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RESUMEN

La agricultura es uno de los factores predominantes que contribuyen a la crisis
medioambiental actual. En este contexto, la fijacién bioldgica de nitrégeno (FBN)
aparece como un proceso crucial que ofrece ventajas tanto ecolégicas como econdmicas
al fomentar la produccién agricola sostenible mediante la reduccién de la dependencia
en fertilizantes nitrogenados. La simbiosis entre bacterias rizobiales y plantas legu-
minosas ejemplifica esto, proporcionando una via ambientalmente sostenible para el
cultivo agricola. Por otro lado, las enfermedades producidas por bacterias fitopaté-
genas representan una amenaza cada vez mayor para el rendimiento de los cultivos, lo
queresultaen pérdidas agricolas sustanciales. Aunque el resultado es completamente
diferente para los dos tipos de interacciones, los mecanismos moleculares implicados
en la comunicacion entre ambas bacterias y sus plantas huésped parecen ser simi-
lares. La presente tesis doctoral se centra en dos bacterias que representan estas
interacciones: el simbionte de la judia comuin Rhizobium etli CE3 (Ret), y la bacteria
fitopatégena Pseudomonas syringae pv. tomato DC3000 (Pto).

El segundo mensajero diguanilato ciclico (c-di-GMP) actia como un mensajero
bacteriano que controla la transicion entre diferentes tipos de vida, estando involu-
crado en motilidad, formacién de biopeliculas y en la secreciéon de exopolisacaridos
(EPS)y proteinas. Este trabajo se centraen proteinas que estan diferencialmente regu-
ladas por c-di-GMP en bacterias simbidticas y patdgenas, siguiendo un estudio previo
realizado por Lorite et al. (2023) sobre el impacto de este mensajero en el proteoma
extracelular de R. etli. En un primer enfoque se realizé una comparativa entre niveles
fisioldgicos y elevados de c-di-GMP de las proteinas encontradas intracelular y extra-
celularmente en cultivos de Pto. Ademas de reforzar su implicacién en la formacion
de biopeliculas, la produccion de EPS y la movilidad, las proteinas exportadas diferen-
cialmente abundantes presentaron tendencias diferentes en las dos bacterias, lo que
resalta la complejidad de sus proteomas y su regulacién diferencial.

Un hallazgo destacado del estudio sobre Ret fue que una gran parte de las proteinas
citoplasmaticas cuya exportacion parecia ser promovida por c-di-GMP habian sido repor-
tadas previamente como proteinas moonlighting o multifuncién en otros organismos. En el
caso de Pto, aparecié una tendencia opuesta: la exportacion de enzimas metabdlicas cito-
plasmaticas parece disminuir con altos niveles de c-di-GMP. Esto resalta laimportanciade
la presencia de proteinas citoplasmaticas moonlighting fuera de la célulay la regulaciéon de
su exportacién. Entre las potenciales proteinas moonlighting citoplasmaticas, el estudio de
la gliceraldehido-3-fosfato deshidrogenasa (Gap) resulta interesante ya que el c-di-GMP
promueve su exportacion en Ret. Como proteina housekeeping ampliamente conservaday
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para la que se han descrito funciones moonlighting en una gran variedad de bacterias, Gap
aparece como una candidata prometedora para poseer funciones moonlighting similares
en los dos tipos de bacterias. Sin embargo, nuestros resultados en Pto han mostrado que
la exportacién de Gapl1 y Gap2 no experimenta cambios significativos bajo niveles altos
de c-di-GMP.Sinembargo, su estudio continud siendo interesante ya que ambas proteinas
Gap se encontraron en el extrasoma en diferentes condiciones de cultivo, lo que sugiere la
existencia de posibles funciones moonlighting en esta bacteria.

La caracterizaciéon genética y funcional de las proteinas Gap presentes en Pto y Ret
desvelé diversas implicaciones en ambas bacterias. A nivel metabdlico, hay una clara
disparidad ya que Ret posee una sola proteina Gap responsable de la actividad tanto
glucolitica como gluconeogénica, mientras que Pto posee dos enzimas diferentes y no
intercambiables para cada actividad, siendo Gap1 glucolitica y Gap2 gluconeogénica.
Se ha demostrado que el tercer gen paralogo (gap3/epd) presente en Pto carece de acti-
vidad Gap, pero es indispensable para el metabolismo de la vitamina Bé, mostrando
actividad eritrosa-4-fosfato deshidrogenasa, por lo que se denominé epd. En Pto, ambas
enzimas Gap exhibieron caracteristicas funcionales distintas dependiendo del estado
fisiolégico de la bacteria. Gap1 ejerce un papel importante en motilidad, produccion
de biosurfactantes y formacién de biopeliculas, mientras que Gnicamente Gap2 parece
ser esencial para el crecimiento de la bacteria en plantas de tomate. En Ret, se observd
que se necesita una proteina Gap activa en todas las etapas de la simbiosis con su
planta huésped, Phaseolus vulgaris. Ambas actividades metabélicas parecen contribuir
a la aptitud bacteriana durante las etapas tempranas e intermedias de la interaccioén,
mientras que la actividad gluconeogénica de Gap parece ser critica para la invasién del
nodulo y la fijacién de nitrégeno. Aunque la proteina Gap de Ret se secreta de manera
relacionada con el c-di-GMP, no se observé ningln efecto en fenotipos relacionados,
como la floculacién, la formacién de biopeliculas o la produccién de EPS. Curiosamente,
a pesar de las diferencias en las proteinas Gap entre las dos bacterias, la similitud de
sus genes gap permitié una restauracion casi completa del fenotipo silvestre cuando se
complementaron intercambiandolas.

El estudio de la exportacién de Gap aparece como especialmente interesante ya que
su translocacién fuera de la célula, que no puede atribuirse Unicamente a sus funciones
metabdlicas primarias, sugiere posibles roles multifuncionales. En el caso de Pto, Gap1
aparecié consistentemente exportada independientemente de la composicién del medio
y de los niveles de c-di-GMP. Por otro lado, Gap2 solo se exportaba en medios especificos
y dependiendo de su abundancia intracelular. Estos hallazgos sugieren la probabilidad de
roles moonlighting para ambas proteinas; sin embargo, los mecanismos que promueven
su exportacion siguen siendo desconocidos. En el caso de Ret ya se habia detectado



que Gap se exportaba diferencialmente bajo altos niveles de c-di-GMP, lo que impulsé
al examen de sus posibles mecanismos de exportacion. No se encontraron evidencias
de la exportacion de Gap a través de lisis celular o vesiculas de membrana en Ret. Sin
embargo, Gap se encontro localizada en el citoplasma y asociada tanto a las membranas
internas como externas de la bacteria. Esto, junto con la observacion de un aumento enel
numero de proteoformas extracelulares inducido por c-di-GMP, sugiere la participacién
de mecanismos de exportacién no clasicos o no canénicos. Dado que las modificaciones
post-traduccionales (PTM) desempefian un papel crucial enlaexportaciony laemergencia
de funciones mooonlighting en proteinas citoplasmaticas, se realizaron investigaciones
preliminares sobre posibles PTMs presentes en la proteina Gap de Ret, que revelaron
la presencia de residuos fosforilados en la proteina Gap intracelular. Estos resultados
sugieren un posible vinculo entre el diguanilato ciclico, las PTMs y la exportacion de
proteinas citoplasmaticas, lo que abre vias para el estudio de otras PTMs que también
podrian estar implicadas en los roles moonlighting de la proteina Gap.

En conclusion, esta tesis doctoral aporta nuevos conocimientos sobre el papel
del c-di-GMP en la regulacién y exportacién de proteinas, tanto en bacterias simbid-
ticas como fitopatogenas. Centrandose en las proteinas Gap y sus posibles funciones
moonlighting, se destacan las principales similitudes y diferencias entre los dos tipos
de bacterias.
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SUMMARY

Agriculture is a predominant factor contributing to the ongoing environmental crisis.
In this context, biological nitrogen fixation (BNF) emerges as a pivotal process offering
economic and ecological advantages by fostering sustainable agricultural production
through reduced dependence on nitrogen fertilizers. The symbiotic bond between
Rhizobium bacteria and leguminous plants embodies this, providing an environmentally
sustainable avenue for agricultural cultivation. Conversely, the threat posed by phyto-
pathogenic bacteria-induced diseases increasingly endangers crop yields, resulting in
substantial agricultural losses. Although the outcome is completely different for the
two types of interactions, common molecular mechanisms that mediate communication
between the interacting partners appear to be involved. The present thesis is centered
in two bacteria representing these interactions: the common bean symbiont Rhizobium
etli CE3 (Ret), and the phytopathogen Pseudomonas syringae pv. tomato DC3000 (Pto).

The second messenger cyclic diguanylate (c-di-GMP) acts as a bacterial messenger
that controls the transition between different lifestyles, being involved in motility,
biofilm formation or exopolysaccharide (EPS) and protein secretion. This work is
focused on proteins differentially regulated by c-di-GMP in symbiotic and pathogenic
bacteria following a previous study about its impact on the extracellular proteome of
Ret by Lorite et al. (2023). In a first approach, a study of the proteins found in the intra-
cellular and extracellular environments of Pto under physiological versus increased
c-di-GMP levels was performed. Asides from reinforcing its implication in biofilm
formation, EPS production and motility, the differentially abundant exported proteins
presented different trends between the two bacteria, which highlights the complexity
of their proteomes and the differential regulation therein.

A notable finding from the study on Ret was that a large fraction of the cytoplasmic
proteins whose export appeared to be promoted by c-di-GMP had been previously
reported as moonlighting or multifunctional proteins in other organisms. In the case of
Pto, an opposed contrasting trend emerged: the export of a larger number of cytoplasmic
metabolic enzymes appeared to be downregulated by c-di-GMP. Overall, this highlights
the importance of the presence of potential moonlighting cytoplasmic proteins outside
the cell, and the regulation of their export. Among the potential moonlighting proteins,
glyceraldehyde-3-phosphate dehydrogenase (Gap) was a compelling candidate for invol-
vement of c-di-GMP in its regulation in plant-interacting bacteria, since this second
messenger had been found to promote its exportation in Ret. As a widely conserved house-
keeping protein with moonlighting functions described in a diverse array of bacteria, Gap
appeared as promising candidate for similar functional roles in the two bacteria under



study. Nevertheless, our results with Pto evidenced that the export of Gap1 and Gap2 did
not experience significant changes under high c-di-GMP levels. Its study remained inter-
esting, however, as both Gap proteins were found to be exported under different culture
conditions, suggesting the existence of potential moonlighting roles also in this bacterium.

The genetic and functional characterization of the Gap proteins present in Pto and
Ret uncovered diverse implications in both bacteria. On a metabolic level, there is a clear
disparity between the two bacteria since Ret harbours a single Gap protein respon-
sible for both glycolytic and gluconeogenic activities, whereas Pto possesses distinct
and non-interchangeable enzymes for each activity, being Gap1 glycolytic and Gap2
gluconeogenic. A third potential paralogue gene (gap3/epd) present in Pto was proved
to lack Gap activity but be indispensable for vitamin Bé6 metabolism displaying erythro-
se-4-phosphate dehydrogenase activity, thus referred as epd. In Pto, both Gap enzymes
exhibited distinct functional characteristics depending on the bacterium physiological
state. Gap1 presented a substantial role in motility, biosurfactant production and biofilm
formation, whereas only Gap2 appeared to be essential for growth on tomato plants. In
Ret, an active Gap protein was found to be required throughout all stages of the symbiosis
with its host plant Phaseolus vulgaris. Both metabolic activities appeared to contribute to
bacterial fitness during early and intermediate stages of the interaction, whereas Gap
gluconeogenic activity appeared to be critical for nodule invasion and nitrogen fixation.
Although the Ret Gap protein is secreted in a c-di-GMP related manner, no involvement
infree-living c-di-GMP related phenotypes, such as flocculation, biofilm formation or EPS
production, was observed. Interestingly, despite the differences in Gap proteins between
the two bacteria, the similarity of their gap genes enabled almost complete restoration of
the wild type phenotype when interchangeably complemented.

Exploring Gap export presented a compelling research direction since its transloca-
tion outside the cell, which cannot be solely attributed to its primary metabolic functions,
suggests potential moonlighting roles. In the case of Pto, Gap1 consistently appeared to
be exported independently of the medium composition and c-di-GMP levels. Gap2, on the
other hand, was only exported in specific media and correlated with its intracellular abun-
dance. These findings underscore the likelihood of moonlighting roles for both proteins,
yet, the mechanisms driving their exportation remain elusive. In the case of Ret, Gap had
already been detected to be differentially exported under high c-di-GMP levels, which
prompted an examination of potential export mechanisms. No evidence of Gap export
through cell lysis or membrane vesicles in Ret was obtained. Instead, Gap was located in
the cytoplasm but also associated to both the inner and outer membranes, which toge-
ther with the observed increased number of extracellular Gap proteoforms induced by
c-di-GMP, support the involvement of an active mechanism for Gap exportation in Ret.
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Since post-translational modifications (PTMs) can determine proteoform number and
diversity, preliminary investigations into potential PTMs present in the Ret Gap protein
were performed, revealing the presence of phosphorylated residues in the intracellular
Gap protein. The results suggest a link between c-di-GMP, PTMs and the export of cyto-
plasmic proteins, which could thereby impact the moonlighting roles of the Gap protein.

Overall, this thesis provides insight into the role of c-di-GMP in protein exporta-
tion and regulation in both symbiotic and plant-pathogenic bacteria. Focusing on Gap
proteins and their possible moonlighting roles, it highlights the similarities and major
differences between the two types of bacteria.
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| Introduction |

1. GLOBAL PERSPECTIVE ON THE AGROECOLOGICAL CRISIS

Intoday’s context of global change, most of the established “safety planetary boundaries”
- that is, limits to Earth system processes that, if crossed, can generate unacceptable
environmental changes - have already been transgressed beyond the threshold of
uncertainty or high risk. Agriculture stands as a prevailing factor contributing to
numerous environmental threats, encompassing climate change, biodiversity loss,
degradation of land and freshwater and perturbation of the biogeochemical cycles of
nitrogen and phosphorous (Fig. 1.1) (Foley et al., 2011, Steffen et al., 2015; Campbell et
al., 2017; Richardson et al., 2023; Rockstrém et al., 2023). To meet the world’s popula-
tion food security and sustainability needs, the environmental footprint of the agri-food
sector must diminish dramatically by halting agricultural expansion and reducing agro-
chemical inputs while increasing cropping efficiency, shifting diets, and reducing waste
(Foley etal.,2011).

Agricultural ecosystems were created by humans approximately 12 000 years ago
during the development of agriculture to generate a reliable food supply, thereby
contributing to the rise of major civilizations. Since their emergence in the Fertile
Crescent, agro-ecosystems have proliferated worldwide, covering around 40% of the
land surface, with most of this expansion occurring within the last three centuries. In
tropical regions, the establishment of new agricultural land has come at the expense of
rainforests, savannahs, and other ecosystems, with future expansion poised to exacer-
bate this trend. Consequently, agriculture stands as the single most extensive form of
land use on the planet (Foley et al., 2011; McDonald & Stukenbrock, 2016; Campbell
et al., 2017). However, only 62% of crop production is directed towards human food,
whereas 35% is designated for animal feed, resulting in an indirect and notably less effi-
cient conversion to human food, predominantly in the form of meat and dairy products.
The remaining 3% is allocated for bioenergy, seed production, and other industrial
purpuses (Foley et al., 2011). A large part of the increased food supply production
in modern society stems from enhancing productivity through substantial resource
inputs, such as water and fertilizers, increased cultivation frequency (multiple crop-
ping), and the use of genetically uniform plant varieties with superior yield and quality
(monocultures) (Zhan et al., 2015).
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Figure I.1. Status of nine established planetary boundaries.
Overlaidindots is the estimate of agriculture’s role in that status. Over half of the limits appear
at high risk or increasing risk beyond or in the zone of uncertainty (Campbell et al., 2017).

1.1. Nitrogen as a limiting factor in agriculture

Plant biomass and productivity of many ecosystems are limited by the availability of
nitrogen, an essential nutrient for all forms of life. Although nitrogen is an abundant
element on Earth, accounting for 78% of the atmospheric gases, a majority of it isin the
form of molecular nitrogen (N2) which is largely unusable by most living organisms. N,
must be chemically or biologically converted (nitrogen fixation) into reactive forms (N )

to be accessible for plants (Elser et al., 2007; Olivares et al., 2013; Stevens, 2019).

The “green revolution” of the 1960s brought about increased crop yields through
the utilization of enhanced plant varieties and the widespread application of chemically
synthesized nitrogen fertilizers, made possible by the development of the Haber-Bosch
process. Despite its success in mitigation famine worldwide, paralleled by an unprece-
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dented growth of the world’s human population, the extensive use of nitrogen fertilizers
has significant environmental repercussions. The Haber-Bosch process generates high
amounts of CO, (approximately 275 million tons per year) by consuming fossil fuels such
as natural gas and coal (Robertson & Vitousek, 2009; Olivares et al., 2013). Moreover,
chemical fertilizers are very inefficient, with a considerable portion of the applied
nitrogen being lost to the environment (Galloway & Cowling, 2002). This results in conta-
mination of aquatic, terrestrial and atmospheric systems, therefore increasing global
acidification (Erisman et al., 2015). Additionally, the release of nitrous oxide by denitrif-
ying bacteria exacerbates the greenhouse effect (Maaz et al., 2021; Snapp et al., 2023).

Despite being a longstanding component of many global farming systems, with over
60% of fixed nitrogen on Earth attributed to it, the significance of biological nitrogen
fixation (BNF) as the primary nitrogen source for agriculture has diminished with the
increased reliance on fertilizer-N (Fig. 1.2). Recognizing the potential of BNF in enhancing
nitrogen use efficiency is crucial for future food security and environmental sustaina-
bility. However, optimizing BNF in agriculture requires a comprehensive understanding
of the diversity of nitrogen-fixing microorganisms, the mechanisms of fixation, and the
selection and formulation of efficient N-fixing microorganisms as biofertilizers (Peoples
etal., 1995; Olivares et al., 2013; Fowler et al., 2013; Soumare et al., 2020).

Figure 1.2. Global nitrogen fixation, through natural and anthropogenic processes (2010).
The arrows indicate a transfer from the atmospheric N, reservoir to terrestrial and marine
ecosystems, regardless of the subsequent fate of the N. Green arrows represent natural
sources, purple arrows represent anthropogenic sources. Industrial production is accompli-
shed through the Haber-Bosch process (Fowler et al., 2013).
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1.2. Pathogens as a threat to agricultural sustainability

Another consequence of the agricultural expansion is an enormous reduction in plant and
animal diversity, as species-rich natural ecosystems have been converted to species-poor
agro-ecosystems (McDonald & Stukenbrock, 2016). The vast majority of agricultural
lands, on which locally adapted but genetically diverse land races grew for thousands
of years, are now mono- or oligocultures. However, since the “green revolution”, these
diverse cultures were largely replaced by genetically uniform, broadly adapted
and high-yielding cultivars. This transformation has led to fields typically composed
of a single clone or a population of nearly identical clones, resulting in minimal genetic
diversity. Consequently, these practices have greatly increased the risk of substantial
losses to plant diseases. Therefore, in terms of both disease management and resource
conservation, these practices are unsustainable in the long term (Wouw et al., 2010;
Zhanetal., 2015; McDonald & Stukenbrock, 2016).

Throughout millennia, wild plants and their associated pathogens have been engaged
in continuous interactions shaped by coevolutionary processes, which have constrained
the spatial extent and temporal duration of disease epidemics. However, modern agri-
cultural practices, coupled with intensive resource inputs and widespread application of
agrochemicals, disrupt those natural interactions, creating conditions that significantly
enhance the spread of plant disease epidemics and contribute to rapid pathogen evolu-
tion (Zhan et al., 2015). Furthermore, global change is promoting the emergence of new
etiological agents by altering the equilibrium within ecological habitats. In this context,
the number of epidemics is expected to increase dramatically in the next coming decades,
both in wild and crop plants (Bartoli & Roux, 2017).

Considering that around 15% of the total current crop production is lost to disease,
diminishing these losses is an obvious strategy to increase food production without
further exacerbating the degradation of natural ecosystems. But protecting crops from
pathogens is likely to require a significant re-engineering of agro-ecosystems globally
to enhance their resilience against disease, and establish less favourable conditions
for the emergence and evolution of pathogens. The development of sustainable plant
protection strategies requires a deeper understanding of the biology and evolution of
the corresponding pathogens (McDonald & Stukenbrock, 2016; Savary et al., 2019; He
& Creasey Krainer, 2020).
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2. PLANT-INTERACTING BACTERIA

Plants are naturally associated with a great diversity of microorganisms. These inte-
ractions have developed over the course of their evolutionary history and remain an
essential part of the ecological landscape, impacting plant health, productivity and
long-term fitness (Reinhold-Hurek & Hurek, 2011; Plett & Martin, 2018). A great
diversity of microorganisms inhabit within their aerial tissues (phyllosphere), root
tissues (rhizosphere) and inner tissues (endosphere), with which they establish a
broad range of beneficial, neutral, and harmful interactions (Reinhold-Hurek &
Hurek, 2011; Plett & Martin, 2018; Santos & Olivares, 2021). On one hand, endosym-
biotic beneficial interactions with microorganisms, such as soil bacteria collectively
known as rhizobia or the arbuscular mycorrhiza fungi, result in an overall benefit to
both partners based on nutrient exchange. At the other extreme are pathogenic inte-
ractions, in which bacterial pathogens establish compatible interactions with plants
that cause variable damages and affect plant growth and reproduction. Although the
outcome is completely different, shared molecular mechanisms facilitating communi-
cation between the interacting partners appear to be involved (Fig. |.3). Specifically,
nitrogen-fixing bacterial symbionts of legume plants and phytopathogenic bacteria
have embraced analogous strategies and genetic traits to colonize, invade and esta-
blish chronic infections within the plant host (Grant et al., 2006; Soto et al., 2006;
Reinhold-Hurek & Hurek, 2011; Soto et al., 2011).

Figure 1.3. Bacteria interact with plantsin a
great diversity of manners.

Sites of infection and plant symptoms caused
by pathogenic or symbiotic bacteria are repre-
sented on an idealized plant. Pictures are not
to scale. a. Pseudomonas syringae growing as an
epiphyte on a leaf surface next to a stoma. b. P.
syringae in apoplastic space within an infected
leaf. c. Erwinia carotovora subesp. atroseptica in
an infected leaf. d. Ralstonia solanacearum asso-
ciated with a root. e. Pseudomonas fluorescens
on a root. f. Rhizobium spp. in a curling root hair
(Grantetal., 2006).
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2.1. Beneficial symbiotic interactions: rhizobia

Microbial communities play animportant role in the functioning of plants by positively
influencing their physiology and development. Soil microbial communities represent
one of the greatest reservoirs of biological diversity. The rhizosphere, which is the
soil area that surrounds the plant and is under the direct influence of the bio-physi-
cochemical characteristics of the roots can contain up to 10! microbial cells per gram
of root and more than 30000 prokaryotic species. Moreover, plants are able to shape
their rhizosphere microbiome, as evidenced by the fact that different plant species
host specific microbial communities (Berendsen et al., 2012; Mendes et al., 2013; Dries
et al., 2021). The majority of land plants, including cereals, can establish symbiotic
associations with arbuscular mycorrhizal fungi, which improve nutrient acquisition
(particularly phosphate and nitrogen) and also contribute to protect them from various
biotic and abiotic stresses. A much more specific symbiotic association is the one
legumes establish with rhizobia, which induce the formation of root nodules in the
host plant allowing for atmospheric nitrogen fixation (Govindarajulu et al., 2005;
Berendsen et al., 2012; Venkateshwaran et al., 2013).

Rhizobia are soil and rhizospheric bacteria able to form nitrogen fixing symbioses
with leguminous plants. They belong to more than 15 genera of a- and B-proteobacteria
in the families Rhizobiaceae, Phyllobacteriaceae, Brucellaceae, Methylobacteriaceae,
Bradyrhizobiaceae, Xanthobacteraceae, Hyphomicrobiaceae and Burkholderiaceae
(Fig. 1.4). The genus Rhizobium, accommodating 112 species, is the largest genus of
rhizobia (Ormefo-Orrillo et al., 2015; Lindstrém & Mousavi, 2020).

2.1.1. Biological Nitrogen Fixation

Biological nitrogen fixation is a natural process that transforms atmospheric nitrogen
(N,) into a plant-accessible reduced form (NH,* primarily). In nature, all organisms eukar-
yotes and prokaryotes, directly or indirectly depend on BNF for their N supply. This N
serves as the primary component for the synthesis of nucleic acids, proteins, and other
organic nitrogenous compounds. BNF is an ancient innovation exclusively achieved by
some Bacteria and Archaea. For Bacteria, different groups are involved, including free-li-
ving bacteria like Azotobacter, Azospirillum, Bacillus or Clostridium; symbiotic bacteria like
Rhizobium associated with legumes, whereas Frankia associate with the so-called actinor-
hizal plants (Soumare et al., 2020).

Root nodule symbiosis is one of the most effective and studied mutualistic relations-
hips between plants and nitrogen-fixing organisms. These symbioses are characterized
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by the development of specialized root (or occasionally stem) structures, the nodules,
that are massively colonized by bacteria and act as nitrogen-fixing organs for the
plant. The evolutionary origins of nodulation in plants dates back approximately 100
million years, resulting in the development of nodulation capacity in 70% of legume
species, as well as in various lineages of actinorhizal plants. Concurrently, the ability
to fix nitrogen with legumes has spread to hundreds of species in a- and B-Proteobac-
teria including the genera Rhizobium, Sinorhizobium, Bradyrhizobium, Mesorhizobium,
Azorhizobium, Paraburkholderia, etc. (Sawana et al., 2014; Masson-Boivin & Sachs, 2018;
Soumare et al., 2020).

Figure 1.4. Unrooted phylogenetic tree of 16S rDNA sequences from selected a-, 3-, and
y-proteobacteria.

Genera in bold font contain rhizobia. Rhizobial species or strains whose genomes have been
fully sequenced are indicated in parentheses. Rhizobial genomes with sequencing projectsin
progress are indicated in square brackets (Masson-Boivin et al., 2009).



| Introduction |

- 10_

The formation of nitrogen-fixing nodules is a complex process that requires a conti-
nuous and adequate signal exchange between plant and bacteria. Differentiated forms
of the bacteria within the root nodule (bacteroids) reduce atmospheric nitrogen into
ammonia which can be then used by the plant. In return, bacteria receive carbon sources
from the plant in a protected niche (Soto et al., 2006; Soto et al., 2011). The initiation of
the infection process in legumes involves the secretion of flavonoids, which act as signa-
Iling molecules that prompt the rhizobial bacteria to produce Nod factors and symbiotic
exopolysaccharides. These bacterial compounds, in turn, activate multiple responses in
the host plant, including the formation of infection threads (Fig. I.5a). These infection
threads serve as conduits through which rhizospheric bacteria reach their endoce-
llular niche (Fig. I.5b). Remarkably, during the invasion process and symbiosis, rhizobial
bacteria possess the ability to evade the host plant innate immune response. Plant
cells inthe inner cortex internalize the invading bacteria within host-membrane-bound
compartments, which subsequently mature into structures known as symbiosomes (Fig.
I.5¢). The internalized bacteria then develop into bacteroids, a differentiated form with
the unique capability of nitrogen fixation (K. M. Jones et al., 2007; Masson-Boivin et al.,
2009; Oldroyd, 2013).

All rhizobia rely on the most common form of nitrogenase, molybdenum (Mo)-
nitrogenase, to accomplish nitrogen fixation. Mo-nitrogenase demands a substantial
amount of energy with a minimal stoichiometry of 16 mol of ATP for each mole of
N, reduced. Additionally, it displays extreme sensitivity to oxygen, which is in contra-
diction with the strict aerobic nature of rhizobia. To overcome these challenges, legume
plants supply the endosymbiotic bacteria with photosynthetic products and create a
nearly anoxygenic environment required for N, fixation within nodule cells. Among
various mechanisms, nodule leg-haemoglobins play a crucial role in controlling the flux
of oxygen towards the bacteroids, ensuring compatibility of bacteroid respiration and
nitrogen fixation (Masson-Boivin et al., 2009; Larrainzar et al., 2020).

The study of the rhizobia-legume symbiosis is of great importance as a paradigm
of the microbial-plant interaction, highlighting the significance of the understanding
of BNF as a cost-effective way to improve soil fertility and crop production. Delving
into the mechanisms underlying the symbiosis between plants and bacteria not only
advances our knowledge of this specific interaction but also contributes to improve the
understanding of other eukaryotic-bacterial interactions, like those involving pathogens
responsible for causing crop damages.
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Figure 1.5. Rhizobia-legume symbiosis infection process.

a. Initial flavonoid and Nod factor signalling. b. Root hair curling and infection thread exten-
sion and penetration. c. Nodule formation and bacterial differentiation into bacteroids.
Modified from Oldroyd (2013) and K. M. Jones et al. (2007).

2.1.2. Carbon metabolism in Rhizobia

The bacterial lifestyle, whether as saprophytes in soil in the absence of plants or flou-
rishing in the rhizosphere, is significantly shaped by their ability to obtain energy from
available carbon compounds. Therefore, the versatility in utilizing a broad range of
carbon sources is important for these organisms to thrive in diverse habitats, both
ex planta and in planta. Thus, rhizobia are able to catabolize different carbon sources,
including a wide range of mono, di-, and polysaccharides, organic acids and even certain
aromatic compounds (Stowers, 1985; Geddes & Oresnik, 2014).

The great size and complexity of rhizobial genomes reflects a great metabolic diversity
that can be advantageous in adapting to the changeable soil conditions. Consistent with
this idea, the metabolic potential of rhizobial strains has been correlated with increased
competitiveness. Therefore, it is not surprising that these bacteria possess a substantial

-11-
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proportion of genes dedicated to carbon metabolism and substrate transport. Catabolism
of most hexoses in rhizobia is described to occur through the Entner-Doudoroff (ED)
pathway, alternative to the Embden-Meyerhof-Parnas (EMP) route present in E. coli
(Stowers, 1985; Conway, 1992a). Instead, rhizobia are able to use the EMP pathway in
a gluconeogenic manner, leading to a functional cyclic ED pathway (Fig. 1.6) (Portais et al.,
1999; Gosselin et al., 2001).

The catabolism through the ED pathway in rhizobia involves the oxidation of gluco-
se-6-phosphate (G6P) to 6-phosphogluconate (6PG). Subsequently, 6PG is converted to
2-keto-3-deoxy-6-phosphogluconate (KDPG), which is then cleaved by the KDPG aldo-
lase into glyceraldehyde-3-phospate (G3P) and pyruvate (Conway, 1992). Galactose
catabolism does not follow this scheme nor does it enter glycolysis through the Leloir
pathway as in E. coli. Instead, galactose is catabolized through a route analogous to
the ED pathway, known as the De Ley-Doudoroff pathway, resulting in the formation
of glyceraldehyde-3-phosphate and pyruvate (Fig. 1.6) (Arias & Cervefiansky, 1986;
Geddes & Oresnik, 2014).

Evidence supports that in rhizobia, the EMP pathway is used in a gluconeogenic manner
rather than glycolytic. This inference is drawn from the absence of the phosphofructoki-
nase-encoding gene pfk and its enzymatic activity, which catalyses the ATP-dependent
conversion of fructose-6-phosphate into fructose-1,6-biphosphate (Irigoyen et al., 1990;
Capelaetal., 2001). Growth on intermediates or carbon sources entering metabolism
through the tricarboxylic acid (TCA) cycle is carried out through the gluconeogenic
pathway that requires the EMP route. This pathway serves multiple functions in central
metabolism. In addition to being required for gluconeogenesis, it also participates in the
cycling of glyceraldehyde-3-phosphate synthesized by the ED pathway during growth on
hexoses, as well as in the conversion of pentoses and hexoses that enter central metabo-
lism through fructose-6-phosphate into glucose-6-phosphate for glycolysis through the
ED pathway (Fig. .6) (Fuhrer et al., 2005; Geddes & Oresnik, 2014).

CARBON METABOLISM OF THE BACTEROID

Nitrogen fixation inside the nodules results from a metabolic exchange between the
bacteroids, enclosed in the symbiosome, and the host plant. The primary carbon sources
for bacteroids are dicarboxylic acids supplied by the plant, such as malate and succinate.
They are derived from the sucrose photosynthesized by the plant and transported to
the bacteroid. The membranes of both the symbiosome and the bacteroid play a crucial
role in regulating metabolite exchange between the two organisms. Within the bacte-
roid, tricarboxylic acids are catabolized through the TCA cycle (Lodwig & Poole, 2003;
Udvardi & Poole, 2013).
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In the symbiosome, bacteroids are surrounded by the peribacteroid or symbiosome
space, forming an inter-kingdom environment populated by proteins from both symbionts.
Most proteins associated with the symbiosome membrane are annotated as being of plant
origin and non-metabolic in nature. It has been suggested that symbiosome membrane
proteins may participate in the transport of carbon, nitrogen and other nutrients between
the plant and the bacteroid. In contrast, the identified proteins in the symbiosome space
are predominantly metabolic enzymes of bacterial origin (Geddes & Oresnik, 2014;
Emerich & Krishnan, 2014).

Figure 1.6. Metabolic network of central carbon metabolism in rhizobia.

Coloured arrows represent the cyclic central metabolism of S. meliloti. Different colours
represent the Embden-Meyerhof-Parnas (EMP), Entner-Doudoroff (ED), pentose phos-
phate (PP) pathways, and tricarboxylic acid (TCA) cycle. Grey arrows indicate entry points
for different compounds into central metabolism and coloured arrows indicate the direction
of carbon flow, as described in literature. Abbreviations: G6P, glucose-6-P; F6P, fructose-6-P;
6PG, 6-phosphogluconate; R5P, ribose-5-P; G3P, glyceraldehyde-3-P; Ac-CoA, acetyl-coen-
zyme A (Geddes & Oresnik, 2014).

13-
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2.1.3. Rhizobium etli

Rhizobium etli (Ret), is one of the two bacteria (along with Pseudomonas syringae) object
of study in this doctoral thesis. It is a Gram-negative, aerobic, a-proteobacteria of
Rhizobiaceae family which establishes a symbiotic interaction with Phaseolus vulgaris
(common bean) (Aguilar et al., 2004). The work has been carried out with the specific
strain Ret CE3 (Quinto et al., 1982), a derivative of strain CFN42 resistant to nalidixic
acid and streptomycin.

The genome of R. etli CE3is 6.5 Mb in size, comprising achromosome of 4.38 Mb and 6
plasmids ranging from 184 to 600 Kb, known as pRetCFN42a3, b, ¢, d, e and f. Collectively,
these plasmids constitute one-third of the total genome. Notably, one of these plasmids,
pRetCFN42d, is considered as the symbiotic plasmid or pSym, since it carries the majority
of the genes responsible for nodulation and BNF (nod, nif and fix) (Gonzalez et al., 2003;
Gonzélez et al., 2006).

Ret is able to synthesize various structural polysaccharides, including exo-polysaccha-
rides (EPS). These EPS confer an adaptive advantage by protecting the cell from abiotic and
biotic stresses. They are the main component of the extracellular matrix, participating
in cell signalling, surface adhesion and biofilm formation (Schmid et al., 2015; Pérez-
Mendoza and Sanjuan, 2016). The structural polysaccharides synthesized by Ret are
the lipopolysaccharide (LPS), a capsular polysaccharide (CPS), periplasmic B-(1-2)-cyclic
glucan, an acid exopolysaccharide (EPS), as well as a glucomannan, cellulose and mixed-
linkage B-glucan (MLG) (Forsberg & Carlson, 1998; Forsberg et al., 2000; D'Haeze et dl.,
2007; Pérez-Mendoza et al., 2022).

2.2. Bacterial pathogens

Similar to rhizobia, pathogenic bacteria establish compatible interactions with plants
which enable them to acquire nutrients from the host upon colonisation; however, the
plant is harmed as a result of that interaction. Pathogenic bacteria typically enter
plant tissues either through wounds or natural openings, occupying the apoplast of
plant tissues or the xylem, where they multiply and spread. During this process, bacteria
often inject effector proteins into plant host cells to overcome defence responses,
mechanisms that are also utilized by symbionts. Infection by pathogenic bacteria often
involves the deployment of hydrolytic enzymes and toxins which provoke plant injury,
disease development, and, in severe cases, plant death (Soto et al., 2006; Soto et al.,
2009; Reinhold-Hurek & Hurek, 2011).
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2.2.1. Pseudomonas syringae

Pseudomonas is a genus of Gram-negative y-proteobacteria with an aerobic and
chemoheterotrophic metabolism. It is one of the most diverse and ubiquitous bacterial
genera whose species have been isolated in all kinds of environments, which proves
their great metabolic versatility (Palleroni, 1993; Jun et al., 2016). It includes impor-
tant pathogenic species for both animals and plants (P. aeruginosa and P. syringae),
whereas others greatly contribute to the turnover of organic matter and positively
affect plant health and nutrition (e.g., P. fluorescens, P. protegens or P. putida) (Silby et
al., 2009; Peix et al., 2009).

Pseudomonas syringae is one of the most studied plant pathogens since it serves as
a model for the investigation of bacterial pathogenicity, molecular mechanisms underl-
ying plant-microorganism interactions, microbial ecology and epidemiology. Within the
P. syringae species, a remarkable diversity is observed with over 60 distinct pathovars
documented, each of them displaying specificity to different groups of host plants (Xin
etal., 2018). Originally isolated from Syringa vulgaris (Young, 1991), P. syringae patho-
vars infect nearly all economically important crop species, which makes this species
one of the most prevalent plant pathogens. Interestingly, many isolates of P. syringae are
non-pathogenic and exist as commensals in plants and in environments linked to fresh
waters which act as reservoirs, transmission routes and sources of genetic diversity
(Fig. 1.7A) (Hirano & Upper, 2000; Morris et al., 2013; Xin et al., 2018).

THE INFECTION PROCESS

P. syringae bacteria undergo two interconnected growth phases. The epiphytic phase
involves the bacteria living on the surface of plant tissues, usually the above ground
parts, such as leaves, stems, flowers and fruits (collectively known as the phyllosphere).
Conversely, during the endophytic phase, bacteria penetrate the plant tissue and colonize
the intercellular apoplast space (Xin et al., 2018). The infection cycle starts when bacteria
arrive to the phyllosphere of a compatible host, forming aggregates in protected areas, like
trichome bases. Then, as opportunistic pathogens, take advantage of wounds and stomatal
openings to invade the intercellular spaces inside the leaves (apoplast), where they multiply
using the available nutrients (Fig. .7B) (Melotto et al., 2008). Afterwards, bacteria synthe-
size different compounds that manipulate the metabolism and immune response of
the host, ultimately resulting in tissue necrosis. The infection typically occurs locally
but can be transmitted to other areas or other plants from the necrotic lesions.

The ability of P. syringae to gain entry to and proliferate inside the plant depends oniits
ability to synthesize toxins, grow factors and a type Il secretion system (T3SS) that deli-
vers proteins, known as type Il effectors, into the plant cell. The main virulence factors of

-15-
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P. syringae are the T3SS and phytotoxins, with the contributions of other cellular functions
such as motility, siderophore synthesis and EPS production (Rico et al., 2011; Xin and He,
2013). The T3SS is a specialized secretion system present in numerous Gram-negative
plant and animal pathogens and symbionts, which behaves as a molecular syringe that
allows the bacteria to inject effector proteins directly into the host cell or into the inter-
cellular space. The effectors can interfere with the plant’s defence response at different
levels (Alfano & Collmer, 2004). The T3SS is formed by a cytoplasmic ATPase complex
and Cring, an export apparatus linked to the inner membrane, an intermembrane basal
body, an extracellular pili and a translocation port that is situated in the host membrane
(Galan et al., 2014). Phytotoxins are not essential for P. syringae’s pathogenicity, but
their production results in increased disease severity, contributing to systemic move-
ment of bacteria in planta, lesion size, and multiplication of the pathogen in the host.
They vary in their specificity and chemical structure. Syringomycin, syringopeptin and
syringafactin are lipopeptides with surfactant activity that contribute to necrosis.
Phaseolotoxin, tabtoxin and mangotoxin, on the other hand, are antimetabolite toxins,
produced by some pathovars, that are able to inhibit enzymes of aminoacid biosynthesis
routes (Bender et al., 1999). Coronatine is another toxin produced by certain strains
that affects jasmonic acid signalling and promotes stomatal opening allowing bacterial
entry (Melotto et al., 2008; Melotto et al., 2017).

MoTILITY AND EPS SYNTHESIS

Motility is also crucial for P. syringae as it facilitates bacterial responses to environmental
stimuli, increasing its competitiveness. During the infection process, it permits invasion
of the apoplast and dissemination into other host plants. P. syringae strains are motile
thanks to the presence of multiple polar flagella that propel them individually in liquid
media (swimming) and through the surface or viscous media (swarming). Moreover,
flagella are important for surface adhesion, biofilm formation and contribute to viru-
lence (Jarrell & McBride, 2008; Melotto et al., 2008). Motility, however, not only relies
on flagella, as it also depends on biosurfactant production. These amphipathic mole-
cules reduce surface tension for the bacteria, facilitating its movement (Burch et al.,
2010; Nogales etal., 2015).

Bacterial exopolysaccharides (EPS) confer an adaptive advantage as they protect
the cell from abiotic and biotic stresses, including defence responses from the host.
They are the main component of the extracellular matrix, participating in cell signa-
lling, surface adhesion and biofilm formation (Schmid et al., 2015; Pérez-Mendoza
&Sanjuan, 2016). The Pseudomonas genus are prolific EPS producers, with strains that
usually synthesize several, such as alginate, cellulose, levan, Pea, Peb, Pel and Psl.
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Figure L.7. Life cycle of P. syringae in the environment and during the infection process.

A. P. syringae reaches the soil and plant surfaces through atmospheric precipitation (1). It
survives in accumulated snow (2), leaf litter, and grasses (3). During thawing and rainfall, a
portion of these populations follows the underground (4) or surface (5) water flows until
reaching the river network (6). Epiphytic populations of P. syringae on wild plants or in agricul-
tural ecosystems can also follow those routes, reaching the crop surface through precipitation
(1) orirrigation (7). Finally, leaf surface populations can form aerosols (8) and reach the tropos-
phere or even penetrate the soil to reach the groundwater (9) (Morris et al., 2013).

B. P. syringae begins its infective cycle when it reaches the leaf of a healthy plant (1), forming
aggregates in protected areas, such as the base of the trichomes (2). Bacteria take advan-
tage of the presence of wounds and the opening of the stomata (3) to reach the apoplast
(4), where they multiply and express virulence factors causing strain-specific symptoms (5).
Modified from Xin and He (2013).
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Capsular polysaccharides (levan, alginate) are present on the cell surface and have a
protective role, whereas the aggregative ones (cellulose, Pel, Psl) provide structural
integrity and interact with other components of the matrix. However, the presence
and roles of EPS are highly variable, even between strains from the same species
(Mann & Wozniak, 2012).

2.2.2. Carbon metabolism in Pseudomonas

Similar to rhizobia, pseudomonads, including P. syringae, exhibit the capacity to catabolize
and grow in diverse carbon sources. This versatility in utilizing a wide range of carbon
sources is crucial for their survival, especially during infection when they rely on the
nutrients present in the plant apoplast. Interestingly, an analogous central carbon
metabolism to that of rhizobia has been described for Pseudomonas, with a similar utili-
zation of the Entner-Doudoroff (ED) and Embden-Meyerhof-Parnas (EMP) pathways
(Rico etal.,2011; Kohlstedt & Wittmann, 2019).

Pseudomonads operate a so-called EDEMP cycle, which merges activities of the EMP,
the ED (previously described in rhizobia), and the pentose phosphate (PP) pathways, as
it has been demonstrated for P. putida KT2440 (Fig. 1.8) (Nikel et al., 2015). Its genome
encodes the enzymes of these three pathways for glucose catabolism, however, it lacks the
glycolytic enzyme 6-phosphofructo-1-kinase (Pfk), which catalyses the ATP-dependent
conversion of fructose-6-phosphate into fructose-1,6-biphosphate. The lack of Pfk explains
why P. putida uses almost exclusively the ED pathway for hexose degradation (Lessie
and Phibbs, 1984; del Castillo et al., 2007; del Castillo et al., 2008; Sudarsan et al., 2014;
Nikel et al., 2015; Kohlstedt and Wittmann, 2019). The EDEMP cycle forces part of
the triose phosphates, which would otherwise be further oxidized to acetyl-CoA and
downwards, to be recycled back to hexose phosphates. Furthermore, the EDEMP cycle
operates under both glycolytic and gluconeogenic regimes being an essential distri-
butor of carbon through the central metabolism (Fig. 1.8) (Nikel et al., 2015; Kohlstedt
& Wittmann, 2019; Wilkes et al., 2021).

