initially supported a
conclusion that deletion of gene sr/4 resulted in bacteria unable to nodulate plants and
fix nitrogen. However, we were conscious of the fact that strain NB1854 is unusually
sensitive to salt levels and suspected that the inability to stimulate plant growth might be
the result of salt build up in the artificial soil medium since these pots were watered
every three days with the Jensen’s medium which provides nutrients via a variety of
salts. Therefore, I carried out a second trial (Trial 2) using Leonard assemblies which
supplies nutrients from a lower reservoir and specifies plants be watered with dH>O as

needed.
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Figure 4.2. Stimulation of alfalfa growth by S. meliloti (Trial 1). A) Alfalfa grows
well in artificial soil when watered with Nitrogen-plus (N+) Jensen’s medium but poorly
when watered with Jensen’s medium lacking a nitrogen source (N-). In N- medium,
inoculation with S. meliloti strain P110 (wt) restores alfalfa growth. Inoculation with
strain NB1854 (Asr/A) does not stimulate growth in N- medium. B) Quantitative
measure of dry shoot weights from treatments in (A). Shoot mass reported as mean =+ sd,
n=3. Letters indicate whether means are significantly different (p <0.01, ANOVA and

Tukey HSD).
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4.6.2 Trial 2

Using Leonard assemblies (Figure 4.3), the control treatments (no bacterial
inoculation and either N+ or N- Jensen’s medium) paralleled the results in Trial 1. N+
Jensen’s supported alfalfa growth while N- Jensen’s medium did not (Figure 4.4C). In
plants watered with N- Jensen’s medium, inoculation with both P110 and strain NB1854
stimulated growth (Figure 4.4AB) although inoculation with NB1854 was slightly less

effective in stimulating growth (Figure 4.4C).

An examination of the shoots and leaves and root nodules from the strain P110
and strain NB1854 inoculated plants showed qualitative differences. The vegetation
from P110 plants was a dark green while that from NB1854 inoculated plants was a
lighter green colour (Figure 4.5). The nodules from P110 inoculated plants displayed a
pinkish external colouration while the nodules from NB1854 inoculated plants lacked a
pink colouration and were a pale white colour (Figure 4.6). However, when nodules
were bisected both were pink inside indicating the presence of leghaemoglobin, usually

an indicator of effective nodulation and nitrogen-fixation.

To confirm the plants inoculated with NB1854 formed nodules possessing strain
NB1854 bacteroids, I isolated live bacteroids from surface-sterilized and macerated
nodules (Figure 4.7A) and subjected 6 colonies to colony PCR using primers that would
amplify an internal region of gene s7/4 (Figure 4.7B). Colony PCR on strain P110
amplified an approximately 300 bp product while none of six colonies isolated from

plants inoculated with strain NB1854 yielded a PCR product.
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Figure 4.3. A second growth stimulation trial (Trial 2) utilized Leonard assemblies.
Nutrients (Jensen’s medium) was supplied from a lower reservoir and plants were
watered with sterile deionized water as needed.
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Figure 4.4. Stimulation of alfalfa growth by S. meliloti in Leonard assemblies (Trial
2). Alfalfa grows well in artificial soil when watered with nitrogen-free (N-) Jensen’s
medium and inoculated with A) wt S. meliloti strain P110 and B) strain NB1854 (AsrilA).
C) Quantitative measure of dry shoot weights from no bacteria control treatments and
treatments in A and B. Shoot mass reported as mean + sd, n =3. Letters indicate whether
means are significantly different (p <0.01, ANOVA and Tukey HSD).
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Figure 4.5. Qualitative appearance of alfalfa shoots after growth stimulation by S.
meliloti in Leonard assemblies (Trial 2). Leaf and stem colouration presented as darker
green in plants inoculated with A) wt S. meliloti strain P110 versus plants inoculated
with B) strain NB1854 (AsrlA).
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Figure 4.6. Qualitative appearance of alfalfa root nodules after growth stimulation
by 8. meliloti in Leonard assemblies (Trial 2). External appearance of nodules
presented as pink in plants inoculated with A) wt S. meliloti strain P110 and a whitish
from plants inoculated with strain NB1854 (Asrl4) (B). Longitudinal sectioning revealed
reddish-pink nodule interiors from plants inoculated with C) P110 and D) NB1854
suggesting the presence of leghaemoglobin and effective nitrogen fixation in both
treatments.
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Figure 4.7. Isolation of viable nodule bacteria from alfalfa plants inoculated with
strain NB1854 (Trial 2). A) Ten surface sterilized nodules were macerated in 1 ml
sterile saline. After low-speed centrifugation, the supernatant was serially diluted in
saline and 0.1 ml aliquots were spread plated on LB medium. B) Six isolated colonies
from (A) and a wt P110 colony was subjected to colony PCR to amplify an internal
region of gene sr/4 using primers Pr1047 and Pr1048. The lack of PCR product from the
six isolates recovered from NB1854 inoculated plants confirms the lack of gene sr/4.
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4.7 Discussion