2.2.3.Pto DC3000

Pseudomonas syringae pv. tomato (Pto) causes bacterial speck disease, an economically
important disease on tomato, particularly in greenhouse-grown plants. Symptoms of
infection are brown-black leaf spots surrounded by a chlorotic halo and dark speck on
green fruits. Disease development can result in extended chlorosis followed by desic-
cation, with yield loss. Serious disease outbreaks are favoured by high leaf wetness,
cool temperatures and cultural practices that allow bacteria to be disseminated to host
plants (Hirano & Upper, 2000; Preston, 2000).



| Introduction |

Figure 1.8. Metabolic network of central carbon metabolism in Pseudomonas.
Thereactions are merged into the EDEMP cycle, which assembles enzymes from the ED, the
EMP and the PP pathways into a unique metabolic architecture. Arrow heads indicate the
direction of carbon flow as reported. Abbreviations: G6P, glucose-6-P; F6P, fructose-6-P;
FBP, fructose-1,6-bisphosphate; DHAP, dihydroxyacetone-P; 6PG, 6-phosphogluconate;
2KDPG, 2-keto-3-deoxy-6-phosphogluconate; 2K6PG, 6-phospho-2-ketogluconate; P5P,
pentose-5-P; S7P, sedoheptulose-7-P; E4P, erythrose-4-P; G3P, glyceraldehyde-3-P; 3PG,
3-phosphoglycerate; PEP, phosphoenolpyruvate; PYR, pyruvate. Modified from Kohlstedt
& Wittmann (2019).

Pto DC3000 is a rifampicin resistant strain derived from NCPPB1106. It is a model
pathogen for study as it is able to accept foreign DNA and can infect Arabidopsis as well
as tomato. It also provokes and hypersensitive response (HR) in non-compatible hosts
like Nicotiana tabacum and Phaseolus vulgaris (Cuppels, 1986; Whalen et al., 1991). Its
genome is composed of a circular chromosome of 6.4 Mb and two plasmids, pDC3000A
and pDC3000B, of 73 and 67 kb respectively. It encodes for numerous proteins involved
in virulence, as those related to the T3SS, toxin production, host immune response
suppression, motility or adhesion (Buell et al., 2003). Unlike other P. syringae strains, it
is a weak epiphyte, it does not have a replication phase on the leaf surface and depends
on a rapid entry into the apoplast (Boureau et al., 2002; Melotto et al., 2008; Xin & He,
2013; Nogales etal., 2015).
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In Pto DC3000 protein secretion has an important role for bacterial interaction
with the host plant, being the type Il secretion system (T3SS), responsible for the
release of effector proteins, essential for virulence. The effectors interact with the cell
wall and plasma membrane, or are directly translocated into the host cells cytoplasm.
Moreover, specific secreted proteins are also involved in processes such as nutrient
acquisition, stress responses or metabolic adaptation. Their synthesis and secretion
are regulated in response to environmental cues, allowing the pathogen to adapt to
changing conditions and, at the same time, to modulate plant functions and meta-
bolism creating an environment that favours Pto growth in plant tissues (Preston,
2000; Petnicki-Ocwieja et al., 2002; Filloux, 2011; Rico et al., 2011; Schumacher et
al., 2014). The most abundant proteins in the extracellular fraction of Pto DC3000
grown in fructose medium, commonly used to induce T3SS expression and effector
secretion, were those directly associated with T3SS mediated pathogenicity, and the
translation elongation factor Tu (EF-Tu). Other proteins identified were the corona-
facic acid and coronafacic acid polyketide synthases, both required for the synthesis
of the phytotoxin coronatine, some ribosomal proteins, and metabolic enzymes of the
Krebs cycle (Schumacher et al., 2014).

3. CYCLIC DIGUANYLATE AS A SECOND MESSENGER

Living organisms including bacteria continuously receive environmental stimuli which
are integrated through complex signal transduction cascades, allowing them to respond
and adapt to their changing ecological niches (Romling, 2023). Second messengers are
small molecules that transmit specific signals from sensory domains to effector proteins.
They allow virtually immediate and often amplified cellular responses (Hengge, 2009;
Yan & Chen, 2010).

Bis-(3’,5")-cyclic dimeric guanosine monophosphate (c-di-GMP, cdG) is a cyclic dinu-
cleotide bacterial second messenger. It was first identified as an allosteric regulator of the
cellulose synthase in Gluconacetobacter xylinus (Ross et al., 1987), but it is now recognized
as one of the most widespread and versatile bacterial second messengers. It has been
involved in numerous biological processes, such as motility, biofilm formation, poly-
saccharide biosynthesis, virulence and cell cycle progression (Yan & Chen, 2010; Krol
etal., 2020; Hengge et al., 2023).

3.1. The c-di-GMP control module

Asecond messenger control module typically consists of four components: two enzymes
responsible of producing and degrading the second messenger upon specific signals, an
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effector molecule that binds it and is allosterically regulated by the second messenger
and a target component that generates a molecular output upon direct interaction with
the effector. Cellular c-di-GMP concentration is regulated by two class of enzymes,
diguanylate cyclases (DGC), which synthesize c-di-GMP from two molecules of GTP,
and phosphodiesterases (PDE), which degrade it into 5-phosphoguanylyl-(3-5’)-gua-
nosine (pGpG); pGpG is subsequently split into two GMP molecules (Fig. 1.9) (Hengge,
2009; Yan & Chen, 2010; Sondermann et al., 2012).

3.1.1. Biosynthesis by diguanylate cyclases

DGC activity is linked to the GGDEF domain, named after the critical amino acid
sequence motif of the enzyme’s active site. DGCs usually assemble into homodimers,
with each monomer harboring a GTP molecule in antiparallel position for the forma-
tion of a phosphodiester bond, resulting in the synthesis of c-di-GMP. Most DGCs
are subject to allosteric product inhibition, involving the binding of c-di-GMP to a
secondary site (I site) with an RXXD motif. This feedback control prevents excessive
GTP consumption, sets an upper limit for c-di-GMP accumulation, and could dampen
stochastic variations in cellular c-di-GMP content (Hengge, 2009; Rémling et al., 2013).

Figure 1.9. The c-di-GMP control module.

C-di-GMP is produced by DGC proteins containing the GGDEF domain and degraded by
PDE proteins bearing EAL or HD-GYP domains. C-di-GMP is sensed by receptor proteins
or RNAs through the PilZ, degenerate GGDEF or EAL domain, transcriptional factors or
riboswitch families. Typically, receptor proteins then interact with a downstream target to
affect a particular cellular function. Modified from Sondermann et al. (2012 ).
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The PleD diguanylate cyclase from Caulobacter crescentus is a response regulator
from a two-component system with a crucial role in cell division and differentiation
(Aldridge et al., 2003). The phosphorylation of PleD facilitates the formation of the
enzymatically active dimers, ultimately leading to the synthesis of c-di-GMP. A modi-
fied variant of PleD, denoted as PleD* has been used in this work to augment c-di-GMP
production. PleD* possesses constitutive DGC activity independent of phosphorylation
dueto aseries of amino acid shifts. It still exhibits, however, allosteric product inhibition
(Chanetal., 2004; Paul et al., 2007).

3.1.2. Degradation by phosphodiesterases

There are two types of specific PDEs which can degrade c-di-GMP: EAL domain proteins
and HD-GYP domain proteins. EAL domain proteins are enzymes that linearize c-di-GMP
to 5-pGpG, which is subsequently degraded by nonspecific cellular PDEs. They exhibit
high specificity for c-di-GMP and require Mg?* and Mn?*, whereas they are inhibited by
Ca? and Zn?". HD-GYP domain proteins constitute a subfamily within the HD super-
family of metal-dependent phosphohydrolases and are unrelated to the EAL proteins.
HD-GYP proteins break the phosphodiester bond and further degrade c-di-GMP into
GMP. Although GGDEF domains for DGCs and both PDE domains occur separately,
composite proteins in which a GGDEF domain and either an EAL or a HD-GYP domain
coexist, are frequently found (Hengge, 2009; Rémling et al., 2013).The environmental
regulation of DGC and PDE activity is most likely accomplished by the diverse sensory
and regulatory domains often associated with these proteins, such as PAS, HAMP and
REC domains. These domains have been implicated in responding to diverse environ-
mental and intracellular signals, including redox potential, light, oxygen, osmolarity and
antibiotics, among others. However, only a limited number of activator signals have been
conclusively demonstrated to interact with these predicted sensing domains so far (Mills
etal.,2011; Rémlingetal., 2013).

3.1.3. Effector molecules

To exert its function, c-di-GMP has to bind to and allosterically alter the structure and
output function of an effector component. The ability of c-di-GMP to regulate multiple
cellular functions is directly linked to the extensive diversity of sensing components, that
cannot be recognized by a single common domain or c-di-GMP-binding site. Currently,
four types of c-di-GMP effector proteins have been identified: PilZ domains, transcrip-
tion factors, riboswitches and degenerate GGDEF and EAL domains (Fig. 1.9) (Hengge,
2009; Sondermann et al., 2012). However, the variety of proteins and protein domains
able to bind c-di-GMP is constantly increasing (Hengge et al., 2016; Pérez-Mendoza et
al.,2017; Hengge et al., 2023).
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The PilZ family of proteins represents the best studied class and displays a broad
phylogenetic distribution. PilZ domains are found either as single domain proteins or in
conjunction with other domains predicted to possess enzymatic, regulatory or transport
functions. The majority of genomes encode multiple of these potential receptors, among
which YcgR from E. coli and BcsA from Gluconacetobacter xylinus were the first experi-
mentally validated c-di-GMP receptors within this family. Notably, the PilZ-like proteins
studied so far seem to be activated by c-di-GMP and to function at the post-translational
level through protein-protein interactions (Hengge, 2009; Sondermann et al., 2012).

Different transcription factors able to bind c-di-GMP have also been described. FleQ
from P. aeruginosa was one of the first c-di-GMP-responsive transcription regulators iden-
tified. It oppositely regulates the genes required for flagellar motility and surface adhesion
in response to fluctuating intracellular levels of that second messenger, since c-di-GMP
binding to FleQ results in the rearrangement of FleQ-DNA complexes (Hickman and
Harwood, 2008; Baraquet et al., 2012; Matsuyama et al., 2016; Baraquet and Harwood,
2015). Another example is the S. meliloti transcriptional regulator CuxR, which has been
recently shown to bind c-di-GMP to activate transcription of genes involved in biosyn-
thesis of an arabinose-rich polysaccharide (Schaper et al., 2017).

Mounting evidence suggests that GGDEF domains with a degenerate active site
function as c-di-GMP receptors. Among this subset of degenerate GGDEF-containing
proteins are PelD from P. aeruginosa and the PleD paralogue PopA, both exhibiting strong
c-di-GMP affinity despite differences in their domain organizations and functions. Thus,
a molecular feature that mediates feedback inhibition (I site) in active DGCs is used for
c-di-GMP sensingin these proteins. Likewise, the degenerate and catalytically inert EAL
domain of LapD from P. fluorescens has been shown to act as c-di-GMP-binding effector
module to control biofilm formation (Li et al., 2012; Schirmer & Jenal, 2009).

In addition to the proteins that bind c-di-GMP, riboswitches have also been identified
as effector molecules. Riboswitches are regulatory elements located in the untranslated
regions (UTRs) of certain mRNAs that recognize small molecule ligands with high affinity
and specificity (Sudarsan et al., 2008; Shanahan and Strobel, 2012). Upon c-di-GMP binding,
the mRNA undergo alterations in its secondary structures, consequently influencing trans-
cription, mRNA stability, or translation of the downstream genes (Rémling et al., 2013).

Despite the advancements in understanding of c-di-GMP signaling, numerous recep-
tors linked to c-di-GMP remain unidentified, which can be deduced from the fact that
several cellular processes mediated by c-di-GMP operate independently of known effec-
tors (Schirmer & Jenal, 2009). As an example, the MLG synthase BgsA of S. meliloti does
not contain any predictable c-di-GMP binding domains, but it has been demonstrated to
bind c-di-GMP (Pérez-Mendoza et al., 2017).
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3.2. Cellular functions regulated by c-di-GMP

Upon the emergence of c-di-GMP as a novel second messenger, initial phenotypes
associated with c-di-GMP signalling included cell differentiation in C. crescentus
and biofilm formation in G. xylinus, Salmonella enterica, Vibrio cholerae and P. aerugi-
nosa. Since then, the list of bacteria relying on c-di-GMP signalling has significantly
expanded, accompanied by a broadened range of phenotypes affected by it. This spec-
trum now includes such diverse phenomena as survival and transmission of obligate
intracellular pathogens, virulence, antibiotic production and long-term nutritional
stress survival (Romling et al., 2013; Hengge, 2021; Junkermeier & Hengge, 2023;
Wangetal., 2023).

3.2.1. Exopolysaccharides (EPS)

Bacterial biosynthesis and secretion of extracellular polysaccharides is a physiological
process that occurs under diverse environmental conditions. These polysaccharides
play essential roles maintaining the structural integrity of the cell envelope or preven-
ting cellular desiccation, and participate in more complex activities, such as interactions
within bacterial communities and biofilm formation, or interaction with eukaryote hosts
(Whitney & Howell, 2013). A great variety of cellular and environmental signals regulate
the production of bacterial exopolysaccharides. Among them, cellulose, alginate, mixed-
linkage B-glucan (MLG), curdlan, or xanthan, are known to be regulated by c-di-GMP
(Rémling et al., 2013; Pérez-Mendoza & Sanjuan, 2016).

To date, four mechanisms governing the synthesis and secretion of bacterial EPS
have been identified: the Wzx/Wzy-dependent pathway, the ATP-binding cassette
(ABC) transporter-dependent pathway, the synthase-dependent pathway, and the
extracellular synthesis facilitated by a single sucrase protein (Schmid et al., 2015). It
has been proved that c-di-GMP regulates EPS production that use the Wzx/Wzy or
the synthase-dependent pathways (Liang, 2015; Pérez-Mendoza & Sanjuan, 2016).

3.2.2. Motility and biofilm formation

In nature, bacteria are usually found living in multicellular communities or biofilms
adhered to biotic or abiotic surfaces. The structural integrity of bacterial biofilms signi-
ficantly relies on a self-produced extracellular matrix that comprise exopolysaccharides,
nucleic acids, and proteins. The major components of the biofilm matrix differ, depending
on the bacterial species and strain, the stage of biofilm development and the environ-
mental conditions (Gloag et al., 2013; Whitney & Howell, 2013). Beyond immobilizing
bacteria, the extracellular components of biofilm contribute to enhanced liquid retention,
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facilitate nutrient acquisition and provide protection against mechanical stress and toxic
compounds, with biofilm bacteria exhibiting increased tolerance to antibiotics and host
immune responses (Rémling & Balsalobre, 2012; Krol et al., 2020).

Many of the extracellular compounds that contribute to biofilm formation are
subject to regulation by c-di-GMP. As described previously, the production of many
EPS is governed by this second messenger, but other molecules necessary for biofilm
formation, like adhesin proteins whichinterveneintheirreversible union of bacteriato
surfaces, can also be modulated by intracellular c-di-GMP levels (Pérez-Mendoza et al.,
2011b; Duque et al., 2013; Espinosa-Urgel & Ramos-Gonzalez, 2023). Another impor-
tant c-di-GMP-controlled mechanism for biofilm formation involves the inhibition of
various types of bacterial motility, including swimming, swarming, twitching and gliding.
Diverse transcription factors are able to regulate those processes with c-di-GMP acting
at atranscriptional, posttranscriptional, and post-translational levels (Wolfe & Visick,
2008; Whitney & Howell, 2013; Pérez-Mendoza et al., 2014). Also, some PilZ domain
proteins have been shown to work as molecular brakes and/or clutches of flagellar
rotation upon binding c-di-GMP, such as YcgR in enterobacteria (Paul et al., 2010), Mot
in Bacillus (Subramanian et al., 2017), FlgZ in Pseudomonads (Martinez-Granero et dl.,
2014) and likely McrA in rhizobia (Schaper et al., 2016).

3.2.3. Virulence

Genetic screens have revealed the impact of c-di-GMP signalling pathways on virulence
in numerous animal and plant pathogens. The initial insights emerged from studies on
V. cholerae. In vitro assays indicated that reduced c-di-GMP levels triggered an elevated
expression of the cholera toxin, a major virulence factor. Conversely, elevated c-di-GMP
levels were associated with reduced virulence in the infant mouse model of cholera
(Davies etal.,2012; Romling et al., 2013).

Distinct c-di-GMP signalling pathways exert both positive and negative regulation
on various aspects of virulence (Krol et al., 2020). In the phytopathogenic bacterium
Pectobacterium atrosepticum, c-di-GMP has been found to regulate biofilm formation
as well as the secretion of a proteinaceous multi-repeat adhesin, required for binding
to the host plant (Pérez-Mendoza et al., 2011a; 2011b). In Pectobacterium caroto-
vorum, c-di-GMP has been shown to be involved in the synthesis of multiple bacterocins
(Lagitnay et al., 2022). In Erwinia amylovora, c-di-GMP promotes virulence by enhancing
amylovoran production and biofilm formation. In contrast, motility and the type IlI
secretion system are and functional when c-di-GMP is absent (Kharadi et al., 2018). In
addition, c-di-GMP represses the production of plant cell wall lytic enzymes in the soft
rot pathogen Dickeya dadantii (Yuan et al., 2020).
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3.3. C-di-GMP signalling in plant-interacting bacteria

The establishment of pathogenic or mutualistic interactions between plant and bacteria
requires the continuous exchange of multiple signals that need to be integrated to
coordinate, in time and space and upon environmental conditions, the expression of deter-
minants for colonisation and eventual invasion of the host (Pérez-Mendoza et al., 2014).
In the initial stages, bacterial motility and chemotaxis, exopolysaccharide (EPS) produc-
tion, biofilm formation and secretion of adhesion and effector proteins are crucial for the
success of the interaction. Complex regulatory networks involving inter and intracellular
signalling, finely tune all those bacterial traits (Pérez-Mendoza et al., 2014; Lopez-Baena
etal.,2019). The second messenger c-di-GMP emerges as a key molecule in orchestrating
these processes, since it allows the internalisation of the perceived environmental signals
through regulatory networks and cascades that results in specific responses controlling
lifestyle transitions (Krol et al., 2020).

In various plant-beneficial bacteria, such as Azospirillum brasilense, c-di-GMP has
been involved in processes primarily related to exopolysaccharide production and
biofilm formation (Ramirez-Mata et al., 2016). In Azospirillum baldaniorum, the diguan-
ylate cyclase CdgC was shown to be required for optimal colonisation of wheat roots,
so it has been proposed that participates in a cascade leading to bacterial attachment to
the roots (Sierra Cacho et al., 2021). In Pseudomonas putida, the CfcA/CfcR two-compo-
nent system appears to regulate c-di-GMP levels and biofilm formation in response to
salts (Tagua et al., 2022). Furthermore, both arginine biosynthesis and uptake influence
intracellular concentration of the second messenger, and thereby the associated pheno-
types (Barrientos-Moreno et al., 2022). Additionally, AmrZ is involved in the regulation
of c-di-GMP levels. In Pseudomonas ogarae, it participates in the regulation of a complex
network of genes encoding DGCs and PDEs (Muriel et al., 2018), with AmrZ having
a prominent role in the regulation of extracellular matrix components by c-di-GMP
(Blanco-Romero et al., 2022).

3.3.1. Role of c-di-GMP in plant symbiotic rhizobia

Rhizobial strains with enhanced of intracellular c-di-GMP levels exhibit common
free-living phenotypes, including reduced motility, increased EPS production, and
enhanced biofilm formation. The importance of cellulose in c-di-GMP-dependent
biofilm formation has been demonstrated in R. etli, since a cel mutant was unable
produce it (Pérez-Mendoza et al., 2014; Krol et al., 2020).

In a-rhizobia, only adverse effects of elevated c-di-GMP levels on symbiotic perfor-
mance have been described. Increased c-di-GMP levels in R. etli and R. leguminosarum
strains favoured the early stages of the interaction, exhibiting enhanced adhesion to
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plant roots; however, it impaired symbiotic efficiency, as plant growth and nitrogen
contents were reduced. The high intracellular c-di-GMP levels appeared to impose
a strong pressure against progression of the symbiosis (Pérez-Mendoza et al., 2014).
In Sinorhizobium fredii elevated c-di-GMP levels caused symbiotic defects, whereas
qguenchingof c-di-GMP had no detectable effects (Y. Lietal.,2021). Likewise, removal
of c-di-GMP in S. meliloti did not affect its symbiotic efficiency (Schaper et al., 2016).

Proteins also play a crucial role in maintaining the structural integrity of bacterial
biofilm matrices, including actively secreted proteins, adhesins, and motility organelles
(such as flagella and pili) and their secretion can be directly or indirectly regulated by
c-di-GMP (Fong & Yildiz, 2015). A study of the extracellular proteome of a Rhizobium
etli strain under artificially elevated intracellular levels of c-di-GMP (Lorite et al., 2023)
revealed that those high levels not only facilitated the secretion of various extracellular
proteins potentially involved in adhesion and biofilm formation, but also promoted the
export of cytoplasmic proteins (ECP) to the external environment of the cell. Remarkably,
most of these cytoplasmic proteins had been previously characterized as multifunc-
tional proteins in other organisms, often found extracellularly or associated with the
bacterial cell surface.

3.3.2. Role of c-di-GMP in phytopathogenic Pseudomonas

In numerous Pseudomonas species, second messenger c-di-GMP regulates biofilm
formation, motility and virulence. In P. syringae strains, c-di-GMP intricately controls
virulence since it inhibits T3SS by downregulating the expression of numerous genes,
represses bacterial motility by inhibiting the expression of several flagellar operons,
and inhibits PAMPs by downregulating fliC transcription (Wangetal.,2019; Wangetal.,
2023) P. syringae EPS production is regulated by multiple environmental signals. Thus,
nutrient availability, temperature, and surface association strongly affect the expres-
sion of different polysaccharides under the control of c-di-GMP and the signalling
proteins LadS and CbrB (Krishna et al., 2022). Specifically, the formation of c-di-GMP
dependent air-liquid pellicles in which the main EPS is cellulose has been documented
(Pérez-Mendozaetal., 2014; Farias et al., 2019; Pérez-Mendoza et al., 2019).

In several phytopathogenic Pseudomonas, elevated c-di-GMP levels have different
effects on disease symptom development. For instance, overexpressing the DGC PleD*
in Pto and P. savastanoi pv. phaseolicola (Pph) did not induce changes in virulence, despite
important alteration in phenotypes such as motility or EPS production. Conversely, high
levels of c-di-GMP in Pseudomonas savastanoi pv. savastanoi (Psv) noticeably impacted
the disease symptomatology, leading to an increased knot size in olive plants (Aragoén et
al.,2015a; Aragon et al., 2015b).
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In summary, phytopathogenic Pseudomonas and symbiotic Rhizobium strains with
enhanced intracellular levels of c-di-GMP displayed common free-living responses:
reduction of motility, increased production of extracellular polysaccharides and enhanced
biofilm formation. However, differential outcomes were observed in the interaction with
their corresponding host plants. Increased c-di-GMP levels in symbiotic R. etli and R. legu-
minosarum strains favoured the early stages of the interaction, but impaired further steps
in the symbiotic process. In contrast, development of disease symptoms in Pto-tomato
or Pph-bean interactions did not seem significantly affected by high c-di-GMP (Pérez-
Mendozaetal., 2014).

4. MOONLIGHTING PROTEINS

Moonlighting or multifunctional proteins comprise an interesting subset of proteins in
which a function, in addition to the one typically ascribed to it, is found in a single
polypeptide chain. Inthis way, moonlighting proteins possess two or more separateroles
that cannot be ascribed to gene fusions, splice variants, or protein fragments expres-
sing different roles after proteolysis (Jeffery, 2009). This term suggests a mechanism
by which the cell (with a finite number of genes) increases its functional repertoire and
goes against the general one protein-one function paradigm (Seidler, 2013; Kainulainen
& Korhonen, 2014; Jeffery, 2020).

Protein moonlighting describes the process that involves acquiring and maintaining
new, additional functions without complete cellular loss of the original primary function
for that gene product. The process was initially described by Piatigorsky et al. (1988)
and Wistow et al. (1988) in eukaryotes. Jeffery (1999), coined the term “moonlighting”
to better describe these proteins with multiple jobs in a cell or organism. She observed
that the set of moonlighting proteins that had been identified at that point seemed enri-
ched for ubiquitous proteins like metabolic enzymes, implying that these ancient, widely
conserved proteins, served as foundation elements for evolution and function diversifi-
cation. Over time, it has become evident that moonlighting proteins are fairly common,
providing molecular links between seemingly distinct biological processes (Jeffery, 2004).
Indeed, a study in budding yeast showed that one-third of the tested enzymes, upon dele-
tion, exhibited phenotypes restorable by catalytically inactive versions of the protein,
indicating those proteins played additional roles aside from catalysis (Espinosa-Cantu et
al., 2018; Singh & Bhalla, 2020).

As moonlighting proteins are often randomly identified and are difficult to
find through biological experiments, some prediction tools have been developed
(Shirafkanetal., 2021; M. L. Lietal., 2021; Chen et al., 2022) and different databases
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created. Among the available databases are MoonProt (Mani et al., 2015; Chen et al.,
2018; Chenetal., 2021), MoonDB (Ribeiro etal.,2019) or MultitaskProtDB (Franco-
Serranoetal., 2018).

4.1. Moonlighting mechanisms

Different mechanisms have been described for a protein to be able to combine or
switch between different moonlighting functions (Fig. 1.10). One of the most frequently
observed phenomena is subcellular localization changes, where proteins exhibit one
function in the cell cytosol but a different one outside the cell or inside an organelle
(Jeffery, 2004). Indeed, intracellular enzymes and chaperones that play a different role
outside the cell constitute one of the largest subgroups of moonlighting proteins identi-
fied to date. Therefore, the dual cellular localization of a protein suggests the existence
of moonlighting functions. Although this is a limited criterion, it has remained prevalent
in the identification of bacterial moonlighting proteins, particularly in proteomic studies
(Turnbull et al., 2016; Jeffery, 2017; Jeffery, 2018). Proteins can also exhibit moonlighting
functions through various mechanisms. They can be expressed by a different cell type
or make use of different solvent-exposed surface areas for different functions. Other
mechanisms involve binding to a small molecule or another protein, or becoming part of
a multiprotein complex. Evolving new binding partners is not a cumbersome process, as
binding specificity can be significantly altered with just a few amino acid changes. If the
primary function of the protein does not involve a large part of its surface, a new binding
activity can evolve anywhere on that surface by modifying seemingly unused regions.
These mechanisms are not mutually exclusive, and a combination of them is likely to be
involved (Liu & Jeffery, 2020; Singh & Bhalla, 2020).

4.1.1. Post-translational modifications

Post-translational modifications (PTMs) represent another widespread mechanism
influencing catalytic activity and enabling interaction with new binding partners. PTMs
are chemical modifications that increase the complexity of the proteome by regulating
activity, increasing or decreasing enzyme catalysis rates, controlling protein localization
or interactions with other molecules, and altering information flows through signalling
pathways. They can occur throughout a protein’s lifespan and be reversible or perma-
nent (Jeffery, 2016; Macek et al., 2019; Forrest & Welch, 2020). Phosphorylation,
glycosylation, acylation or methylation are the most commonly described PTMs, but
various other types have been identified. For moonlighting proteins that function in
two different pathways, PTMs can serve as crucial regulatory mechanisms, acting as a
switch between activities. The dynamic and often reversible nature of PTMs, coupled
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Figure 1.10. Protein moonlighting.

There are diverse ways by which a protein can exhibit moonlighting functions. An enzyme
is depicted in the cell cytosol catalysing a specific chemical reaction (represented by the
hexagon and star symbols). However, the same protein may have an entirely different func-
tion when located outside the cell, on the cell surface, or within an organelle. A protein can
also have different roles due to an additional catalytic site or when it binds to a cofactor or
other ligand. New functions can also arise from interaction with another protein, or when it
becomes part of a larger multiprotein complex. Modified from Jeffery (2004).

with their rapid addition/removal compared to synthesizing new proteins, significantly
contribute to the cell’s ability to adapt quickly to environmental fluctuations (Jeffery,
2016). One example is the elongation factor thermal unstable Tu (EF-Tu), a G protein
that catalyses the binding of aminoacyl-tRNA to the A-site of the ribosome in living
cells. Bacterial EF-Tus have been identified as targets for reversible PTMs such as phos-
phorylation, which reduces their binding affinity to GTP, methylation and acetylation in
different bacteria (Sajid et al., 2011; Harvey et al., 2019).
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4.1.2. Translocation mechanisms

Moonlighting proteins often perform their canonical and moonlighting functions in
different cell compartments. However, the mechanisms governing their translocation
to the cell exterior have remained elusive. Their secretion occurs without the involve-
ment of well-characterized sorting mechanisms targeting extracellular localization,
leading to their occasional designation as anchorless surface proteins or surface-asso-
ciated housekeeping enzymes (Jeffery, 2018).

One of most straightforward explanations for the presence of cytoplasmic proteins
in the extracellular media is that they originate from cell lysis and subsequently asso-
ciate to the surface of neighbouring cells (Fig. .11A) (Wang et al., 2013, Turnbull et al.,
2016). In group B streptococci (Streptococcus agalactiae), GAPDH levels detected on the
cell surface and extracellular media decreased in mutants that displayed a lower level
of cell lysis, and a similar trend was described for Streptococcus pneumoniae (Oliveira
et al., 2012; Terrasse et al., 2015). Cell lysis or defective cell division also appear to be
involved in the release of cytoplasmic proteins by Staphylococcus aureus, as described in
an atlA (major autolysin) mutant, where the release of GAPDH and FbaA (fructose-bis-
phosphate aldolase) was severely affected (Pasztor et al., 2010). Nevertheless, other
studies propose that at least certain moonlighting proteins require a secretion system
(Ebner et al., 2016).

Another exportation mechanism involves their packaging into membrane-derived
vesicles (MVs). These consist of various types of lipids derived from cellular membranes
along with other molecules, such as proteins, nucleic acids and low molecular mass
organic compounds with various biological functions. MVs allow their enclosed content
to be transported away from the cell while providing protection from the external envi-
ronment. At their destination, the contents can be delivered by fusing with target
membranes or by contact with a surface that can trigger its lysis (Fig. .11B) (Nagakubo
et al., 2020). Many Gram-negative bacteria produce outer-membrane derived vesicles
(OMVs), with an average diameter of 20-200 nm, which often encapsulate cytoplasmic
proteins (CPs). For instance, Cronobacter sakazakii generates OMVs containing different
proteins, including classically secreted and outer-membrane proteins, but also CPs
such as GroEL, DnaK, or EF-Tu (Kothary et al., 2017). Similarly, an analysis of OMVs
from pathogenic and non-toxic strains of Bacteroides fragilis revealed a significant
content of CPs involved in carbohydrate and amino acid metabolism (Zakharzhevskaya
etal., 2017). Furthermore, the identification of proteins associated with the extrace-
[lular matrix of Pseudomonas aeruginosa biofilms revealed that the large majority of
those proteins originated from OMVs (Toyofuku et al., 2012).
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An alternate hypothesis suggests the secretion of moonlighting proteins onto the
cell surface through yet unknown so-called non-classical or non-canonical secretion
pathways (Fig.1.11D). There is evidence supporting the involvement of a secretion system
for some individual proteins (Gotz et al., 2015; Chen et al., 2016; Wang et al., 2016). For
instance, in Bacillus subtilis, the release of GroEL, DnaK and enolase is not due to cell lysis,
or MVs. Moreover, there was no N-terminal cleavage, and a mutant form of enolase with
a hydrophobic helix replaced with a more neutral helix, was retained inside the cell when
the wild type protein was detected in the media (Yanget al., 2011). Also, a modified T3SS

Figure 1.11. Secretion and release routes for cytoplasmic proteins (CPs).

A. Cell lysis, due to environmental or cellular factors, is a major contributor to the release of CPs
in many bacteria.

B. Weakening of the cytoplasmic membrane or cell wall by autolysins or membrane-acting
agents diminish cell integrity and cause CP release.

C. Formation of membrane-vesicles with CPs as cargo.

D. Biochemical properties such as hydrophobicity, or structural features like intramolecular
helices influence the secretion process of CP (upper part). Additionally, translational and osmotic
stress can induce the synthesis of mechanosensitive channels and increase membrane permea-
bilisation, leading to the release of CPs. Modified from Ebner & G6tz (2019).
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appears to be used for GAPDH exportation in an enteropathogenic E. coli (Aguilera et
al., 2012). As secretion of these proteins may involve unknown pathways, PTMs could
render some proteins to be passable substrates; additionally, unidentified chaperones
might be required for this process (Jeffery, 2018). Several studies have also identified
peptides on the cell surface resulting from the proteolytic cleavage of intracellular
proteins, including EF-Tu, suggesting that cleavage might yield peptides with improved
binding capabilities to certain host structures compared to the original protein (Widjaja
et al.,, 2017). Therefore, although experimental evidence has been presented for the
different hypotheses, the overall data remains scattered and only suggestive. Similarly,
the mechanisms governing their attachment to the cell surface are not well understood
(Wang & Jeffery, 2016; Ebner & Gétz, 2019).

4.2. Moonlighting proteins in bacteria

In bacteria, the first identified moonlighting enzyme was glyceraldehyde-3-phosphate
dehydrogenase (Gap or GAPDH). It was found on the cell surface as well as in the cyto-
plasm of group A streptococci, and was reported to exhibit multiple adhesive functions
in vitro, potentially contributing to increased bacterial virulence (Pancholi & Fischetti,
1992). Since then, numerous moonlighting proteins have been identified or suggested
in prokaryotic organisms, with almost all enzymes of the EMP glycolytic pathway asso-
ciated with an adhesive moonlighting function (Kainulainen & Korhonen, 2014).

A large number of moonlighting proteins have been found to contribute to the viru-
lence of bacterial pathogens. They are often highly conserved housekeeping proteins
involved in chaperone function, stress response or metabolism, that play additional roles
during pathogenesis, relying on their secretion. Once outside the pathogen cell, these
proteins mediate cell signalling, adhesion and even act as toxins. As of 2018, one-fourth
of the around 700 proteins with known moonlighting functions have been found to be
pathogen virulence proteins. One hypothesis suggested to explain this apparent preva-
lence of moonlighting proteins in virulence is that, due to their primary functions in core
metabolic pathways, they exhibit sequence homology with host proteins. This similarity
may hinder the host’s ability to recognize these virulence factors as exogenous, impe-
ding the production of protective antibodies (Singh & Bhalla, 2020; Franco-Serrano et
al., 2021).

While moonlighting proteins were initially identified in pathogenic Gram-positive
bacteria, posterior research has revealed their presence in Gram-negative bacteria as
well as in non-pathogenic or commensal bacteria, highlighting the common occurrence
of moonlighting. For instance, E. coli GAPDH has been found to be secreted outside
the cell, where it plays a role in signal transduction (Ferreira et al., 2013). Additionally,
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Lactobacillus plantarum surface located enolase has the ability to bind to fibronectin, a
major component of the host extracellular matrix (Castaldo et al., 2009).

The majority of the currently known bacterial moonlighting proteins fulfil essential
roles within the cell, such as glycolysis, chaperone activity, protein synthesis, or nucleic
acid stability. Consequently, silencing of a moonlighting-associated gene most likely has
broad phenotypic effects, making it challenging to interpret its implications for both
the canonical and the moonlighting function. The recognised adhesive moonlighting
functions are diverse and include binding to secreted mucins, epithelial cells, lympho-
cytes and monocytes, extracellular matrices, circulating effector molecules, and other
microbes. However, the physiological significance and biological consequences of those
interactions are only well understood in a limited number of cases. Thus, the EF-Tu
exhibits diverse functionalities in the cell surface, interacting with membrane recep-
tors and the extracellular matrix of plant and animal cells (Harvey et al., 2019). The
structures of most bacterial moonlighting proteins, such as EF-Tu, enolase and GAPDH,
exhibit substantial conservation across kingdoms and do not significantly differ between
prokaryotes and eukaryotes. This conservation is understandable given their essential
metabolic functions and their ability to moonlight in multiple organisms (Kainulainen &
Korhonen, 2014; Jeffery, 2018; Liu & Jeffery, 2020).

Some recently documented moonlighting functions include those observed for ribo-
somal proteins, usually involved in assembly and protein translation, that also exhibit
antimicrobial activities. For example, certain ribosomal proteins from lactic acid bacteria
were effective as antimicrobials against Listeria monocytogenes, Streptococcus pyogenes,
Streptococcus uberis, and Enterococcus faecium (de Carvalho et al., 2010; Pidutti et al., 2018;
Hurtado-Rios et al., 2022). Furthermore, in P. aeruginosa, a single gene of the accessory
genome encoding a VirB4 homolog of an element of a type IV secretion system, has been
shown to become essential for the regulation of core genome-encoded metabolism and
virulence features, probably functioning as a metabolic sensor of virulence and quorum
sensing (Wiehlmann et al., 2023).

4.3. Glyceraldehyde-3-phosphate dehydrogenase

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH or Gap; EC 1.2.1.12) is an ancient
and ubiquitously distributed enzyme of sugar metabolism with key roles in the
glycolytic and gluconeogenic pathways. It catalyses the conversion of glyceralde-
hyde-3-phosphate to 1,3-bisphosphoglycerate and vice versa. The early discoveries
about GAPDH date back to the first half of 20th century, and the early works (1930-
1970) on this enzyme significantly contributed to establish the fundamental principles
of biochemistry, particularly enzymology (Seidler, 2013). More recently, additional
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roles unrelated to its enzymatic function have been described for GAPDH in diverse
organisms (bacteria, fungi, mammals, plants), which make it a prototype for multifunc-
tional proteins (Giménez et al., 2014; Sirover, 2014; Yang & Zhai, 2017).

4.3.1. Basic biology of GAPDH

SEQUENCE AND STRUCTURE

GAPDH is present in virtually all organisms and the gap gene is highly conserved among
prokaryotes and eukaryotes. When comparing the sequence of the human GAPDH to
that of invertebrates, the degree of identity varies from 72 to 75%, whereas compared
to that of microorganisms, a 45-46% identity is observed, with homology based on simi-
larity increasing up to 65%. This is not surprising, given GAPDH’s “housekeeping” role
and its essential biological activity for cellular existence.

The gap gene codes for a single polypeptide of 34-38 KDa (Seidler, 2013) that
possesses two main domains: the N-terminal nucleotide-binding domain (NBD) and
the catalytic domain, which contains a cysteine at the active site. The NBD consists of
a parallel B-sheet surrounded by a-helices in a classical Rossmann fold. On the other
hand, the catalyticdomain is composed of an antiparallel B-sheet surrounded by a-he-
lices and contains the active site residues, as well as the so-called S-loop (Fig. [.12A)
(Malay et al., 2009; Sirover, 2014). The folded protein chain assembles into a homo-
tetrameric enzyme, which is the usual form of the protein in the cytosol. Functionally
and structurally, the GAPDH tetramer is a dimer of dimers, and the pair of dimers
relate to each other across the Q-axis, the only true 2-fold axis of symmetry (Fig.
1.12B) (Seidler, 2013; Sirover, 2014; Querol-Garcia etal., 2017).

ENZYMATIC ACTIVITY

Glycolysis, avital metabolic pathway in central carbon metabolism associated with energy
production, consists of two main stages. The first stage starts with glucose, a ubiquitous
hexose that is converted to the molar equivalent of two triose-phosphates. The second
stage transform D-glyceraldehyde 3-phosphate into pyruvate, with the first reaction
requiring GAPDH (Fig. 1.13A). Moreover, glyceraldehyde-3-phosphate is a product of
several other important metabolic pathways, including gluconeogenesis, pentose phos-
phate pathway, fructose catabolism, and glycerol metabolism (Kim & Dang, 2005; Seidler,
2013).

GAPDH catalyses the oxidative phosphorylation of the substrate D-glyceraldehyde
3-phosphate, which is converted to the product, 1,3-bisphospho-D-glycerate. In this
process, inorganic phosphate acts a co-substrate, and becomes incorporated into the
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Figure 1.12. Overall structure of GAPDH (M. jannaschi).

A. Structure of the GAPDH monomer. The nucleotide-binding domain (NBD) is displayed
in green, the catalytic domain in blue and the C-terminal domain in pink. Bound NADP* is
depicted in orange. Secondary-structure elements are indicated.

B. Quaternary structure of the GAPDH tetramer. Modified from Malay et al. (2009).

final product, thus requiring the presence of two anion binding pockets within the
enzyme active site. The cofactor, nicotinamide adenine dinucleotide-oxidized (NAD* or
NADP*), receives two electrons during the catalytic event, creating the reduced form of
the dinucleotide, NADH or NADPH. The enzyme, therefore, features a dinucleotide-bin-
dingsite (Fig.1.13B). This reaction s fully reversible, with 1,3-bisphospho-D-glycerate
serving as the substrate in the opposite direction,and NADH or NADPH as the cofactor,
which becomes oxidized to NAD* or NADP*. Inorganic phosphate and D-glyceraldehyde
3-phosphate become the products of the reverse reaction (Fothergill-Gilmore &
Michels, 1993; Butterfield et al., 2010; Seidler, 2013).

GAPDH IN PROKARYOTES

Based on homology, GAPDH family members can be categorised into three classes:
class | enzymes, the most common, which utilize NAD* and/or NADP*; class |l enzymes,
which include archaeal NAD(P)-dependent GAPDHs; and class Il bifunctional enzymes
(erythrose-4-phosphate dehydrogenase/GAPDH) that are more common in y-proteo-
bacteria (Figge et al., 1999; Elkhalfi et al., 2013).



| Introduction |

A B
Q NAD* +P;  NADH +H* Q
Ho /) N HO
HY HY
dpo> GADPH Ghog

OPOz%*

\Gcheraldehyde-3—phosphate 1,3-Bisphosphoglycerate

Figure 1.13. GAPDH role in metabolism.

A. Central carbon metabolism main pathways (glycolysis, gluconeogenesis, pentose phos-
phate pathway and tricarboxylic acid cycle) where GAPDH plays an essential role. Modified
from Seidler (2013).

B. Reaction catalysed by GAPDH, oxidative phosphorylation of glyceraldehyde-3-phosphate
to 1,3-bisphosphoglycerate and vice versa.

Although many bacteria contain a single GAPDH protein capable of performing both
glycolytic and gluconeogenic activities, as seen in E. coli (Seta et al., 1997), there is no
universal layout for this enzymatic activity in bacteria. For instance, in the Gram-positive
Bacillus subtilis and Staphylococcus aureus a NAD-dependent and a NADPH-dependent
GAPDH specialized in glycolysis and in gluconeogenesis, respectively, coexist (Fillinger
et al., 2000; Purves et al., 2010; Commichau et al., 2013). This configuration may grant
certain advantages for the functioning of particular metabolic pathways under specific
environmental conditions (Nikel et al., 2015).
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4.3.2. GAPDH as a moonlighting protein

GAPDH has been recognised as a moonlighting protein since early studies. Numerous
investigations have described GAPDH as a multifunctional protein involved in various
biological processes in pathogens (Pancholi & Fischetti, 1992), probiotics (Kinoshita
et al., 2008), mammals (Sirover, 2011) and plants (Zaffagnini et al., 2013). Indeed,
GAPDH can be considered a model of a moonlighting protein that displays a wide
array of cellular functions attributable to its capacity to engage in complex interac-
tions (Giménez et al., 2014).

The multifunctionality of GAPDH has been extensively documented in human cells,
where it is involved in numerous cellular processes, such as transcriptional and post-
transcriptional gene regulation, chromatin structure, intracellular trafficking, DNA
replication and DNA repair (Sirover, 2011). Each moonlighting function requires the
integration of GAPDH into specific protein complexes and may implicate different
regions of the protein’s structure. Moreover, the diverse moonlighting functions of
GAPDH may rely on specific PTMs, which can define its oligomeric state, subcellular
localization, or different binding partners (Copley, 2012; Giménez et al., 2014). GAPDH
can undergo several covalent modifications, such as S-glutathionylation, S-nitrosylation,
phosphorylation, acetylation and ADP-ribosylation, among others (Sirover, 2014). These
alterations give rise to different protein forms, which differ in their isoelectric point, and
therefore can be separated by two-dimensional gel electrophoresis. Most of those modi-
fications are linked to oxidative stress responses and may have important physiological
consequences (Giménez et al., 2014; Sirover, 2021).

MOONLIGHTING FUNCTIONS OF GAPDH IN BACTERIA

In bacteria, as stated above, the initial identification of GAPDH as a moonlighting
protein occurred on the surface of the pathogen Streptococcus pyogenes, a Gram-positive
bacterium that causes pharyngitis and skin infections. This surface-located GAPDH
is enzymatically active and able to bind several human proteins, such as fibronectin,
lysozyme, laminin or cytoskeletal proteins (Pancholi & Fischetti, 1992; Jin et al., 2005).
GAPDH has also been found on the surface of other streptococci, like Streptococcus suis
and Streptococcus pneumoniae (Bergmann et al., 2004; Brassard et al., 2004), and other
Gram-positive pathogens, such as Bacillus anthracis (Matta et al., 2010) or Staphylococcus
aureus (Ebner et al., 2016). Various roles have been attributed to these surface-exposed
GAPDH proteins. For instance, in Mycoplasma pneumoniae it mediates interactions with
the extracellular matrix proteins of the human host and contributes to respiratory tract
colonisation (Dumke et al., 2011). In Listeria monocytogenes, cell wall-associated GAPDH
was shown to catalyse the ADP-ribosylation of Rab5a, a protein involved in endosome
maturation (Schaumburg et al., 2004).
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The description of moonlighting roles for GAPDH in Gram-negative pathogens
emerged more than a decade later. GAPDH has been detected on the surface and
secreted into the medium by enteropathogenic or enterohemorrhagic E. coli strains in
a soluble and active form (Egea et al., 2007). Besides E. coli, GAPDH has been found on
the surface of other Gram-negative pathogens, such as Neisseria meningitidis, Edwardsiella
tarda and Francisella tularensis (Liu et al., 2005; Dumke et al.,2011; Kopeckovaet al., 2020a).
Specific extracellular activities are advantageous for the colonisation of the intestinal
mucosa. In this regard, certain housekeeping proteins initially associated with patho-
genesis mechanisms, have also been identified in the secretome of probiotic strains.
Notably, secretion of GAPDH by several Gram-positive probiotic Lactobacillus species
(Sanchez et al., 2009a; Sanchez et al., 2009b), as well as by the Gram-negative probiotic
Escherichia coli Nissle 1917 (Aguilera et al., 2012) has been reported.

These alternative roles usually rely on the ability of GAPDH to modify its subce-
llular location, as they depend on the presence of the protein on the cell surface or in
the extracellular media (Sirover, 2014; Yang and Zhai, 2017). Nevertheless, as other
multifunctional proteins, the GAPDH sequence lacks any known motif for extracyto-
solic trafficking. In the case of Lactobacillus plantarum, export of GAPDH to the bacterial
cell surface has been linked to plasma membrane permeability (Saad et al., 2009),
whereas in E. coli Nissle 1917, GAPDH was found to use a modified T3SS (Aguileraetal.,
2012). Nevertheless, the precise translocation mechanism remains unclear (Kopeckova
etal.,2020b).

4.3.3. GAPDH in plant-interacting bacteria

As mentioned earlier, GAPDH has been shown to engage with various host components
in both pathogenic and beneficial bacteria, participating in adhesion and binding to
extracellular matrices. However, its potential roles in plant-interacting bacteria remain
largely unexplored.

GAPDH IN RHIZOBIA

In rhizobia, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is encoded by a
single gap gene, resulting in a protein of approximately 37 kDa. Typically, the gap gene
is positioned downstream of tkt, which encodes another metabolic protein known as
transketolase. The tkt-gap genetic arrangement is conserved in many rhizobia, as well
as other a- and B-proteobacteria. The specific location or type of promoter that regu-
lates their expression, as well as whether those genes are transcribed as a single operon,
remains unknown. This GAPDH is predicted to possess both glycolytic and gluconeo-
genic activities. S. meliloti mutants lacking GAPDH activity obtained after Tn5 transposon
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mutagenesis were unable to grow on gluconeogenic carbon sources and displayed
significantly reduced growth on glycolytic carbon sources (Finan et al. 1988).

Regarding possible indications of moonlighting functions, the Gap protein of R. etli
has been found as an extracellular protein under normal growth conditions (Meneses et
al., 2017). Also, in a more recent work, Lorite et al. (2023) have observed that secretion of
the R. etli Gap protein was enhanced by high intracellular levels of c-di-GMP. The presence
of PTMs has also been detected, as the GAPDH protein of S. fredii has been observed to
be phosphorylated at two adjacent residues (Thr?*° and Ser?!?), which suggests that other
rhizobial Gap proteins could also bear this type of PTM (Liu et al., 2015).

In relation to symbiosis, different phenotypes have been observed concerning the
role of gluconeogenic enzymes: while pckA (encoding phosphoenolpyruvate carboxy-
kinase) mutants of S. meliloti and R. leguminosarum form N-fixing nodules (Finan et al.,
1991; Mulley et al., 2010), a pckA mutant of R. etli formed only nodule-like structures
with undeveloped infection threads (Taté et al., 2004), whereas pckA mutants of the
NGR234 Sinorhizobium strain exhibited a variable symbiotic phenotype depending on
the host plant (@steras et al., 1991). In the rhizobia-legume symbiosis, nitrogen fixa-
tion is possible thanks to the cooperative interaction of proteins from both symbionts,
potentially engaged in roles different from those performed in the individual organisms.
Moreover, symbiosis requires the coordinated secretion of plant and bacterial proteins
into the symbiosome (Simonsen & Rosendahl, 1999; Liu et al., 2006; D. Wang et al., 2010).
Analysis of the symbiosome membrane and space have revealed a mixture of proteins
of both plant and bacteroid origin, suggesting directed transport of proteins from each
symbiont. The majority of the approximately 150 proteins associated with the symbio-
some membrane are of plant origin and non-metabolic in nature, whereas the identified
symbiosome space proteins are mostly metabolic enzymes of bacterial origin (Panter
et al., 2000; Saalbach et al., 2002; Catalano et al., 2004). These observations support
the concept that the symbiosome is an inter-kingdom domain, hosting proteins from
both plant and bacteroid origins. Furthermore, these proteins are functioning in a novel
‘extracellular’ environment, and thus could be considered moonlighting. Interestingly,
about one-fourth of the identified proteins in the symbiosome membrane and space
have been recognized as moonlighting proteins, including GAPDH of plant origin. This
suggests that the symbiosome is not only unique in facilitating symbiotic nitrogen
fixation, but also in its protein composition and molecular architecture, where diffe-
rent metabolic proteins like GAPDH may be playing undiscovered roles (Emerich &
Krishnan, 2014).
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GAPDH IN PseuboMoNAs

Unlike rhizobia, most Pseudomonas display at least two putative gap alleles. The gap1 or
gapA gene is the most common and ubiquitous, encoding a class | GAPDH where the
classical structural domains are clearly recognised. Another gap gene, referred as gap2
or gapB, is present in many Pseudomonas strains, like P. putida and P. syringae (Elkhalfi et
al., 2013; Nikel et al., 2015). The Gap2 protein possesses an extra N-terminal unstruc-
tured region which makes it larger than the canonical GAPDHs. It would belong to the
subgroup of ATP-insensitive class | GAPDHSs, which have been proposed to participate
in the gluconeogenic pathway (Elkhalfi et al., 2013). A third putative gap gene, referred
as gap/epd, is present in the genome of several Pseudomonas strains, with P. fluores-
cens and P. syringae among them (Elkhalfi et al., 2013). The enzyme encoded by gap/epd
belongs to the class Il of Gap/Erythrose-4-phosphate dehydrogenase (E4PDH or Epd)
bifunctional enzymes, also found in other proteobacterial groups. Epd catalyses the
conversion of D-erythrose 4-phosphate (E4P) to 4-phosphoerythronate (4-PE), the
first step of the vitamin B6 or pyridoxal 5-phosphate (PLP) biosynthesis pathway, which
makes this enzyme essential when uptake of B6 vitamers from the environment is not
possible (Richts et al., 2019; Nimma et al., 2023).

Limited information is currently available regarding the potential moonlighting
functions of GAPDH in Pseudomonas. However, in the case of Pto DC3000, a specific
GAPDH isoform (Gap1) has been found to be exported extracellularly in a T3SS-
inducing medium (Elkhalfi et al., 2014; Schumacher et al., 2014), suggesting a putative
extracellular role of this protein.
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The agricultural sector significantly contributes to the ongoing environmental crisis.
However, amidst this challenge, biological nitrogen fixation stands out as a crucial process
with both economic and ecological benefits, since it promotes sustainable agriculture by
reducing the reliance on nitrogenous fertilizers. Specifically, the symbiotic relationship
between Rhizobium bacteria and leguminous plants exemplifies this, offering an environ-
mentally sustainable approach to agricultural production. On the other hand, diseases
caused by phytopathogenic bacteria pose a substantial threat to crop yields, leading
to significant losses. By comprehensively understanding the dynamics of both types of
plant-bacteria interactions, we can leverage them in various ways. This includes develo-
ping agricultural biotechnologies that support sustainable crop production and exploring
industrial biotechnologies for producing valuable bacterial compounds, like polymers or
secondary metabolites.

The background and working hypothesis of this PhD thesis conceive the second
messenger c-di-GMP playing a pivotal role at the crossroad of two important and
underexplored aspects of bacterial physiology: surface moonlighting proteins and
non-classical secretion mechanisms, suggesting a genetic and programmed control of
both processes in bacteria. Following the previous study about the impact c-di-GMP
on the extracellular proteome of Rhizobium etli by Lorite et al. (2023), this doctoral
thesis is based on the hypothesis that c-di-GMP controls the export of cytoplasmic
proteins to the cell exterior, and this process is relevant for the colonization and infec-
tion of plants by phytobacteria, both pathogenic and beneficial.

The main objective of this doctoral thesis is to investigate moonlighting proteins
whose exportation is potentially regulated by c-di-GMP in plant-associated bacteria.
To achieve this, the following specific objectives will be addressed:

1. Determination of c-di-GMP-dependent protein profiles in Pseudomonas syringae
pv. tomato (Chapter I).

2. Assessment of the roles of Gap, a moonlighting protein, in plant-associated
bacteria: Pseudomonas syringae pv. tomato and Rhizobium etli (Chapters Il and Il1).

3. Investigation of the mechanisms involved in the export of cytoplasmic proteins,
focusing on the c-di-GMP-dependent Gap protein of R. etli (Chapter V).
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| Materials and Methods |

1. BACTERIAL STRAINS AND PLASMIDS

1.1. Bacterial strains

Bacterial strains used in this work and their main characteristics are listed in Table M.1.
Rhizobium etli CE3 (Quinto et al., 1982) and Pseudomonas syringae pv. tomato DC3000
(Cuppels, 1986) were the two strains object of study in this doctoral thesis. Escherichia
coli strains were used as plasmid vector hosts.

1.2. Plasmids

Plasmids used and constructed in this work are listed in Table M.2. For direct cloning of
PCR products, the high copy number commercial plasmids pGEM-T and pCR2.1-TOPO
were used. Mutants were constructed using the mobilizable vector pK18mobsacB
which behaves as a non-replicative, suicide plasmid in Rhizobium and Pseudomonas. The
pJB3Tc19 plasmid was routinely used as a mobilizable, broad host-range expression
vector for complementation and/or overexpression of different genes. The pTD-NTwin-
Strep plasmid was used for expression of tagged recombinant proteins. In this plasmid,
the sequence of interest is fused with the Twin-strep and é6xHis tag sequences, and
expressed from a P, _synthetic promoter which responds to IPTG. On the other hand,
the pME6016 plasmid was used for transcriptional activity analysis of gene promoters.
This vector contains a promoterless lacZ gene encoding B-galactosidase which serves as
a reporter of gene expression. Genetic maps of the non-commercial plasmids used are
shown in Appendix A.

2. MEDIA AND CULTURE CONDITIONS

2.1. Richmedia

Escherichia coli and Pto DC3000 strains were routinely grown in Luria-Bertani broth
(LB) (Sambrook et al., 1989) at 37°C and 28°C or 20°C, respectively. Liquid cultures
were grown in shaking conditions (170 rpm). For solid media bacteriological agar was
added to a final concentration of 1% (w/v). LB composition: 10 g/l tryptone, 5 g/l yeast
extract and 5 g/l NaCl.
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Table M.1. Bacterial strains.

Strain Characteristics Reference
P. syringae pv. tomato
Pto DC3000 Pto; Wild type; RifR Cuppels (1986)
Pto AwssBC DC3000 Cel-, AwssBC; RifR Pérez-Mendoza et al. (2014)
Pto AG1 DC3000 Agap1; RifR Casas-Roman et al. (2024)
Pto AG2 DC3000 Agap2; Rif? Casas-Roman et al. (2024)
Pto AG1/2 DC3000 Agap1 Agap2; RifR Casas-Roman et al. (2024)
Pto Aepd DC3000 Aepd,; RifR Casas-Roman et al. (2024)
Rhizobium etli
CE3 Ret; CFN42 derivative; NxR, SmR Quintoetal. (1982)
AC1D CE3 Agap; NxR, SmR This work
Ret Tn7Km CE3 with a mini-Tn7Km transposon; KmR, NxR, SmR Romero-Jiménez et al. (2015)
H He * . R R
Ret Tn7pleD*Km grif with a mini-Tn7pleD*Km transposon; Km?, Nx, Romero-Jiménezetal. (2015)
H H . R R
ACAD Th7Km ?riRlD with a mini-Tn7Km transposon; KmR, Nx®, This work
AC1D AC1D with a mini-Tn7pleD*Km transposon; KmR, This work
Tn7pleD*Km NxR, SmR
LR102 Ret Cel~ Tn7Km; CE3 AcelAB with a mini-Tn7Km Pérez-Mendoza et al. (2022)
transposon; KmR, NxR, SmR
Ret Cel~ Tn7pleD*Km; CE3 AcelAB with a mini-Tn- )
LR101 7pleD"Km transposon: Km®, Nx®, Sm® Pérez-Mendoza et al. (2022)
Escherichia coli
supE44 recAl endAl gyrA96 thil relA1 hsdR17
DHSa AlacU169 $80dlacZAM15: Nx® Hanahan (1983)
H . . . R
$171 th:;{pro, ricA, hsdR, hsdM, Rp4Tc::Mu, Km::Tn7; SmR, Simon et al. (1983)
SpR, Tmp
2163 RP4-2-Tc::Mu AdapA::(erm-pir); EmR, KmR, DAPA2 Demarre et al. (2005)
F" {proAB lacl® lacZAM15 Tn10 A(ccdAB)}
. ™ mcrA A(mrr hsdRMS-mcrBC) $80(lacZ)AM15 .
OmniMAX AllacZYA-argF)U169 endA1 recAl supE44 thi-1 Invitrogen
gyrA96 relA1 tonA panD; NxR, TcR

Ap: ampicillin, DAPA: diaminopimelic acid, Em: erythromycin, Km: kanamycin, Nx: nalidixic acid,
Rif: rifampicin, Sm: Streptomycin, Tc: tetracycline, Tmp: trimethoprim, @ auxotroph, ®: resistant.
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Plasmid Characteristics Reference
pGEM-T Cloning vector; ApR® Promega
pCR2.1-TOPO Cloning vector; ApR® Invitrogen
PUX-BF13 Plasmid bearing transposase genes tnsABCDE, ori R6K; ApR Baoetal. (1991)
pK18mobsacB Suicide vector; KmR Schéfer etal. (2024)
K18AG1 pK18mobsacB derivative bearing a 1221 bp EcoRI fragment Casas-Romanetal.
P containing a deleted version of gap1; KmR (2024)
K18AG2 pK18mobsacB derivative bearing a 1157 bp EcoRI fragment Casas-Romanet al.
P containing a deleted version of gap2; KmR (2024)
pK18mobsacB derivative bearing a 1112 bp BamH1/HindllI .
.. . Casas-Roman et al.
pK18Aepd fragment containing a deleted version of epd from Pto (2024)
DC3000; KmR
pK18mobsacB derivative bearing a 1279 bp Pstl fragment .
pK18Agap containing a deleted version of gap from R. etli; KmR This work
pJB3Tc19 IncP Cloning vector, Plac promoter; Ap®, Tc? Blatny etal. (1997)
pJB3Tc19 derivative bearing a 1400 bp EcoRI/Xbal fragment .
" . . Pérez-Mendoza et
pJBpleD containing the pleD* gene from Caulobacter crescentus; Ap®,
TeR al.(2014)
1G1 pJB3Tc19 derivative bearing a 1330 bp Hindlll/BamH]I frag- Casas-Romanetal.
P ment containing gap1 from Pto DC3000; Ap®, Tc? (2024)
1G2 pJB3Tc19 derivative bearing a 1718 bp Sphl/Xbal fragment Casas-Romanetal.
P containing gap2 from Pto DC3000; Ap~, TcR (2024)
Jend pJB3Tc19 derivative bearing a 1253 bp Hindlll/BamH]I frag- Casas-Roman et al.
pJep ment containing epd from Pto DC3000; Ap~, Tc? (2024)
pJB3Tc19 derivative bearing a 1070 bp Pstl/Xbal fragment .
pJGap containing gap from R. etli; Ap®, TcR This work
pJB3Tc19 derivative bearing a 1070 bp Pstl/Xbal fragment
pJMCy containing gap from R. etli with a G->C mutation in position This work
508; Ap®, TcR
pTD-NTwinStrep  IncP TwinStrep/Hisé expression vector; Sm®, Spc® ([;a(\)r;]geyer etal
pTD-NTwinStrep bearing a 1006 bp fragment containing the .
pGap12 gap gene from R. etli with TwinStrep and His, tags; Sm®, Spc® This work
pUC18T-mi- pUC18 derivate bearing a mini-Tn7 transposon which contains = Romero-Jiménez et
ni-Tn7pleD*Km the pleD* gene and a kanamycin resistance gene; ApR, KmR al.(2015)
pUC18T-mini- pUC18T-mini-Tn7pleD*Km derivate with a 1114 bp Ncol Romero-Jiménez et
Tn7Km internal deletion of pleD* gene; ApR, KmR al. (2015)
pME6016 pVS1-p15A shuttle vector for transcriptional lacZ fusions; Tc® (Szcgg(l)c;er-Keel etal.
P :’lacZ transcriptional fusion, 233 bp EcoRI/Pstl fragment = Casas-Roman et al.
- apl
PME6016-PG1 bégring the gap1 promoter cloned in pME6016; Tc? (2024)
P .:’lacZ transcriptional fusion, 219 bp EcoRI/Pstl fragment Casas-Romanetal.
- apl
PME6016-PG2 bégring the gap2 promoter cloned in pME6016; TcR (2024)

Ap: ampicillin, Km: kanamycin, Rif: rifampicin, Sm: Streptomycin, Spc: Spectinomycin, Tc: tetracycline,

R:resistant.
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PG-agar media 0.5% (w/v) (Matilla et al., 2007) was used for Pto swarming and syrin-
gafactin assays. PG-agar composition: 5 g/l protease-peptone No.3 (Difco 211693), 2 g/I
glucose and 5 g/l bacto-agar (Difco 214010).

Rhizobium etli strains were routinely grown in TY broth (Beringer, 1974) at 28°C.
Liquid cultures were grown in shaking conditions (170 rpm). For solid media bacte-
riological agar was added to a final concentration of 1.5% (w/v). TY composition: 5
g/l tryptone (PanReac 403682.1210), 3 g/l yeast extract (PanReac 403687.1210),
and 0.9 g/l CaCl,(2H,0).

Every media, solid or liquid, was sterilized in an autoclave at 120° and 1 atm for 20 min.

2.2. Minimal media

Different minimal media were used for Pto and Ret strains. For solid media purified agar
(Conda 1806.00) was added to a final concentration of 1.3% (w/v). Every media, solid
and liquid, was sterilized in an autoclave at 120° and 1 atm for 20 min.

M9 medium (Sambrook et al., 1989) was used for Pto growth assays. Macroelement
composition: 47.76 mM Na,HPO4, 22 mM KH_PO,, 8.55 mM NaCl, 18.7 mM NH ClI,
24.5 pM Fe-citrate and 1 mM MgSQO,. Fe-citrate and MgSO, were separately prepared
in 1000x solutions, sterilized by filtration and added to the medium prior to use.
Microelement composition: 0.915 uM ZnCl,, 3.8 yM MnCl,, 9.64 uM HBO,, 38.5
uM CoCl,, 0.15 uM CuCl,, 0.2 uM NiCl,, and 0.343 pM NaMoO,. Microelements
were prepared in a 400x solution, sterilized by filtration and added to the medium
prior to use. Different carbon sources were added to the media according to the
performed assay.

MMY medium (Meneses et al., 2010) was used for Ret growth assays. Composition:
0.41 mM MgSO,, 1.26 mM K HPO,, 10 mM NH,Cl, 1.49 mM CaCl,, 0.0184 mM FeCl,,
0.818 pM biotin, 0.296 uM thiamine and 0.209 pM pantothenate. CaCl, and FeCl, were
prepared in 100x and 1000x solution respectively, sterilized by filtration and added
to the medium prior to use. Carbon sources were added to the media according to the
performed assay. Vitamins (biotin, thiamine and pantothenate) were prepared together
in a 1000x solution, sterilized by filtration and added to the medium prior to use.

T3SS-inducing minimal medium (Huynh et al., 1989) with modified carbon source
(MMPM) was used for Pto proteomic and expression assays. Composition: 50 mM
K-phosphate buffer pH 5.7, 7.6 mM (NH,),SO,, 1.7 mM MgCl,, 1.7 mM NaCl, 10
mM mannitol, and 10 mM pyruvate. The different elements were prepared in stock
solutions of 1 M (except 500 mM for K-phosphate) and combined at the established
proportions to prepare this medium.
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MMR media (Robertsen et al., 1981) was used for EPS production assays. Composition:
7 mM Na-glutamate, 55 mM mannitol, 1.31 mM K,HPO,, 2.2 mM KH_PO,, 0.61 mM
MgSO,, 0.34 mM CaCl,, 0.022 mM FeCl,,0.85 mM NaCl, 0.818 uM biotin, 0.296 uM thia-
mine and 0.209 uM pantothenate. CaCl, and FeCl, were prepared in 100x and 1000x
solutions respectively, sterilized by filtration and added to the medium prior to use.
Vitamins (biotin, thiamine and pantothenate) were prepared together in a 1000x solu-
tion, sterilized by filtration and added to the medium prior to use.

2.3. Antibiotics and media supplementation

Antibiotics were prepared in concentrated solutions in deionized water and sterilized by
filtration, except rifampicin and tetracycline that were dissolved in methanol. Antibiotics
were added when required to the cultures/plates (Table M.3). All free-living assays with
strains carrying pJB3Tc19 or derived plasmids were done in media supplemented with
tetracycline to prevent plasmid loss, while those carrying pTD-NTwinStrep or derived
plasmids were supplemented with spectinomycin.

Table M.3. Antibiotic concentration (ug/ml)

Antibiotic E. coli Pto Ret
Ampicillin 100 100 100
Kanamycin 50 50 25-50
Nalidixic acid - - 20
Rifampicin - 10 -
Streptomycin 100 - 50
Spectinomycin 100 - 100

When necessary, media were supplemented with:

- 5-bromo-4-chloro-3-indolyl-B-d-galactopyranoside (X-Gal) dissolved in
N,N-dimethylformamide at 1 mg/ml stock concentration to a final concentration of
2 pyg/mlin the media.

- Isopropyl B-D-1-thiogalactopyranoside (IPTG) dissolved in water at 500 mM
stock concentration and sterilized by filtration, used at a final concentration of 0.5
mM in the media.

- Diaminopimelic acid (DAPA) dissolved in water at 30 mM stock concentration and
sterilized by filtration, used at a final concentration of 0.3 mM in the media.

- Sucrose at a final concentration of 15% (w/v). Sucrose was sterilized in an autoclave at
115°C and 1 atm. for 30 min., then mixed with the corresponding media before use.
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2.4. Conservation of bacterial strains

For long term conservation of bacterial strains, glycerol was used as a cryoprotector.
Sterile glycerol was added to bacterial cultures to a 20% final concentrationin cryotubes
that were preserved at -80°C.

3. MOLECULAR BIOLOGY METHODS

3.1. Isolation and quantification of nucleic acids

3.1.1. Isolation and purification of total DNA

Chromosomal DNA isolation was performed using the commercial kit Realpure Genomic
DNA Extraction kit (Real RBME15), following the manufacturer instructions. For Ret, 2-5
ml of culture grownin TY medium for 24-48h at 28°C were used. For Pto 1-2 ml of culture
grown in LB medium for 16-24 h were used. Sample rehydration after purification was
performed using milliQ water to avoid interference with subsequent techniques.

3.1.2. Isolation and purification of plasmid DNA

Plasmid DNA isolation was performed using the commercial kit GenEluteTM Plasmid
Miniprep Kit (Sigma PLN70). 1-5 ml of culture were used depending on the plasmid copy
number, and manufacturer instructions were followed. Sample elution after purification
was performed using milliQ water to avoid interference with subsequent techniques.

3.1.3. Rapid isolation of total DNA by thermal lysis

In situations when a rapid DNA extraction was required over purity of the sample,
total DNA (both chromosomal and plasmid) was obtained through thermal lysis of
bacteria grown in solid media. A colony of the strain of interest was suspended in
50-100 pl of milliQ water and incubated at 95°C for 5 min.

3.1.4. Isolation and purification of total RNA

RNA isolation and manipulation were performed in RNAse-free conditions. Diethyl
pyrocarbonate (DEPC)-treated water was used in all steps to inactivate RNAses. Cell
pellets from bacterial suspensions were obtained by centrifugation and preserved
at -80°C. After defrosting, 1.5 ml of TRl Reagent LS (Molecular Research Center)
preheated at 70°C were added to the samples. After 10 min incubation at 65°C,
samples were centrifuged for 10 min at 12000xg and 4°C, and the supernatant was
transferred to a new tube. 1/10 v of 1-bromo-3-chloropropane (BCP) were added
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followed by vortex for 30 s, then, samples were incubated for 5 min at room-tempera-
ture (RT) before centrifugation for 15 min at 12000xg and 4°C. The superior aqueous
phase was transferred to another tube and 1 v of isopropanol was added to precipi-
tate the RNA. After a 10 min incubation, the sample was centrifuged again for 10 min
and the obtained pellet was washed with 70% ethanol. After centrifugation, the RNA
pellet was incubated at 50°C until dryness and then suspended in 50-100 pl of DEPC
water at 50°C.

To remove remaining DNA, samples were treated with DNAse. To 100 pl of RNA
sample, 5 U of DNAse (DNase | recombinant RNase-free Roche), 40 U of RNAse inhi-
bitor (Ambion) and water to a final volume of 150 pl were added. The reaction was
incubated for 1 h at 37°C and a phenol-chloroform extraction was performed. To do
so, 1 v of phenol:chloroform:isoamilic alcohol (25:24:1 v/v) was added and vortexed
for 30 s before centrifugation for 10 min at 12000xg and 4°C. The superior aqueous
phase was transferred to another tube and 1/10 v of 3 M sodium acetate pH 4.8, and
3 v of cold absolute ethanol were added to precipitate the RNA. The sample was incu-
bated overnight at -20°C, then centrifuged for 15 min at 12000xg and 4°C and the
obtained pellet was washed with 70% ethanol and centrifuged under the same condi-
tions for 5 min. The supernatant was eliminated and the RNA pellet was incubated at
50°C until dryness, and then suspended in 25-100 pl of DEPC water at 50°C. Samples
were preserved at -20°C or -80°C.

3.1.5. Determination of nucleic acids concentration and purity

Concentration and purity of nucleic acids was quantified by spectrophotometry using
the NanoDrop ND-1000 (Bio-Rad). Absorbance was measured at 260 nm and concen-
tration was calculated using the corresponding factor (for double-stranded DNA an
OD,,, of 1 =50 ng/ul, and for single-stranded RNA an OD,,  of 1 = 40 ng/ul). Purity was
estimated by calculating the 260/280 absorbance ratio, considering 1.8 for DNA and 2
for RNA as the optimal ratios.

3.2. Nucleic acid electrophoresis in agarose gels

Separation and visualization of DNA and RNA fragments was performed by horizontal
gel electrophoresis on agarose gels in TBE buffer (50 mM Tris, 2.5 mM EDTA-Na,, 50
mM BO,H,, pH 8.2). Agarose concentration was adjusted between 0.8-1.5 (w/v) depen-
ding on the fragment size, using a higher concentration for smaller fragments. Sample
buffer (6x) was made of 30% glycerol (v/v), 0.25% bromophenol blue dye (w/v), and
0.25% xylene cyanol dye (w/v). Different commercial DNA ladders were used as mole-

cular weight markers to estimate fragment sizes (Molecular Weight Marker Il and 11l
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from Merck, and 100bp DNA ladder from New England Biolabs). Electrophoresis was
performed at 70-100 V, and gels were stained with ethidium bromide afterwards. Gels
were visualized under UV light and images captured with a Bio-Rad Molecular Imager
Gel Doc System analysed using the Quantity One software (Bio-Rad).

3.3. Polymerase chain reaction (PCR)

Polymerase chain reaction was employed to amplify specific genome segments from
Ret CE3 and Pto DC3000, to generate fragments with restriction sites and mutations,
and to detect plasmid and genome inserts. Specific oligonucleotide used as primers
are described in the corresponding chapters.

3.3.1. Standard PCR method
Reactions were adjusted according to the polymerase used.

For amplicons to be cloned, a high fidelity Accuprime Tag DNA polymerase was
used (Invitrogen), with an extension temperature of 68°C. The reaction was carried
out in a volume of 25 pl, with a final concentration of the commercial buffer compo-
sition of: 60 mM Tris-SO, (pH 8.9), 18 mM (NH,),SO,, 2 mM MgSO,, 2 mM dNTP, and
10% glycerol. The final concentrations of the rest of the compounds were: 0.04 U/ul
thermostable AccuPrime™ enzyme, 0.2 uM each (forward and reverse) primer, and 40
ng of genomic DNA or 10-20 ng of purified plasmid DNA.

For detection of cloned or deleted sequences/fragments in plasmids and chromo-
somes, a DreamTaq DNA polymerase (Thermo Scientific) was used, with an extension
temperature of 72°C. The final compound concentration was: 0.04 U/ul polymerase,
0.2 uM each (forward and reverse) primer, recommended concentration of commer-
cial buffer and 1-2 ul of bacterial lysate.

PCR reactions were performed in an T100 thermocycler (Bio-Rad). Standard reac-
tion conditions were: (i) initial denaturalization at 94°C for 3 min, (ii) 30-35 cycles of:
denaturalization for 30 s at 94°C, annealing for 30 s at 50-58°C and extensions for 30 s/
kb at the optimal polymerase temperature and (iii) final elongation for 5 min.

3.3.2. Overlapping PCR

Overlap extension PCR (or splicing by overlap extension PCR) was used to generate
deletions in a DNA fragment (Lee et al., 2004). For deletion mutagenesis four primers
were used: one primer for each end and two splicing chimeric primers which contained
nucleotide sequences derived from each of the two regions immediately flanking the
sequence to be deleted plus overlapping 5’ sequences. In a first step, two separate
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PCRs were performed (Fig. M.1: PCR 1 and PCR 2), obtaining two amplicons with
complementary 5’ overhangs. In a second step, the two amplicons were combined
and a final PCR reaction was performed after an initial denaturation and subsequent
annealing of the two flanking regions. The final PCR with the outermost primer pair
resulted in the final product which lacks the deleted region (Fig. M.1).

5 e 3
3 5
: deletion ¢
PCR1 PCR 2

5 5

3 3’ -

l overlapping

5 3
L
3 5

l elongation from 3’

final PCR

Figure M.1. Deletion by overlap extension PCR.

Two PCR products (PCR1 and PCR2) representing the flanking regions of the sequence to
be deleted are prepared by using one non-chimeric (depicted in green and orange) and one
chimeric primer (depicted in red and blue). In a second step, the two PCR products are used
as the template for a ligation PCR that contains the outermost primer pair.

3.4. Cloning of DNA fragments on a vector

3.4.1. DNA digestion by restriction endonucleases

Digestion reactions were performed following manufacturer indications (Sigma-Aldrich
and New England Biolabs). Digestions with multiple enzymes were performed simulta-
neously when the buffer and reaction temperature were compatible. When necessary,
enzymes were deactivated by heat or removed by DNA purification after agarose gel
electrophoresis.
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3.4.2. DNA band purification from agarose gels

To isolate restriction fragments and PCR products, an agarose gel electrophoresis was
performed, and the gel stained with ethidium bromide for DNA visualization under UV.
The desired fragment was sliced with a scalpel and purified using the commercial kit
NucleoSpin Gel and PCR Clean-up (Macherey-Nagel 740609.50), following the manu-
facturer indications.

3.4.3. Ligation of DNA fragments in cloning vectors

The covalent union of two lineal DNA molecules with compatible ends was performed
using T4 DNA ligase enzyme (NEB, MO202S). The reaction was performed in final volume
of 15 pl with the provided buffer using 1 ul (400 U) of ligase and a 1:3 vector:insert ratio,
at 16°C overnight.

3.4.4. Sequencing and sequence analysis

DNA sequencing was performed by de Genomic Unit of the Instituto de Parasitologia
y Biomedicina Lopez Neyra - CSIC. It was performed with BigDyeTerminator v3.1
chemistry and automated multicapillary electrophoresis system. Sequence results were
aligned and compared using the MUSCLE software by EMBL-EBI (Madeira et al., 2022).

3.5. Gene expression analysis

3.5.1. cDNA synthesis

Synthesis of the complementary DNA strand (cDNA) from total RNA samples was
performed using the SuperScript Il reverse-transcriptase enzyme (Invitrogen) following
the manufacturer’s indications. 1 pg of total RNA was mixed with 2 pl of First Strand
Buffer (5x) and 100 ng of random hexamers (primers) in RNAse-free water to a final
volume of 10 pl. The reaction was incubated for 5 min at 65°C, cooled in ice, and 9 ul of
mix solution (2 pl of First Strand Buffer 5%, 20 mM dithiothreitol (DTT), 1 mM dNTPs
and water) were added. After 2 min incubation at RT, the reverse transcriptase (SSl|
Invitrogen) was added and the reaction was incubated for 10 min at 25°C, 2 h at 42°C,
and was inactivated at 65°C for 15 min. Samples were preserved at -20°C.

3.5.2. Gene expression quantification by real-time PCR (qRT-PCR)

Quantitative PCR allows quantification of nucleic acids by monitorization of their
amplification by fluorescence in real-time. The copy number of DNA at the start of the
reaction can be quantified thanks to the cycle threshold (Ct) value, which represents
the number of PCR cycles needed to produce a significative fluorescence increase. For
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oligonucleotide design, gene sequences were obtained through the Kyoto Encyclopedia
of Genes and Genomes (KEGG) and the software Oligo 6 (Molecular Biology Insights)
was used following the recommendations by Pueyo et al. (2002).

RT-PCR reactions contained 50 ng cDNA, 300 nM oligonucleotides, and a commercial
mix (2x iTag Universal SYBR Green Supermix, BioRad) in a final volume of 25 pl. Standard
reaction conditions were an initial denaturalization at 95°C for 2 min, followed by 40
cycles of: denaturalization for 20 s at 95°C and annealing and extension for 30 s at 70°C.
After amplification, a melting curve was obtained under the following conditions: 1 min
at 95°C and 30 cycles of 10 s, starting at 95°C and diminishing 1°C every cycle until 66°C.

Relative gene expression was performed following the AACt method (Livak and
Schmittgen, 2001). The genes of interest were amplified with the reference gene gyrA,
and its relative variation was calculated as 224¢,

4. GENETIC MANIPULATION METHODS

4.1. E. coli competent cells preparation

E. coli competent cells were prepared following the method described by Lederberg
& Cohen (1974). A 100 ml culture flask was inoculated with 1 ml of E. coli pre-culture
and incubated at 37°C at 180rpmtoan OD, ,
min, centrifuged for 10 min at 4°C and 10000xg, and the supernatant was discarded.
Afterwards, cells were suspended in one volume of sterile 0.1 M MgCl, at 4°C, and
centrifuged for 5 min at 4°C and 5000xg. The supernatant was discarded again, the
cells were suspended in 1/2 volume of sterile 0.1 M CaCl, at 4°C, and kept on ice for
30 min. A last centrifugation step for 5 min at 4°C and 5000xg was performed before
suspension of the cells in a 1/10 volume of sterile solution containing 0.1 M CaCl, and
20% glycerol at 4°C. The cell suspension was divided into 100 pl aliquots and stored
at -80°C until use.

~0.4. Cultures were cooled onice for 10

4.2. Thermal shock bacterial transformation

Transformation of competent E. coli cells with plasmid DNA was performed according to
the method described by Nishimura et al. (1990). After thawing an aliquot of competent
cells on ice, 10-50 ng of plasmid DNA were added and gently mixed before incubation
for 45 min on ice. A thermic shock was performed at 42°C for 2 min followed by a 5
min incubation on ice. Afterwards, 1 ml of LB medium was added and the cells were
incubated for 1 h at 37°C with shaking. Cells that have acquired the plasmid were
selected by plating dilutions on LB agar plates with the appropriate antibiotics and
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incubated for 24 h at 37°C. When the plasmid allowed for white/blue colony selection
by complementation of B-galactosidase activity (Sambrook et al., 1989), the media was
supplemented with 2 ug/ml X-gal and 0.5 mM IPTG.

4.3. Electrocompetent cells preparation

E. coli electrocompetent cells were prepared following the method described by
Sambrook et al. (1989). An exponential phase 100 ml culture (OD, =0.4-0.6) was
cooled on ice before three successive centrifugation rounds (10 min at 4°C and
10000xg) with suspension of the cells in decreasing volumes (100 ml, 50 ml and 5
ml) of sterile deionized water. The final suspension of 5 ml was divided into 100 pl
aliquots stored at -80°C until use.

Pto electrocompetent cells were prepared following the method described by Choi
et al.(2006). Cells were suspended from fresh cultured plates in 300 pl of sterile sucrose
300 mM solution and centrifuged for 1 min at 12000xg. Pelleted cells were washed two
times with 300 pl of the same sucrose solution and suspended in a final volume of 100
ul of sucrose 300 mM. Electrocompetent cells were kept on ice until use, performing
electroporation immediately after preparation.

4.4. Electroporation

For electrocompetent cell transformation, 10-50 ng for replicative vectors and 300-500
ng for suicide vectors of DNA suspended in milliQ water were added to the cells kept on
ice. After gentle agitation, the mixture was transferred into an electroporation cuvette
(1 mm BridgeTM), previously cooled at 4°C. The cuvette was subjected to a 1.8 kV elec-
tric pulsein an electroporator (Eporator, Eppendorf). Cells were immediately recovered
by adding 1 ml of LB medium and incubated for 1 h at 37°C for E. coli or 2-3 h at 28°C
in the case of Pto. Cells that acquired the plasmid were selected by plating dilutions on
LB agar plates with the appropriate antibiotics, following incubation at the adequate
temperature for 24-48 h.

4.5. Bacterial conjugation

Bacterial conjugations were performed to introduce plasmids into Ret strains following
the method described by Schéfer et al. (1994). Cells from cultures in exponential
phase (0D, ~0.4) of the E. coli donor strains were mixed with late exponential phase
cells (OD,,,~0.8) of the Ret receptor strainin a 1:1 proportion. 1 ml of each culture was
centrifuged in the same 1.5 ml tube and the supernatant was discarded. The culture
mixture was washed two times with TY liquid medium, and the pellet resuspended in 40
ul of media, which were placed on top of a sterile Millipore 0.45 pm filter previously
laid on a TY medium plate (supplemented with DAPA for the B2163 donor strain). Filters
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were thenincubated overnight at 28°C. The following day, the conjugation mixture was
suspended from the filter into liquid media, and cells that acquired the plasmid were
selected by plating dilutions on selective medium.

4.6. Directed mutagenesis by integration and allele exchange

Loss-of-function genetic mutations were generated by deletion of the corresponding
gene. To achieve the deletion, the DNA amplicon with the modified sequence obtained
(3.3.2.) was cloned into an integrative vector (non-replicative or suicide). Regions of
at least 500 bp at each side of the target gene allow for homologous recombination
and integration in the chromosome. The integrative vector pK18mobsacB was used. It
carries the gene sacB (which confers sensitivity to sucrose, sucrose®), and kanamycin
resistance gene. After introduction of the plasmid into the designated strains by elec-
troporation or bacterial conjugation, colonies that had integrated the plasmid (Km®?/
sucrose’) were selected. Afterwards, tranconjugants were grown in liquid rich media
in the absence of kanamycin to force plasmid loss (shaking at 28°C for Ret strains, and
static at 4°C for Pto strains). Cells were then plated on rich medium with sucrose (15%
w/v) and the Km3/sucrose® colonies (potential double-recombinants) were selected
and checked by PCR and sequencing.

5. IN-VIVO ASSAYS

5.1. Growth assays

5.1.1. Solid media growth assays

Solid media growth assays were carried out in square 50 ml plates. Bacterial cells grown
in rich media with the appropriate antibiotics were adjusted to an OD,, of 1. Serial
1/10 dilutions were performed and 10 pl drops of each dilution and strain were placed
in rich medium or minimal medium plates supplemented with different carbon sources.
The concentration of the carbon sources was adjusted according to the carbon molar
content of each compound, being glucose 10 mM, galactose 10 mM, succinate 15 mM
and glucose and succinate (5 mM and 7.5 mM, respectively). Plates were incubated at
the appropriate temperature and growth was monitored for 7 days. The experiment
was repeated with three independent cultures.

5.1.2. Growth curves

Growth curves were carried out in standard culture conditions. Bacterial cells grown
in rich media with the appropriate antibiotics were resuspended in sterile milliQ water
and adjustedtoan OD,  of 1. The bacterial suspensions were washed and diluted 1/100
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in the appropriate medium and 200 ul were dispensed in a 100-well Honeycomb plate
(Bioscreen). The concentration of defined carbon sources were the same as described
for the solid media assays above. The plates were incubated at the appropriate tempe-
rature with continuous shaking in a Bioscreen C equipment (MBR). The absorbance
was measured every hour at 600 nm to determine the turbidity of the culture until the
stationary phase was reached. Each strain counted with 4 replicates per plate and the
assay was carried out at least 2 times for each condition.

5.2. Motility experiments

5.2.1. Swimming assays

For swimming motility assays, bacterial strains were grown on LB plates at 28°C for
48 h, resuspended in sterile milliQ water and adjusted to an OD,, of 2.0. Then, 0.3%
agar LB plates were stabbed with 2 pl aliquots of that suspension and incubated for 48
h at 20°C. Diameters of the swimming halos were photographed and measured using
ImageJ (Schneider et al., 2012). Motility was expressed as the average diameter of the
swimming halo + standard deviation. Three motility plates were used for each strain,
and the experiment was repeated with three independent cultures.

5.2.2. Swarming assays

For swarming motility assays, bacterial strains were grown on LB plates at 28°C for 48
h, resuspended in sterile milliQ water and adjusted to an OD,, of 2.0. Two pl aliquots
of the suspensions were placed in the centre of peptone-glucose (PG)-agar plates,
incubated at 20°C and observed after 24 h. The swarming surface on each plate was
determined using ImageJ (Schneider et al., 2012). Motility was expressed as the average
surface of the swarming area + standard deviation. Three motility plates were used for
each strain, and the experiment was repeated with three independent cultures.

5.3. Biosurfactant production assays

An atomized oil assay was used to detect syringafactin as described by Burch et al.,
(2010). Pto strains were grown on LB plates for 48 h, resuspended in sterile milliQ

water and adjusted to an OD,_=1.0. 10 ul aliquots were pipetted onto the surface

600
of LB plates, incubated for 48 h at 20°C and then sprayed with a mist of mineral oil
(Sigma M5904) using a sprayer with an air flow of 6 |/min. The diameter of the visible
halo of brighter oil drops (surfactant halo) and the area of the producing bacterial
colony were measured using ImageJ (Schneider et al., 2012). The normalized halo

area was calculated by subtracting the colony area from that of the surfactant halo.
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Generally, larger halos in the atomized oil assay indicate higher surfactant production
levels. Three plates were used for each strain, and the experiment was repeated with
three independent cultures.