The aim of performing the plant experiments were to evaluate the ability of a
AsrlA S. meliloti strain to infect, nodulate, and fix nitrogen its host M. sativa based upon
its ability to stimulate alfalfa growth in artificial soil devoid of mineral nitrogen. A
preliminary experiment (Trial 1) using standard pots with a watering regimen that
included the application of 1x Jensen’s solution every 3 days showed that strain NB1854
was unable to stimulate plant growth compared to the wt strain P110. However, we knew
that strain NB1854 is much more sensitive to salt levels than the wt strain and we
suspected that high salt levels might be accumulating in the growth medium. I therefore
carried out a second experiment (Trial 2) using Leonard assemblies that supplied
nutrient salts from a bottom reservoir via a wick. In this experiment, plants were watered
from the top as needed with sterile dH>O. In Trial 2, strain NB1854 was able to stimulate
the growth of alfalfa plants in the absence of supplemental nitrogen. Although only a
preliminary experiment, Trial 2 demonstrates that gene s7/4 is not essential for either

nodulation or nitrogen fixation.

However, I did observe qualitative differences between alfalfa infected with wt
(P110) and Asri4A (NB1854). Nodules from plants infected with strain NB1854 appeared
whiter than the nodules from P110 infected plants although nodules from both strains
were pink inside - where the presence of leghaemoglobin is usually an indicator of
effective nodulation and nitrogen fixation. The leaves from plants inoculated with
NB1854 also differed from P110 inoculated plants as they were a paler green. Further
experiments will be required to determine whether these latter observations are directly

related to the absence of the s7/4 gene, or whether this is indirectly related to the
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phenotypic consequences of deleting sr/4. Relative to the wt strain P110, strain NB1854
may still be experiencing salt-related inhibition effects even though they were not as
pronounced as the effects in Trial 1. It is possible we could measure growth and survival
of strain NB1854 relative to the wt strain P110 in conditions that mimic salt

concentrations in the pot experiments.

These experiments assessed nodulation and nitrogen fixation based solely on the
stimulation of plant growth after bacterial inoculation. A more sophisticated analysis
could include measuring nitrogen fixation directly using an acetylene reduction assay
(Hardy, 1968), measuring bacterial occupancy in nodules, and measuring
leghaemoglobin levels in nodule tissue (Senthilkumar, 2021). Nevertheless, at least from
a nominal perspective, it seems evident that gene s7/4 is not absolutely essential to the

nodulation and nitrogen fixation process.
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Table 4.1. List of bacterial strains used for M. sativa (alfalfa) inoculations.

Species Strain Genotype or phenotype Reference or source
S. meliloti
RmP110 | Rm1021 with genetically corrected Yuan et al. (2006);
modifications from T. Finan
NB1854 | RmP110 :: AsrlA (Bensig et al., 2022)

Table 4.2. Composition of 20x Jensen N-free (N-) medium.

Supplement Molecular weight g/L for 20X Jensen solution stock
(g/mol)

CaHPOg4 136.06 20
KoPOyq4 174.2 4
MgSO4 « TH2O 246.47 4
NaCl 58.44 4
FeCls 162.2 2
H3BO3 61.83 0.02
ZnS0O4 « H,O 197.47 0.02
CuSO4 * 5H,O 159.6 0.01
MnCl; « 4H,O 197.91 0.01
NaMoO « 2H,O 241.95 0.02

Table 4.3. Nitrogen supplement to 1x Jensen medium for a N plus (N+) solution.

Supplement

Molecular weight g/L for 1X Jensen solution stock

(g/mol)

NH4NO3

80.04

0.8

Table 4.4. Nitrogen and bacterial treatment of M. sativa (alfalfa) in Trial 1
experiment of growth in potted vermiculite.