5.4. Biofilm and flocculation assays

5.4.1. Biofilm formation assays

For solid-liquid (S-L) biofilm quantification bacterial cells grown in rich media at 28°C with
the appropriate antibiotics were adjusted to an OD,, of 1. The bacterial suspensions
were diluted up to an OD,,,=0.1 in MMR medium with the appropriate supplements.
150-200 ul were dispensed into a sterile polystyrene multi-well plate (Greiner Cellstar
96 round bottom). Plates were incubated in the appropriate conditions depending on
the strains, and after incubation the medium was removed and the wells carefully
washed with deionised water before incubation with crystal violet (CV) (240 pl 0.1%
in water) for 1 hour. After removal of CV washing with deionised water, 150 ul of 80%
ethanol were added to each well and incubated for 1 h. Coloration was quantified
by measurement of OD_
Each strain counted with 8 replicates per plate and the experiment was repeated with

with an Eon Biotek plate reader with the Gen5 software.

three independent cultures.

5.4.2. Flocculation assays

Flocculation assays were conducted by growing bacterial strains in rich medium supple-
mented with glucose and MMR medium supplemented with glucose and succinate in
culture tubes. Bacterial cells grown in rich media plates at 28°C with the appropriate
antibiotics were adjusted to an OD, of 1. Culture tubes with 4 ml of medium were
inoculated with the bacterial suspensions up to an OD,,,=0.1. Tubes were incubated at

28°C with continuous shaking and photographs were taken at 24 h and 48 h to observe
the flocs.

5.5. B-galactosidase activity assays

B-galactosidase activity was measured in permeabilized cells following the method
described by Miller (1972) based on the colorimetric reaction produced by the
hydrolysis of o-nitrophenyl-B-D-galactopyranoside (ONPG) into galactose and o-ni-
trophenol by the enzyme (3-galactosidase. The concentration of o-nitrophenol can be
measured by the Beer-Lambert-Bouger law in which Abs = € (molar extinction coeffi-
cient) x ¢ (molar concentration) x | (optical path length).
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Bacterial strains were grown on rich medium plates at 28°C and cells pelleted
and resuspended in sterile milliQ water, washed and resuspended in the correspon-
s00=4:0-8.0 and 150 pl were
dispensed in a multi-well plate (Greiner Cellstar 96 round bottom) in which 1:2 serial
dilutions were made. The plates were incubated at 20°C with constant shaking at
600 rpm on an IKA MS 3 Basic shaker for 5 h (in the case of LB) or 24 h (in the case
of minimal media). OD of the cultures was measured at 600 nm before perfor-
ming the enzymatic reactions, which were carried out in polypropylene DeepWell
plates (VWR 732-3323, well volume 2 ml) kept at 30°C in a water bath. 30-50 ul of
culture were added to the plate followed by 10 pl of SDS 0.1% and 10 pl of chloro-
form. Plates were incubated for 30 min at room temperature. 400 pl of Z buffer pH
7.0 (60 mM Na,HPO,, 40 mM NaH,PO,,10 mM KCI 10, 1 mM MgSO, and B-mercap-
toetanol 0,27% (v/v)) were added to the wells followed by 100 pl of ONPG (0.4 mg/
ml in sodium phosphate buffer 0,1 M pH 7,0). The reaction mixture was incubated
at 30°C until yellow coloration was clearly visible (5-30 min) and the reaction was
stopped by adding 1 ml of 0.5 M Na,CO,. Measurements were performed by trans-
ferring 100 pl of the reaction into flat bottom multi-well plates (Greiner Cellstar
96 flat bottom) and absorbance at 420 nm and 550 nm was measured in an Aeon
Biotek plate reader with the Gen5 software. At least 3 replicates were performed
for each measurement. 3-galactosidase activity was expressed in Miller units (MU)
and determined using the following equation: (t represents reaction time in minutes
and v the volume of bacterial culture in ml):

ding medium. The suspensions were adjusted to an OD

B-galactosidase activity = 1000 x (OD,, - (1.7 x OD,,)) / (t x vx OD

550 600)

5.6. Exopolysaccharide production determination

Polysaccharide production determination was performed in solid media by Congo Red
(CR) and Calcofluor (CF) colony staining. Exopolysaccharide production can be detected
by bacterial growth in media supplemented with CR and CF. CR binds D-glycopyranosyl
units from neutral or basic polysaccharides as well as certain proteins. CF is more
specific, binding glycosidic bonds B(1-3) and B(1-4), present in cellulose or curdlan
(Teather & Wood, 1982; Spiers et al., 2002).

CR was prepared in distilled water at 5 mg/ml and sterilized by filtration. It was
added to solid media to a final concentration of 50 pg/ml. CF was added into hot melted
medium to a final concentration of 200 pg/ml. After bacterial growth, CR plates were
photographed under natural light and CF plates were observed and photographed
under UV light.
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5.7. Cell viability determination

A live/dead staining method based on two nucleic acid probes was followed to diffe-
rentiate and quantify live and dead cells in bacterial cultures, as previously described
(Masco et al., 2007). The dyes used were propidium iodide (Pl), red-colored, which only
enters membrane-compromised cells, and SYTO13 (Invitrogen), green-coloured, which
is membrane-permeant and stains both viable and non-viable cells. Exponential or statio-
nary phase cells were harvested by centrifugation, washed and adjusted to an OD,, of
0.1. Then, the cell suspensions were incubated with 10 mM NacCl for live cells or 70%
isopropyl alcohol for dead cells. A standard curve with various proportions of live/dead
cells was prepared, and both the standards and the samples were stained according to the
manufacturer indications. The staining solution (0.01 mM SYTO13 and 0.06 mM PI) was
mixed with the bacterial suspensions in a 1:1 ratio in a 96-well microplate (Greiner). The
samples were incubated in the dark for 15 min before measuring fluorescence in a multi-
plate reader VarioskanLUX (ThermoScientific, Waltham, MA, USA). Intensities of green
(510 nm) and red (630 nm) emission were recorded after excitation at 485 nm and 530
nm, respectively. The green to red fluorescence emission ratio, which is proportional to
the relative number of live bacteria, was calculated. Each strain counted with 2 replicates
and the assay was carried out at least 3 times for each condition.

5.8. Membrane vesicle isolation and quantification

5.8.1. Membrane vesicle isolation

Membrane vesicles (MVs) were isolated from culture supernatants following previously
described methodology (Pérez-Cruz et al., 2016). Bacterial cells were grown in MMY
cultures with the pertinent antibiotics to an OD,, of 0.6-0.8, then pelleted by centri-
fugation at 10,000x g for 30 min at 4°C. The supernatants were filtered through a 0.45
um-pore-size filter (Millipore) and concentrated by centrifugation through a 100 KDa
Centricon® Plus-70 filter device (Millipore). The MVs were collected by ultracentrifu-
gation at 100,000x g for 2 h at 4°C, washed with phosphate buffered saline (PBS) (137
mM NaCl, 2.7 mM KCl, 1.76 mM KH,PO,, 10 mM Na,HPO,, pH 7.4) to eliminate excess
polysaccharide and again pelleted at 100,000x g for 2 h at 4°C. The pellet containing
the MVs was resuspended in an appropriate volume of PBS and stored at -20°C.

5.8.2. Membrane vesicle quantification

MVs were indirectly quantified by measuring the lipid content, which was determined
using the lipophilic fluorescent dye FM4-64 (Thermofisher, Waltham, MA, USA) as
previously described (Frias et al., 2010). A fraction of PBS resuspended MVs was incu-
bated with FM4-64 (final concentration of 5 ug/ml in PBS) for 5 min in darkness at
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room temperature. Vesicles alone and the FM4-64 probe alone were used as negative
controls. After excitation at 515 nm, emission at 635 nm was measured with the multi-
plate reader Varioskan TM LUX (ThermoScientific, Waltham, MA, USA). Fluorescence
was normalized for the culture volume from which MVs were isolated.

6. IN PLANTA ASSAYS

6.1. Pseudomonas syringae plant assays

6.1.1. Tomato plant infection assays

Seeds of Solanum lycopersicum cv. Moneymaker (a PtoR line, i.e., a compatible host for
Pto DC3000) were germinated and grown in a plant growth chamber with 16/8-h light/
dark cycles at 24/16°C day/night and 70% relative humidity.

Pto strains were grown on LB plates for 48 h at 28°C, then suspended in sterile

milliQ water and the concentration adjusted to 108 cfu/ml (OD,_ =0.1) before appli-

600
cation to one leaf of different 4-week-old plants with an airbrush until the leaf (adaxial

and abaxial) surface was uniformly wet.

The analysis of symptom development and sampling was performed 3 h after inocu-
lation (O dpi), and several days after inoculation (3, 6 and 10 dpi) to monitor bacterial
growth in plant. Bacteria were recovered from the infected leaves using a 10 mm-dia-
meter cork-borer, sampling 10 disks per leaf. Five disks (3.9 cm?) were homogenized by
mechanical disruption using a stirrer (IKA RW16 basic) into 1 ml of milliQ water and
counted after plating serial dilutions onto LB plates with the corresponding antibiotics.
Population levels were expressed in cfu/cm? and symptom severity (necrotic area per
leaflet induced by the inoculated strains) was photographed at 3, 6 and 10 dpi.

6.2. Phaseolus symbiosis assays

6.2.1. Seed sterilization and germination

Bean (Phaseolus vulgaris cv. Contender) seeds were surface-sterilized by washing abun-
dantly with deionized water followed by a 2 min treatment with ethanol 100%, which
was removed by washing three times with deionized water. A second treatment adding
5% sodium hypochlorite for 5 min was applied and seeds were washed again 5 times
with sterile deionized water, then soaked in water for 2 h in darkness. Bean seeds were
germinated on purified agar:water (1% w/v) for 72 h at 28°C in the dark.



| Materials and Methods |

6.2.2. Nutrient solution

A nitrogen-free nutrient solution was used, modified from Rigaud and Puppo (1975). The
solution was adjusted to pH 7.2 with KOH and sterilized at 120°C for 20 min. Macroelement
composition: 0.73 mM KH,PO,, 1.34 mM KCl, 0.4 mM MgSO,, 0.35 mM CaSO,, 0.034
mM Na,FeEDTA. Microelement composition: 0.45 uM Na,MoO,, 46 uM H,BO,, 0.8 uM
CuSO,, 1.91uM ZnSO,, and 11.11 uM MnSO,.. Microelements were prepared in a 1000x
stock solution, and added to the final nutrient solution before sterilization.

6.2.3. Nodulation kinetics

To analyse nodulation kinetics of individual rhizobial strains, seedlings were carefully
placed in 18 cm x 16.5 cm CYG germination pouches (Mega International, USA), and
the root of each seedling was inoculated with approximately 10° bacterial cfu. Sixteen
seedlings per strainwere inoculated, and water-inoculated plants were used as negative
controls. Plants were cultivated in a growth chamber with 16/8-h light/dark photope-
riod at 24/16°C day/night and 75% relative humidity. Pouches were replenished with
50 ml of nitrogen-free nutrient solution when necessary. Visible nodules were daily
counted until 21 days post-inoculation.

6.2.4. Symbiotic efficiency assays

To test the symbiotic efficiency of rhizobial strains, 12 bean seedlings were sown in auto-
claved Leonard-type jars assemblies. The system consists of an upper pot containing a 3:1
mix of vermiculite:perlite and a lower container with and nitrogen-free nutrient solution.
Plants were cultivated in the same conditions as above for 28 days, when the shoot fresh
weight and the number of nodules were determined. Shoot dry weights were determined
after desiccating the samples in an oven at 65°C for 3 days. Dry shoots were ground and
total nitrogen content was determined following the Dumas method with an elemental
analyzer Leco TruSpec CN, at the Nitrogen and Carbon Analysis Service of the Estacion
Experimental del Zaidin - CSIC (Granada, Spain).

7. BIOCHEMICAL TECHNIQUES / PROTEIN ANALYSIS

7.1. Total protein samples preparation

7.1.1. Sample collection

Bacterial strains were grown on rich medium plates and resuspended in sterile milliQ
water. The suspensions were used to inoculate 250-500 mI M9, or MMPM media flasks to
aninitial OD,,,=0.01. Cultures were grown overnight with continuous shaking (180 rpm),
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to an OD,,=0.7-0.9. Cultures were centrifuged 2x 30 min at 7500xg at 4°C. After the
second centrifugation, supernatants were collected, filtered through a 0.45 pm pore-size
filter (Millipore) and immediately frozen at -20°C. Cell pellets were washed with saline
solution and kept at -80°C until use.

7.1.2. Protein isolation by lyophilization and phenol extraction

For extracellular protein sample preparation, supernatants of 500 ml cultures were
lyophilized in a freeze-dryer Thermo Savant ModulyoD and then resuspended in 15 ml
of extraction buffer (0.7 M sucrose, 0.5 M Tris-HCl pH 8.2,0.1 M KCI, 50 mM EDTA, 2%
B-mercaptoethanol) (Hurkman & Tanaka, 1986) supplemented with protease inhibitor
(cOmplete Mini, EDTA-free, Roche).

For cell-associated protein sample preparation, cell pellets were resuspended in 1 ml
of extraction buffer, sonicated for 5 cycles of 30 s (C = 4,20%) in a Branson Sonicator 250,
centrifuged at 15,000xg for 2 min and the supernatant extract was collected.

The phenol extraction protocol (Hurkman & Tanaka, 1986) was followed for protein
isolation. 12 g/l (w/v) of polyvinylpolypyrrolidone (PVPP) were added to the sample,
followed by one volume of saturated phenol pH 6.4. After gentle shaking for 10 min at
room temperature, the samples were centrifuged at 4000xg for 20 min at 4°C, then the
phenolic phase was recovered. A second phenolic extraction was performed following the
same procedure and, after the phenolic phase was recovered, 4 volumes of ammonium
acetate in methanol kept at -20°C were added and the samples were incubated over-
night at -20°C. The samples were centrifuged at 10000xg for 20 min at 4°C and the pellet
sample was conserved. Two more washes were performed with a 2 ml volume of ammo-
nium acetate in methanol, and a final one with 2 ml of acetone. The resulting pellets were
dried under vacuum for 20 min. Final protein samples were suspended in protein solubili-
sation buffer [7 M urea, 2 M thiourea, 4% CHAPS detergent, 30 mM Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP)].

7.1.3. Supernatant protein extraction by concentration

For proteomic analysis, supernatants of 250 ml cultures were concentrated using
Amicon® Ultra-15 Centrifugal Filter Devices with 3000 MWCO, which allow recovery
of highly concentrated sample. A protease inhibitor (1/4 of a tablet, cOmplete Mini,
EDTA-free, Roche) was added to the supernatants prior to concentration. Fifteen ml of
supernatant were sequentially centrifuged through filter devices at 5000xg for 20 min
at room temperature (20°C) until 250 ml were concentrated into 300 pl of final sample.
Samples were kept at -20°C until use.
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7.2. Protein purification by gravity columns

Protein purification was performed using the Strep-Tactin®XT (IBA Lifesciences GmbH)
system. Itis composed of an engineered streptavidin with four biotin binding pockets, which
it is able to bind recombinant proteins tagged with Strep-tag®Il or Twin-Strep-tag®. The
purification was performed following the manufacturer’s indications in 1 ml column bed
volume (CV) columns at 4°C to ensure stability of the protein. Bof bacterial cultures (100 ml)
were centrifuged and the pellets were suspended in 2 ml of extraction buffer (100 mM Tris
pH 8.0, 150 mM NaCl, 1 mM EDTA) supplemented with protease inhibitor (cOmplete Mini,
EDTA-free, Roche). Cell extracts were obtained using a French press followed by centrifu-
gation of the lysate for 2 min at 12000xg and 4°C and recovery of the supernatants. After
equilibration of the columns with 2 CV of extraction buffer, the cell extracts were applied,
followed by washing with 5 CV of extraction buffer. Then, 6 fractions of 0.5 ml of elution
buffer (100 mM Tris/HCI pH 8.0, 150 mM NaCl, 1 mM EDTA, 50 mM biotin) were applied
and the 0.5 ml eluates were sequentially recovered. Columns were washed with 6 CV of
regeneration buffer (3 M MgCl 2) prior to equilibration with 8 CV of extraction buffer and
stored at 4°C.

7.3. Total protein quantification

Protein contents were determined by the Bradford method (Bradford, 1976) or with
PierceTM 660 nm Protein Assay from Thermo Scientific. A standard curve with Bovin
serum albumin (BSA) protein was performed with concentrations from 5 to 25 pg/ml.

For the Bradford method, samples were diluted in H,O to a final volume of 800 pl and
200 pl of Bradford solution were added. After incubation for 5 min, 200 ul of sample were
transferred into flat-bottom multi-well plates (Greiner Cellstar 96 flat bottom) and absor-
bance at 595 nm was measured in an Aeon Biotek plate reader with the Gen5 software. At
least 3 replicates were performed for each sample.

For the Pierce method, samples were diluted in H,O to a final volume of 60 ul and 200 pl
of Pierce solution were added. After 5 min of incubation in darkness, 160 pl of sample were
transferred into flat-bottom multi-well plates (Greiner Cellstar 96 flat bottom) and absor-
bance at 660 nm was measured in an Aeon Biotek plate reader with the Gen5 software. At
least 3 replicates were performed for each sample.

7.4. Denaturalising protein electrophoresis (SDS-PAGE)

7.4.1. Mono-dimensional protein electrophoresis

Protein electrophoresis was performed using discontinuous 10% denaturalising
sodium dodecyl-sulfate (SDS) polyacrylamide gels according to the method described
by Laemmli (1970). Each gel consisted of an upper stacking layer [125 mM Tris-HClI,
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pH 6.8, polyacrylamide 5% (w/v), SDS 0.1% (w/v)] and a separating lower layer [375
mM Tris-HCI pH 8.9, polyacrylamide 10% (w/v), SDS 0.1% (w/v)]. Both layers were
polymerized by adding 0.42 ml of 10% (w/v) ammonium persulfate (APS) and 0.12 ml of
tetramethylethylethylendiamine (TEMED) per 100ml of solution.

Samples were mixed with 2x or 6x sample buffer (350 mM Tris-HCI pH 6.8, 6% SDS,
30% glycerol, 0.603 M DTT, 6% bromophenol blue). Gels were run in 25 mM Tris-HCI
pH 8.3, 192 mM glycine and 0.1% SDS buffer in a Mini-Protean tetra vertical elec-
trophoresis cell (Bio-Rad) at 70-90 V for 1-2h. Staining was performed with 0.25%
Coomassie Brilliant Blue R-250,40% methanol and 10% acetic acid solution. Precision
Plus Protein pre-stained standard (Bio-Rad) from 10 to 250 kDa was used as a mole-
cular mass marker.

7.4.2. Two-dimensional protein electrophoresis (2DE-GE)

Two-dimensional electrophoresis protein separation for Western blots (WB) were
carried out at the Proteomics facility of University of Cérdoba. For 2D-GE WB, 80 pg
protein samples were used. The first dimension was run in a 7 cm IPG (Immobilized pH
gradient) strip pH 3-10 from Bio-Rad, with a lineal increase of voltage (2 h of passive
rehydration; 10 h at 50 V of active rehydration; 30 min at 250 V; 1 h at 1000 V; 30 min
at 4000 V; and 4000 V until 20,000 Vh). Strips were equilibrated for two periods of 15
min in Tris-urea buffer (375 mM Tris-HCI, pH 8.8, 6 M urea, 2% SDS, 20% glycerol), with
2% DTT added the first time and 2.5% of iodoacetamide added secondly. For the second
dimension, the strips were transferred into a vertical 10% SDS-PAGE and runat 50 Vin
a MiniProtean Tetra Cell System (BioRad, Hercules, CA, USA). Then, 2D SDS-PAGE gels
were stained with imidazole and scanned in a GS-800 Calibrated Densitometer (Bio-
Rad). Gels were washed for 10 min with 100 mM EDTA and equilibrated for 15 min in
a Towbin buffer (25 mM Tris-HCI pH 8.3, 192 mM glycine, 20% methanol, 0.02% SDS).
Finally, gels were transferred to nitrocellulose membranes for 20h at 30 Vand 2°Cina
Trans-Blot Plus Electrophoretic Transfer Cell (BioRad).

7.4.3. Phos-tag protein electrophoresis

Phos-tag SDS-PAGE is a specialised electrophoresis technique that separates different
forms of a protein based on its phosphorylation levels. This method provides characte-
ristic separation patterns of phosphoprotein isoforms according to the number and/or
site of the attached phosphate groups (Kinoshita et al., 2006).
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For Phos-tag SDS gel preparation, 8% SDS polyacrylamide gels were supplemented
with 50 pM Phos-tag™ (NARD Chemicals, Hiroshima), and 0.1 mM MnClL,. Prior to gel
loading, samples were treated with 20% tricholoracetic acid (TCA) (1/1 volume), preci-
pitated at 4°C for 5 min, centrifuged for 10 min at 12000xg and 4°C, and washed with
acetone twice before resuspending them in loading buffer.

7.5. Immunodetection by Western blot

For Western blots (WB), protein samples (20-40 pg) were loaded onto 10% SDS-PAGE
gels and electrophoresis were performed in Tris-Glycine-SDS buffer in a Mini-Protean
Tetra Cell (BioRad) (Laemmli, 1970). Proteins were transferred from gels to PVDF
membranes using the Trans-Blot Turbo Transfer System (Bio-Rad) at 1.3 A, 25V, 7-12 min.
PVDF membranes were activated with methanol and blocked in PBS-T buffer (137 mM
NaCl, 2.7 mM KCl, 1.76 mM KH,PO,, 10 mM Na,HPO,, 0.1% Tween 20, pH 7.4) with 2%
skimmed milk. Blocked PVDF membranes were incubated overnight at 4°C in the same
buffer with the primary antibody. After washing with PBS-T buffer, the membranes were
incubated with a 1:10,000 dilution of the peroxidase-linked secondary antibody.
Detection was done with ECL Prime Western Blotting (Amersham) in a Chemidoc XRS
System (Bio-Rad). Band analysis was performed with the Quantity-One software (Bio-
Rad). Precision Plus Protein All Blue pre-stained standard (Bio-Rad) from 10 to 250 kDa
was used as a molecular mass marker. TBS-T buffer (50 mM Tris-HCI, 140 mM NacCl,
0.1% Tween 20, pH 7.4) and bovin serum albumin (BSA) were used instead of PBS-T and
skimmed milk respectively with anti-phosphorylation antibodies.

7.6. Protein dephosphorylation

Protein dephosphorylation was carried out on proteins fixed on a PYDF membrane after
transfer, but before the blocking step. Two phosphatases were used: lambda phosphatase
and alkaline phosphatase. Alkaline phosphatases are significantly more potent enzymes
than the lambda phosphatase; however, they only dephosphorylate phosphate groups
from threonine and serine amino acids. The Lambda phosphatase, on the other hand,
specifically targets phosphate groups from threonine, serine, and tyrosine amino acids.

First, treatment with lambda-phosphatase (sc-200312, SantaCruz Biotechnology)
was performed. Membranes were incubated in the provided buffer with 5 pl (2000 U)
of lambda-phosphatase rocking at 25°C overnight. Then 20 U of calf-intestinal alkaline
phosphatase (18009-027, Invitrogen) were added, and the membranes were incubated
for an additional hour. After digestion, membranes were rinsed with deionized water
before proceeding with the blocking step.
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7.7. Proteomic analysis

Quantitative proteomics was performed by liquid chromatography with tandem
mass spectrometry (LC-MS-MS), a powerful analytical technique that combines the
separation ability of liquid chromatography (LC) with selective mass analysis by mass
spectrometry (MS). Samples analyses were performed at the Proteomics Facility from
the Research Support Central Service, University of Cérdoba.

Samples were acidified with 0.5 % trifluoroacetic acid. A desalting and concentra-
tion step were performed with Sample Prep Pipette tips ZipTip C18 (Millipore), and
the samples were dried under vacuum conditions using a Speedvac system (200 ng
per sample).

LC-MS-MS was carried out using a nanoElute nanoflow ultrahigh-pressure LC
system (Bruker Daltonics, Bremen, Germany) coupled to a timsTOF Pro 2 mass
spectrometer, equipped with a CaptiveSpray nanoelectrospray ion source (Bruker
Daltonics). For most analyses, 200 ng of peptide digest was loaded onto a Bruker
FIFTEEN C18 capillary column (15 cm length, 75 pm ID, 1.9 pm particle size, 120 A
pore size; Bruker Daltonics). Peptides were separated at 30°C using a 20 min gradient
at a flow rate of 300 nl/min (mobile phase A (MPA): 0.1% FA; mobile phase B (MPB):
0.1% FA in acetonitrile). A step gradient from 0 to 35% MPB was applied over 13 min,
followed by a second step gradient from 35 to 90% MPB of 13 to 15 min, and finished
with a 90% MPB wash for an additional 5 min. The total run time was of 20 min per
analysis. The timsTOF Pro 2 was run in DIA-PASEF mode with isolation windows of 25
Dain a mass range of 450-950 Da without mass overlapping. lon mobility resolution
was set to 0.85-1.30 V s/cm? over a ramp time of 100 ms. The collision energy was
increased stepwise as a function of the ion mobility ramp, from 27 to 45 eV. A poly-
gonal filter was applied on the m/z space and ion mobility to exclude low m/z, mainly
single-charged ions from the selection of PASEF precursors.

Raw datawas analyzed in Spectronaut (see 15.1.210713.50606 - Rubin) (Biognosys).
The reference library is acquired from QilexProteomeDB. The directDIA algorithm was
used for raw data analysis and library generation was created with the Pulsar search
algorithm using the database itself. All settings were set to default (BGS factory settings).
To account for post-translational modifications and chemical labelling, the following
adjustments were used: carbamidomethylation of cysteine residues was set as fixed
modification, methionine oxidation and acetylation (N-terminal protein) were set as
variable modification.
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7.8. Enzymatic assays

To assay enzymatic activities, cells from bacterial cultures were suspended in PBS (50
mM NaH_PO,, 0.3 mM EDTA, pH 7.4) and sonicated with a Branson Sonifier (c=4, 20%,
3-6times for 30 s). Specific enzymatic activities were calculated considering the molar
extinction coefficient (g) of NADH and NADPH (6.22 and 6.30, respectively) and the
total protein quantity in the sample. The quantification of total protein in the bacterial
extracts was conducted using the Bradford method (Bradford, 1976).

7.8.1. GAPDH glycolytic activity

GAPDH glycolytic activity was quantified following a previously described method by
Pancholi and Fischetti (1992). The assay buffer was composed of 50 mM Na,HPO, pH 8.6,
40mMtriethanolamine,5 MM EDTA, 1 mM NAD*or NADP*and 4 mM DL-glyceraldehyde-
3-phophate (Cayman Chemical 17865) to which 20 pg of total protein from cell extract
were added. The reaction was performed in a final volume of 1 ml and absorbance was
measured at 340 nm to monitor NADH or NADPH formation for 15 min every 30sin a
Shimadzu UV-1800 spectrophotometer.

7.8.2. GAPDH gluconeogenic activity

GAPDH gluconeogenic activity was measured by monitoring the decrease of NADH as
described by Q. Wang et al. (2010). The substrate, 1,3-biphosphoglycerate, was gene-
rated by an initial reaction from D-3-phosphoglyceric acid (Sigma-Aldrich P8877), and
then a second reaction was performed to measure the activity of interest. The initial
reaction mixture consisted of 40 mM triethanolamine pH 8.5, 8.0 mM MgSQO,, 200 pg/
ml 3-phosphoglyceric phosphokinase (Sigma-Aldrich P7634), 12 mM 3-phosphoglyce-
rate, 2.4 mM ATP, and 0.15 mM NADH. This reaction was incubated for 1 h and stopped
by heating at 90°C for 5 min. Then, to initiate the second reaction, 0.1 mM of the appro-
priate cofactor (NADH or NADPH) was added, as well as 20 ug of total protein from
cell extracts to a final reaction volume of 1 ml. Absorbance at 340 nm was measured to
monitor NADH or NADPH decrease as described above.

7.8.3. Erythrose-4-phosphate dehydrogenase (Epd) activity

Epd activity was quantified as described by Zhao et al. (1995). The assay buffer was
composed of 50 mM sodium pyrophosphate pH 8.6, 1 mM dithiothreitol, 1 mM NAD*
and 2 mM D-Erythrose-4-phosphate (Sigma-Aldrich E0377). 100 ug of total protein
from cell extract were added to assay the activity. The reaction was performed at 50°C
for 10 minand OD,,,, was measured every 2 min to monitor NADH formation.
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8. MICROSCOPY TECHNIQUES

8.1. Nodule histology and microscopy

Samples were prepared at the microscopy unit of Estacién Experimental del Zaidin
- CSIC (Granada, Spain) and the microscopy unit of the CIC-University of Granada.
Fresh nodules were collected from 21 and 28 days-old bean plants (Phaseolus vulgaris
cv. Contender). Larger nodules were cut in half for better penetration of the fixing
solution, nodules were then fixed in 4% paraformaldehyde, 2% glutaraldehyde, 0.05 M
Na-cacodylate buffer (pH 7.2) under vacuum for 2 h at 4°C. After a second fixation over-
night at 4°C, the samples were washed 3 times with 0.05 M cacodylate buffer for 30
min at room temperature. The nodules were postfixed in 1% osmium tetroxide in the
same buffer (overnight at 4°C). Samples were dehydrated in ethanol series and embe-
dded in Epoxi EMbed 812 resin and polymerized for 48 h at 60°C. Semithin (1 pym)
sections were sliced with a Reichert Ultracut S ultramicrotome. Sections microscopy
were stained with 1% (w/v) toluidine blue in aqueous 1% sodium borate for direct
observation under optical microscopy.

8.2. Transmission electron microscopy immunolabeling

Samples were prepared at the Electron Cryomicroscopy Unit from the CCiTUB, University
of Barcelona. They were cryoimmobilized using a Leica HPM100 High-Pressure Freezer
(Leica Microsystems, Vienna, Austria). Planchettes containing the frozen samples were
transferred to cryo-tubes containing 0.5% uranyl acetate (EMS, Hatfield, PA, USA) in
acetone under liquid nitrogen and were freeze substituted at -90°C for 80 hinan EM AFS2
(Leica Microsystems, Vienna, Austria). Samples were warmed up to -50°C at a 5°C/h slope
and kept at -50°C. They were rinsed with acetone and infiltrated in Lowicryl HM20 resin
(EMS, Hatfield, PA, USA) at -50°C. Samples were polymerized under UV light at -50°C for
24 h, during the warming up at 5°C/h slope until 22°C and at 22°C for 48 h. Sections 60
nm in thickness were obtained using a UCé ultramicrotome (LeicaMicrosystems, Vienna,
Austria). They were washed sequentially in 10 mM PBS, glycine 10 mM and 10 mM PBS.
Then, they were incubated on drops of 5% bovine serum albumin (BSA) in 10 mM PBS for
15 min and they were changed to 1% BSA in 10 mM PBS, followed by incubation with the
polyclonal anti-R. etli Gap antibody 1:35 in 1% BSA 10 mM PBS for 1 h. Then, they were
washed in 0.25% Tween 20 in PBS 10 mM and they were changed to 1% BSA in 10 mM
PBS, followed by incubation with anti-rabbit 12 nm colloidal gold-conjugated antibody
1:30 (Jackson) in 1% BSA 10 mM PBS for 30 min. Samples were washed in PBS, incubated
in 1% glutaraldehyde in PBS for 5 min and rinsed in milliQ water. As a negative control
for non-specific binding of the colloidal gold-conjugated antibody, the primary antibody
was omitted. Sections were stained with 2% uranyl acetate and lead citrate and were
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observed in a Tecnai™ Spirit TWIN microscope (FEI, Eindoven, The Netherlands) equi-
pped with a tungsten cathode from the Electron Cryomicroscopy Unit from the CCiTUB.
Images were acquired at 120 kV with a CCD Megaview 1k x 1 k.

9. INSILICO ANALYSES

9.1. Databases and Bioinformatics software

9.1.1. Databases

Genetic sequences were obtained from the National Center for Biotechnology
Information (NCBI) and the Kyoto Encyclopedia of Genes and Genomes (KEGG).

The Universal Protein database UniProt was used for protein biological and molecular
functions, toretrieve sequences and IDs,and other searches of proteininformation.InterPro
(EMBL-EBI) (Paysan-Lafose et al., 2023) and PSORTb version 3.0.3 tools (https:/www.
psort.org/psortb) were used for domain and subcellular localization prediction respectively.
To retrieve moonlighting proteins information, the databases MoonProt (Mani et al., 2015;
Chenetal.,, 2021), and MultitaskProtDB (Franco-Serrano et al., 2018) were used.

9.1.2. Sequence Management

Multiple sequence alignment was performed using the software MUSCLE (MUIltiple
Sequence Comparison by Log-Expectation) by the EMBL-EBI (Madeira et al., 2022).
DNA sequence visualization, annotation, editing and cloning, as well as plasmid maps
were performed using the Snapgene® software (Dotmatics). For oligonucleotice
design the softwares Oligo 6 (Molecular Biology Insights), Primer-BLAST (NIH-NCBI)
and OligoAnalyzerTM Tool (IDT) were used.

9.2. Statistical analysis

Statistical analysis for comparison among different strains or conditions was performed
by one-way ANOVA with post-hoc Tukey HSD test (Tukey, 1949). Statistical analysis and
graph generation were performed using the softwares Graphpad Prism 9.0, Microsoft
Excel 16.16 (Microsoft Corporation) and RStudio 1.3 software (R Core Team, 2020).
When evaluating significant differences among diverse datasets the different catego-
ries were designated using a letter or symbol code, with different letters or symbols for
statistically significant different groups.

9.3. Image analysis

ImageJ image analysis software (Schneider et al., 2012) was used to measure irregular
areas and length in culture plate photographs.
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ABSTRACT

Cyclic diguanylate (c-di-GMP, cdG) is a bacterial second messenger well known for
orchestrating transitions between distinct lifestyles, notably playing a pivotal role in
biofilm formation. The production and secretion of the biofilm matrix, composed of
polysaccharides, lipids and proteins, undergoes regulation by c-di-GMP. Building upon
previous investigations into the extracellular proteome of Rhizobium etli under high
c-di-GMP conditions (Lorite et al., 2023), our study delved into the impact of this second
messenger on the intracellular and extracellular proteome of the phytopathogen
Pseudomonas syringae pv. tomato DC3000 by quantitative proteomics. The identifi-
cation of differentially abundant (DA) proteins reinforced its involvement in biofilm
formation, exopolysaccharide production and motility. However, a great number of
these proteins appeared related to an array of cellular processes. Moreover, the trends
observed in the export of proteins were markedly different compared to R. etli, where
c-di-GMP promoted the export of cytoplasmic moonlighting proteins. In contrast, the
export of a large number of cytoplasmic metabolic enzymes was downregulated in
Pto, underscoring the importance of exporting potential moonlighting cytoplasmic
proteins outside the cell. Gene expression analyses corroborated the proteomic data,
although deviations were noted in some cases. Immunodetection analyses were speci-
fically conducted on Gap proteins, as its exportation appeared promoted by c-di-GMP
in R. etli. However, the export of Gap1 and Gap2 did not experience significant changes
under high c-di-GMP levels. Nonetheless, its study remained interesting, since both
Gap proteins were found to be exported under different culture conditions, suggesting
potential moonlighting roles in this bacterium.
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BACKGROUND

Bis-(3’,5’)-cyclic diguanosine monophosphate (c-di-GMP) is a widespread bacterial
second messenger which acts as a lifestyle-switch molecule. It is involved in nume-
rous processes including cell to cell signalling, virulence or cell cycle progression, but
its primary and most prominent role lies in orchestrating the transition from a unice-
[lular planktonic form of life to multicellular communities like biofilms (Junkermeier &
Hengge, 2023; Romling, 2023). In biofilms, bacteria reside within a self-produced extra-
cellular matrix, composed of exopolysaccharides, nucleic acids, and proteins. Beyond
immobilizing bacteria, this matrix also enhances liquid retention, contribute to nutrient
acquisition, and provide protection against mechanical stress and toxic compounds,
with biofilm bacteria exhibiting higher antibiotic resistance (Rémling & Balsalobre,
2012; Krol etal., 2020). C-di-GMP serves as a key regulator, both directly and indirectly,
in the secretion of numerous biofilm biopolymers, but also in the secretion of proteins
crucial for maintaining biofilm structural integrity, like adhesins, and motility organelles,
such as flagella and pili. Additionally, c-di-GMP has been shown to impact the expres-
sion and/or activity of diverse protein secretion systems (Lopez-Baenaetal., 2019). It is
noteworthy that cytoplasmic proteins have been also detected in bacterial extracellular
matrices, albeit their origins are unclear and often explained as contaminants due to cell
lysis or to protein-containing membrane vesicles shedding during cell growth (Jiao et al.,
2011; Fong & Yildiz, 2015).

Pseudomonas syringae pv. tomato (Pto) is a phytopathogenic bacteria known to
cause speck disease on tomato and crucifers (Lamichhane et al., 2015). To exert its
virulence, Pto utilizes a sophisticated strategy involving the release of an array of
effectors through a type Il secretion system (T3SS). Additionally, it produces coro-
natine, a phytotoxin that induces stomatal opening, thereby facilitating bacterial
entry into the apoplast (Xin et al., 2018). Complementing these mechanisms, flagella
and biosurfactants facilitate movement, and exopolysaccharides provide protec-
tion against desiccation (Burch et al., 2012; Duque et al., 2013). Protein secretion
also plays a crucial role in the interaction of Pto with the host plant. The Hrp T3SS
releases proteins, known as effectors that either interact with the host cell wall and
plasma membrane or are directly translocated into the cytoplasm. Besides their
involvement in disease development, certain secreted proteins are also implicated in
nutrient acquisition, stress responses, or metabolic adaptation (Petnicki-Ocwieja et
al., 2002; Filloux, 2011; Schumacher et al., 2014). In the extracellular fraction of Pto
DC3000 grown in a T3SS-inducing medium, the prevailing proteins detected were
closely linked to the T3SS. Additionally, the translation elongation factor Tu (EF-Tu),
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the coronafacic acid and coronafacic acid polyketide synthases, both essential for
coronatine synthesis, certain ribosomal proteins, and different metabolic enzymes
were also found (Elkhalfi et al., 2014; Schumacher et al., 2014).

In P. syringae strains, c-di-GMP intricately modulates virulence by inhibiting the T3SS,
leading to the downregulation of numerous genes critical for pathogenicity. Additionally,
c-di-GMP suppresses bacterial motility by inhibiting several flagellar operons, and represses
pathogen-associated molecular patterns (PAMPs) by downregulating fliC transcription
(Wang et al., 2019; Wang et al., 2023). Moreover, the production of EPS in P. syringae
is subject to regulation by multiple environmental signals. Factors such as nutrient
availability, temperature, and surface association strongly influence the expression of
various polysaccharides controlled by c-di-GMP and the signaling proteins LadS and CbrB
(Krishna et al., 2022). For instance, overexpressing the DGC PleD* in Pto and P. savastanoi
pv. phaseolicola (Pph) caused significant alterations in phenotypes such as motility or EPS
production (Pérez-Mendozaetal., 2014).

In a quantitative proteomics study of the extracellular proteome of another
plant-interacting bacteria, Rhizobium etli, Lorite et al. (2023) observed that artificially
elevated intracellular levels of c-di-GMP facilitated the secretion of various extrace-
llular proteins potentially involved in adhesion and biofilm formation. Notably, these
included the rhizobial adhesion protein RapA, as well as previously undescribed
putative adhesins, and different flagellins. Nevertheless, high c-di-GMP levels also
promoted the selective export of cytoplasmic proteins (ECPs) to the extracellular
milieu. Remarkably, approximately 50% of these exported cytoplasmic proteins had
been previously characterized as multifunctional proteins in other organisms, often
found extracellularly or associated with the bacterial cell surface. The differential
exportation of two of these cytoplasmic proteins, the translation elongation factor
(EF-Tu) and glyceraldehyde 3-phosphate dehydrogenase (Gap), was confirmed by
immunoblot assays.

In this study, we aimed to identify intracellular and extracellular proteins regu-
lated by c-di-GMP in the phytopathogenic bacterium Pto DC3000, employing an
approach similar to the one used in the study conducted with R. etli. By doing so, we
aimed to elucidate the regulatory mechanisms governed by c-di-GMP in P. syringae
and to compare the responses of these two contrasting plant-interacting bacteria
to elevated c-di-GMP conditions. Through this comparative analysis, we aimed to
gain insights into the diverse strategies employed by these bacteria in response to
c-di-GMP signalling, potentially uncovering novel aspects of bacterial adaptation
and pathogenicity in plant-microbe interactions.
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SPECIFIC MATERIALS AND METHODS

Bacterial strains and sample collection

The bacterial strain Pto AwssBC (strain details in Table M.1) was employed to prevent
excessive cellulose production under elevated c-di-GMP levels. The plasmid pJB3pleD*
(Table M.2) was used to induce high c-di-GMP levels, whereas the strain with physiolo-
gical c-di-GMP levels bore the plasmid vector pJB3Tc19.

Samples were obtained from 250 ml cultures grown in T3SS-inducing minimal
media with mannitol and pyruvate as carbon sources (MMPM), described in Materials
and Methods. Cultures were grown overnight at 20°C with continuous shaking (180
rpm), to an OD,,=0.7-0.9 and centrifuged 2x 30 min at 7500xg at 4°C to separate
cell pellets and culture supernatants. Cell pellets were resuspended in 1 ml extraction
buffer (0.7 M sucrose, 0.5 M Tris-HCIl pH 8.2, 0.1 M KCI, 50 mM EDTA, 2% B-mercap-
toethanol and 12 g/l (w/v) polyvinylpolypyrrolidone), sonicated for 5 cycles of 30 s
(C =4, 20%) in a Branson Sonicator 250, centrifuged at 15,000xg for 2 min, and the
supernatant extract was collected. Culture supernatants were concentrated from 250
ml to 300 pl using Amicon® Ultra-15 Centrifugal Filter Devices with 3000 MWCO
cut-off. Samples were obtained from three independent culture replicates.

Immunodetection by Western blot

For Western blots, protein samples (20-40 pg) were loaded onto 10% SDS-PAGE gels,
and electrophoresis and membrane transfer were performed following standard proce-
dures as described in Materials and Methods.

Rabbit polyclonal anti-Pto Gap1 and anti-Pto Gap2 antibodies were obtained (Davids
Biothecnologie GMBH, Germany) against synthetic peptides (DLGDSEMNAHLLRFDTVHG
and KAHRFARHRQSDAVELSVHE) derived from the Pto DC3000 Gap1 (PSPTO_1287)
and Gap2 (PSPTO_2102) primary sequences, respectively. These anti-Gap antibodies
were diluted to a working concentration of 2.5 ug/ml. A monoclonal mouse anti-E. coli
Elongation Factor EF-Tu antibody (LSBio Inc., Seattle, WA, USA) was used in a 1:2000 dilu-
tion, following manufacturer’s recommendation. This antibody recognizes the N-terminus
(SKEKFE sequence) of the EF-Tu from E. coli and other bacteria. FliC was detected using a
mouse anti-FliC antibody from P. fluorescens (De Weger et al., 1987) in a 1:10000 dilution.

Gene expression quantification by real-time PCR

Specific oligonucleotides (Table SI.1) were used for each qRT-PCR reaction. As the wssB
gene was selected as representative of the cellulose synthase operon, the wild type
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strain (non-mutant in the wssBC genes) was used in this case. Cultures were grown
in MMPM for 24 h at 20°C with continuous shaking (180 rpm), to an OD,,=0.7-0.9.
PCR reactions and quantification were performed following standard procedures as
described in Materials and Methods.

Functional classification

A functional classification of the differentially abundant proteins was conducted establi-
shing 12 main categories encompassing different functions. The Extracellular function and
Structural category included proteins involved in aggregation and adhesion, flagella and
motility, peptidoglycan and polysaccharide production and structural proteins. The second
category, Protein synthesis and modification, included chaperones, proteases, ribosomal and
other proteins involved in translation and in protein modification processes. Four metabolic
categories were arranged: Carbon metabolism, with proteins involved in the glycolysis and
tricarboxylic acid cycle; Nucleic acid metabolism, with proteins involved in transcription,
purin and pyrimidin metabolism, replication and recombination; Nitrogen metabolism, inclu-
ding amino acid metabolism and nitrogen assimilation; and Lipid metabolism comprising the
functions of lipid biosynthesis and degradation. An Energy production category was establi-
shed with enzymes involved in ATP synthesis and electron transfer. The Cofactors-metals
category included proteins involved in the biosynthesis of cofactors and metal metabolism.
In the Genetic Regulation category, transcriptional regulators and a sub-group of sensory
proteins were included. A Transport category was established including transporters and
proteins being part of secretion systems. The Virulence category included all those proteins
involved in T3SS, T6SS, effector and toxin production, considered virulence factors in Pto
DC3000. A final category named Generic Enzymes was established to encompass enzymes
involved in different processes within the cell that could not be included in the other cate-
gories. Lastly, a number of proteins that lacked a recognised function or did not fit into any
assigned category were classified as Unknown function.

Additional methods used in this chapter are previously described in the general
Materials and Methods section:

- Growth curves

- Total protein samples preparation

- Proteomic analysis

- Gene expression analysis

- Databases and bioinformatics software
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RESULTS

We examined the relative abundance of proteins in both the intracellular and extracellular
proteome of Pto DC3000 with elevated c-di-GMP levels (pJBpleD* plasmid) compared
to its isogenic derivative with physiological c-di-GMP levels (pJB3Tc19 plasmid). Growth
curves of the assayed strains in rich media displayed no significant differences between
them. In MMPM, the high c-di-GMP strain displayed a lower OD between hours 15 and 30,
but then reached the same level as the wild type strain throughout the rest of the growth
curve (Fig. SI.1). It is worth mentioning that the high c-di-GMP strain still showed slight
aggregation/flocculation in minimal media, which may have interfered with the OD reads.

Protein samples were obtained from the intracellular content and supernatants of
three independent culture replicates. An SDS-PAGE gel electrophoresis with Coomassie
staining of the analysed samples is shown in Fig. SI.2. Interestingly, the protein band
pattern appeared consistent with no discernible differences among the samples. This
study was performed using quantitative MS-based proteomics.

C-di-GMP-dependent intracellular proteome of P. syringae pv. tomato

The MS-based proteomic analysis of the intracellular proteome identified 784 differentially
abundant (DA) proteins that met the criteria of statistically likely (g-value<0.05 and £1.5-
fold change), from which 296 proteins qualified as statistically confident (p-value<0.01
and +2-fold change) (Fig. 1A). Due to the large number of proteins in the statistically
likely protein group for the intracellular proteome, further analysis focused solely
on the statistically confident protein candidates. This subset comprised 116 proteins
showing increased abundance (IA) and 180 proteins displaying reduced abundance
(RA) in the high c-di-GMP strain.

An interesting finding in the analysis of the intrasome was the presence of an ISPsy5
transposase among the RA proteins. Proteome analyses identified the peptides as belon-
ging to two proteins: PSPTO_0035 and PSPTO_5304, which are 99.8% identical.
Surprisingly, PSPTO_0035 is 100% identical to other 32 proteins putatively present in
Pto DC3000: PSPTO_0039, PSPTO_0196, PSPTO_0670, PSPTO_1020, PSPTO_1098,
PSPTO_1189, PSPTO_1227, PSPTO_2437, PSPTO_2460, PSPTO_2840, PSPTO_2971,
PSPTO_3213, PSPTO_3216, PSPTO_3613, PSPTO_3651, PSPTO_3996, PSPTO_3999,
PSPTO_4251, PSPTO_4389, PSPTO_4567, PSPTO_4693, PSPTO_4737,PSPTO_4764,
PSPTO_4994, PSPTO_5212, PSPTO_5215, PSPTO_5368, PSPTO_5411, PSPTO_5443,
PSPTO_5445, PSPTO_5543, PSPTO_5591. Since it was not possible to unambiguously
assign the peptides to a specific protein, we excluded both PSPTO_0035 and PSPTO_5304
from our analyses. This left 295 proteins of the intrasome for further analyses, of which
116 proteins showed IA and 179 displayed RA in the high c-di-GMP strain.
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A Intrasome

Extrasome

Figure RI.1. Volcano plots of the differentially abundant proteins comparing Pto strains with
physiological and high levels of c-di-GMP.

Each differentially expressed protein is represented by a dot. Red dots represent statistically
likely proteins (g-value<0.05 and +1.5-fold change), with increased or reduced abundance.

A. Intracellular proteome. Dark red and green dots represent proteins qualified as statistically
confident (p-value<0.01 and +2-fold change) that were considered for the analysis, whereas
light red and green dots represent statistically likely proteins (g-value<0.05 and +1.5-fold
change) that were not considered in the analysis.

B. Extracellular proteome. Dark red and green dots represent proteins qualified as statistically
likely proteins (g-value<0.05 and +1.5-fold change), which were all considered in the analysis.
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The predicted subcellular localization and likely function of each DA protein were
examined based on sequence homologies, analysis of protein domains, and literature
reports. Regarding subcellular localization, the majority of proteins were cytoplasmic,
accounting for 52% and 60% of the |A and RA proteins, respectively. Membrane-associated
proteins represented 15% and 32%, whereas periplasmic and extracellular proteins were
only represented in the IA group, comprising 8% and 2%, respectively (Fig. RI.2A).

Gene Ontology (GO) functional analysis revealed DA proteins across various functional
groups (Fig. RI.2B). Apart from those of unknown function, the larger groups of proteins were
those categorised as extracellular function, generic enzymes (enzymes involved in diverse
pathways), nucleic acid metabolism, transporters, and genetic regulation. DA proteins were
also observed in the functional groups of nitrogen metabolism, protein synthesis and modi-
fications, cofactors and metal metabolism, and virulence (Fig. R1.2B and Table R1.1).

The most abundant DA proteins in the intrasome were those associated with extra-
cellular and structural functions. Intriguingly, no putative or known protein adhesins
regulated by c-di-GMP were identified in this experiment. Among the |A proteins at high
c-di-GMP levels were those involved in peptidoglycan formation and cellulose biosyn-
thesis, such as WssA, WssE, WssF, WssG or Wssl, which are known to be regulated by
c-di-GMP and play rolesin adhesion/aggregation and biofilm formation (Pérez-Mendoza
et al., 2014). In contrast, PSPTO_3530/PslIB, involved in Psl exopolysaccharide biosyn-
thesis (Heredia-Ponce et al., 2020; Krishna et al. 2022), was found RA, as well as three
LPS related proteins (HtrB, KdtA, WaaG). Regarding motility, one protein related with
type IV pili production (PilJ), many proteins from the flagellar basal body (FIiG, FliH, Flil,
FliM, FIhF, MotB), as well as several proteins involved in chemotaxis (e.g., PSPTO_0117,
PSPTO_1334,PSPTO_2616,PSPTO_4531,PSPTO_5159) constituted one of the largest
RA functional groups, which agrees with the known downregulation of bacterial moti-
lity by c-di-GMP (Rémling, 2005; Pérez-Mendoza et al., 2014). However, the flagellar
L-ring protein FIgH and the hook capping protein FigD appeared IA under this condition
(Table RI.1), whereas other proteins from the external flagellar apparatus such as the
flagellin FliC or the hook protein FIgE remained unchanged.

A significant number of DA proteins in the intrasome were classified as generic
enzymes, as they would catalyse reactions involved in unclassified pathways or routes. In
the 1A group, five enzymes presented oxidoreductase activity (PSPTO_2949, PSPTO_4082,
PSPTO_4263, PSPTO_4914 and PSPTO_5060), whereas others were hydrolases
(PSPTO_0162, PSPTO_0675, PSPTO 5171), or transferases (PSPTO_1331, PSPTO_3856).
Some other present enzymes were involved in the biosynthesis of secondary metabo-
lites (PSPTO_0659 or PSPTO_0730/UbiX) or in the degradation of aromatic compounds
(PSPTO_3138). Proteins with diverse activities were also present among the RA generic
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Figure R1.2. Subcellular localization and function of intracellular proteins with differential

abundance under high c-di-GMP.

A. Predicted subcellular localization of the increased and reduced abundance proteins

under high c-di-GMP.

B. Likely function classification of the proteins exhibiting differential abundance under high

c-di-GMP.
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enzymes. There were four glycosyltransferases (PSPTO_1067,PSPTO_1918,PSPTO_1946,
PSPTO_2710), one acetyltransferase (PSPTO_5506) and three oxidoreductases (Qor,
PSPTO_2672,PSPTO_2722). Other enzymes that appeared as RA were PchA, involved in
biosynthesis of the siderophore yersiniabactin, PSPTO_5222/UbiH, involved in biosyn-
thesis of a ubiquinone that functions in the respiratory electron transport chain, and VanA
involved in vanillate degradation. Curiously, PSPTO_2673, a putative dehydrogenase and
PSPTO_2672, containing a flavin-reductase like domain, displayed opposite trends despite
being encoded in the same operon. UbiX and UbiH likely involved in a common route of
ubiguinone synthesis also exhibited diverging trends.

Concerning nucleic acids metabolism, a histone-like protein (PSPTO_1266), a putative
oligoribonuclease (Orn/PSPTO_4950), a putative exodeoxyribonuclease 111 (PSPTO_0079),
and several proteins involved in nucleotide metabolism showed IA. Interestingly, the alar-
mone (p)ppGpp metabolizing protein SpoT/PSPTO_0073, along with putative cytidine
deaminase (Cdd/PSPTO_1602) and adenosine deaminase (PSPTO_0757), displayed RAin
the high c-di-GMP strain. Also, many proteins involved in DNA repair and recombination
(i.e., Rec proteins) appeared RA.

Among DA transporter proteins, mostly importers but also exporters and puta-
tive porins were found. |A transport proteins were mainly ABC transporters (ModA,
PSPTO_2775,abP/PSPTO_2638,PSPTO_5358,PSPTO_5562), but also others such as SecG
which is a component of the membrane translocase of the general Sec protein secretory
pathway. It is interesting to note that in Pto the secG gene seems transcriptionally coupled
to tpiA, encoding the triose-P isomerase protein TpiA that was also found IA (Table RI.1,
Carbon metabolism, Glycolysis/TCA/PP). RA transport proteins included ABC transpor-
ters (CysA, FtsX, GItK, LolC, PotA, PSPTO_0462), but also the dicarboxylate uptake protein
DctA-1. Other RA proteins were involved in type IV pilus formation, T2SS, and T4SS (PilB,
PilC, PSPTO_0319, PSPTO_4853), a putative T5SS (PSPTO_3230) and T6SS (PSPTO_5425,
PSPTO_5427), also involved in virulence (as classified in Table RI.1). Regarding components
of ABC transporters, it is worth to mention that the majority of the IA corresponded to
ligand-binding periplasmic proteins whereas most RA proteins were membrane associated
components of ABC transporters.

Many proteins containing sensor domains and potentially involved in signal trans-
duction and regulation displayed DA. Most of these proteins (EnvZ, NtrB, etc.) were RA,
however one was |A, PSPTO_1208 containing a FecR-like domain and probably involved in
citrate-mediated iron uptake (Butcher et al., 2011; Llamas et al., 2014). A significant number
of DNA-binding transcriptional regulators were also found DA. GIpR, probably involved
in glycerol-3-phosphate uptake and metabolism, the virulence regulator TvrR (Preiter et
al.,2005), PSPTO_2646, another TetR-like regulator, PSPTO_4027, belonging to the LuxR
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family, and the response regulator PSPTO_4553, homologous to RegA of P. aeruginosa,
all displayed IA. On the other hand, nearly a dozen putative transcriptional regulators
appeared RA in the elevated c-di-GMP strain: MItR (an AraC-type regulator), PSPTO_0303
(response regulator with HDOD domain, IPR013976), PSPTO_0378 (response regulator),
PSPTO_0384 (regulator with a methyltransferase domain belonging to the ArsR family),
PSPTO_0665 (putative repressor), PSPTO_1499 (WspR-like regulator with a GGDEF
domain), PSPTO_2395 (putative sugar responsive regulator), PSPTO_5399 (putative
DctD regulator), and the putative LysR family transcriptional regulators PSPTO_1618,
PSPTO_2447 and PSPTO_5498. Also, the sigma factor RpoS appeared reduced, suggesting
that c-di-GMP could potentially affect the expression of numerous stationary-phase genes.

Regarding proteins involved in nitrogen metabolism, some involved in histidine
biosynthesis (HisG) and utilization (HutH-2), methionine salvage pathway (MtnB, MtnC
and PSPTO_35006), tryptophan biosynthesis (TrpA) and metabolism of other amino acids
were found IA. In contrast, diverse proteins involved in either biosynthesis or degrada-
tion of amino acids appeared RA.

Few proteins involved in protein synthesis and modification appeared IA, which
included the ribosome modification protein RimK, the tRNA modification factor SmtA,
or the rRNA modification factor RsmA(PSPTO_0551). Most proteins in this category
appeared RA, including multiple proteins involved in protein, tRNA and rRNA modifica-
tions, proteases and chaperones.

There were intriguing results regarding proteins involved in the metabolism of cofac-
tors. For instance, CobP and CobC displayed opposite trends (Table 1), despite both being
encoded in the same operon and involved in cobalamin biosynthesis. Likewise, PncA and
PncB, involved in nicotinate and nicotinamide metabolism although not located in the same
operon, displayed contrasting trends. Two proteins encoded in the same operon although
with apparently unrelated roles, protein PSPTO_4034 putatively involved in nicotinami-
de-nucleotide metabolism and PSPTO_4033 (RecA) involved in DNA repair, also displayed
opposite trends (Table RI.1). HemF involved in heme biosynthesis, MetF (methylenetetra-
hydrofolate reductase), and RibE from the riboflavin biosynthesis pathway, all displayed
IA. Irp1, Irp4 and PSPTO_2602 encoded in the yersiniabactin biosynthesis operon, and
PSPTO_2150 from the pyoverdine pathway were all RA, suggesting that c-di-GMP could
reduce production of these two siderophores.

Virulence-related proteins were also prominent among the RA proteins. Specifically,
several proteins involved in coronafacic acid (Cfa3, Cfa5, Cfaé, Cfa7, Cfa%) and coronamic
acid (CmaA, CmaB) synthesis, required for Pto virulence, appeared RA. The T6SS secreted
protein Hcp-2/PSPTO_5435 was IA, whereas PSPTO_5425 and PSPT_5427 displayed RA,
despite the fact that the three of them are part of the same T6SS (Chien et al., 2020).
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Table RI.1. Functional classification of differentially abundant proteins in the intracellular proteome of
the high c-di-GMP strain. For more detailed data and unknown fuction proteins see Appendix B.

Category Function Differential Abundance Proteins
Increased Abundance (l1A) Reduced Abundance (RA)
Carbon . Rpe, TpiA, Xfp,
metabolism Glycolysis/TCA/PP PSPTO_0107 PSPTO_3124,PSPTO_3126
Cofactors- Biosynthesis of cofactors CobP, HemF, MetF, PncA, CobC, Cobl, Irp1, Irp4, PncB,
metals and metal metabolism RibE, PSPTO_4034 PSPTO_2150, PSPTO_2602,
’ - PSPTO_5526
Energy ATP synthesis and electron EtfB-2 NdH
transfer
Aggregation/Adhesion
FIhF, FIiG, FliH, Flil, FliM,
MotB, PilJ, PSPTO_0117,
PSPTO_0916, PSPTO_1039,
PSPTO_1323,PSPTO_1334,
Flagella/Motility FlgD, FlgH PSPTO_1495, PSPTO 1927,

Extracellular
function and

PSPTO_2441, PSPTO_2442,
PSPTO_2472, PSPTO_2616,
PSPTO_4531, PSPTO_4541,

structural PSPTO_4936, PSPTO_5159,
PSPTO_ 5553
Peptidoglycan MItB, PSPTO_1025,
eptidoglyca PSPTO_4989
Polvsaccharide WssA, WssE, WssF, WssG, HtrB, KdtA, WaagG,
4 Wissl PSPTO_3530
Structural ZapE, ZipA
UbiX, PSPTO_0162,
PSPTO_0659,PSPTO_0675, Qor, PchA, UbiH, VanA,
PSPTO_1331,PSPTO_1529,
PSPTO_1067, PSPTO_1918,
. L PSPTO_2673,PSPTO_2949,
Generic Involved in different PSPTO_1946, PSPTO 2672,
. PSPTO_3138,PSPTO_3802,
enzymes metabolic processes PSPTO 2710, PSPTO 2722,
PSPTO_3856,PSPTO_4082, PSPTO 3705 PSPTO 5104
PSPTO_4263,PSPTO_4549, _PSPT(S 5506 ’
PSPTO_4914,PSPTO_5060, -
PSPTO_ 5171
EnvZ, NtrB, PSPTO_0965,
. PSPTO_1605, PSPTO_1606,
Sensory proteins PSPTO_1208 PSPTO_ 2123 PSPTO 2131,
PSPTO_2715, PSPTO_4293
Genetic MItR, RpoS, PSPTO_0303,
regulation PSPTO_0378, PSPTO_0384,

Transcriptional regulators

GIpR, TvrR, PSPTO_2646,
PSPTO_4027,PSPTO_4553

PSPTO_0665, PSPTO_1499,

PSPTO_1618, PSPTO_2395,

PSPTO_2447,PSPTO_5399,
PSPTO_5498
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Llpld' Lipid blosynth§5|s and PSPTO. 2719 Cfa
metabolism degradation
AroB, HisG, HutH-2, MtnB, AroF-1, AruF, DadA, GevT-
. Amino acid Metabolism MtnC, TrpA, PSPTO_1335, 2, IscS, ProB, SoxB-1,
Nltroggn PSPTO_2261,PSPTO_2281, PSPTO_0401, PSPTO_0873,
metabolism PSPTO_3506, PSPTO 4526  PSPTO_3190, PSPTO_5460
Nitrogen assimilation
Transcription Orn
. . ApaH, CysH, CysQ, HyuE,
P”r":naer;gg’g’lz's”r:d'”e PyrE, PyrF, PyrH, SurE, Cdd, SpoT, PSPTO_0757
PSPTO_0828, PSPTO_5403
Nucleic acid
metabolism HrpB, MutL, RadA, RecA,
Replication/Recombination PSPTO_0079 Ri?;?;fgﬁff;ﬁffb
PSPTO_5344
Others PSPTO_1266
HscC, YegD, PSPTO_1065,
Chaperones PSPTO 5052
Protein Proteases PSPTO_1350, PSPTO_1541,
synthesis and PSPTO_1822
modification
Translation RsmA/PSPTO 0551, SmtA Et;ﬁ; g’"};"r:dA’TQrﬁgA’TtRC'QF'
Modifications RimK PSPTO_4481
AbP, ArsB, ModA, CysA, DctA-1, FtsX, GItK,
>ecG, PSPTO_1852, LolC, PilB, PilC, PotA, THE
Transporters/Secretion PSPTO_2343,PSPTO_2484, i ) ’ ’ ;
Transport PSPTO_0138, PSPTO_0319,
systems PSPTO_2601,PSPTO_2775, PSPTO 0462 PSPTO 2160
PSPTO_3846,PSPTO_5333,  pop1( 3230, PSPTO 4853
PSPTO_5358, PSPTO_5562 - ’ -
Cfa3, Cfa5, Cfaé, Cfa7,
Virulence Virulence factors Hcp-2 Cfa9,CmaA, CmaB, laal,

PSPTO_5425, PSPTO_5427
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C-di-GMP-dependent extracellular proteome of P. syringae pv. tomato

The MS-based proteomic analysis of the extracellular proteome identified 396 differen-
tial proteins meeting the criteria of statistically likely (g-value<0.05 and +1.5-fold change),
all of which were considered for further analysis (Fig. Rl.1B). Of these, 139 proteins were
IA proteins while 257 proteins displayed RA in the strain with high c-di-GMP levels. This
observation mirrors the trend seen in the intracellular proteome, with a greater number
of RA than IA proteins under high c-di-GMP conditions.

The predicted subcellular localization and likely function of each differentially
abundant protein were also studied in this case. Concerning subcellular localization, cyto-
plasmic proteins comprised the largest group, accounting for 30% and 68% of the 1A and
RA proteins, respectively (Fig. R1.3A). Membrane-associated proteins represented 14%
and 12% of the IA and RA proteins, respectively, displaying similar ratios in both groups.
In contrast, periplasmic proteins were more prevalent among the |A proteins (21%)
compared to only 2% of the RA proteins. Extracellular proteins followed a similar pattern,
accounting for 12% of the |A group but only 1% of RA proteins (Fig. RI.3A).

Gene Ontology (GO) functional analysis of the differentially abundant proteins
(Fig. R1.3B) showed that the largest groups of |IA proteins were involved in transport
(29), and extracellular and structural functions (26). On the other hand, RA proteins
were predominantly involved in protein synthesis and modification (38), generic
enzymes (37), nitrogen metabolism (30), and nucleic acid metabolism (30). A signifi-
cant number of proteins classified as unknown function were present in both IA and
RA groups (Fig. RI.3B and Table RI.2).

The functional classification of differentially abundant proteins in culture superna-
tants is depicted in Table RI.2. The most abundant DA proteins in the extrasome were
those associated with protein synthesis and modification, which was one of the largest
groups of RA proteins, a pattern also observed in the intrasome. In this case, RA proteins
included many large and small ribosomal proteins (Rpl, Rpm:, Rps:), the ribosome recy-
cling factor Frr, the translation initiation and release factors InfA and PrfC, and several
aminoacyl t-RNA ligases. There were also several proteases like ClpA, ClpP or PepN that
displayed RA, as well as chaperones like GroES and the peptidyl-prolyl isomerases PpiB,
PSPTO_0808,PSPTO_1171and PSPTO_4581.The IA group displayed afew proteins with
putative peptidase activity, like Map-2, Prc, PSPTO_0425, PSPTO_3193, PSPTO_3332,
PSPTO_3958 and PSPTO_5329, but also the ribosomal protein S8 (RspH), the putative
ribosome-binding GTPase YchF or the amidase PSPTO_3192.

Another functional group with a notable number of proteins was the one named
generic enzymes, most involved in diverse but unknown catalytic reactions/pathways.
There were nearly 10 IA generic enzymes, which have common features like their
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Figure 3. Subcellular localization and function of extracellular proteins with differential

abundance under high c-di-GMP.

A.Predicted subcellular localization of the increased and reduced abundance proteins under

high c-di-GMP.

B. Likely function classification of proteins displaying differential abundance under high

c-di-GMP.
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subcellular location (either cytoplasmic or associated to cytoplasmic membrane)
and their putative involvement in metabolism of C compounds (acetyltransferases,
deacetylases, isomerases, oxidoreductases and hydrolases), including CO, (carbonic
anhydrase PSPTO_1340). The RA group of generic enzymes included 36 proteins,
mostly cytoplasmic, many of which might be involved in secondary oxidoreductase/
dehydrogenase activities, often related with antioxidant metabolism. An interesting
observation is the presence of CatF, Catl, and CatJ, three proteins encoded by the
same operon and participating in the degradation of catechol.

Transporters and secretion proteins were the largest group of 1A proteins under high
c-di-GMP conditions, consistently with the intrasome profile, where those categories also
represented a substantial portion. Similarly, the majority of IA transport proteins were
ligand-binding periplasmic proteins of ABC transporters, including FecB, RbsB-2, XylF,
ZnuA, PSPTO_0791, PSPTO_2788 or PSPTO_2775 (Table RI.2), the later was also IA in
the intracellular proteome (Table RI.1). Other IA periplasmic proteins involved in transport
were TolB (from the Tol-Pal translocation system) and DctP (from the TRAP dicarboxylate
translocation system). Nevertheless, a few membrane-associated components were also
IA, such as PSPTO_1076 which could be involved in LPS biosynthesis or export, or TIliF
which is an outer membrane protein part of a T1SS involved in secretion of extracellular
enzymes (Ahn et al., 1999). Intriguingly, another component of this T1SS, TIiE, was found
RA in the intrasome (Table RI.1). Functional diversity was higher among RA transport
proteins (Table RI.2), which included the carbon-starvation responsive, peptide transport
protein CstA, the phosphotransferase system protein PtsP, the symporter PSPTO_5500,
the proteins PSPTO_4303 and PSPTO_4304/SaxB of the multidrug efflux pump MexAB-
OprM (Vargas et al., 2011), the putative membrane insertase YidC, or the inner membrane
protein PSPTO_5451 which contains the conserved domain of unknown function DUF945
(IPRO10352). This group of RA proteins also included ABC-type components such
as the pyoverdine transporter PvdE (Swingle et al., 2008) the membrane permease
PSPTO_2604/YbtP involved in yersiniabactin biosynthesis (Bultreys et al., 2006; A.
M. Jones et al., 2007), and PSPTO_0138 which has unknown role but was also found
RA in the intracellular proteome (Table RI.1). Curiously, two components of the phospho-
transferase system were identified: PtsN, which exhibited IA, and PtsP, which displayed RA
(Table RI.2). It should be also mention that Ffh, a component of the membrane translocase
of the general Sec protein secretory pathway exhibited RA in the extrasome. Interestingly,
another component of that pathway, SecG, was found to be IA in the intrasome (Table RI.1).

Several |A proteins involved in polysaccharide and peptidoglycan formation, like AlgE,
AlgL, DacB, MItB, MItF, OpgG, WssD or WssG, whose functions are related to or known to
be regulated by c-di-GMP (Morganetal.,2014; Whitney et al.,2015; Kharadi & Sundin, 2020;
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Liangetal., 2022), were identified in the extracellular function and structural group. Various
flagellar and other motility related proteins were also found to be IA in the extracellular
proteome (FIgE-1, FIgF, FIgG, FigK, FigL, FliC, FliH), all proteins from the most external parts
of the flagellum. It is known that high c-di-GMP blocks P. syringae motility (Pérez-Mendoza
et al., 2014), but these results suggest that c-di-GMP may not repress flagellin secretion.
Contrarily, FlgH appeared RA despite being encoded in the same operon as the rest of the
Flg proteins, and despite having appeared IA in the intracellular compartment (Table RI.1).
Surprisingly, few proteins involved in adhesion displayed DA in the extracellular compart-
ment. Only PSPTO_2874, a 653 aa protein containing a central Von Willebrand type A-like
domain (IPR002035) putatively involved in adhesion, was IA.

The nitrogen metabolism category included few IA proteins, taking part in amino
acid metabolism, and a greater number of RA proteins. The majority of these were also
involved in amino acid metabolism (AhcY, ArgH, AroQ, BetA, CarB, IlvN and MetH, among
others), but some of them were involved in nitrogen assimilation (CynS, PSPTO_1440,
PSPTO_2302). Contrasting behaviours were detected for proteins apparently working in
the same pathway, for instance ThrB vs ThrC, MtnC vs MtnA, or TrpC/D vs TrpA (Table
RI.2). HisG, MtnC and the phosphorylase PSPTO_3506 were found A in both intracellular
and extracellular proteomes, whereas TrpA displayed A intracellularly but RA extracellu-
larly (Tables RI.1 and RI.2).

Nucleic acid metabolism was another group with a significant number of RA proteins,
many appeared involved in purine and pyrimidine metabolism (Amn, Cdd, Dcd, GuaA,
PurA, PurC, PurE, PurF, PurT, PyrC) (Table RI.2). A few appeared involved in transcription
efficiency such as GreA and NusG, the sigma-54 transcription factor RpoN, or the oligori-
bonuclease Orn/PSPTO_4950. Intriguingly, Orn was found IA in the intrasome (Table RI.1).
Other RA proteins appeared involved in DNA replication/recombination (DnaE, ParE,
TopA) and/or repair (UvrA, Ssb, SbcC), as well as several endoribonucleases (PSPTO_0072,
PSPTO_0102, PSPTO_2779, PSPTO_4778). Also, in this RA subgroup was PSPTO_1266,
a histone-like protein which curiously appeared IA in the intrasome (Table RI.1). Another
histone-like protein HupB was found IA extracellularly, along with a few proteins involved
in purine and pyrimidine metabolism (Table RI.2).

The group of proteins involved in biosynthesis of cofactors and metals included
also a high number of RA proteins (Table RI.2): BioB involved in biotin metabolism,
CobT and CysG involved in porphyrin metabolism, Epd/Gap3 and PdxJ related to
vitamin B6 metabolism, MoaB involved in molybdenum cofactor biosynthesis, NudC
in nicotinamide-nucleotide metabolism, PanB in panthotenate metabolism, PqgB in
coenzyme PQQ, RibH2 in riboflavin biosynthesis, Irp3 and PSPTO_2602 in yersinia-
bactin biosynthesis, and PSPTO_4193 putatively involved in siderophore utilization.

-95-



| Chapter | |

Table RI.2. Functional classification of differentially abundant proteins in the culture supernatants of
the high c-di-GMP strain. In bold are indicated proteins reported as moonlighting in other organisms,
underlined are indicated putative moonlighting proteins in other organisms. For more detailed data and

unknown fuction proteins see Appendix B.

Category Function Differential Abundance Proteins
Increased Abundance (l1A) Reduced Abundance (RA)
FumC-2, Gcd, Glk, GItA, Gpml,
Carbon LpdA, Pgm, Rpe, PSPTO_0500,
metabolism Glycolysis/TCA/PP GlcB2, Zwf-2, PSPTO_1443 PSPTO_0956, PSPTO_1215,
PSPTO_1281, PSPTO_5134,
PSPTO_5292
Bfr, BioB, CoaD/PSPTO_0417,
CobT, CysG, Epd/Gap3, Irp3,
Cofactors-  Biosynthesis of cofactors MoaB, NudC, PanB, PdxJ,
metals and metal metabolism CobC, CopA, CopB, PanE-1 PqggB, RibH2, TerB, TerD,
PSPTO_0653, PSPTO_2602,
PSPTO_3983, PSPTO_4193
ATP synthesis and
Energy electron transfer AtpF CyoB
Aggregation/Adhesion PSPTO_2874

Extracellular

Motility / Chemotaxis

FIgE-1, FIgF, FigG, FigK, FlgL,
FliC, FliH, PSPTO_0815

CheB1, FIgH, PSPTO_2616,
PSPTO_3237

DacB, MItB, MItF, OpgG,

function and Peptidoglycan PSPTO_2270, PSPTO_3522, Mpl, PSPTO_0977
structural PSPTO_4419, PSPTO_4634
Polysaccharide AlgE, AlgL, WssD, WssG GmhA, LpxA
AmpC, BamB, MinE,
Structural PSPTO. 2187, PSPTO. 4084 Blc, HfIK, GImU, PSPTO_3403
AcdA, AhpC, CatF, Catl, CatJ,
ElbB, GIgB, GloA, Gor-1, GsT,
Ppa1, RfbB-2, RfbC-1, SodB,
PSPTO_0145, PSPTO_0155,
Fnr-2, PSPTO_1245, PSPTO_1337, PSPTO_1465,
PSPTO_1340, PSPTO_2290 PSPTO 1559, PSPTO 1881,
Generic Involved in different - ’ - ’ PSPTO_1882, PSPTO_2065,
. PSPTO_2697,PSPTO_2847,
enzymes metabolic processes PSPTO_2289, PSPTO_2492,
PSPTO_3495,PSPTO_4161,
PSPTO 5507 PSPTO_2805, PSPTO_3039,
- PSPTO_3362, PSPTO_3460,
PSPTO_3570, PSPTO_3708,
PSPTO_3883, PSPTO_3919,
PSPTO_3955, PSPTO_4992,
PSPTO_5286, PSPTO_5293
Sensory proteins
Genetic AlgB, CapB, DksA, Hfq, PilH,
; Transcriptional PSPTO_0066, PSPTO_1274
regulation - ’ - )
regulators MucB, PyrR,PSPTO 1679 bop1o 1433 PSPTO 2376,
PSPTO_3980, PSPTO_4427
Lipid Lipid biosynthesis and PSPTFOab1G7’£1<SSpE’SIP>|':':éz,1916 AccA, AccB, FabA, FabB, FabD,
metabolism degradation - ! - ’ FabF, LipA, PSPTO_3857

PSPTO_2268
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. Amino acid metabolism
Nitrogen

metabolism

AstE, HisG, MtnC, ThrB,
TrpC, TrpD, PSPTO_3506

AhcY, ArgE-2, ArgH, AroQ,
BetA, CarB, GabD-3, GItB,
GlyA2, llvA-1, lIvN, LeuA,
MetC-1, MetF, MetH, MtnA,
ProA, SoxA-1, ThrC, TrpA,
PSPTO_0092, PSPTO_0517,
PSPTO_1531, PSPTO_1921,
PSPTO_3757,PSPTO_5171,
PSPTO_5308

Nitrogen assimilation

CynS, PSPTO_1440,
PSPTO_2302

Transcription

GreA, NusG, Orn, RpoN

Purin and pyrimidine
metabolism
Nucleic acid

CysQ, GuaD, PyrF,
PSPTO_2373

Amn, Cdd, Dcd, GuaA, PurA,
PurC, PurE, PurF, PurT, PyrC,
PSPTO_1909, PSPTO_2331,
PSPTO_3665, PSPTO_4973

metabolism Replication/

Recombination

DnaE, ParE, TopA

Others

HupB

Ssb, SbcC, UvrA, PSPTO_0072,
PSPTO_0102, PSPTO_1266,
PSPTO_2779,PSPTO_4778

Chaperones

HscA

NfuA, GroES, PpiB,
PSPTO_0808, PSPTO_1171,
PSPTO_4581

Proteases
Protein

Map-2, Prc, PSPTO_0425,
PSPTO_3193, PSPTO_3332,
PSPTO_3958, PSPTO_5329

ClpA. ClpP, PepN, PSPTO_3437,
PSPTO_3911

synthesis and
modification

Translation

RpsH, SelD, YchF,
PSPTO_3192

CysS, Der/PSPTO_1438, Frr,
InfA, PrfC, RpID, RplQ, RplV,
RpIW, RpmA, RpmE2, RpmF,
RpmG, Rpml, RpsF, RpsM, RpsN,
RpsQ, RpsR, RpsS, RsfS, HisS,
ThrS, TyrS, PSPTO_1205

Modifications

SixA, PSPTO_0412

Transporters/Secretion

Transport systems

DctP, FecB, PtsN, RbsB-

2, TliF, TolB, XyIF, ZnuA,
PSPTO_0364, PSPTO_0791,
PSPTO_0889, PSPTO_1054,
PSPTO_1076, PSPTO_1159,
PSPTO_1255, PSPTO_1600,
PSPTO_2141, PSPTO_2667,
PSPTO_2775, PSPTO_2785,
PSPTO_2788, PSPTO_3049,
PSPTO_3058, PSPTO_3256,
PSPTO_3335, PSPTO_3490,
PSPTO_5245, PSPTO_5306,

PSPTO_ 5316

CstA, Ffh, PtsP, PvdE,
SaxB/PSPTO_4304, YidC,
PSPTO_0138, PSPTO_2604,
PSPTO_2705, PSPTO_4303,
PSPTO_5500

Virulence Virulence factors

Cfa2, Cfl, HopAB2, HopAK1,
HopC1, HopD1, HopE1,
HopG1, Hopl1, HrpK1,

PSPTO_5414

Hcp-2, HrpA1l, PSPTO_4010,
PSPTO_5421, PSPTO_5433
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PSPTO_0653 and PSPTO_3983 were putative bacterioferritins, and TerB and TerD
are involved in tellurite resistance. IA proteins of this class were the copper resis-
tance proteins CopA and CopB, and PanE-1 and CobC involved in panthotenate and
cobalamin metabolism, respectively. It was also noticeable that CobC displayed IA in
the extracellular media but was listed as RA in the intrasome (Table RI.1).

Interestingly, certain central metabolic enzymes also exhibited DA in the extracellular
media. Several carbon metabolism enzymes (Gcd, Gk, GItA, Gpml, LpdA, Pgm, Rpe) were
found with RA, but three displayed IA. One of them, the malate synthase GlcB2 has been
described as a moonlighting protein with adhesin functions in Mycobacterium tuberculosis
(Kinhikar et al., 2006).

Among lipid metabolism enzymes, acomparable number of |A and were identified.
With 1A were FabG, IspB, PIcA2, PSPTO_1916 and the hydrolases PSPTO_1766 and
PSPTO_2268. With RA were the acetyl-CoA carboxylase subunits AccA and AccB,
the fatty acid biosynthesis proteins FabA, FabB, FabD, FabF, and the putative lipoyl
synthase LipA.

A significantly smaller group of regulatory proteins appeared DA compared to
the intracellular medium. Still, the majority were RA DNA-binding regulators, inclu-
ding three cold shock proteins (CapB, PSPTO_1274 and PSPTO_2376), two response
regulators of two-component systems (AlgB and PilH), the LysR-family regulator
OxyR/PSPTO_0066, the AraC family PSPTO_4427, the morphogenic protein RodZ
(PSPTO_1433), or the putative regulator of unknown function PSPTO_3980 (Table
RI.2). IA proteins includeed the OmpR family regulator PhoB/PSPTO_1679, the pyri-
midine operon regulatory protein PyrR, and the anti-anti-sigma factor MucB, which
controls AlgU availability (Li et al., 2019).

Proteins involved in virulence showed a majority of |A proteins, exhibiting a different
trend compared to the intrasome. In this case, besides two coronafacic synthetases Cfa2
and Cfl, the IA proteins were mainly type Il effectors, such as HopAB2, HopAK1, HopC1,
HopD1, HopE1, HopG1, Hopl1, and the helper protein HrpK1. In contrast, HrpA1/
PSPTO_1381, the major component of the T35S-associated pilus, displayed RA, like did
two proteins components of the T6SS external filament, Hcp-2 and PSPTO_5433/TssB2
(Table RI.2), despite Hcp-2 or PSPTO_5421/TssJ2 being found IA intracellularly (Table
RI.1). Also, RA was the protein PSPTO_4010, a putative bacteriophage protein which
displays some homology to the Yda$S toxin (IPRO31856), and also contains a putative
peptidase S24 domain (IPR015927).
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Expression of c-di-GMP differentially exported protein-coding genes

Given the unavailability of protein-specific antibodies for many proteins, gene expression
analyses were undertaken on select genes encoding proteins identified with DA in the
aforementioned proteomic studies. These analyses aimed to provide indirect evidence
either supporting or refuting the findings of the proteomic data. Additionally, specific
genes were chosen for this gPCR analysis due to their inclusion in large operons and/
or the availability of oligonucleotide primers for these genes in the laboratory. For
instance, the wssB gene was selected as a representative of the cellulose synthase
operon. Notably, wssB exhibited a significant 21.3-fold increase in expression in the
high c-di-GMP strain compared to the wild type (Table RI1.3). This rise in gene expres-
sion corresponded with the substantial increase of various proteins encoded in the wss
operon (WssA, WssD, WssE, WssF, WssG), as observed both intracellularly and extra-
cellularly. Indeed, it is well documented that the wss operon and cellulose biosynthesis
are activated by c-di-GMP in Pto DC3000 (Pérez-Mendoza et al., 2014; Prada-Ramirez
etal., 2016; Pérez-Mendoza et al., 2019; Martinez-Rodriguez et al., 2023). Similarly, the
algD gene representative of the alginate operon, displayed increased expression in the
c-di-GMP strain. This observation correlated with the IA of proteins AlIgE and AlgL,
particularly in the extrasome (Table RI.3), and with the reported increase in alginate
production under those conditions (Pérez-Mendoza et al., 2014).

For other genes, the relationship between gene expression and protein content was
not clearly established. In the case of fliC and figF, which encode flagellar components,
gene expression exhibited a notable decrease with high c-di-GMP levels (Table RI.3),
which did not correlate with the non-significant DA observed in the intrasome, neither
with its extracellular IA. The unchanged levels of FliC in the cytoplasm were corroborated
via specific immunoblots, however this method did not corroborate the IA observed for
FliCin the extrasome (Fig. R1.4). The |A of these flagellar proteins in the culture medium of
the c-di-GMP strain may indicate their release following flagella disintegration.

In the case of the gene encoding the T3SS effector HopAB2, its expression exhibited
a slightly increase in the c-di-GMP strain (less than 2-fold), and its intracellular contents
remained unchanged; however, it displayed IA extracellularly. In this scenario, it could
be argued that HopAB2 synthesis is not significantly enhanced by c-di-GMP, but its
secretion is. This observation could also account for the abundance of protein effec-
tors, including HopAB2 and several others, detected with IA in the culture medium of
the c-di-GMP strain (Table RI.2). On the contrary, structural components of the T3SS
(HrpA1) and T6SS (Hcp-2 and PSPTO_5433) machineries displayed RA extracellularly,
albeit Hep-2 displayed IA intracellularly (Table RI.3).
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The transcription of other genes such as glyA2, rpoN or mexA were slightly increased
in the c-di-GMP strain, which did not correlate with protein changes observed in the
intracellular and extracellular proteomes (Table RI.3).

Table RI.3. Gene expression analysis compared to differentially abundant proteins in the
intracellular and extracellular proteome of Pto DC3000 under high c-di-GMP levels. Arrows
indicate whether there is increased or decreased abundance of the protein or gene expres-
sion levels in the high c-di-GMP strain compared to the physiological level strain. For gRT-PCR
gene expression analysis the fold-number variation is indicated next to the arrows.

Proteomics qRT-PCR
Protein Intracellular | Extracellular Gene D|fferen't|al
expression
WssD
> ! ! wssB + x21.3
WssG 1 1
AlgE - 1
IgD x2.58
AlgL - . 78 '
FliC - 1 fliC 1 X719
FlgF - t figk L x12.6
HopAB2 - 1 hopAB2 + x1.9
GlyA2 - ! glyA2 r x1.7
RpoN - ! rpoN 1 %24
SaxA mexA + x2.4
SaxB L b mexB + x1.3

Comparison of P. syringae and R. etli c-di-GMP dependent extracellular
proteomes

This research into the differential abundance of proteins in the extracellular proteome
of Pto under high c-di-GMP conditions follows a similar one previously performed in
R. etli (Lorite et al., 2023). Overall, the total amount of extracellular proteins displaying
DA was comparable in both cases, 318 in R. etli versus 396 in Pto. However, contras-
ting behaviours were observed under high c-di-GMP levels between the two bacteria.
Specifically, the c-di-GMP dependent extrasome of R. etli exhibited much more 1A (199,
63%) than RA proteins (119, 37%), whereas the opposite trend was encountered in Pto,
with more proteins showing RA (257, 65%) than A (139, 35%) (Fig. R1.3; Table RI.2).
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Comparison of the predicted subcellular localization of proteins also revealed simi-
larities and differences between the extracellular proteomes of Pto and Ret. In both
cases, cytoplasmic proteins constituted the larger group of DA proteins, albeit with
inverse trends: most cytoplasmic proteins were IA in the Ret extrasome, whereas the
majority of cytoplasmic proteins displayed RA in the Pto extrasome. This contrasting
trend was also noticeable for other subcellular classifications, especially periplasmic
proteins. However, in both extrasomes, extracellular proteins predominantly exhibited
IA (compare Fig. RI.1in this chapter and Fig. 1 of Lorite et al. 2023).

In terms of functional analysis, both bacteria exhibited more differences than similarities
in the IA of proteins classified in the extracellular function and structural group. However,
notable similarities were observed particularly concerning flagellins and other components
of the most external parts of the flagellum. In both cases, these proteins displayed high 1A
in the culture supernatants of the c-di-GMP strains (see Table RI.2 and Table 1 in Lorite et
al., 2023). Interestingly, the increased presence of flagella components in the extracellular
medium contrasts with the demonstrated inhibitory effects that c-di-GMP has on the moti-
lity of these two bacteria (Pérez-Mendoza et al., 2014). Regarding other functional groups,
proteins involved in polysaccharide biosynthesis were found in both cases, although for
unrelated molecules. For instance, only the Pto extrasomes presented cellulose synthase
components, despite both bacterial species being able to produce c-di-GMP-dependent cellu-
lose. Other exopolysaccharides are species or strain-specific. A striking difference was that
several known or hypothetical adhesin proteins appeared DA inthe Ret extrasome under high
c-di-GMP (e.g., several Raps, Rhizobium adhesion proteins), however only one hypothetical
adhesin-like (PSPTO_2874) was found for Pto. This is intriguing, since c-di-GMP is known to
regulate synthesis and secretion of extracellular adhesion factorscrucial for biofilm formation
in most bacteria (Cotter & Stibitz, 2007; Yan et al., 2010; Newell et al., 2011).