Pot | Nutrient supplement | Bacterial inoculant
LNy :

2 | (N -

3 | (N4 -

4 (N+) -

5 (N9 P110

6 | (N P110

7 | (N-) NB1854

8 | (N-) NB1854
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Table 4.5. Nitrogen and bacterial treatment of M. sativa (alfalfa) in Trial 2 (Leonard
assembly) experiment.

Pot Strain (Nutrient supplement) | Bacterial inoculant
1-5 (N-) -

6-10 (N+) -

11,12,16,17,21 | (N-) P110

13, 14, 18, 22,23 | (N-) NB1854

Table 4.6. Primers used for PCR amplification of sriA.

Primer

Sequence

Notes

Pr1047

GTCGTCGAACTCTTCACCAG

Forward primer for PCR amplification
of s7lA.

Pr1048

CAACGCAAGCCGGTTCCTGA

Reverse primer for PCR amplification
of s7lA.
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Chapter 5: Conclusion

Previous work identified a S. meliloti gene sr/A having an autorepression
phenotype and briefly prediction the mechanism (Bensig et al., 2022). My research
focused on the s7/4 gene and protein and investigating the autorepression phenomenon

and its possible function regarding bacterium growth and endosymbiosis with M. sativa.

I looked at SrlA first using computational techniques aiming to predict possible
function domains for more specific experimental targets (Chapter 2) (Table 2.1). Phyre2
predicted a protein structure modelled after a homologous protein from 4. fabrum with a
thioredoxin-like function domain (Figure 2.1). I hypothesized the CXXC structure
forming disulfide bonds was important in protein function. Thus, I proceeded with site-
directed mutagenesis targeting Cysteines at positions 61 and 64 and successfully
produced mutants C61S, C61A, and C64S. Vectors carrying mutants were conjugated
into a strain carrying sr/4 deletion (NB1854) and observed for promoter activity in GFP
expression and salt sensitivity. Although I did observe a decrease in promoter activity
(Figure 2.4), it was not completely inactive, and the salt sensitivity proved there was

complementation despite an amino acid mutation (Figure 2.5).

This thesis detailed experiments looking for an alternative hypothetical gene that
could be involved in the autorepression phenotype (Chapter 3) (Figure 3.1). I aimed to
identify a gene using transposon mutagenesis that will randomly disrupt a gene to restore
srlA promoter activity in the form of GFP expression in an otherwise inactive
background. I was successful in constructing a dual-reporter vector that allow for the
selection of putative mutants through tetracycline resistance and GFP activity (Figure

3.4-3.6). However, the localization of the transposon insertion proved the alternative
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gene identification was unsuccessful. Despite screening over 320,000 bacterial colonies
obtained from 8 different occasions of tri-parental matings, the putative mutants
obtained were false positives. Arbitrary PCR localized the transposon insertion in the

conjugated vector instead of a random gene in both putative mutants examined.

This thesis examined the function of s7/4 regarding bacterium and host-plant
interactions (Chapter 4). I aimed to see if s7/4 played a role in the endosymbiosis of M.
sativa (alfalfa) and if a sr/4 deleted strain (NB1854) was less successful than wildtype
(P110) in infecting, nodulating, and nitrogen-fixing. Preliminary experiments were done,
and I observed a decrease in growth in alfalfa plants when the concentration of salts
from Jensen nutrient solution was increased which was in accordance with the salt and
oxidizing agent sensitivity observed in s7/4 deletion strains (NB1854) (Figure 4.3). In a
more refined experiment using the Leonard assemblies, I also noticed a discoloration of
the leaves and nodules of alfalfa plants inoculated with s7/4 deletion strain (NB1854)
(Figure 4.7-4.8). The nodules were still observed the same pinkish color upon closer
examination. However, it might be interesting to investigate the actual efficacy of these
nodules through further experiments looking at nitrogenase activity and leghaemoglobin

concentration of these nodules.

Overall, my work attempted to characterize the exact function of SrlA and its
autorepression phenomenon. Concluding, I can observe that had a thioredoxin-like
domain that serves a minor purpose in the cell in relieving salinity and oxidative stress.
There are some aspects that my work does not entail, which might bear importance. The
effects of the Cysteine mutations regarding oxidative stress were not observed. Judging

from the effects of increased salts from the Jensen nutrient solution on the sr/4 deletion
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strain, perhaps looking at the effects of oxidizing agents on the Cysteine mutants would
present more impactful results. In addition, investigating the reason for discoloration of
alfalfa leaves and nodules might also be interesting. I would first aim to replicate the
discoloration under relatively same conditions and then consider further investigations

depending on available resources and equipment.
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