The rest of the functional comparisons revealed differences between Pto and Ret,
often with inverted tendencies. For example, transport constituted the main RA group in
Ret, whereas in Pto included predominantly IA proteins. Frequently, the opposite trend
was observed for exactly the same proteins, like TolB, XylF and ZnuA, which appeared in
both exoproteomes. Despite the different trends, it was coincident that most DA proteins
belonging to ABC transporters were periplasmic components in both cases. The inverted
trend was also observed for ribosomal proteins, which were a significant group of IA
proteins in Ret but RA in Pto.

In terms of carbon, nitrogen and lipid metabolism inverted tendencies were also
observed, with a high number of metabolic enzymes present with 1A in the Ret extra-
some but RA in Pto. It is worth noting that many of these |IA proteins from Ret had been
previously reported as moonlighting proteins. However, this does not seem to be the case
for Pto, where a small number of DA moonlighting proteins were detected.

-101-



| Chapter | |

-102-

Export of cytoplasmic proteins EF-Tu, Gap1 and Gap2

No significant differential abundance was observed for the Gap1, Gap2 and EF-Tu
proteins between the strains with high and physiological c-di-GMP levels in Pto (Fig.
S1.3). This contrasts with previous findings in R. etli, where the exportation of Gap and
EF-Tu was increased under elevated c-di-GMP levels (Lorite et al., 2023). Curiously,
although not showing DA, Gap1 was detected at significant levels in the extracellular
milieu of Pto, unlike Gap2 and EF-Tu, which were barely detected (Fig. SI.3).

Given the continued interest in these proteins based on their behaviour in R. etli and
the exportation of Gap1 in Pto, immunodetection experiments were conducted using
intracellular and extracellular protein samples obtained from cultures grown on two diffe-
rent minimal media: MM with mannitol and pyruvate as carbon sources (the same MM
used for proteomic analysis), and M9 with succinate as a carbon source. Consistent with
the proteomic results, Gap1 was detected in the culture supernatants with both media,
and no discernible difference was appreciated between the wild type and the c-di-GMP
strains (Fig. Rl.4). Conversely, Gap2 was detected in the culture supernatants of the cells
grown in M9 medium with succinate as a carbon source, whereas it remained undetected
in minimal media with pyruvate and mannitol. However, no difference was observed in
either of the two media tested both under physiological and high c-di-GMP intracellular
levels. Furthermore, EF-Tu exhibited a similar pattern, being clearly detected in the super-
natant of M9 media, but barely detectable in MM with mannitol and pyruvate as carbon
sources (Fig. Rl.4). However, it is worth mentioning that initial studies found that expor-
tation of protein EF-Tu to the extracellular compartment was promoted by c-di-GMP in
Pto, albeit it was in a growth medium different from the one used here (M.J. Lorite and J.
Sanjuan, personal communication).

DISCUSSION

Exported proteins are an important part of the biofilm matrix, and their production
and secretion, similar to exopolysaccharides, can be directly or indirectly regulated
by c-di-GMP (Cooley et al., 2015). The primary aim of this study was to explore the
alterations triggered by elevated c-di-GMP levels in both the intracellular and extra-
cellular proteomes of the plant pathogen Pto DC3000 in order to gain new insights
into regulatory mechanisms orchestrated by c-di-GMP.

The Pto DC3000 genome encompasses approximately 5600 protein-coding genes.
However, only 2251 proteins (around 40%) were identified in the intracellular proteomic
analysis. Among these proteins, 784 (35%) displayed significant DA. In the culture super-
natants, 1316 proteins were identified, accounting for 23% of the total protein-coding
genes in the genome. This proportion mirrors the percentage observed in R. etli, which
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Figure RL.4. Immunodetection of Gap1, Gap2 and EF-Tu proteins.

Pto AwssBC strains under physiological (pJB3Tc19) and high c-di-GMP conditions (pJB3pleD*)
were grown in M9 suc (with succinate as carbon source) and MMPM (T3SS-inducing with pyru-
vate and mannitol as carbon sources) media. Total protein from cell extracts and supernatants
of cultures was analysed. Ten pg of total protein (cell extracts) or 20 pg of total protein (culture
supernatants) were loaded into each lane.
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was around 27% (Lorite et al., 2023). Among the 1316 proteins in the extracellular milieu,
396 (30%) displayed significant DA, a percentage that doubles the 15% of DA proteins
observed in R. etli despite the total amount being similar (Lorite et al., 2023).

The identification of proteins involved in polysaccharide and cellulose biosynthesis
among the IA proteins under high c-di-GMP levels, both intra- and extracellularly,
corroborates previous results and reinforces the established involvement of c-di-GMP
in processes like biofilm formation and exopolysaccharide production (Pérez-Mendoza
et al., 2014; Morgan et al., 2014; Whitney et al., 2015; Liang et al., 2022). Nonetheless,
the finding of certain proteins with RA underscores the complexity of c-di-GMP regula-
tion in biofilm formation.

The utilization of a T3SS-inducing minimal media facilitated the assessment of
potential virulence traits linked to c-di-GMP regulation. Previous studies on the Pto
extracellular proteome (Schumacher et al., 2014), also conducted in T3SS-inducing
minimal medium but with fructose as carbon source, identified proteins linked to the
T3SS (HrpA1, HrpZ1, HrpW1, HopP1, HrpK1) and TéSS (Hcp2) as the most abundant
in the extracellular fraction. Our results revealed that under high c-di-GMP, virulence
constitutes one of the extracellular functional groups with predominantly IA proteins.
These proteins primarily comprise type Il effectors, such as HopAK1, HopC1, HopD1,
HopE1, HopG1, Hopl1 and HrpK1, along with the coronafacic acid synthetases Cfl and
Cfa2 needed for the synthesis of the toxin coronatine. However, an important number
of coronafacic acid related proteins appeared with RA intracellularly. From these results,
it is intriguing that, while c-di-GMP enhances the export of certain type Il effectors
involved in virulence, Pto strains overexpressing pleD* showed no alterations in virulence
(Pérez-Mendoza et al., 2014). The contrasting behaviours of virulence factors intra- and
extracellularly, together with the complex coordination required, may explain the lack of
either an increase or decrease in the bacteria’s virulence in planta.

The c-di-GMP dependent intracellular proteome of Pto diverged significantly from
the extracellular proteome. Only some proteins exhibited DA in both proteomes, likely
reflecting the multifaceted actions of c-di-GMP, regulating protein abundance intrace-
llularly, as well as influencing protein secretion through multiple mechanisms, including
transcriptional and posttranscriptional processes. For instance, numerous flagellar and
chemotaxis proteins were DA in both proteomes, often showing 1A in the extrasome and
RA in the intrasome. This could be attributed to two different events: downregulation
of flagellar genes by c-di-GMP, coupled with the simultaneous disassembly of external
flagellar components. It was intriguing, however, the behaviour of the FlgH protein, which
appeared IA in the intrasome but RA extracellularly. A similar trend was observed for the
T6SS effector Hep-2, which exhibited IA in the intrasome and RA in the extrasome.
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The majority of DA proteins in both intra- and exoproteomes were found to be
cytoplasmic. However, only a small subset of these proteins appeared DA in both
compartments. This observation again suggests that c-di-GMP may be involved in
regulating the secretion of certain proteins, regardless of the intracellular mecha-
nisms that modulate gene expression and protein abundance.

As animportant part of this study aimed at exploring potential moonlighting proteins,
we directed our attention to the behaviour of Gap1 and Gap2, given their documented
exportation in other bacterial species (Giménez et al., 2014). However, there was no
significant DA dependent on c-di-GMP for these proteins in Pto, contrasting with the
promoted export of Gap by c-di-GMP observed in R. etli (Lorite et al., 2023). Elkhalfi et
al. (2014) had reported the presence of Gap1 in the extracellular media of Pto grown in
rich media with glucose and in presence of tomato plant leaflets. Our findings align with
this, as we detected Gap1 extracellularly in different media independently of c-di-GMP
levels. Interestingly, we also identified Gap2 in the extracellular media, albeit only with
certain media composition, specifically with succinate as carbon source. The absence of
Gap2 detection extracellularly in T3SS inducing media suggests that its export may not
be reliant on the T3SS but on other mechanisms potentially regulated by environmental
compound availability. A similar pattern was observed for EF-Tu, with a more pronounced
export observed in M9 with succinate as carbon source. However, EF-Tu was abun-
dantly detected in T3SS-inducing media supplemented with fructose as carbon source
in the study carried out by Schumacher et al. (2014). The primary difference in the media
compositions between our study and theirs lies in the carbon sources used (mannitol and
pyruvate in our study versus fructose in theirs), suggesting that EF-Tu exportation may be
modulated by the specific carbon sources present in the media.

In addition to Gap1 and Gap2, Pto also possesses a third putative Gap protein
known as Gap3/Epd. This enzyme exhibits a high similarity with Gap enzymes and is
classified as a putative bifunctional enzyme for erythrose phosphate dehydrogenase
and GAPDH activity (Elkhalfi et al., 2013). Interestingly, Gap3/Epd exhibited signi-
ficant DA in the extracellular media, being detected with RA under high c-di-GMP
conditions, therefore positioning it as a compelling candidate as moonlighting protein
(Table R1.2). Another potential moonlighting protein detected with IA in the extra-
some was the malate synthase GlcB2 (Table RI.2). This enzyme has been described as a
laminin-binding adhesin that serves as a virulence-promoting factor in Mycobacterium
tuberculosis (Kinhikar et al., 2006). Furthermore, other possible moonlighting proteins
displaying DA were the translational and ribosomal proteins RpsH (IA), ThrS and RpID
(RA). They have been implicated in translational regulation in E. coli (Yates et al., 1980;
Springer et al., 1985; Zengel & Lindahl, 1996).
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Another aim of this study was to compare the responses to elevated c-di-GMP
between Pto and a very different plant-interacting bacteria, R. etli. Despite their
considerable taxonomic distance, substantial genetic disparities, and the contras-
ting lifestyles, common responses of Ret and Pto extracellular proteomes to elevated
intracellular c-di-GMP were observed. For instance, in both studies the great majo-
rity of DA extracellular proteins were predicted to have a cytoplasmic localization.
Moreover, despite their contrasting trends, additional similarities were drawn at
functional level between both c-di-GMP-modulated exoproteomes. Transport, C
and N metabolism, and protein synthesis/modification were four of the most repre-
sented functional categories among the c-di-GMP regulated extracellular proteins
in both cases. This further emphasizes that in these two bacterial species, c-di-GMP
modulates (either promoting or reducing) the secretion (by unknown mechanisms)
of numerous intracellular housekeeping proteins to the cell exterior.

More precisely, both bacteria exhibited IA of proteins involved in the production
of compounds crucial for biofilm formation, like polysaccharides. Additionally, a similar
pattern was observed in the behaviour of flagellar proteins. Regardless of the well-do-
cumented reduction in bacterial motility under high c-di-GMP (Pérez-Mendoza et al.,
2014), flagellar proteins were found with 1A in the extracellular media. This contrasts
with the significant decrease in gene expression observed for fliC and flgF under high
c-di-GMP levels, as well as the intracellular DA of flagellar proteins part of the motor
complex. This discrepancy suggests that the IA found in the extracellular media could
be due to their disintegration or release from the cell surface. Notably, FIgH was the
only flagellar protein found to be downregulated in the extracellular media. Its presence
within a membrane lipid bilayer as part of the L-ring, in contrast to the IA status of
FIgE-1, FlgF, FIgG, FigK, FIgL, and FliC, which are located outside the cell or in the inter-
membrane space, supports the hypothesis of disintegration or release from the cell
surface. Furthermore, this observed behaviour aligns with the phenotypes observed,
namely the inhibition of motility and increased biofilm formation, which are the primary
features identified in c-di-GMP regulation.

Nevertheless, beyond these shared aspects, the remaining DA proteins exhibited
notable differences between the two bacteria, with fewer exported proteins poten-
tially functioning as moonlighting proteins in the case of Pto. Additionally, it is worth
noting that the minimal media compositions differed between the two bacteria, since
Pto was grown in T3SS-inducing MM whereas R. etli strains were grown in MMY
containing succinate and ammonium chloride as C and N sources, respectively (Lorite
et al., 2023). Overall, the discrepancies reveal a distinct fine-tuning of the c-di-GMP
system and its regulation between the two bacteria, which makes sense given their
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opposed modes of interaction with plants. While R. etli establishes a symbiotic inter-
action beneficial for both partners, Pto poses harm to its host plant. As a result, high
levels of c-di-GMP elicit varied effects in terms of protein regulation and exportation
in these divergent plant-bacteria systems.
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Figure Sl.1. Growth curves comparing Pto strains with physiological and high levels of c-di-GMP.
Bacteria were grown for 72h at 20°C in rich media and T3SS-inducing minimal media with pyruvate
and mannitol as carbon sources with continuous shaking measuring the absorbance at 600 nm every

hour in a Bioscreen C system.

A B
Intrasome Extrasome

Figure SI1.2. SDS-PAGE gel electrophoresis with Coomassie staining of the protein analysed

samples.

Samples of three different cell extracts (A. Intrasome) and culture supernatants (B. Extrasome) of
Pto strains grown in T3SS-inducing minimal media with physiological c-di-GMP levels (pJB3Tc19, pJ)
and high c-di-GMP levels (pJB3pleD* pD). Ten pg of total protein were loaded into each lane for cell

extracts, and 20 ug of total protein were loaded into each lane for culture supernatants.
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Figure SI1.3. Quantification of Gap1, Gap2, and EF-Tu protein levels in both intracellular and
culture supernatant samples.

Samples of cell extracts and culture supernatants of Pto strains with physiological c-di-GMP levels
(pJB3Tc19) and high c-di-GMP levels (pJB3pleD*) grown in T3SS-inducing minimal media.
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Table SI.1. Oligonucleotides used in qRT-PCR.

Gene Gene ID Sequence (5’ to 3’) Product (bp)
CGAAAGCCTGGCGCAGAACGAACCCA
algC PSPTO_0083 124
GACGTCGCTGACATGGCAACCGCTGT
GGTGTTCAACGCTGTGACGCAGGA
wssB PSPTO_1027 198
TGGCGCAGTGAAAGATCATCGAAACG
CGCTGCTCAATTCCGACTTCGATCAGG
algD PSPTO_1243 159
CGTCTTCGGTGGTGGCATTGGTCA
GGCAAGGTCACCCGCTTCAAGGAAT
gyrA PSPTO_1745 205
GACCGCCACGCTTGTACTCAGGGAAC
TCGACCAATGGCTTCATGCGTGACCTT
figF PSPTO_1939 194
TCGGGAGTCTGCACGGCAATCCAG
) AAGGCGCACTGCAAGAGTCGACCAAC
flic PSPTO_1949 197
GGTGCTGGCGGAACCGTCAAGC
GTTCAGCCGCGACCCTCGAATACTCC
hopAB2 PSPTO_3087 126
CATACCCTGCTCCAGCCACTCCCTG
CAGGACGACCGCTTTCCGTGTGG
mexA PSPTO_4303 155
CCTTGGCACTGTTGGCGTTGGCTTC
CTGTTGGGCACCTTCGGCATCCTC
mexB PSPTO_4304 107
ACAATCGCATCGTCCACCAGCAAGC
CAGCGCCGACAACACCTTCATGC
rpoN PSPTO_4453 168
TGCAGGACGAGCGGCTTCATGG
AGAAGAAGCTCAACTCCGCCGTATTCCCT
glyA2 PSPTO_4632 204
GGTTTTCAGTACCGCCGGACACCACGT
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ABSTRACT

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH or Gap) is a ubiquitously distri-
buted enzyme that plays an essential role in the glycolytic and gluconeogenic pathways.
However, additional roles have been described unrelated to its enzymatic function in
diverse organisms, often linked to its presence in the cell surface or as a secreted protein.
Despite being a paradigm among multifunctional/moonlighting proteins, little is known
about its possible roles in phytopathogenic bacteria. In the present work we have studied
three putative gap paralogous genes identified in the genome of Pseudomonas syringae
pv. tomato (Pto) DC3000, an important model in molecular plant pathology, with the aim
of determining their physiological and possible non-canonical roles in this bacterium and
in the plant infection process. We have established that the Gap1 protein has a predo-
minantly glycolytic activity, whereas the NADPH-dependent Gap2 main activity is
gluconeogenic. The third paralogue lacks GAPDH activity in Pto but is indispensable
for vitamin B6 metabolism and displays erythrose-4-phosphate dehydrogenase acti-
vity, thus referred as epd. Both Gap enzymes exhibit distinct functional characteristics
depending on the bacterium physiological state, with Gap1 presenting a substantial role
in motility, biosurfactant production and biofilm formation. On the other hand, solely
Gap2 appears to be essential for growth on tomato plant. Furthermore, Gap1 and Gap2
present a distinctive transcriptional regulation and both have been identified exported
outside the cells with different definite media compositions. This serves as compelling
evidence of additional roles beyond their central metabolic functions.
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GRAPHICALABSTRACT

BACKGROUND

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH or Gap) is an ancient and
universally distributed enzyme involved in sugar metabolism with pivotal functions in
the glycolytic and gluconeogenic pathways. It catalyses the oxidative phosphorylation
of glyceraldehyde-3-phosphate (G3P) to 1,3-bisphosphoglycerate (BPG), with NAD* or
NADP* acting as a cofactor. The reaction is fully reversible, so BPG becomes the subs-
trate and NAD(P)H the cofactor in gluconeogenesis (Fothergill-Gilmore and Michels,
1993; Seidler, 2013). The GAPDH polypeptide has two main domains: the N-terminal for
NAD+ binding, and the C-terminal catalytic domain, which contains a cysteine residue
involved in forming a covalent phosphoglycerol thioester intermediate. It exists in the
cytoplasm in a hometetrameric form, with four subunits of around 37 KDa each (Segal
and Boyer, 1953; Sirover, 2014; Querol-Garcia et al., 2017). GAPDH family members
can be classified in the ubiquitous class | enzymes, which utilize NAD+ and/or NADP+,
class Il of archaeal NAD(P)-dependent GAPDHs, and class Il bifunctional enzymes
(erythrose-4-phosphate dehydrogenase (E4PDH or Epd)/GAPDH) that are predominant
iny-proteobacteria (Figge et al., 1999; Elkhalfi et al., 2013). Beyond its well-established
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enzymatic functions in bacteria, fungi, mammals, and plants, GAPDH exhibits alternative
roles, often dependent on its ability to change its subcellular localization (Giménez et
al., 2014; Sirover, 2014; Yang and Zhai, 2017). Thus, it has been detected not only in its
typical cytosolic position but also on the cell surface or as a secreted protein in various
Gram-positive and Gram-negative bacteria. Nevertheless, the mechanism responsible
for GAPDH translocation remains uncertain, as it lacks any known motif for extracytosolic
trafficking (Kopeckovaetal.,2020a). The identification of GAPDH on the cell surface has
opened new avenues of research, revealing its ability to bind to numerous extracellular
matrices, facilitating bacterial adhesion to tissues and contributing to biofilm formation.
Additionally, it has been found to play a role in modulating host immune responses and
virulence in human and animal pathogenic bacteria (Aguilera et al., 2012; Foulston et al.,
2014; Giménez et al., 2014; Ebner et al., 2016; Kopeckova et al., 2020a). However, little
is known about the potential roles of GAPDH in phytopathogenic bacteria.

Pseudomonas syringae pv. tomato (Pto) causes bacterial speck disease, an economically
important disease on tomato and crucifers. This disease provokes a decline in the
photosynthetic efficiency of infected foliage, defoliation, flower abortion, and fruit/leaves
lesions that make them unsuitable for the fresh market (Lamichhane et al., 2015; Koike
et al., 2017; Ahmed, 2022). Pto employs a multifaceted approach to ensure its viru-
lence, possessing an extensive arsenal of effectors that are released through a type Ill
secretion system (T3SS), accompanied by the production of the coronatine phytotoxin,
which triggers stomatal opening facilitating its entry into the apoplast (Xin et al., 2018).
Beyond these mechanisms, Pto is equipped with a range of additional tools that reinforce
its pathogenic capabilities. In particular, it possesses flagella and biosurfactants, which
facilitate its movement, or exopolysaccharides that protect from desiccation (Roine et
al., 1997; Berti et al., 2007; Burch et al., 2010; Burch et al., 2012; Vargas et al., 2013;
Nogales et al., 2015). Similarly to P. putida KT2440, the genome of Pto DC3000 encodes
the enzymes of the Entner-Doudoroff (ED), the Embden-Meyerhof-Parnas (EMP),
and the pentose phosphate (PP) pathways for glucose catabolism (Lessie and Phibbs
Jr., 1984; del Castillo et al., 2007; del Castillo et al., 2008; Sudarsan et al., 2014; Nikel
etal., 2015). However, it lacks the glycolytic enzyme 6-phosphofructo-1-kinase (Pfk)
(Kohlstedt and Wittmann, 2019), which catalyses the ATP-dependent conversion of
fructose-6-phosphate into fructose-1,6-biphosphate. Pseudomonads possess a cyclic
metabolism known as the EDEMP cycle, which integrates activities of the EMP, ED,
and PP pathways, as it has been evidenced in the case for P. putida KT2440 (Nikel et al.,
2015). This metabolic framework redirects part of the triose phosphates, which would
otherwise undergo further oxidation to acetyl-CoA and downwards, to be recycled back
into hexose phosphates. Furthermore, the EDEMP cycle functions in both glycolytic
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and gluconeogenic regimes, playing a crucial role in distributing carbon throughout the
central metabolic pathways (Nikel et al., 2015; Kohlstedt and Wittmann, 2019; Wilkes
etal., 2021).

The Pto DC3000 genome contains three putative gap alleles: gap1, gap2 and gap3/
epd (Fig. SI1.1), which are commonly found in many Pseudomonas strains. Alignment of the
three GAPDHs revealed a high degree of sequence conservation, particularly between
Gap1 and Gap2, which are class | enzymes. In the Gap1 protein (36.26 KDa) the two
GAPDH structural domains can be recognised, the N-terminal for NAD+ binding and
the C-terminal for catalysis. It is encoded by the PSPT0O_1287 gene, which is followed
by genes encoding an extracytoplasmic function sigma factor and a putative cell surface
signalling system (PSPTO_1286-1285-1284). gap1 is divergently located to an operon
that contains other genes involved in carbon metabolism: edd (6-phosphogluconate
dehydratase) and glk (glucokinase) (Fig. SII.1A). The Gap2 protein (52.73 KDa) possesses
an extra N-terminal unstructured region of 130 residues which makes it larger than the
canonical GAPDHs. It would belong to the subset of ATP-insensitive class | GAPDHs,
which have been proposed to take part in the gluconeogenic pathway (Elkhalfi et
al., 2013). gap2 orthologs are present in all Pseudomonas strains and some actino-
bacteria. The Pto DC3000 gap2 gene (PSPTO_2102) is surrounded by genes encoding a
transcription-repair coupling factor (mfd), a hypothetical protein (PSPTO_2103) and
a major facilitator family transporter (PSPTO_2104) (Fig. SII.1B). The gap3/epd gene
(PSPTO_0386) encodes a putative class Il bifunctional enzyme of 38.32 kDa which
is highly similar to eubacterial orthologs known for their dual substrate specificity,
G3P and E4P (Fig. SII.1C). It is usually found as part of an operon that includes tkt
(transketolase), gap3/epd, pgk (phosphoglycerate kinase) and fba (fructose-bisphosphate
aldolase), which are also enzymes of the central carbon metabolism (Fig. SII.1C). The
Epd catalyses the conversion of E4P to 4-phosphoerythronate (4-PE), the first step of
the vitamin Bé6 or pyridoxal 5-phosphate (PLP) biosynthesis pathway. Epd is required
for PLP biosynthesis, making this enzyme essential when uptake of B6 vitamers from
the environment is not possible (Richts et al., 2019; Nimma et al., 2023).

In Pto DC3000 protein secretion plays an important role in the interaction of
the bacterium with the host plant, particularly through the T3SS which secretes
proteins (effectors) that interact with the cell wall and plasma membrane, or directly
translocates them into the cytoplasm of host cells. Those effectors allow bacteria to
manipulate plant cell physiology and promote disease by facilitating multiplication and
virulence in a susceptible host. However, specific secreted proteins are also involved
in processes such as nutrient acquisition, stress responses or metabolic adaptation
(Preston, 2000; Petnicki-Ocwieja et al., 2002; Filloux, 2011; Rico et al., 2011; Schumacher
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etal., 2014). The prevalent proteins in the extracellular fraction of Pto DC3000 grown
in T3SS-inducing medium were those directly related to T3SS mediated pathogenicity,
the translation elongation factor Tu (EF-Tu), the coronafacic acid and coronafacic acid
polyketide synthases, both required for the synthesis of the phytotoxin coronatine, some
ribosomal proteins, and metabolic enzymes, in particular, the Gap1 isoform (Elkhalfi et
al.,2014; Schumacher et al., 2014).

In the present work we have studied the proteins encoded by the three gap paralo-
gous genes identified in the genome of Pto DC3000 with the aim of establishing their
metabolic roles and, particularly, their possible moonlighting functions in the physiology
of this bacterium. Exploring new roles of cytoplasmic moonlighting proteins in phytopa-
thogenic bacteria can shed light into previously undiscovered factors and mechanisms
involved in the infection process.

Interestingly both Gap1 and Gap2 proteins present distinct functional characteristics
depending on the bacterium physiological state. Gap2 seems to be essential for tomato
plant infection, whereas Gap1 seems to be dispensable. However, Gap1 plays a subs-
tantial role in motility, biosurfactant production, and biofilm formation. Moreover, both
proteins exhibit differential expression patterns depending on the media composition
and are exported under specific culture conditions, further supporting the hypothesis
of their non-canonical roles. The third paralogue, Gap3/Epd lacks significant GAPDH
activity but displays specific Epd activity and seems to be essential for PLP biosyn-
thesis in Pto.

SPECIFIC MATERIALS AND METHODS

Bacterial strains and growth conditions

The bacterial strains and plasmids employed in this study can be found in Table M1 and
Table M.2 in general Materials and Methods. E. coli and Pto DC3000 strains were routi-
nely grown in Luria-Bertani broth (LB) (Sambrook et al., 1989) at 37°C and 20°C or 28°C,
respectively. Different minimal media were used for Pto DC3000 and derivative strains:
M9 (Sambrook et al., 1989); the T3SS-inducing minimal medium with modified carbon
source MMPM (Huynh et al., 1989); and MMR (Robertsen et al., 1981). Antibiotics
were added when required: rifampicin (10 pg/ml), kanamycin (50 pg/ml), tetracycline
(10 pg/ml), or ampicillin (100 pg/ml). All the assays with strains harbouring pJB3Tc19
or its derivative plasmids were carried out in media supplemented with tetracycline to
prevent plasmid loss.
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Strain and plasmid construction

Agap mutants were constructed by deleting the genes of interest, PSPTO_1287 (gap1),
PSPTO_2102 (gap2) and PSPTO_0386 (gap3/edp). First, the regions bearing the adjacent
sequences but lacking the gene in question were amplified by PCR using specific oligo-
nucleotides (Table S1) and subsequently cloned into the suicide pK18mobsacB vector,
which does not replicate in Pto. The pK18AG1 plasmid was constructed by cloning in
pK18mobsacB a 1239 bp chromosomic sequence from Pto DC3000 with a deletion
from nucleotide 10 to 995 of the gap1 ORF. The pK18AG2 plasmid bears a 1175 bp
chromosome fragment with a deletion from nucleotide 10 to 1440 of the gap2 gene.
The pK18AG3/epd plasmid contains a 1125 bp chromosomal region with a deletion
from nucleotide 5 to 1024 in the gap3/epd gene. The pK18mobsacB derivative plasmids
(KmRsucrose®) were directly electroporated into Pto DC3000, and transformants were
selected in kanamycin (50 pg/ml). They were then grown in liquid rich media cultures
in the absence of kanamycin to force plasmid loss. Cells were plated on rich medium
with sucrose (15% w/v) and the sucrose® Kms colonies, potential double-recombinants,
were selected and checked by PCR and sequencing. Three mutants were obtained: AG1,
AG2, and Aepd. A double AG1/G2 mutant was obtained after introducing the pK18AG1
construction into the AG2 mutant.

Expression plasmids derived from the pJB3Tc19 bearing the wild type genes were
constructed for in trans complementation plasmid (Tables M.2 and Sll.1). pJG1, pJG2
and pJepd contain gap1, gap2 and gap3/epd genes, respectively. For gene expression
analysis, two plasmids with transcriptional fusions bearing the gap1 and gap2 promo-
ters were contructed using pME6016 (Table M.2).

The introduction of plasmids into Pto DC3000 strains was achieved through electro-
poration. Transformants were selected by cultivating them on LB agar plates supplemented
with the suitable antibiotics.

Western blots

For Western blots (WB), protein samples (20-40 pug) were loaded onto 10% SDS-PAGE
gels and electrophoresis and transfer were performed following standard procedures
described in General Materials and Methods.

Rabbit polyclonal anti-Pto Gap1 and anti-Pto Gap2 antibodies were obtained
(Davids Biothecnologie GMBH, Germany) against synthetic peptides (DLGDSEM-
NAHLLRFDTVHG and KAHRFARHRQSDAVELSVHE) derived from the Pto DC3000
Gap1 (PSPTO_1287) and Gap2 (PSPTO_2102) primary sequences, respectively. These
anti-Gap antibodies were diluted to a working concentration of 2.5 ug/ml.
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Additional methods used in this chapter are previously described in the General
Materials and Methods section:

- Growth assays

- Motility and biosrufactant production assays

- Biofilm formation assays

- Tomato plant infection assays

- B-galactosidase assays

- Proteinisolation by lyophiization and phenol extraction
- Enzymatic assays

- Statistical analysis

RESULTS

Pto gap mutants exhibit different growth deficiencies

To study the role of the Pto gap genes in carbon metabolism, single and double gap
deletion mutants were constructed and growth assays were carried out in both solid
(Fig. RII.1A) and liquid M9 minimal media (Fig. RII.1C) using various carbon sources.
Glucose was selected as a representative glycolytic carbon source, succinate as a
gluconeogenic carbon source, and assays were also performed with both sources simul-
taneously. Additionally, growth on galactose was evaluated as it enters the metabolism
through a different pathway. Unlike the ED pathway, galactose is catabolized via an
analogous pathway known as the De Ley-Doudoroff pathway, which yields G3P and
pyruvate (De Ley and Doudoroff, 1957; Lessie and Phibbs Jr., 1984).

The gap mutants showed important growth deficits in both solid and liquid media,
but different from one another (Figs. RIl.1A and SlI.2A). Specifically, AG1 was unable to
grow on glycolytic carbon sources, but exhibited growth when a gluconeogenic source
was used. Conversely, AG2 displayed the opposite phenotype: it failed to grow on
gluconeogenic carbon sources, but thrived on glycolytic sources. The in trans expres-
sion of the corresponding wild type genes in the plasmids pJG1 and pJG2 successfully
restored growth in both AG1 and AG2 mutants (Figs. RIl.1A and SI1.2A).

The AG1/2 double mutant was unable to grow on individual carbon sources, either
glycolytic or gluconeogenic, and only grew when both types of carbon sources were
provided simultaneously (i.e., glucose and succinate). Interestingly, AG1/2 (pJG2) could
only grow on gluconeogenic carbon sources, mirroring the phenotype of the AG1
single mutant and suggesting a presumably gluconeogenic role for the Gap2 enzyme.
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However, AG1/2 (pJG1) grew on both glucose and succinate as sole carbon sources,
did not show the AG2 growth deficit, and behaved like the wild type strain (Figs. RIl.1A
and 1C). This differs from the growth pattern observed with the AG2 mutant and the
inferred glycolytic function for the Gap1 enzyme.

Themutant lacking the gap3/epd gene exhibited important growth deficits on several
carbon sources and it was unable to grow when both glycolytic and gluconeogenic
carbon sources were provided. However, no significant growth defects were detected
with galactose as a single carbon source (Figs. RI1.1B and SI1.2B). These phenotypes did not
correlate with the typical GAPDH activity. Instead, the major growth deficiencies of this
mutant suggested the absence of another crucial activity, such as Epd, which catalyses
the first step of the vitamin Bé biosynthetic pathway (Zhao et al., 1995; Richts et al., 2019;
Nimma et al., 2023). To assess whether the growth deficiencies of the gap3/epd mutant
were due to the disruption of the vitamin B6 biosynthetic pathway, we conducted growth
assays on media supplemented with 20 uM pyridoxine. Interestingly, the previously
observed growth deficiencies were alleviated and the mutant displayed normal growth
regardless the available carbon source (Figs. RII.1B and SI1.2B). These findings suggest
that the gap3/epd gene is crucial for PLP metabolism. Therefore, we named this mutant
as Aepd. Intrans expression of the wild type epd gene relieved the growth defects of the
Aepd strain, except when glucose was the only carbon source (Fig. RII.1B).

Pto Gap proteins present distinctive metabolic activities

GAPDH catalyses the interconversion of BPG to G3P in the presence of NAD(P). In
order to characterise the activity of Gap1, Gap2 and Gap3/Epd and elucidate their
metabolic functions, we quantified the glycolytic and gluconeogenic GAPDH activities
using cellular extracts of the wild type and the mutants cultured in rich media, where all
of them grow similarly.

Figure RIl.1. Growth of Pto gap mutants on minimal medium containing different carbon
sources.

Assays were carried out in both solid (A) and liquid M9 minimal media (B) with different indi-
vidual carbon sources either glycolytic or gluconeogenic. Carbon sources were glucose (M9
glu) at 10 mM, succinate (M9 suc) at 15 mM, and galactose (M9 gal) at 10 mM when provided
simultaneously (M9 glu+suc), glucose was at 5 mM and succinate at 7.5 mM.

A.Growth on solid medium of 10 ul drops of bacterial suspensions at OD, , =1. Pictures were
taken after incubation for 2 days at 20°C.

B. Growth on solid medium of the Aepd mutant with the indicated carbon sources, with and
without pyridoxine supplementation (20 uM).

C. Growth curves in liquid medium. Bacterial cultures were inoculated at OD,,=0.01 and
incubated at 20°C for 72 h with continuous shaking measuring the absorbance at 600 nm
every hour in a Bioscreen C. SN
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Glycolytic activity was measured by monitoring NADH or NADPH formation
during the conversion of G3P to BPG (Pancholi and Fischetti, 1992) and was detected
in the wild type and the Aepd mutant, but not in the double AG1/2 mutant. On the other
hand, in trans expression of gap1 or gap2 in the AG1/2 mutant significantly increased
the activity compared to that of the wild type (Fig. RII.2A). The AG1/2 strain deriva-
tive overexpressing the gap1 gene showed the highest GAPDH activity in the presence
of NAD, whereas the strain overexpressing gap2 displayed a significant activity, albeit
lower than that produced by gap1, and only in the presence of NADP (Fig. RI.2A). In
trans expression of epd in the Aepd mutant resulted in the same activity level as the
wild type, indicating that Gap3/Epd does not possess significant GAPDH activity. This
is also supported by the fact that the double AG1/2 mutant exhibited no detectable
activity despite the presence of the gap3/epd gene. Therefore, glycolytic GAPDH enzy-
matic activity is specific of Gap1 and Gap2 but not of Gap3/Epd.

Gluconeogenic GAPDH activity was measured by monitoring the depletion of
NADH or NADPH in the conversion of BPG to G3P (Q. Wang et al., 2010). This assay
involved two reactions: the first step generated BPG from 3-phosphoglyceric acid, and
the second reaction is performed to measure the activity of interest. Consistent with
the glycolytic reaction, Gap1 was found to operate with NADH as a cofactor, whereas
Gap2 utilized NADPH. Apparent gluconeogenic GAPDH activity was detected in all
the strains assayed, including the double AG1/2 mutant (Fig. RI.2B), which exhibited a
basal activity level probably due to residual substrate still present from the first reac-
tion. In contrast to the glycolytic GAPDH assays, the strain overexpressing the gap2
gene exhibited the highest gluconeogenic activity, whereas the strain overexpressing
gap1displayed lower activity, but still significantly higher than the wild type or the gap3/
epd overexpressing strain (Fig. RIl.2B). These results show that Gap1 and Gap2, but not
Gap3/Epd, seem to be responsible for the gluconeogenic GAPDH enzymatic activity in
Pto DC3000.

Figure RIl.2. Gap and Epd enzymatic activities.

Values of enzymatic activity measured in cell extracts obtained from gap mutant strains
grown in liquid LB. Enzymatic activity was determined by monitoring NADH or NADPH
formation or depletion by measuring the absorbance at 340 nm for 30 min. Graphs show
the average specific activity in umol/min-t-mg of total protein of each strain, and error bars
correspond to the standard deviation. Letters a-e denote ANOVA followed by Tukey HSD
test categories with significant differences (p<0.05).

A. Glycolytic GAPDH activity assays. NAD or NADP were used as cofactors.

B. Gluconeogenic GAPDH activity assays. It should be noticed that NADH was always
present in the reaction mixture from the first step reaction. NADPH indicated when added
as a co-substrate.

C. Epd activity assays. NAD was used as a cofactor. -
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Insummary, these results suggest that Gap1 has a predominant glycolytic activity and
Gap2 a predominantly gluconeogenic activity, despite the fact that both proteins exhibit
both activities when overexpressed. Furthermore, Gap1 uses NAD* or NADH as cofac-
tors and has no activity when only NADP+ is provided. On the other hand, Gap2 uses
NADP* and NADPH as cofactors and exhibits no significant activity in the presence of
NAD* or NADH.

As detailed above, Gap3/Epd did not exhibit any detectable GAPDH activity in Pto
DC3000. To determine whether it has Epd activity, enzymatic assays were performed
with E4P as substrate. Under our experimental conditions, no difference in activity could
be detected between the Aepd mutant and the wild type, suggesting a low level of Epd
activity. However, the presence of the pJEpd plasmid led to a significant increase in Epd
activity (Fig. RI1.2C). These results support that Pto DC3000 Epd exhibits E4PDH activity.

Effect of gap deletion in motility and biosurfactant production

Swimming and swarming assays were performed to assess whether deletion of the
gap genes caused an impact on motility. The swimming of the four mutants, AG1, AG2,
AG1/2 and Aepd was similar to that of the wild type after 48 h (Fig. RII.3A), showing
that those mutants did not exhibit defects in flagella production and functioning or
growth in LB rich medium.

Regarding swarming motility, the AG2 mutant displayed comparable behaviour to
the wild type, whereas the AG1 and the double AG1/2 mutants were faster, showing
an increased swarming surface after 24 h (Fig. RI1.3B). The Aepd mutant exhibited

Figure RIL.3. Motility and biofilm formation phenotypes of Pto gap mutants.

A. Swimming assays. Plates were incubated for 48 h at 20°C, then pictures were taken and
halos were measured. The graph shows the average diameter of the swimming halos. No
significant differences (p<0.01) were found among the strains assayed.

B. Swarming assays. Plates were incubated for 24 h at 20°C. The swarming pattern of Aepd
without pyridoxine is circled in white as it cannot be clearly appreciated in the photograph
due toits transparency. The graph shows the average swarming surface.

C. Comparison of surfactant-induced halos by bacterial colonies. Plates were incubated for
48 h at 20°C and syringafactin halos were detected with atomized oil. The graph shows the
average surface of the syringafactin halos.

D. Biofilm formation by the gap mutants quantified after growth for 24 hin MMR in a 96-well
plate with continuous shaking at 20°C by cristal violet (CV) staining. Represented as the
average of 8 wells for each strain for 2 independent plates. OD,, was measured to confirm
uniform growth among the different strains.

Error bars represent standard deviation. Letters denote Tukey HSD test categories with

significant differences (p<0.01). SN
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a swarming area similar to the wild type, but very faint growth in this medium. Upon
pyridoxine supplementation, the swarming surface was clearly appreciated, exhibiting
no significant difference in comparison to the wild type.

As flagella synthesis and assembly seemed to remain unaltered in all the mutants, we
hypothesized that the increase in their swarming might be linked to arise in the produc-
tion of biosurfactants. Therefore, syringafactin production was assessed by measuring
the generated surfactant halo. As it has been established that the gap mutants present
growth deficiencies on specific carbon sources, we performed the syringafactin assays in
the same medium as the swarming assays to reduce possible variability caused by meta-
bolic defects. The AG2 mutant exhibited a similar syringafactin halo to that of the wild
type, whereas the AG1 and AG1/2 mutants generated a significantly bigger surfactant
halo (Fig. RII.3C). These results match the observed swarming behaviour, thus sugges-
ting that the increased syringafactin production by these mutants may be responsible for
their enhanced swarming motility. The Aepd biosurfactant production was assessed with
and without pyridoxine supplementation. This mutant also increased its syringafactin
production, however, the phenotype was reversed when pyridoxine was added to the
medium, turning similar to the wild type.

Effect of gap deletion in biofilm formation

Pto DC3000 is also able to produce solid-liquid biofilms in the presence of CaCl,
(Fishman et al., 2018). As GAPDH has been described involved in adhesion (Jin et al.,
2005; Lama et al., 2009), biofilm formation assays were performed to assess the impact
of gap gene deletion on this phenotype. Biofilm formation was quantified by CV staining
in multi-well plates after growth for 24 h, and a fleQ mutant was used as negative control
as it is a biofilm deficient strain (Martinez-Rodriguez et al., 2023). The amount of biofilm
formed by the AG1 and double AG1/2 mutant significantly decreased compared to the
wild type, albeit their levels were still higher than those of the fleQ mutant. The AG2
mutant, on the other hand, was able to form a higher quantity of biofilm, but still did
not reach the levels of the wild type (Fig. RI1.3D). It should be noted that the decreased
biofilm formation by the AG1 and AG1/2 mutants was not caused by a lack of growth,
since they were able to grow in the provided medium similarly to the other strains.

Gap roles on virulence in planta

To study the impact of the gap1, gap2 and gap3/epd genes on virulence, infection assays
were carried out in tomato plants comparing the effect of the wild type, the AG1, AG2,
Aepd and AG1/2 mutants. In planta growth and virulence ability of those strains was
monitored by quantifying the bacterial populations and observing the disease symp-
toms in tomato leaf tissue for 10 days post inoculation (dpi).
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Figure RIl.4. Pto bacterial growth and symptom development.

A. Growth and symptom development on tomato leaves inoculated with the deletion mutants.

B. Growth and symptom development inoculated with the double mutant complemented with gap1 or
gap2.

Time course of growth of Pto gap mutants in the primary leaves of tomato plants (Solanum lycoper-
sicum). Leaves were inoculated with approximately 108 CFU/ml by spray and CFUs were quantified at
0, 3, 6 and 10 days post-inoculation (dpi). Error bars indicate standard deviation. Asterisks (*) indicate

a statistically significant difference (Tukey HSD test, p<0.01). Pictures of the of symptoms induced on
tomato leaves 10 dpi with the indicated strains.
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The AG1 mutant entered the tomato leaves and displayed an analogous apoplast
growth pattern to that of the wild type strain. By 3 dpi, both strains reached peak popu-
lation levels (Fig. RI.4A). The disease symptoms caused by the two strains were similar
in severity, with small water-soaked lesions emerging 2-3 days post-inoculation, swiftly
transitioning to brown lesions with a surrounding chlorotic halo. These findings suggest
that the absence of gap1 has no discernible impact on in planta growth or virulence.
In contrast, the AG2 and double AG1/2 mutants showed important in planta growth
deficits, exhibiting significantly lower bacterial populations throughout the time of the
experiment, with the double mutant almost not being able to increase its population
(Fig. RII.4A). The AG2 mutant caused reduced disease symptoms, only appearing
small water-soaked lesions at 10 dpi, whereas the double mutant AG1/2 did not cause
any symptoms on the leaves (Fig. RI.4A). In trans expression of gap2 complemented both
bacterial population and severity of the plant symptoms in the AG2 mutant (Fig. S11.3A).
It should be mentioned that the pJG2 plasmid was present in 84.9% of the population
at 10 dpi.

The independent effect of gap1 and gap2 in trans expression was studied in the
double AG1/2 mutant. In both cases, the in trans expression of gap1 or gap2 in the
double mutant triggered growth and symptom development similar to the wild type
strain (Fig. RI.4B). This shows that in contrast to the behaviour of the gap2 mutant,
the ectopic expression of gap1 gene is able to compensate for the loss gap2 regarding
pathogenicity. When inspecting plasmid stability over the course of the experiment, it
was observed that at 10 dpi pJG1 and pJG2 were retained by 72.4% and 79.1% of the
population, respectively.

In the case of Aepd, the mutant was not able to multiply in the tomato leaves and no
population increase was detected during the assays. The disease symptoms observed in
the plants were very mild, only appearing very small water-soaked lesions at 10 dpi (Fig.
RII.4A). In trans expression of the gap3/epd gene complemented both bacterial growth
and symptom severity of the Aepd mutant (Fig. SI.3B). As before, plasmid stability was
monitored showing that pJepd was present in 87.4% of the population at 10 dpi.

Gap1 and Gap2 are differently expressed and exported outside the cells
depending on the growth conditions

GAPDH release outside the cells associated to moonlighting functions has been
observed in several bacteria (Pancholi and Fischetti, 1992; Aguilera et al., 2012;
Kainulainen and Korhonen, 2014). Therefore, immunodetection was performed to
determine if Gap1 and Gap2 could be found in Pto DC3000 extracellular culture media.
Protein samples were obtained from culture supernatants grown in three media with
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different carbon sources: M9 with succinate, M9 with glucose and succinate, and T3SS-
inducing minimal medium with mannitol and pyruvate. Protein extraction from the cell
fraction was also carried out as a control, and Western blot assays were performed to
detect both proteins.

Both proteins were immunodetected in cells grown under the three culture condi-
tions (Fig. RII.5). Remarkably, Gap1 seemed to be present at lower levels in cells grown
in M9 with succinate as the sole carbon source, compared to M9 supplemented with
both glucose and succinate or the T3SS-inducing minimal medium. However, Gap1 was
detected at similar levels in the extracellular fractions of the three culture types (Fig.
RII.5), which indicates that this protein is consistently exported by Pto DC3000 inde-
pendently of the medium composition.

As opposed to Gap1, Gap2 was more abundant in the cell fractions of cultures
grown on M9 media compared to the T3SS-inducing minimal medium with mannitol and
pyruvate as carbon sources (Fig. RIl.5). However, Gap2 was only detected in the extra-

Figure RIL.5. Immunodetection of Gap1 and Gap2 in cell extracts and culture supernatants.
Pto was grown in different media: M9 suc (with succinate as carbon source), M9 glu+suc
(with glucose and succinate as carbon sources) and MM pyr+man (T3SS-inducing with pyru-
vate and mannitol as carbon sources). Total protein from cell extracts and supernatants of
cultures was analysed. 10 pg of total protein were loaded into each lane for cell extracts and
20 pg of total protein were loaded into each lane for culture supernatants.
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cellular fraction of cells grown on M9 media, but not when grown on T3SS-inducing
medium (Fig. RII.5). These results suggest that the Gap2 protein is only exported under
certain conditions, and its extracellular relative abundance seem to correlate with the
amounts of protein found intracellularly.

Given the differences appreciated in protein abundance in extracts of cells grown
on different media, we studied whether the transcriptional expression of the gap1 and
gap2 genes changed with the medium composition and/or the carbon source available.
B-galactosidase assays were performed using gap1 and gap2 gene promoter trans-
criptional fusions to ‘lacZ. Different media were tested, corresponding to the protein
extraction media: M9 with glucose, M9 with succinate, M9 with both glucose and succi-
nate, and T3SS-inducing minimal medium with mannitol and pyruvate. LB was also used
as a rich medium control. Expression of pME6016-derived plasmids bearing the P,
and P, transcriptional fusions to ‘lacZ were assessed in the wild type, AG1 and AG2
strains throughout the growth curve (Fig. SlI1.4).

The specific B-galactosidase activity from the gap1 fusion in Pto DC3000 did not
significantly change with the medium, although it exhibited higher levels in M9 media
with glucose and succinate, and lower levels in T3SS-inducing minimal medium (Fig.
RII. 6). Surprisingly, the gap1 expression profile did not correlate with the Gap1 intra-
cellular protein abundance (Fig. RIIl. 5). On the other hand, gap2 expression was higher
in the M9 media with succinate compared and to M9 medium with glucose or T3SS-
inducing minimal medium, which agrees to the predominantly gluconeogenic activity
of the Gap2 enzyme (Fig. RII.6). Furthermore, the detected Gap2 protein abundance in
the cell extracts shows a relationship with gap2 transcriptional expression. Besides, the
pattern of expression of Pgap1 and Pgap2 in the AG1 and AG2 mutants were similar to
the wild type strain (Fig. SI1.4). Nevertheless, P..p2 €XPression significantly increased at
high cell densities, a tendency that was not observed in the case of P
sion remained stable throughout the growth curve.

ap1» WhOSE expres-

DISCUSSION

GAPDH is recognised as a housekeeping protein prevalent in practically all organisms,
sinceitisanenzymewith apivotal roleinthe glycolytic/gluconeogenic pathways, facilita-
ting the interconversion of BPG and G3P (Seidler, 2013). However, GAPDH participates
in an array of cellular processes beyond its classic metabolic roles, being considered a
paradigm among moonlighting/multifunctional proteins (Seidler, 2013; Sirover, 2014;
Jeffery, 2018; Franco-Serrano et al., 2021). In some human and animal pathogenic
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Figure RIl.6. Expression of Pto gap1 and gap2 genes relative to carbon source availability.
B-Galactosidase activities of transcriptional fusions from Pto DC3000 gap1 and gap2 promo-
ters to ‘lacZ were masured in the wild type. Different dilutions of cultures in the indicated
media were grown for 24 h at 20°C in a microtiter plate at different OD,,; and B-galacto-
sidase activity was measured. The graph shows the average activity at OD,, =1, and error
bars correspond to the standard deviation. Letters a to b denote Tukey HSD test categories
with significant differences (p<0.01). Carbon sources: glucose (glu), succinate (suc), glucose
+ succinate (glu+suc) and pyruvate + mannitol (pyr+man).

bacteria, GAPDH has been detected surface-associated or shown to be secreted,
playing a part in signal transduction to host cells (Aguilera et al., 2012; Giménez et al.,
2014; Ebner et al., 2016; Kopeckova et al., 2020a). On the other hand, plant pathogenic
bacteria establish a multifaceted and close interaction with plant cells which requires
the coordinated deployment of diverse virulence factors. Toxins, exopolysaccharides,
extracellular proteins, biosurfactants, along with the orchestrated translocation of
numerous effectors into plant cells via the T3SS collaboratively drive infection and
draw nutrients from plants (Petnicki-Ocwieja et al., 2002; Cunnac et al., 2009; Xin et
al., 2018). However, little is known about the role of GAPDH in those processes. The
genome of Pto DC3000, a significant model in molecular plant pathology, encodes three
putative paralogous gap genes positioned across distinct regions of the chromosome
that are predicted to encode GAPDHs with distinct molecular properties (Elkhalfietal.,
2013). In the present work we explored the physiological and possible non-canonical
functions of these three gap genes.
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The protein encoded by the third paralogue gene, previously referred as gap3/epd,
is similar to eubacterial orthologs with dual specificity for both G3P and E4P. In E. coli,
the gapB gene, renamed epd by Yang et al. (1998) encodes a protein with low level phos-
phorylating and non-phosphorylating GAPDH activities. However, this activity was not
sufficient to sustain the growth of gapA mutants, which are deficient in the primary E.
coli GAPDH (Zhao et al., 1995; Yang et al., 1998). The Pto DC3000 Gap3/Epd protein
was reported to display a low GAPDH activity when heterologously expressed in E. coli
(Elkhalfi et al., 2013). However, our Pto double mutant AG1/2 was unable to grow on
either glycolytic or gluconeogenic carbon sources (Fig. RII.1A), nor did it display signi-
ficant GAPDH activity (Fig. RIl.2). Furthermore, overexpressing epd in trans did not
significantly augment the GAPDH enzymatic activity compared to the wild type (Fig.
RII.2). Therefore, our results support that the Epd protein has no GAPDH activity.

The deoxyxylulose-5-phosphate (DXP)-dependent vitamin B6 biosynthesis pathway
is present in a- and y-proteobacteria. It consists of seven enzymatic steps in which Epd
catalyses the first step converting E4P to 4-PE, becoming essential for PLP biosyn-
thesis in organisms that utilize this pathway (Richts et al., 2019; Nimma et al., 2023).
Consistent with a role of Epd in the DXP-dependent PLP biosynthesis pathway, the
Pto Aepd mutant exhibited difficulties to grow on both glycolytic and gluconeogenic
carbon sources. It was noticeable that the epd mutant growth deficit with glucose as
carbon source was not reverted by epd in trans expression. This could be explained
by the accumulation of 4-PE due to the overexpression of epd. 4-PE is an inhibitor of
6-phosphogluconate dehydrogenase activity, provoking the accumulation of 6-phos-
phogluconate, which subsequently acts as a competitive inhibitor of phosphoglucose
isomerase (PGI) and other enzymes, ultimately leading to a metabolic gridlock (Sachla
and Helmann, 2019). 4-PE is also a potent inhibitor of ribose-5-phosphate isomerase,
a crucial enzyme of the PP pathway with essential roles in anabolism and catabolism
(Zhangetal., 2003). All the observed growth deficits were, however, reverted when the
medium was supplemented with the PLP precursor pyridoxine (Figs. RII.1B and SII.2B).
Thus, the Pto Aepd strain behaves as a pyridoxine auxotroph and Epd seems to be essen-
tial for the PLP-dependent metabolism and bacterial growth when no Bé-vitamers are
available for intake. This is particularly evident in planta. Since B6-vitamers are likely
not present in the tomato apoplast, the lack of epd impaired bacteria from multiplying
(Fig. RIL.4A), reinforcing the essential role of epd in Pto DC3000. Despite our difficulties
to measure Epd enzymatic activity in Pto, a significant Epd activity could be measured
when epd gene was overexpressed (Fig. R11.2C).

Pto DC3000 enters, multiplies and colonises the tomato leaf apoplast harnessing
nutrients from living host cells. Accordingly, Pto activates metabolic pathways that
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facilitate the uptake of organic acids, sugars, and amino acids that are abundant in the
tomato apoplast, like citrate, succinate, malate, malonate, D-glucuronic acid, GABA,
sucrose, D-galactose, fructose, glucose, aspartate and glutamate (Rico and Preston,
2008). However, it lacks an array of metabolic enzymes found in non-plant pathogenic
pseudomonads, i.e. the oxo-acid dehydrogenase for the assimilation of valine and isoleu-
cine, the glycerate pathway responsible for glyoxylate utilisation, and genes linked to
microaerobic and anaerobic metabolism, like NADP-dependent glutamate dehydroge-
nase, D-lactate dehydrogenase and nitrous-oxide reductase (Rico and Preston, 2008;
Ricoetal., 2011).

The growth assays performed with Pto gap1 and gap2 single and double mutants on
different carbon sources, together with enzymatic assays evidenced their specialization
on glycolytic or gluconeogenic activity, respectively. Furthermore, Gap1 used NAD*/
NADH as cofactors whereas Gap2 used NADP*/NADPH (Figs. RIl.1 and 2). Although
many bacteria contain a single GAPDH protein capable of performing both glycolytic
and gluconeogenic activities, there is no universal layout for this enzymatic activity in
bacteria. The separation of those activities into two different enzymes appears to be
shared by most Pseudomonas species, but occurs in other organisms. The Gram-positive
Bacillus subtilis and Staphylococcus aureus also share the coexistence of NAD-dependent
and NADPH-dependent GAPDH enzymes tailored for glycolysis and gluconeogenesis,
respectively (Fillinger et al., 2000; Purves et al., 2010; Commichau et al., 2013). This
configuration may grant certain advantages for the functioning of particular metabolic
pathways in specific environmental conditions and/or the supply of determined metab-
olites under very different metabolic conditions (Nikel et al., 2015). The AG1 mutant only
grew on gluconeogenic carbon sources, exhibited increased swarming, probably due to
elevated syringafactin production, a reduction in biofilm formation, and had no discern-
ible impact on in planta growth and symptom development. The lack of Gap1 disrupts
the glycolytic pathway, probably leading to the accumulation of pyruvate precursors
and a decrease in the production of pyruvate, since its synthesis via the PEP pathway
is blocked, potentially affecting various metabolic processes that rely on pyruvate as
a key intermediate (Fig. RI.7 and Table SII.2). On the other hand, the gap2 mutant was
only able to grow on glycolytic compounds, but did not grow in planta and the leaves
barely exhibited any symptoms. The lack of Gap2 may impair EDEMP cycle completion,
causing the depletion of triose phosphates that prevents them to be recycled back to
hexose phosphates and, consequently, NADPH formation (Fig. RIl.7). Although both
glycolytic and gluconeogenic carbon compounds are present in the tomato leaves, being
malate and glucose the main metabolites (Schauer et al., 2005; Zoghlami et al., 2011),
GAPDH gluconeogenic activity seems to be essential for Pto DC3000 growth in planta.
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The assay of both glycolitic and gluconeogenic activities in the wild type and in the
G1/G2 double mutant complemented in trans with each individual gene, allowed us to
measure the activity of each enzyme separately (Fig. RIl.2). Despite the fact that both
proteins exhibited both activities when overexpressed (the main one being nonetheless
higher than the other), the growth defects of the single AG1 and AG2 mutants indicate
that the expression of the remaining enzyme was insufficient to compensate for the
lacking one. Therefore, Gap1 and Gap2 activities do not seem to be interchangeable
under our experimental conditions. Interestingly, Gap1 overexpression in the AG1/2
double mutant compensated not only for the missing Gap1 enzyme in the catabo-
lism of glycolytic compounds, but also for Gap2 in the metabolism of gluconeogenic
compounds (Figs. RII.1 and 2B). It is possible that the significant gluconeogenic activity
displayed by the overexpressed Gap1 (Fig. RIl.2B) may be sufficient to compensate for
the lack of Gap2 and sustain the functioning of the EDEMP cycle under both glyco-
lytic and gluconeogenic regimes (Fig. RI1.7). Gap2 overexpression in the AG1/2 double
mutant, however, only supported the growth on gluconeogenic compounds, but could
not compensate for the absence of Gap1 in the catabolism of glycolytic compounds
(Fig. RII.1). Gap2 overexpression together with the absence of Gap1 probably leads to
diversion of carbon flux towards gluconeogenesis, since glycolysis is impeded by the
absence of Gap1. In that sense, the behaviour of the single and double mutants and
AG1/2 (pJG1) and AG1/2 (pJG2) strains in planta paralleled their growth on glucone-
ogenic carbon sources (Fig. RII.1).

The moonlighting roles of GAPDH in some pathogenic bacteria have been associated
with the presence of the protein on the cell surface and in the extracellular media
(Pancholiand Fischetti, 1992; Aguileraetal.,2012; Kainulainen and Korhonen, 2014).
In Pto DC3000, promoter expression and immunodetection assays revealed that both
proteins were present in the bacterial cytoplasm regardless of the culture medium
and available carbon source. However, gap1 expression did not correlate with the
intracellular protein abundance: the expression of gap1 did not significantly change
with the medium (Fig. RII.6), whereas the amount of Gap1 protein decreased when
only a gluconeogenic carbon source was present (Fig. RIl.5). This correlates with its
main glycolytic role and suggests that some posttranscriptional and/or postransla-
tional regulatory mechanisms may be responsible for the differences found among
the carbon sources used.

Overall, both Gap proteins have been proved to be exported outside the cell under
certain conditions, indicating potential additional roles beyond their central metabolic
functions. Gap1 is consistently exported in Pto DC3000 independently of the medium
composition and intracellular abundance, suggesting that its extracellular location
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plays an important role, although it does not appear to be essential for Pto DC3000
interaction with plant cells nor for its virulence. However, the lack of gap1 resulted in
deficiency in biofilm formation, a phenotype observed in the AG1 and AG1/2 mutants.
This suggests that either their metabolic defects impair the synthesis of exopolysaccha-
rides and/or other matrix compounds required for biofilm formation, or Gap1 may have
additional role(s) besides its metabolic functions (i.e., in adhesion). Conversely, Gap2
export was correlated with its intracellular abundance, and its requirement for in planta
growth suggests that its export/secretion may be linked to the infection process.

Figure RIL.7. Central carbon metabolism in Pto as deduced from gene annotations.
Pseudomonads operate the EDEMP cycle, which integrates activities of the EMP, ED, and
PP pathways.

Enzymes: 1.Gluconokinase, 2.6-phosphogluconatodehydratase, 3. 2-keto-3-deoxy-phosphogluco-
nate aldolase, 4. Glucokinase, 5. Glucose-6-phosphate isomerase, 6. Fructose- 1,6-bisphosphatase,
7. Fructose-bisphosphate aldolase, 8a. Gap-1, 8b. Gap-2, 9. Phosphoglycerate kinase, 10.
Phosphoglycerate mutase, 11. Enolase, 12. Pyruvate kinase, 13. Phosphoenolpyruvate
synthase, 14. Malate quinone oxidoreductase, 15. Phosphoenolpyruvate carboxykinase, 16.
Glucose dehydrogenase, 17. Gluconolactonase, 18. Glucose-6-phosphate dehydrogenase, 19.
6-phosphoglucolactonase.

Abbreviations: Glucose-6-phosphate (G6P), fructose-6-phosphate (F6P), fructose-1,6-bis-
phosphate (FBP), glyceraldehyde-3-phosphate (G3P), 1,3-bisphosphoglycerate (BPG),
phosphoenolpyruvate (PEP), 2-keto-3-deoxy-6-phosphogluconate (2KDPG), 6-phospho-
gluconate (6PG), gluconolactone (GL), 6-phosphogluconolactone (6PGL), pyruvate (pyr),
succinate (suc). Entner-Doudoroff (ED), Embden-Meyerhof-Parnas (EMP).
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Hence, the possible secretion and membrane association of the two Gap proteins
present in Pto DC3000 may be connected to the plant infection process and/or binding
to extracellular matrices. Given the pleiotropic effects caused by gapl and gap2
deletions, it becomes challenging to discern between those arising from their critical
roles in carbon and energy metabolism and their putative additional extracellular func-
tions. Therefore, further research is required to unveil and differentiate their potential
non-metabolic roles (motility, biofilm formation, plant colonisation, virulence, etc.) in
the physiology of Pto DC3000.
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SUPPORTING INFORMATION

Carbohydrate metabolism
Metabolism of cofactors and vitamins
Amino acid metabolism

[ Environmental information processing

Figure Sll.1. Genetic context of the Pto DC3000 gap genes.

A. gap1is encoded by the PSPT0O_1287 gene, which is followed by genes encoding a sigma ECF
factor and a putative cell surface signalling system (PSPTO_1286-1285-1284). It is divergently
located to an operon that contains other genes involved in carbon metabolism: edd (6-phospho-
gluconate dehydratase) and glk (glucokinase).

B. gap2 (PSPTO_2102) is surrounded by a gene encoding a transcription-repair coupling
factor (mfd), a hypothetical protein (PSPTO_2103) and a major facilitator family transporter
(PSPTO_2104).

C. gap3/epd is usually found as part of an operon that includes tkt (transketolase), gap3/epd, pgk
(phosphoglycerate kinase) and fba (fructose-bisphosphate aldolase), which are also enzymes
of the central carbon metabolism.
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<— Figure SIl.2. Growth of Pto gap mutants on minimal medium containing different carbon
sources.

Assays were carried out in liquid M9 minimal media with the indicated individual carbon sources.
Glucose (M9 glu), succinate (M9 suc), glucose+succinate (M9 glu+suc) and galactose (M9 gal).
Bacterial cultures were inoculated at OD,,,=0.01 and incubated at 20°C for 72 h with continuous
shaking measuring the absorbance at 600 nmin 1 h periods in a Bioscreen C.

A. Growth of the gap deletion mutants with in trans expression of gap1 and gap2.

B. Growth of the epd deletion mutant with and without pyridoxine supplementation (20 uM) and in
trans expression of epd.

A
8 — Pto
-2 AG2 (pdB3)
7 -0- AG2 (pdG2)
6 .
5 .
4 —nmm-— -
01 2 3 4 5 6 7 8 9 10 Pto AG2 AG2
dpi (pJB3) (pJB3) (PJG2)
B
8 — Pto
-e— Aepd (pJB3)
7 | —0— Aepd (pdepd)
6 4
5
7701 2 3 4 56 7 8 9 10 Pto Aepd Aepd
dpi (pJB3) (pJB3) (pJepd)

Figure SI1.3. Pto bacterial growth and symptom development.

Time course of growth of Pto gap mutants in the primary leaves of tomato plants (Solanum lycoper-
sicum). Leaves were inoculated with approximately 108 CFU/ml by spray and CFUs were quantified
at 0, 3, 6 and 10 dpi. Error bars indicate standard deviation. Asterisks (*) indicate a statistically

significant difference (One-way ANOVA followed by post-hoc Tukey test categories, p<0.01).
Symptoms induced on tomato leaves 10 dpi with the indicated strains.

A

pJG2 complementation of the AG2 mutant. B. pJepd complementation of the Aepd mutant.
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<— Figure SIl.4. Expression of Pto gap1 and gap2 genes in different carbon source cultures.
B-Galactosidase activities of transcriptional fusions from Pto DC3000 gap1 and gap2 promoters
to ‘lacZ were measured in the wild type (blue dots), AG1 mutant (red squares) and AG2 mutant
(green triangles). Different dilutions of cultures in the indicated media were grown for 24 h (except
for LB medium where cultures were grown for 6 h) at 20°C in a microtiter plate, measured and
represented in scatter plots, each strain data is fitted to a nonlinear regression. Carbon sources:
glucose (glu), succinate (suc), glucose + succinate (glu+suc), pyruvate + mannitol (pyr+man).

Table Sll.1. Oligonucleotides used for Pto gap mutants.

Name Sequence (5™-3’)

Directed mutants

PtGildelA aaagaattcGCAAACTGACCGACCGAAC

PtG1delB CGACGCTGAATTTAAGTCATACAGCCGTCCTTC
PtGidelC GACGGCTGTATGACTTAAATTCAGCGTCGCAGTG
PtG1delD 22agaattcGATAAGAGTCTGGCGGCTTG

PtG2delA AAAGAATTCCGTTCACGTCGAGCTTCTGGC
PtG2delB CTTGATGCTTACTGCGGCCTGAGTCACGGGAACCTTC
PtG2delC GGTTCCCGTGACTCAGCCGCAGTAAGCATCAAGCG
PtG2delD aaagaattcGCCACGTCCGATTCAACAGTCC
PtG3delA 22aggatccATCGCTCGTCGTGGTGGTGGTTATG
PtG3delB GGTCAGCGACGCGGGGCATGACATTTTCGCCAGG
PtG3delC GAAAATGTCATGCCCCGCGTCGCTGCCAATAACAG
PtG3delD tttaagctt GCCCAGCGCTTCCAGTTC
Overexpression plasmids

SEPtG1F tttaagctt TGAACTCCAGGCTAACGTCT

SEPtG1R aaaggatccGACCGGAGATTCAAGCA

SEPTG2F ttagcatgc ATTGTAACGGGGGAAGGTGG

SEPtG2R aaatctagaCACGCCACAAAACAAAACGG

SEPtG3F tttaagctt GTCCGCTCCCACATGACTG

SEPtG3R ttaggatccACACGTTTACCTTGCAGATCG

Promoter constructions

Pgap1_EcoRI 22agaattcGTGATGAACTCCAGGCTAACG
Pgap1_Pstl 2aactgcagCCGTCCTTCTGAATTTG

Pgap2_EcoRI aaagaattcGGAAGGTCAGGCTCCAG

Pgap2_Pstl aaactgcagAACCTTCCACATGTAGGGG

Sequencing and verification

M13U GTAAAACGACGGCCAGT

M13R CAGGAAACAGCTATGAC

F2 CTGCGATTCCGACTCGTCC

Z18 TAGCGGAACGTCGTGTAG

PtG1idell AGCAGGTGCGCGTTCATTTC

PtG2dell TCGTCAACGATAACCGCGTTGTG

PtG3dell GTCAAAGCGCGTGAGGTATTCG

Uppercase: hybridization sequence, lowercase: added sequence, underlined: target sequence for
arestriction enzyme.
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Table SIl.2. Enzymes of central carbon metabolism present in Pto as deduced from gene

annotations.

Code

1

0 Ny B~

11
12
13

18

19

14
15

16
17
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Enzyme Gene name PSPTOIid
Entner-Doudoroff pathway (ED)
Gluconokinase gntV PSPTO_3564
6-phosphogluconate dehydratase edd PSPTO_1288
2-keto-3-deoxy-phosphogluconate eda-1 PSPTO_ 1302
aldolase
Emden-Meyerhoff-Parnas pathway (EMP)
Glucokinase glk PSPTO_1289
Glucose-6-phosphate isomerase pgi PSPTO_0959
Fructose-1,6-bisphosphatase fbp PSPTO_5168
Fructose-bisphosphate aldolase fba PSPTO_0390
Glyceraldehyde-3-phosphate
dehydrogenase gap-1, gap-2 PSPTO_1287,PSPTO_2102
Phosphoglycerate kinase pgk PSPTO_0387
Phosphoglycerate mutase gpmA PSPTO_5327
Enolase eno-1, eno-2 PSPTO_1554,PSPTO_4616
Pyruvate kinase pyk PSPTO_4337
Phosphoenolpyruvate synthase ppsa PSPTO_2292

Pentose phosphate pathway (PP)

Glucose-6-phosphate-

dehydrogenase Zwf-1, zwf-2
6-phosphoglucolactonase pgl
6-phosphogluconate gnd
dehydrogenase
Ribulose-5-phosphate-3- roe
epimerase p
Ribose-5-phosphate isomerase rpiA
Transketolase tkt
Transaldolase B tal
Other pathways
Malate: quinone oxidoreductase mqo
Phosphognolpyruvate pckA
carboxykinase
Glucose dehydrogenase gcd, gcd-1
Gluconolactonase gnl

PSPTO_1300, PSPTO_3121

PSPTO_1301, PSPTO_2765,
PSPTO_3768

PSPTO_3122

PSPTO_0566

PSPTO_5289
PSPTO_0385, PSPTO_2401,
PSPTO_2402
PSPTO_2119

PSPTO_1136

PSPTO_0239

PSPTO_2492,PSPTO_4196
PSPTO_1345
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ABSTRACT

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH or Gap) is a ubiquitous enzyme
essential for carbon and energy metabolism in most organisms. Despite its primary role in
sugar metabolism, GAPDH is recognized for its involvement in diverse cellular processes,
being considered a paradigm among multifunctional/moonlighting proteins. Besides its
canonical cytoplasmic location, GAPDH has been detected on cell surfaces or as a secreted
protein in prokaryotes, yet little is known about its possible roles in plant symbiotic
bacteria. Here we report that Rhizobium etli, a nitrogen-fixing symbiont of common beans,
carries a single gap gene responsible for both GAPDH glycolytic and gluconeogenic activ-
ities. An active Gap protein is required throughout all stages of the symbiosis between R.
etli and its host plant Phaseolus vulgaris. Both glycolytic and gluconeogenic Gap metabolic
activities likely contribute to bacterial fitness during early and intermediate stages of the
interaction, whereas GAPDH gluconeogenic activity seems critical for nodule invasion
and nitrogen fixation. Although the R. etli Gap protein is secreted in a c-di-GMP related
manner, no involvement of the R. etli gap gene in c-di-GMP related phenotypes, such as
flocculation, biofilm formation or EPS production, was observed. Notably, the R. etli gap
gene fully complemented a double gap 1/gap2 mutant of Pseudomonas syringae for free life
growth, albeit only partially in planta, suggesting potential specific roles for each type of
Gap protein. Nevertheless, further research is required to unravel additional functions of
the R. etli Gap protein beyond its essential metabolic roles.
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BACKGROUND

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH or Gap) is a housekeeping enzyme
of energy metabolism conserved in virtually all organisms, prokaryotes and eukaryotes.
Its main role resides in the glycolytic and gluconeogenic pathways, where it catalyses
the interconversion of glyceraldehyde-3-phosphate and 1,3-bisphosphoglycerate, using
NAD*/NADH or NADP*/NADPH as cofactors (Seidler, 2013). Typically, GAPDH
assumes a homotetrameric configuration within the cytoplasm, each subunit with a mass
of approximately 37 KDa. Structurally, the protein comprises two main domains: the
N-terminal NAD* binding domain and the catalytic domain, which contains a conserved
cysteine residue at its active site (Segal & Boyer, 1953; Sirover, 2014; Querol-Garciaetal.,
2017). GAPDH is often encoded by a single gap gene, however some genomes may contain
two or more paralogous genes, like in Bacillus spp. and Pseudomonas spp. (Commichau et al.,
2013; Elkhalfi et al., 2013; Casas-Roman et al., 2024).

In addition to its primary involvement in glucose metabolism, GAPDH was one of the
first proteins to be described as moonlighting or multifunctional. This distinction arises
from the discovery of additional activities beyond its canonical role, reported in diverse
organisms, including humans (Sirover, 2020), plants (Yang & Zhai, 2017) and bacteria
(Gimenez et al., 2014; Jeffery, 2018). Moonlighting GAPDH often involves changes in
the subcellular localization of the protein. For instance, GAPDH has been observed to be
secreted or associated to the surface of both Gram-positive and Gram-negative bacte-
rial cells (Sirover, 2011; Giménez et al., 2014; Ebner et al., 2016). However, no discernible
motifs for extracytosolic trafficking have been identified in its sequence, and its trans-
location mechanism remains elusive (Kopeckova et al., 2020a). Furthermore, GAPDH
has been reported to interact with different host components in both pathogens and
beneficial bacteria, as well as being involved in adhesion and binding to extracellular
matrices (Pancholi & Fischetti, 1992; Jin et al., 2005; Aguilera et al., 2012; Giménez et al.,
2014; Ebner et al., 2016). However, little is known about the potential roles of GAPDH in
plant-interacting bacteria.

Rhizobia are nitrogen-fixing symbiotic microorganisms that face the challenge
of adapting to diverse soil environmental conditions while effectively colonizing
plant roots. Their ability to perform biological nitrogen fixation is possible thanks to
their symbiotic association with legumes (Olivares et al., 2013). The dual lifestyle of
rhizobia, is greatly influenced by their ability to acquire energy from available carbon
compounds (Poole et al., 2018). Catabolism of most hexoses in rhizobia takes place
through the Entner-Doudoroff (ED) pathway, alternative to the Embden-Meyerhof-
Parnas (EMP) route present in E. coli (Stowers, 1985). Instead, rhizobia are able to use
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the EMP pathway in a gluconeogenic manner, leading to a functional cyclic ED pathway.
Galactose catabolism does not follow this scheme nor does it enter glycolysis through
the Leloir pathway as in E. coli. Galactose is rather catabolized through an analogous
route to the ED pathway, known as the De Ley-Doudoroff pathway, ultimately
yielding glyceraldehyde-3-phosphate and pyruvate (Arias & Cervefiansky, 1986;
Geddes & Oresnik, 2014).

The permanent dialogue between microbes and their eukaryotic hosts during
the establishment of an interaction, such as the association of rhizobia with legume
plants, triggers a series of physiological, genetic, and cellular adaptive responses
that highlight the critical role of bacterial signal transduction. This association
entails a lifestyle conversion, necessitating a precisely regulated genetic program
for the successful transition from a saprophytic existence in the soil to an inti-
mate symbiotic relationship with the plant host. To facilitate a swift physiological
response, it becomes imperative to synchronize the expression of bacterial deter-
minants required for plant colonization and invasion, while adapting to varying
environmental conditions. This coordination is made possible through the transduc-
tion of signals via second messengers, among which bis-(3’,5’)-cyclic dimeric guanosine
monophosphate (c-di-GMP, cdG) stands out (Pérez-Mendoza et al., 2014; Krol et al.,
2020). c-di-GMP serves as a pivotal regulator of diverse cellular processes, including
cell to cell signalling, cell cycle progression and virulence (Rémling et al., 2013).
However, it is primarily known for its central role in orchestrating the transition
between a planktonic/motile and a sessile/biofilm life style in bacteria. To this end,
c-di-GMP stimulates the biosynthesis of different extracellular matrix components
while inhibiting various forms of motility. It modulates the production of crit-
ical proteins for maintaining the structural integrity of bacterial biofilm matrices,
including actively secreted proteins, adhesins, and motility organelles, such as
flagella and pili. Moreover, c-di-GMP directly or indirectly governs the production
and secretion of certain exopolysaccharides (EPS) and other matrix components
(Fong & Yildiz, 2015).

A recent study of the extracellular proteome of Rhizobium etli revealed that elevated
c-di-GMP levels promoted the secretion of various extracellular proteins poten-
tially involved in adhesion and biofilm formation, but, unexpectedly, also promoted
the export of cytoplasmic proteins to the extracellular medium (Lorite et al., 2023).
Remarkably, most of these cytoplasmic proteins had been previously characterised as
moonlighting proteins in other organisms. One of these cytoplasmic proteins found
in the extracellular medium was GAPDH. Interestingly, c-di-GMP not only promoted
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the exportation of the Gap protein but also increased the number of extracellular Gap
proteoforms that could be resolved by two-dimensional gel electrophoresis, suggesting
a link between c-di-GMP and the posttranslational modification and secretion of this
cytoplasmic protein (Lorite et al., 2023).

The Rhizobium etli Gap protein is a 336 amino acid protein encoded by the gap gene
(RHE_CHO03496, 1011 pb). Located upstream of gap is the tkt gene, encoding another
metabolic protein, transketolase. Downstream of gap, an ORF encoding a hypothetical
protein that is conserved in other bacteria of the Rhizobium genus, is present. Currently,
it remains unknown whether these three genes are transcribed as a single operon, and
the location or type of promoter regulating their expression. However, it is noteworthy
that the genetic tandem tkt-gap is conserved not only in many rhizobia, but also in other
a- and B-proteobacteria (Fig. SIl1.1).

In this study, we investigate the gap gene of Rhizobium etli CE3, aiming to elucidate
its roles in both free-living conditions and during bacterial interaction with the host
plant Phaseolus vulgaris. Additionally, we endeavour to uncover potential moonlighting
roles of the Gap protein encoded by this gene.

SPECIFIC MATERIALS AND METHODS

Bacterial strains and growth conditions

Bacterial strains and plasmids used in this work are listed in Tables M.1 and M.2
in the general Materials and Methods section. Rhizobium etli strains were routinely
grown in TY broth (Beringer, 1974) at 28°C. Luria-Bertani (LB) broth (Sambrook et al.,
1989) was used for Escherichia coli and Pseudomonas syringae strains, which were grown
at 37°C and 28°C respectively.

Two minimal media were used for Rhizobium etli: MMY medium (Meneses et al., 2010)
and MMR medium (Robertsen et al., 1981). M9 minimal medium was used for Pto DC3000
strains assays (Sambrook et al., 1989). When required, antibiotics were added (ug/ml):
nalidixic acid (20), streptomycin (100), spectinomycin (100), kanamycin (50), tetracycline
(10), rifampicin (10) or ampicillin (100).

Bacterial mutant and genetic constructions

A Agap mutant was obtained by deleting the gap gene (RHE_CHO03496) of R. etli
CE3 (Ret). First, the gap gene flanking regions were PCR-amplified using specific
primers (Table SlIl.1) and cloned into vector pK18mobsacB, which does not replicate
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and behaves as a suicide plasmid in Ret. The pK18Agap plasmid bears a 1274 bp
Pstl fragment with a deletion from nucleotide 21 to 1005 of the gap gene. This
pK18Agap plasmid was electroporated into E. coli S17.1 for posterior conjugation
into R. etli CE3. Rhizobial transconjugants containing the integrated plasmid were
selected in medium with kanamycin. Afterwards, transconjugants were grown in
liquid media without antibiotic to allow cointegrate loss, and plated on rich medium
supplemented with sucrose (15% wt/vol). To select for double recombinants, colo-
nies were replica plated and Kms* sucrose® colonies chosen for verification by PCR
and sequencing. The Agap mutant named AC1D, was confirmed to carry a deletion
of 97% of the gap gene.

Expression plasmids bearing different variants of the gap gene were constructed
for in trans complementation of the deletion mutant (Table M.2). A DNA fragment
including the gap gene was amplified by PCR from chromosomal DNA using specific
oligonucleotides (Table SllI.1). The amplified fragment was ligated into pCR2.1-
TOPO, sequenced and then cloned into vector pJB3Tc19 to obtain the pJGap
plasmid, where the gap gene is expressed from the vector borne lac promoter. A
DNA fragment containing the gap gene coding sequence with a single nucleotide
change (G461>C), converting Cys154 into a Ser residue of the Gap protein, was
synthesized (Proteogenix), and cloned into pJB3Tc19 to obtain the pJMCy plasmid.
The resulting plasmids were electroporated into E. coli $17.1 for posterior conjuga-
tioninto R. etli CE3.

Additional methods used in this chapter are previously described in the general
Materials and Methods section:

- Growth assays

- Phaseolus symbiosis assays

- Nodule histology and microcopy

- Tomato plant infection assays

- Biofilm and flocculation assays

- Exopolysaccharide production determination

- GAPDH enzymatic activity assays

- Statistical analysis

-149-



| Chapter Il1]

-150-

RESULTS

A Rhizobium etli gap mutant is impaired for growth in multiple carbon sources

R. etli growth assays were carried out in media supplemented with defined carbon sources.
Glucose and succinate were selected as representative glycolytic and gluconeogenic
carbon sources, respectively. Galactose was also evaluated as it is metabolized through
the alternative De Ley-Doudoroff pathway (De Ley & Doudoroff, 1957). Fructose and
pyruvate were also tested (Fig. S111.2).

The AC1D Agap mutant exhibited significant growth deficits since it was unable
to grow when a single carbon source, either glucose, galactose or succinate, was
provided. However, it displayed limited growth when both glycolytic and gluconeo-
genic pathway carbon sources (i.e., glucose + succinate) were present simultaneously.
Yet, the growth rate of the mutant was significantly lower than that of the wild-type
(Fig.RII1.1). The plasmid pJGap, which bears the native sequence of the gap gene, effec-
tively recovered the wild type phenotype in the AC1D mutant, enabling growth on
all carbon sources (Fig. RIll.1). In contrast, the pJMCy plasmid, harboring a site-di-
rected mutated gap gene, failed to restore the growth deficiencies of the gap mutant,
allowing only a slight incrementation in growth compared to the AC1D mutant
(Fig. RIIL.1A and Fig. SlI1.3). This outcome was expected since this specific mutation
resulted in the substitution of Cys154 with Ser (Cys154Ser), thereby impacting the
active site of the Gap protein (Boschi-Muller et al., 1998).

Certain bacteria, such as pseudomonads, possess specialized Gap proteins. In P.
syringae pv. tomato (Pto) DC3000, Gap1 predominantly fulfills a glycolitic function,
whereas Gap2 primarily functions in gluconeogenesis (Casas-Roman et al., 2024). To
gain deeper insights into the metabolic phenotypes of Ret Gap, we introduced the
pJG1 and pJG2 plasmids bearing gap1 and gap2 genes from Pto DC3000, respectively,
into the AC1D mutant. The introduction of the gap1 gene led to a similar recovery
of growth as observed with the pJGap plasmid, as the strain complemented with
pJG1 exhibited a growth pattern akin to the wild type in all tested carbon sources.

Figure RIIl.1. Growth of Rhizobium etli gap strains on different media.

Assays were carried out in (A) solid or (B) liqguid MM with defined carbon sources: glucose
(glu), succinate (suc), galactose (gal).

A. Growth on solid media. Pictures were taken after incubation for 7 days at 28°C.

B. Growth curves on liquid media. Bacterial cultures were incubated for 72h at 28°C with

continuos shaking, absorbance was measured every hour in a Bioscreen C.
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However, upon introduction of the gap2, the AC1D mutant only regained growth
on gluconeogenic compounds like succinate, but not on glycolytic ones like glucose.
Notably, the Gap2 protein was neither able to complement the R. etli Gap mutant for
growth in galactose (Fig. RIll.1). Galactose metabolismin R. etli proceeds through the De
Ley-Doudoroff pathway, resulting in the formation of glyceraldehyde-3-phosphate and
pyruvate, the same products obtained through the ED pathway (Arias & Cervefansky,
1986; Geddes & Oresnik, 2014).

R. etli GAPDH catalytic activities

The wild type strain CE3 displayed Gap glycolytic activity only when NAD* was
provided as a cofactor, and this activity was significantly enhanced when carrying the
pJGap plasmid (Fig. RII1.2A). As expected, no Gap glycolytic activity was detected in
the AC1D mutant, unless it was complemented with the pJGap plasmid (Fig. RIII.2A).
No activity could be detected in the AC1D mutant carrying pJMCy, thus confirming
that the substitution of Cys154 with Ser abolishes the activity of the Gap enzyme.
Glycolytic Gap activity was also quantifiable in the AC1D mutant carrying in trans
either the Pto Gap1 or Gap2 genes. However, enzymatic activity levels were markedly
higher with the Gap1 gene plasmid (Fig. RIIl.2A). Furthermore, Gap1 activity was
dependent on NAD", whereas Gap2 required NADP as cofactor (Fig. RIII.2A), as
previously reported (Casas-Roman et al., 2024).

Apparent gluconeogenic GAPDH activity was observed in all the strains, wild type
and mutants (Fig. RIII.2B). This probably reflects basal activity levels owing to the
substrate remaining from the first of the two reactions involved in the assay, as described
in materials and methods. Significant gluconeogenic Gap activity was detected in both
the wild type and the mutant carrying the pJGap plasmid, demonstrating the expression
of the multicopy R. etli gap gene. In contrast, the pJMCy plasmid, also in multicopy, did
not enhance the basal levels of gluconeogenic Gap activity measured (Fig. RIII.2B).

Figure RIIl.2. GAPDH activity assays.

Bacteria were culture in liquid TY and GAPDH activity was determined in cells extracts as
described in Materials and Methods. Graphs depict average specific activity of each strain.
Error bars correspond to the standard deviation and different letters indicate significant
differences (Tukey test, p<0.05).

A. Glycolytic GAPDH activity. NAD or NADP were used as cofactors.

B. Gluconeogenic GAPDH activity. NADPH indicated when added as a co-substrate.
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Furthermore, basal gluconeogenic Gap activity was significantly augmented in the
AC1D mutant with the presence of Pto gap1 and gap2 genes in trans. It is noticeable
that Pto Gap2 protein exhibited a lower activity level compared to Gap1 in R. etli (Fig.
RIN11.2B), despite Gap2 being shown to predominantly have GAPDH gluconeogenic
activity in Pto (Casas-Roman et al., 2024).

In summary, these results strongly support that the R. etli gap gene encodes a single
protein possessing both glycolytic and gluconeogenic GAPDH enzyme activities that
require NAD*/NADH as cofactors. Furthermore, the Cys154 residue of Ret Gap seems
to be essential for both activities.

Effect of gap mutations in symbiosis

To test the impact of gap deletion and overexpression in the symbiotic association
between R. etli and P. vulgaris different assays were performed to assess nodule
formation, symbiotic efficiency and nodule invasion.

Nodulation kinetics assays revealed that the AC1D Agap mutant failed to induce
nodule formation at the same rate as the wild type (Fig. RII1.3A). Nodules induced
by the wild type were observable as early as day 8 after inoculation, with the
number of nodules increasing exponentially until 17 dpi. These wild type nodules
were predominantly located in the upper part of the root, near the crown, and exhi-
bited a spherical, pink-coloured appearance, indicative of nitrogen-fixing activity.
In contrast, the mutant AC1D induced visible bumps or swellings only after 10 dpi,
which, however, did not develop into mature nodules. Furthermore, the mutant
formed significantly fewer nodules, which were smaller in size and exhibited a white
toyellowish coloration, appearing scattered throughout the root system. Expression
of the R. etli wild type gap gene in trans (plasmid pJGap) fully restored the nodulation
phenotype of the AC1D mutant to wild type nodulation kinetics, in contrast to the
pJMCy plasmid carrying the R. etli gapC154S mutant gene (Fig. RII1.3A), as expected.

To discern whether glycolytic and/or gluconeogenic Gap activities are indispen-
sableforrhizobiaduringthe symbiotic process, we tested AC1D derivatives carrying
the pJG1 and pJG2 plasmids. The gap1 construct completely restored the AC1D
nodulation phenotype, rendering it indistinguishable from the wild type. Similarly,
the AC1D mutant expressing the gap2 gene was able of inducing nitrogen-fixing
nodules, albeit at a significantly slower rate than the wild type (Fig. RII1.3A).

The symbiotic efficiency assays conducted in Leonard jars confirmed that the
AC1D Agap mutant failed to establish a nitrogen-fixing symbiosis with P. vulgaris.
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This deficiency was evident from the visual appearance of the plants, which were
markedly smaller and exhibited a yellow coloration characteristic of nitrogen defi-
ciency, resembling the non-inoculated control plants (Fig. RI11.3B). Indeed, as seen
in Fig. RII1.3C, the shoot dry weight (a), shoot fresh weight (b) and total N per plant
(c) were all significantly lower in plants inoculated with the mutant compared to
those inoculated with the wild type strain. Introduction of the pJGap plasmid fully
complemented the AC1D mutant, restoring it to a wild-type symbiotic phenotype
as evidenced by all determined plant and symbiotic parameters. This was not the
case, however, with the pJMCy plasmid expressing the GapC154S mutant protein
(Fig .RI11.3B and C).

The introduction of plasmids pJG1 or pJG2 also enabled the AC1D mutant to
regain its ability to form a nitrogen-fixing symbiosis with its host (Fig. RIll.3B and
C). Interestingly, plants inoculated with the mutant bearing gap1 exhibited similar
shoot dry weights and N contents as those inoculated with the wild type, supporting
the full complementation of the symbiotic phenotype. In contrast, plants inoculated
with the AC1D mutant carrying the gap2 gene displayed smaller shoot dry weights
and reduced N contents compared to those inoculated with the wild type strain (Fig.
RI11.3C (a) and (c)). This partial complementation by the pJG2 plasmid was consistent
with the results observed in the nodulation kinetics assays described above. It was
also noteworthy that the nodules formed by the AC1D (pJG2) strain were generally
smaller than those formed by the wild type (Fig. RII1.3C (d)).

To assess whether nodule invasion by the mutant strains was taking place, we
conducted observations of the nodule internal structure. At 28 days post-inocula-
tion, the nodules induced by the AC1D mutant showed no infected plant cells, and
therefore absence of bacteroids. This was in stark contrast to the nodule invasion
patterninduced by the wild type, where the majority of central nodule cells were filled
with bacteroids (Fig. RII1.4). We can thus conclude that the AC1D gap mutant presents
a Nod¢ Fix (nodulation deficient and non-fixing) symbiotic phenotype, characterised
by a lack of invasion of the nodule cells. Given the significant nodulation delay and
decreased shoot biomass and N contents observed for the AC1D (pJG2) strain, we
also examined the internal structure of the nodules induced by this strain at both 21
and 28 dpi. At 21 dpi the invaded area appeared much smaller compared to nodules
formed by the wild type strain. However, this difference was notably diminished a
week later, by 28 dpi (Fig. RIl1.4). These observations corroborate that the Pto gap2
protein can indeed restore the symbiotic capacity in the AC1D mutant, albeit less
efficiently than the gap1 gene.
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Figure RIIL.3. Impact of gap mutations on the symbiotic interaction of R. etli with Phaseolus
vulgaris.

A.Nodulation kinetics. Plants were grown in pouches and nodules counted daily. Bars indicate
standard error. Dots (e) indicate a statistically significant difference (p<0.05) between CE3
(pJB3) and AC1D (pJG2) until 14 dpi. Asterisks (*) indicate significant differences (p<0.01)
between CE3 (pJB3) and AC1D (pJB3) and AC1D (pJMCys).

B. Pictures of representative plants (shoots and roots) inoculated with the wild-type or mutant
strains, taken at 28 dpi.

C. Symbiotic eficiency of R. etli gap mutants. Shoot dry weight (a), shoot fresh weight (b),
total nitrogen content (c), and average nodule fresh weight (d) of P. vulgaris plants grown in
Leonard jars, at 28 dpi. NI, non-inoculated. Bars correspond to the standard deviation and
different letters indicate significant differences (Tukey test, p<0.01).
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Figure RIIl.4. Histology of nodules.

Representative semithin (1 um) sections stained with 1% (w/v) toluidine blue at 21 and 28 dpi.
Scale bars of 500 um are depicted. Absence of bacteroids in the AC1D mutant, and delayed inva-
sion of the AC1D complemented with the gap2 gene of P. syringae, are shown.

Expression of the R. etli gap gene in other bacteria

We further investigated the capacity of the R. etli gap gene to substitute the gap genes of
other unrelated bacteria. To this end, we used the pJGap plasmid to complement a Pto
Gap mutant. This bacterium carries two gap genes, gap 1 and gap2, specialized in glycolytic
and gluconeogenic activities, respectively (Casas-Roman et al., 2024). Upon introduction
of pJGap in the Pto AG1/2 double mutant, complete recovery of the mutant’s growth on
all single carbon sources tested was observed (Fig. RIII.5A). This finding confirms that the
rhizobial enzyme possesses both Gap activities, even when expressed in a heterologous
genetic background.

To evaluate the potential impact of the R. etli gap gene on the virulence of Pto, tomato
infection assays were performed to determine the virulence of the AG1/2 mutant
complemented with pJGap. As previously reported, the AG1/2 mutant population did not
increase and remained significantly lower than that of the wild type (Casas-Roman et al.,
2024), matching the nearly asymptomatic appearance of the tomato leaves (Fig. RIII.5B).
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Figure RIIl.5. Complementation of a Pto double AG1/G2 mutant with the Rhizobium etli gap gene.

A.Free-living growth indefined carbon sources: glucose (glu), succinate (suc), galactose (gal). Pictures
taken after 2 days at 20°C.

B. Time course of Pto growth in tomato leaves. Bars indicate standard deviation. Statistically signifi-

cant differences are marked by asterisks (*) and dots(e)(Tukey HSD test, p<0.01). Pictures illustrate
visual symptoms on tomato leaves at 10 dpi.

When the pJGap plasmid was introduced, a notable recovery in virulence was observed,
as evidenced by the increases in both the population levels and symptoms induced in
the leaves. However, this strain did not quite reach the population levels and symptoms
induced by the wild type. Evaluation of plasmid stability revealed that at 3 dpi, the

point when bacteria reached the highest numbers, pJGap was retained by at least
93.9% of the population.
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Involvement of R. etli gap gene in biofilm formation and flocculation

To investigate the potential impact of Gap on aggregative behaviour and adhesion
in R. etli, biofilm formation and flocculation experiments were performed. As these
behaviours are known to be enhanced by high levels of c-di-GMP (Pérez-Mendoza et
al., 2014), both the wild-type and AC1D Agap mutant strains were tested under phys-
iological and elevated c-di-GMP conditions. To accomplish this, strains expressing
the pleD* gene, which increases intracellular c-di-GMP levels, were used (Romero-
Jiménezetal., 2015).

Biofilm assays were performed for both the wild type and AC1D strains with and
without pleD* overexpression. The assays were carried out in rich medium (TY) supple-
mented with glucose to ensure suitable growth of the gap mutant. The Agap mutant
exhibited similar biofilm formation compared to the wild-type under all conditions
(Fig. RIlI.6A). Furthermore, overexpression of the Gap protein in the wild type did not
have any discernible effects on this phenotype. To investigate whether differences in
polysaccharide production could be occurring during growth in solid media, Congo Red
(CR) and Calcofluor (CF) staining were performed to compare the different strains.
Consistent with biofilm formation results, high c-di-GMP conditions enhanced CR and
CF staining, indicative of exopolysaccharide production (Romero-Jiménez et al., 2015)
in both the wild type and the AC1D mutant. This suggests that there is no impairment in
polysaccharide production by the mutant strain (Fig. RI11.6B).

Flocculation assays were conducted in glass culture tubes using TY medium supple-
mented with glucose as well as MMR medium containing glucose and succinate. The
pleD* gene induced a strong aggregative behaviour in the R. etli wild type, with signifi-
cant flocs appearing in liquid culture, (Fig. RIII.7C), in agreement with previous reports
(Pérez-Mendoza et al., 2014). Likewise, overexpression of pleD* in the AC1D strain also
resulted in aggregative behaviour comparable to that of the wild type (Fig. RII1.7C).

Figure RIIL6. Biofilm formation and flocculation by R. etli gap mutant.

A. Biofilm formation by the R. etli wild-type and gap strains expressing physiological or
elevated (PleD*) levels of c-di-GMP. Biofilm quantified after static growth in TY + glucose
medium for 72 h. Bars represent standard deviation and different letters indicate signifi-
cant differences (Tukey test, p<0.01).

B. Congo red and Calcofluor staining of the R. etli gap mutant. Photographs were taken after
growth for 48 h at 28°Cin TY + glucose.

C. Flocculation tests. The bacterial strains were grown in glass tubes with continuous shaking.
Tubes were photographed after 24 h in the case of TY supplemented with glucose, and after
48 h of growth in MMR supplemented with glucose and succinate at 28°C.
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DISCUSSION

Considered a ubiquitous housekeeping protein, GAPDH is present in nearly all organisms.
This enzyme plays a crucial role in cellular metabolism by catalysing the interconversion
of glyceraldehyde-3-phosphate and 1,3-bisphosphoglycerate, thereby participating in
both the glycolytic and gluconeogenic pathways (Seidler, 2013). In addition to its well-es-
tablished metabolic roles, GAPDH has emerged as a versatile protein involved in diverse
cellular processes unrelated to central carbon metabolism, and thus was recognised as
one of the first moonlighting proteins (Seidler, 2013; Sirover, 2014; Jeffery, 2018; Franco-
Serrano et al., 2021). In various pathogenic and beneficial bacteria, GAPDH has been
observed to be secreted to the extracellular milieu or associated to the cell surface, where
it often plays roles in adhesion and interaction with different host components (Pancholi
and Fischetti, 1992; Aguileraetal.,2012; Ebner et al.,2016; Kopeckovaet al., 2020a; Lorite
et al., 2023). However, our understanding of the extrametabolic functions of GAPDH in
plant-associated bacteria is still limited.

Our results underscore that a single gap gene governs both glycolytic and gluco-
neogenic GAPDH activities in R. etli. The gap deletion mutant AC1D exhibited severe
growth deficiencies in the presence of a sole carbon source. However, simultaneous
availability of glycolytic and gluconeogenic carbon sources allowed the mutant to proli-
ferate, albeit at a significantly slower rate than the wild type. This indicates that the
loss of GAPDH activity is partially compensated for at a metabolic level when bacteria
have access to at least one glycolytic and one gluconeogenic carbon source concu-
rrently. Furthermore, mutation of a conserved cysteine residue (C154 in the R. etli Gap
sequence) rendered the enzyme completely inactive, incapable of rescuing the AC1D
mutant phenotype in free life. This is consistent with previous reports highlighting
the essential role of this conserved Cys residue for GAPDH activity (Boschi-Muller &
Branlant, 1999). In bacteria like E. coli, which also carry a single gap gene, gapA mutants
are only able to grow when combined glycolytic and gluconeogenic sources are present
(Seta et al., 1997). In other bacteria, like Bacillus subtilis or Pseudomonas syringae, more
than one Gap protein are present with a clear specialization on the type of activity
(glycolytic or gluconeogenic) and the cofactor (NAD or NADP) used (Commichau et
al., 2013; Casas-Roman et al., 2024). In this regard, we have shown that the R. etli Gap
protein is responsible for both glycolytic and gluconeogenic activities of the enzyme
using NAD/NADH as a cofactor. It is unclear what advantages, if any, may be provided
by the occurrence of single or multiple gap genes.

We have recently demonstrated that elevated c-di-GMP levels in R. etli promoted
the export of cytoplasmic proteins (ECP) to the external environment, with GAPDH
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being one of them (Lorite et al., 2023). The second messenger c-di-GMP has an impor-
tant role in the transition between a planktonic/motile and a biofilm/sessile life style
in numerous bacteria, acting as a regulator for the synthesis of various biofilm matrix
components, including exopolysaccharides and proteins (R6mling et al., 2013; Pérez-
Mendoza & Sanjuan, 2016). To investigate the potential impact of the Gap protein on
aggregation and biofilm formation in R. etli, we conducted different experiments under
both physiological and high c-di-GMP conditions. Surprisingly, our results revealed that
the Agap mutant formed similar amounts of biofilm compared to the wild type under all
conditions tested. We did not observe any significant differences in flocculation or EPS
production between the mutant and the wild type strain. Furthermore, overexpression
of the Gap protein in the wild type did not lead to notable changes in the aggregative or
biofilm phenotypes, regardless the intracellular c-di-GMP levels.

In addition to the presence of the R. etli Gap protein in the extracellular milieu,
changes in the number and abundance of extracellular Gap proteoforms promoted by
c-di-GMP had been observed, suggesting potential roles of Gap beyond central metabo-
lismin R. etli (Lorite et al., 2023). Our findings substantiate the pivotal role of the R. etli
gap gene in nodulation and nitrogen fixation with P. vulgaris, since the lack of Gap acti-
vity disrupted all key stages of symbiosis, from nodule formation to nodule invasion and
nitrogen fixation. The AC1D mutant displayed a Nod¢ Fix- phenotype (nodulation defi-
cient and non-fixing). The observed delay and reduction in nodule formation by the Agap
mutant could be attributed to its inability to effectively utilize the sugars, organic acids
and other nutritional compounds secreted by the roots of common beans (Tawaraya et
al.,2014). Although the availability of both glycolytic and gluconeogenic carbon sources
could support some growth of the AC1D mutant in the bean rhizosphere, its inefficient
utilization of those carbon sources would hamper its ability to proliferate there, hence
explaining the delayed nodulation. Additionally, the nodules induced by the mutant
were small and poorly developed. Histological examination of the nodules revealed
the absence of a symbiotic central zone, with minimal or no bacterial invasion of plants
cells, and lack of nitrogen-fixing bacteroids, accounting for the Fix phenotype. Bacteria
could be readily isolated from the interior of those mutant nodules (data not shown),
indicating that these Gap™ bacteria were still capable of multiplying within the infec-
tion threads, but could not be released into the host cells. The Inf symbiotic phenotype
of the R. etli Gap- mutant resembles that described for S. meliloti Gap™ mutants, which
formed nodules lacking a distinctive infection zone and contained few infected cells
(Finan et al., 1991). Although those S. meliloti mutants were not genetically characte-
rized, it is evident that GAPDH activity is indispensable for both types of symbiosis, S.
meliloti-alfalfa (indeterminate nodules) and R. etli-common bean (determinate nodules).
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The introduction of the gap gene via the pJGap plasmid facilitated the restoration
of a wild type symbiotic phenotype in the gap mutant. Conversely, the pJMCy plasmid,
providing an inactive Gap protein, failed to ameliorate the symbiotic phenotypes of
the AC1D mutant. This underscores the indispensability of an enzymatically active
Gap protein that fulfils the metabolic requirements of the bacterium throughout the
different symbiosis stages. However, it remained unclear which of the two enzymatic
GAPDH activities, glycolytic or gluconeogenic, might be required at each particular
stage. The utilization of specialized Gap proteins helped to answer this question. The
gapl and gap2 genes of Pto were separately introduced into the AC1D mutant. In
symbiosis, overexpression of gap1 resulted in a complete recovery of the wild type
phenotype. However, only a partial complementation was observed with gap2, as
the strain still exhibited a delay in nodule formation and invasion, along with reduced
symbiosis efficiency. Notably, Pto Gap2 primarily participates in the gluconeogenic
pathway (Casas-Roman et al., 2024). The growth assays in free-living conditions showed
that gap2 overexpression only restored growth of the AC1D mutant on gluconeogenic
carbon sources, but not on glycolytic compounds like glucose. This suggest that the
absence of glycolytic GAPDH activity in the AC1D mutant complemented with gap2
accounts for the delayed nodule formation and invasion. These findings support the
notion that Gap glycolytic activity is more important during the early and intermediate
stages of the symbiosis, whereas gluconeogenic GAPDH activity is necessary for the
release of bacteria into the host cells, as well as for bacteroid differentiation and func-
tion. Several reports indicate that gluconeogenesis is vital for the synthesis of various
metabolites from dicarboxylates in bacteroids (Geddes & Oresnik, 2014). Consistent
with our findings, other R. etli strains affected in the gluconeogenesis pathway, such as
pckA (phosphoenolpyruvate carboxykinase) mutants, were reported to induce non-fi-
xing nodule-like structures, where host cells remained uninvaded (Tate et al., 2004).

Gluconeogenic Gap activity also plays a crucial role in the interaction between a
very different bacterium and its host plant. We have recently reported that single AG2
or double AG1/2 mutants of Pto DC3000 exhibited a reduced ability to multiply inside
plant tissues, which resulted in diminished virulence (Casas-Roman et al., 2024). Here,
we have shown that the R. etli gap gene fully rescued a Pto double AG1/G2 mutant for
growth in free-living conditions. However, despite the total complementation of the
free-living growth phenotype, the capacity of this double mutant to proliferate in planta
was only partially restored by the rhizobial gap gene. Several factors may contribute to
this partial restoration in planta, including inefficient transcription and/or translation
of the R. etli gap gene in the Pseudomonas genetic background. Additionally, structural
differences between the Gap proteins from R. etli and Pto may be also relevant, poten-
tially impacting additional functions needed in planta. It is worth noting that Pto Gap2
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possesses a 130 aa extra N-terminal region of unknown function (Fig. SlI1.4) (Elkhalfi et
al., 2013), that makes it larger than conventional Gap proteins. This structural variation
could influence protein function and/or its role in the interaction with the host.

In summary, our study highlights the essential role of an active Gap protein
throughout all the stages of the interaction between R. etli and its host plant P. vulgaris.
Both glycolytic and gluconeogenic Gap metabolic activities are crucial for bacte-
rial fitness during the early and intermediate stages of the interaction, whereas the
GAPDH gluconeogenic activity seems essential for nodule invasion and nitrogen fixa-
tion. Despite the challenges posed by the essential nature of Gap metabolic activities
in identifying putative moonlighting functions, the observed partial interchangeability
between R. etli and P. syringae Gap proteins in planta suggest distinct specific tasks for
each type of Gap protein. Therefore, further research will be required to unveil any
additional roles of the Gap proteins in these plant-associated bacteria beyond their
metabolic functions.
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SUPPORTING INFORMATION

Carbohydrate metabolism
[ Genetic information processing
Signalling and cellular processes

Unknown function

Figure Slll.1. Genetic context of the Ret gap gene.

Gap is encoded by the RHE_CHO03496 gene, which is located downstream of the tkt gene,
encoding transketolase. Downstream of gap is located an ORF coding for a hypothetical
protein. It is unknown whether these three genes are transcribed as a single operon.
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Figure Slll.2. Growth of R. etli gap mutants on minimal medium containing different carbon
sources.

Assays were carried out in both solid and liquid minimal media with fructose (fru) at 10 mM
or pyruvate (pyr) at 20 mM.

A.Growth on solid medium of 20 pl drops of bacterial suspensions at ODgoo=1. Pictures
were taken after incubation for 7 days at 28°C.

B.Growth curves in liquid medium. Bacterial cultures were inoculated at ODg00=0.01 and
incubated at 28°C for 72 h with conFnuous shaking measuring the absorbance at 600 nm
every hour in a Bioscreen C.
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Figure Sll1.3. Growth curves of the R. etli AC1D (pJMCy) mutant on minimal medium containing different

carbon sources.
Carbon sources were glucose (glu) at 10 mM, fructose (fru) at 10 mM, succinate (suc) at 15 mM,

pyruvate (pyr) at 20 mM and galactose (gal) at 10 mM. when provided simultaneously (glu+suc),

glucose was at 5 mM and succinate at 7.5 mM
Bacterial cultures were inoculated at ODg¢0=0.01 and incubated at 28°C for 72 h with continuous

shaking measuring the absorbance at 600 nm every hour in a Bioscreen C.
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Figure. Slll.4. Sequence alignment of Gap proteins.

Ret: Gap protein from R. etli. PtoG1: Gap1 protein from P. syringae. PtoG2: Gap2 protein
from P.syringae. Asterisks (*) indicate identical residues in the three proteins, two dots (:)
indicate conserved substitutions, and (.) semi-conserved substitutions.
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Table Slll.1. Oligonucleotides used for Ret gap mutants.

Name

Directed mutants
GAPDH.del. A
GAPDH.del.B
GAPDH.del.C
GAPDH.del.D
Overexpression plasmids
GAPDH.compF
GAPDH.compR
Sequencing and verification
M13U

M13R

pTn7L

pTn7R

glmSletF

glmS1etR

Sequence (5™-3’)

tctagaCACGGAAACGGCGGAATG
CCCTCAGATGATGGCAACCTTGACTGTC
GGTTGCCATCATCTGAGGGCCTGACGAC
ctgcagGGGTGGTATGGGACAAGC

ctgcagTTCCAGGCCCTCTCTATCG
tctagaGTCAGGCCCTCAGATG

GTAAAACGACGGCCAGT
CAGGAAACAGCTATGAC
ATTAGCTTACGACGCTACACCC
CACAGCATAACTGGACTGATTTC
CCTGTTATCGTCATTGCTCC
CGACAGCAATCAGCAGGC

Genome position

3682273-3682291
3682855-3682875
3683855-3683875
3684500-3684519

3682806 -3682824
3683935-3683955

Uppercase: hybridization sequence, lowercase: added sequence, underlined: target sequence

for arestriction enzyme.

Reference sequence: Rhizobium etli CFN 42 GenBank assembly: GCA_000092045.1.
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ABSTRACT

Extracellular matrix components of bacterial biofilms include biopolymers such as
polysaccharides, nucleic acids and proteins. Many of the cytoplasmic proteins found
in extracellular matrices have been described as moonlighting proteins, exhibiting
their canonical function in the cell cytosol and a different one in the extracellular media.
Studies of the extracellular proteome of Rhizobium etli have revealed that c-di-GMP
promotes the secretion of cytoplasmic proteins, among them GAPDH. However, no
secretion signals are present in this protein, and like many other moonlighting proteins,
the mechanisms enabling its translocation to the cell exterior are unknown. In this
chapter, we study different possible mechanisms involved in c-di-GMP promoted secre-
tion of GAPDH in Rhizobium etli. High c-di-GMP levels did not significantly impact
cell bacterial growth rates or cell lysis, neither the amount of produced membrane
vesicles. Transmission electron microscopy immunolabeling located the Gap protein
in the cytoplasm, but also associated with cell membranes and extracellularly. It is
shown that c-di-GMP increases the number of extracellular Gap proteoforms, what
is suggestive of a Gap secretion mechanism involving post-translational modifica-
tions (PTMs). Evidence is provided that phosphorylation is one type of PTM present
in the R. etli Gap protein. This suggests a link between c-di-GMP, post-translational
modifications and the export of cytoplasmic proteins.
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BACKGROUND

Bacterial biofilms harbour a diverse array of proteins, including cell surface adhesins pili
and flagella that facilitate attachment to surfaces, migration and colonization (Absalon
etal.,2011;Fong &Yildiz,2015). Secreted proteins further contribute to biofilm struc-
ture and stability, with some even remodelling the matrix thanks to their enzymatic
activities (Kaplan et al., 2003; Nijland et al., 2010). Interestingly, a large number of
periplasmic, cytoplasmic, inner and outer membrane proteins are also present in the
biofilm matrix, which imply the translocation of these proteins to the outside of the
cell. Furthermore, many of those cytoplasmic proteins have been described as moon-
lighting proteins, exhibiting their canonical function in the cell cytosol and a different
one in the cell exterior (Jeffery, 2004). However, the mechanisms that regulate and
enable their translocation outside the cell remain unknown since the majority of
these proteins are secreted without relying on established sorting mechanisms
targeting extracellular localization, like signal sequences that guide secretion system
pathways (Jeffery, 2018).

One hypothesis posits that these proteins originated from cell lysis and subse-
qguent binding to the surface of neighbouring cells (Oliveira et al., 2012; Terrasse et
al., 2015). However, evidence also point towards active secretion for at least some
of them, potentially employing unidentified systems (Ebner et al., 2016). Another
mechanism involves their packaging into membrane vesicles (MVs), which are sphe-
rical nanoparticles surrounded by lipid membranes produced by both Gram-positive
and Gram-negative bacteria. These vesicles encapsulate and transport cytoplasmic
contents (proteins, DNA, RNA, etc.) away from the cell while providing protection
from the external environment (Toyofuku et al., 2012; Nagakubo et al., 2020). An
alternative hypothesis to cell lysis and MVs suggests the secretion of moonlighting
proteins onto the cell surface through unknown secretion pathways, described as
“non-classical” or “non-canonical”. In this scenario, post-translational modifications
(PTMs) could render some proteins to be passable substrates through the membranes
potentially aided by unidentified chaperones. Although a few mechanisms have been
proposed for specific proteins, a comprehensive understanding of these systems
remains elusive (Wang et al., 2013; Jeffery, 2018).

The second messenger c-di-GMP plays a well-established role in biofilm formation,
regulating the transition from motile to sessile life and polysaccharide production.
C-di-GMP also directly or indirectly influences the production and secretion of certain
proteins like adhesins, and the activity of different protein secretion systems (Pérez-
Mendozaetal.,2011b; Lépez-Baenaetal., 2019). As highlighted in Chapter Ill, the study
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of the extracellular proteome of Rhizobium etli revealed that high c-di-GMP levels
promoted the secretion of many cytoplasmic proteins, including Gap, which lack a
recognizable secretion signal (Lorite et al., 2023). This finding adds to the mystery
surrounding the mechanisms controlling the export of these and other moonligh-
ting proteins to the extracellular environment.

Various hypothesis and mechanisms have been proposed for Gap export in diffe-
rent bacteria: cell lysis in streptococci and staphylococci strains (Pasztor et al., 2010;
Oliveira et al., 2012; Terrasse et al., 2015), associated to OMV in R. etli (Taboada et
al., 2019), or catalysing OMV membrane fusion in Myxococcus xanthus (Whitworth &
Morgan, 2015). Additionally, the involvement of specific secretion pathways have been
described. Aguileraetal.(2012) reported GAPDH secretion through the T3SSin entero-
pathogenic E. coli. Nevertheless, certain probiotic E. coli strains lacking T3SS-encoding
genes still export Gap, suggesting that there are at least two alternative pathways for
Gap secretion in E. coli (Wang et al., 2013).

This chapter explores potential mechanisms of c-di-GMP promoted secretion of
GAPDH in Rhizobium etli. Two main proposed mechanisms, cell lysis and export through
OMVs, were investigated. Additionally, a study of the involvement of potential PTMs of
the Gap protein that might be relevant to its export was initiated.

SPECIFIC MATERIALS AND METHODS

Bacterial strains and growth conditions

R. etli strains LR101 and LR102 (Table M1) were used in this study. LR101 carries a
mini-Tn7pleD*Km transposon, which results in elevated intracellular c-di-GMP levels
compared with the strain LR102, harbouring a mini-Tn7Km transposon and expres-
sing wild type c-di-GMP levels. Both strains were grown in TY medium and MMY
medium (see general Materials and Methods) at 28°C.

Plasmid construction

A pTD-NTwinStrep_Sm (Dammeyer et al., 2013) derived plasmid was constructed
bearing the R. etli gap gene for expression of a tagged recombinant version of this
protein. The specific oligonucleotid employed are depicted in Table SIV.1. The pGap12
plasmid (Table M.2) expresses a R. etli Gap protein containing an N-terminal Twin-strep
tagand a C-terminal 6xHis tag. Expressionis drivenfromaP
responds to IPTG.

synthetic promoter which

trc
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Immunodetection by Western blot

Protein immunodetection was carried out as described in Materials and Methods.
Rabbit polyclonal anti-R. etli Gap antibodies were raised (Davids Biothecnologie
GMBH, Germany) against a synthetic peptide (DLGPVETNAHLLRYDSIHGK) derived
from the R. etli CE3 Gap (RHE_CHO03496) primary sequence (Lorite et al., 2023). This
anti-Gap antibody was diluted to a working concentration of 10 pg/ml and used following
the previously described standard protocol (7.5. Immunodetection by Western blot).

Mouse monoclonal anti-6x-His epitope tag antibody (MA1-135, ThermoScientific)
was diluted 1:2000 times and used following the standard protocol (7.5. Immunodetection
by Western blot). This antibody recognizes the 6x-His tag present in the Gap12 recombi-
nant protein.

A rabbit polyclonal anti-phosphoserine/phosphothreonine/phosphotyrosine anti-
body (Ref. 61-8300, Invitrogen) was used for detection of phosphorylated proteins.
This antibody detects phosphorylated serine (pS), threonine (pT) and tyrosine (pY)
amino acids with very low cross reactivity to their non-phosphorylated variants
(https://www.thermofisher.com/antibody/product/Phosphoserine-threonine-
tyrosine-Antibody-Polyclonal/61-8300). It was diluted to a working concentration of
1.0 pg/ml. TBS-T buffer (50 mM Tris-HCI, 140 mM NacCl, 0.1% Tween 20, pH 7.4) and
bovin serum albumin (BSA) were used instead of PBS-T and skimmed milk, respecti-
vely, with anti-phosphorylation antibodies.

Additional methods used in this chapter are previously described in the general
Materials and Methods section:

- Growth curves

- Cellviability determination

- Membrane vesicle isolation and quantification

- Protein purification by gravity columns

- Mono-dimensional and two-dimensional protein electrophoresis

- Phos-tag protein electrophoresis

- Protein dephosphorylation

- Transmission electron microscopy immunolabelling

- Statistical analysis
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RESULTS

High c-di-GMP levels do not enhance cell lysis

To assess if elevated c-di-GMP levels influenced cell lysis or growth phases of R. etli,
growth rate and live/dead viability assays were performed.

Growth curves of both R. etli strains, LR101 (high c-di-GMP) and LR102 (control),
displayed no significant differences in either rich (TY) or minimal (MMY) medium
(Fig. RIV.1A). As expected, cell densities were lower in MMY compared to TY for both
strains. Notably, despite their inability to produce cellulose, both strains exhibited
slight aggregation/flocculation in MMY, especially LR101, which may have affected
turbidity measurements. A similar scenario was observed for Pto strains (Chapter I),
with no significant growth differences between the strains expressing physiological
and high c-di-GMP conditions, either in rich or minimal media.

In addition, fluorescent live/dead viability assays were carried out in minimal
media, as described in Materials and Methods, to evaluate the live/dead cell ratios.
Cells in the exponential growth phase (DO, = 0.1) served as the control live cells,
whereas isopropyl alcohol-treated cells were used as the control dead cells. The
live/dead ratio remained above 90% throughout the growth curve, with no signi-
ficant differences between the two strains (with physiological or high c-di-GMP
levels) (Fig. RIV.1B). The live cell percentage only started to decrease in the late
stationary phase for both strains.

High c-di-GMP levels do not enhance MV formation in R. etli

In order to investigate whether c-di-GMP influenced membrane vesicle (MV) produc-
tioninR. etli, isolation and quantification of MVs from LR101 and LR102 strains were
carried out. Direct visualization of MVs was hindered by the high amounts of viscous
material, probably extracellular polysaccharides, present in the culture superna-
tants, particularly from the c-di-GMP strain LR101. Therefore, MV production was
indirectly measured by quantifying the total lipid content in the samples with the lipo-
philic fluorescent probe FM4-64 (Thermofisher, USA), as described in Materials and
Methods. Analysis of the relative fluorescence units (RFU) from LR101 and LR102
supernatants revealed no statistically significant differences (Table RIV.1) (p > 0.05;
Tukey HSD test). This suggests that c-di-GMP does not promote enhanced production
of MV by R. etli.
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Figure RIV.1. Bacterial growth curves and live/dead ratio under physiological and high
c-di-GMP conditions.

LR101 and LR102 present increased and physiological c-di-GMP levels respectively.
A.Growthcurves. TY and MMY medium with succinate as the carbon source. The cultures
were incubated for 72 h with continuous shaking at 28°C and DO,  was measured every
30 minutes in a Bioscreen C.

B. Live/dead quantification based on the Pl and SYTO13 fluorescence ratio. Cells were
incubated in MMY with succinate as carbon source at 28°C and measures were taken at
24 h,48 h and 72 h. Graph shows percentage of live cells in the sample at each time point.
Error bars indicate standard deviation.
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Table RIV.1. MVs quantification by lipid content (FM4-64 probe).

MV samples were incubated with FM4-64 (final concentration of 5 ug/ml in PBS) for 5 min
in darkness at room temperature. Emission at 635 nm was measured after excitation at 515
nm. RFU, Relative Fluorescent Units.

Lipid content (RFU/L culture)
LR101 2.08 x 10°+ 3.18 x 102
LR102 2.30 x 103+ 1.06 x 102
ARFUs 0.909 +0.18 (p>0.05)

Subcellular localization of R. etli Gap protein

Two approaches were used to investigate the subcellular localization of Gap in R.
etli: Western blots of MVs and immunocytochemistry. Immunodetection experi-
ments were performed to determine whether Gap was present as part of the cargo
or in association with MVs. Therefore, Western blots of the MVs samples as well as
the two supernatant wash fractions obtained in the process were carried out. They
revealed that Gap could be detected in all samples (Fig. RIV.2A), always with more
intensity in the high c-di-GMP strain LR101, corroborating previous results (Lorite
et al., 2023). However, Gap detection in both MV and supernatant wash samples
suggests an association with polysaccharides and/or other molecules in the sample,
rather than a direct association with MVs.

To establish the subcellular localization of the R. etli Gap protein by another
method, immunocytochemistry on ultrathin cryosections from LR101 and LR102
was performed. Anti-Gap specific antibody immunolabelling revealed the presence
of Gap mainly in the cytoplasm, but also associated with the inner and outer
membranes, periplasm and even outside the cells (Fig. RIV.2B). The finding of Gap in
the cytoplasm s consistent with its intracellular metabolic role in sugar metabolism.
However, detection of the protein at the inner and outer membranes or outside the
cells, suggests that specific Gap export would occur in both strains. Importantly, no
gold particles were localised in the observed vesicles (V), indicating these might not
be the primary route for export. Unfortunately, although immunocytochemistry
confirmed Gap presence outside the cytoplasm, this technique does not allow quan-
tifying potential differences between the LR101 and LR102 strains.
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MVs SN1 SN2
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36 KDa

LR101 LR102

Figure RIV.2. Subcellular localization of Gap in R. etli.

A. Immunodetection of Gap in MV samples and supernatant wash fractions (SN) of R. etli
cultures of strains LR101 and LR102. SN1: supernatant from the first ultracentrifugation;
SN2: supernatant of the second ultracentrifugation after washing with PBS. Twenty pg of
total protein were loaded into each lane .

B. Immunocytochemistry and electron microscopy. Colloidal gold particles were localised
inthe cytoplasm, associated with the inner and outer membranes, in the periplasmic space,
and outside the cells of both strains, LR101 and LR102. No gold particles were localised in
vesicles (V). All scale bars = 200 nm
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Post-translational modifications (PTMs) of the R. etli Gap protein

Different methodologies associated with immunodetection were performed to identify
potential PTMs and/or differences in the Gap proteins of R. etli LR101 and LR102 strains.

Two-dimensional separation (2D-GE) of total proteins in both cell-associated and
supernatant fractions from LR101 and LR102 cultures, followed by Western blot and
specific immunodetection of the Gap protein revealed multiple Gap proteoforms in
all samples (Fig. RIV.3). This suggests the presence of PTMs in the Gap polypeptide.
Intriguingly, the abundance and especially the number of Gap proteoforms appeared
higher in the culture supernatants compared to the cell fractions. This effect was
particularly pronounced in supernatants of the c-di-GMP strain LR101, where unique
proteoforms with much lower pls than that predicted for the unmodified Gap (pl=6.87)
were revealed (Fig. RIV.3). The absence of these specific proteoforms in the cell frac-
tions suggest that they may be tagged for export. Therefore, these findings suggest
that c-di-GMP promotes Gap export to the extracellular environment, and that specific
proteoforms carrying certain PTMs may be involved.

LR101 LR102
SN i i v 36 KDa
cell
extracts O — 7 36 KDa
3 »10 3 > 10

Figure RIV.3. Two-dimensional-GE Western blot and immunodetection of R. etli Gap protein.
Immunodetection was performed with polyclonal antibodies against R. etli Gap. Eighty pg of
total protein from supernatants (SN) or cell extracts from cultures of R. etli LR101 and LR102
were loaded, except for LR102-SN, for which 100 pg of protein was loaded. The pH gradient

(3-10) applied in the first dimension is indicated. Courtesy of M.J. Lorite .
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Different PTMs have been described for Gap proteins, like nitrosylation, acetyla-
tion or phosphorylation (Sirover, 2014; Ganapathy-Kanniappan, 2017). In the case of
rhizobia, the presence of phosphorylated residues was previously reported for the S.
meliloti Gap protein(Liuetal.,2015). Among PTMs, phosphorylations are the most preva-
lent and are relatively easier to detect compared to other modifications. To investigate
the presence of phosphorylated residues in the R. etli Gap protein, specific methodolo-
gies such as Phos-tag gels and commercial phospho-specific antibodies were employed,
facilitating an initial characterization of PTMs for the protein. For both approaches, a
tagged version of the Gap protein (Gap12) was expressed from the pGap12 plasmid in
the LR101 and LR102 strains. Subsequently, the protein was purified from cell extracts
using Strep-Tactin gravity columns, as described in the general Materials and Methods
section. Two-dimensional GE followed by immunodetection of the supernatant protein
fractions overexpressing Gap12 revealed an additional row of spots with higher mole-
cular weight (around 42KDa) but a similar distribution of proteoforms as the wild type
protein (Fig. SIV.1). This corresponds with the expected molecular weight for the tagged
version of the protein, which confirms that it is also exported outside of the cell and
undergoes similar PTMs,

The Phos-tag gel analysis allows visualising potential phosphorylation-induced
mobility shifts. The purified proteins were concurrently separated by regular SDS-PAGE
and Phos-tag electrophoresis followed by immunodetection with the anti-His tag anti-
body. A prominent band of the expected molecular weight for Gap12 (around 42 KDa)
was observed in the standard SDS-PAGE gel (Fig. RIV.4). In the Phos-tag gel, however,
two prominent bands among many smeared bands with a fuzzy appearance were
detected. This could be indicative of the presence of multiple Gap12 variants, poten-
tially phosphorylated at distinct residues or with varying degrees of phosphorylation.
This PTM could be also present in combination with other types of PTMs, what would
increase complexity and number of proteoforms. Notably, no apparent differences
were observed between the proteins isolated from the two strains LR101 and LR102.
This assay, however, could not be done with Gap12 proteins isolated from the culture
supernatants, due to the difficulties encountered to purify sufficient protein amounts
from this culture compartment.

We further investigated phosphorylation by immunodetection of the Gap 12
protein using antibodies against phosphoserine (pS), phosphothreonine (pT), and
phosphotyrosine (pY) residues. To validate the specificity of those antibodies, they
were initially tested on a protein known to be phosphorylated, using the protein BgrV
from S. meliloti. In wild type S. meliloti BgrV exists in two forms, one phosphorylated at
residue serine-61, and the other unphosphorylated. Phosphorylation is carried out by
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SDS Phos-tag

101 102 101 102

42 KDa . . ‘ .

Figure RIV.4. Comparative of standard SDS-PAGE and Phos-tag electrophoreses of the
purified Gap12 protein.

Strains LR101 and LR102. Purified protein (2.5 pg) was loaded into each lane.
Immunodetection was performed with a His-tag antibody.

the protein kinase BgrW, whereas dephosphorylation depends on the phosphatase
BgrU (Baena et al., 2019). A Strep tagged version of BgrV was expressed and purified
from a bgrU mutant strain IBR503, so that all the Strep-BgrV protein produced was in
the phosphorylated state. As illustrated in Fig. SIV.2, the anti-phosphoS/T/Y antibo-
dies successfully detected this phosphorylated BgrV protein. Treatment of the BgrV
protein sample with alkaline phosphatase prior to electrophoresis and Western blot-
ting, resulted in the loss of immunodetection of the purified BgrV. This confirmed that
the phospho-specific antibodies are able to discriminate between phosphorylated and
dephosphorylated proteins.

Next, the phosphorylation profiles of cell extracts and supernatants from R. etli
strains LR101 and LR102 were analysed after immunodetection with these phos-
pho-specific antibodies (Fig. RIV.5A). The phosphorylated protein profiles in cell
extracts displayed a distinct banding pattern compared to the Coomassie-stained
whole protein profiles. Notably, no visible differences could be appreciated between
the LR101 and LR102 strains in any case (Fig. RIV.5A). The supernatant fractions also
exhibited characteristic phosphorylated protein profiles, significantly different from
the Coomasie protein profiles. Remarkably, a prominent band around 33 KDa was
consistently observed in the supernatants. Interestingly, while some variations could
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be appreciated between the LR101 and LR102 strains in the supernatant protein,
no such differences were apparent in the phosphorylated profiles (Fig. RIV.5A). The
results, however, again provided confidence that the anti-phosphoS/T/Y antibodies
could discriminate certain proteins, likely phosphorylated, among a complex pool of
proteins.

We conducted similar Western blot assays with the Gap protein purified from
LR101 and LR102 cell extracts. Immunodetection of purified Gap12 from both strains
using anti-Gap antibodies revealed a similar profile for the proteins purified from both
strains (Fig. RIV.5B). Two distinct signals were observed: a broad band composed of two
or more polypeptides in the range of 42 KDa, corresponding to the Gap12 polypeptide,
and aslightly more defined but yet spread band in the range of 37 KDa, likely correspon-
dingto the wild type Gap polypeptide. Since both LR101 and LR102 bear a wild type gap
gene in addition to the Gap12 plasmid, it is plausible that Gap12/Gap heterotetramers
were retained in the Strep-tactin columns and later eluted. Gap12 and Gap polypep-
tides differ in the Strep and His tag, resulting in a molecular weight difference of 6.6
KDa. Interestingly, similar protein profiles were revealed when the anti-phosphoS/T/Y
antibodies were used instead of the Gap-specific antibodies (Fig. RIV.5B). This result
indicates that several Gap12 and wild type Gap proteoforms, which are recognized by
the anti-phosphoS/T/Y antibodies, can be separated even by monodimensional elec-
trophoresis. These signals significantly decreased when the Gap samples were treated
with phosphatase, providing further evidence for the presence of phosphorylated resi-
dues in the purified Gap12 and Gap polypeptides (Fig. RIV.5B). As shown in Fig. RIV.5B,
the treatment with the phosphatase cocktail had no effect on the signal intensity of the
Gap polypeptides revealed with the anti-Gap antibody.

DISCUSSION

The mechanisms facilitating the export of cytoplasmic proteins outside the cell remain
largely unclear, and diverse possibilities have been described, even for similar proteins
in different bacteria. Also, the observed enhanced abundance of certain proteins in the
extracellular proteome of R. etli under high c-di-GMP conditions suggests a potential
role for the second messenger in regulating the export of specific proteins.

Our results show that high c-di-GMP levels did not significantly impact cell growth
rates in either rich or minimal media (Fig. RIV.1). We also verified that the high
c-di-GMP strain LR101 displays similar death rates than the control LR102, discarding
stochastic phenomena, such as cell death or lysis that could directly affect the protein
contents of the extracellular fractions of the cultures. These observations imply that
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Figure RIV.5. Immunodetection of phosphorylated residues.

A. Total protein profiles of cell extracts and supernatants (SN) of strains LR101 and LR102.
Whole protein profiles stained with Coomassie blue (total protein). Immunodetection
of phosphorylated residues with anti-phosphoserine/threonine/tyrosine antibodies

(anti-phos).

B. Immunodetection of phosphorylated residues of the purified Gap12 protein from cell
extracts of LR101 and LR102 strains. Immunodetection with anti-phosphoserine/threo-
nine/tyrosine (anti-phos) and anti-Gap antibodies was performed with non-treated samples

(NT) and phosphatase treated samples.
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the enhanced Gap contents in the culture supernatants under high c-di-GMP condi-
tions is not triggered by cell lysis. Likewise, P. syringae growth curves did neither
appear to be impacted by c-di-GMP levels (Chapter I). Since cell lysis does not seem
to be responsible for the enhanced appearance of certain cytoplasmic proteins in the
culture supernatants under high c-di-GMP conditions, MVs and subcellular immuno-
localization analysis were performed to try to elucidate possible transport systems
focusing on the Gap protein.

Direct quantification of MVs produced by LR101 and LR102 strains was not
possible. However, measurement of lipid contents in the supernatants suggested no
significant differences between the amount of vesicles produced by both strains (Table
RIV.1). This indicated that elevated c-di-GMP levels do not seem to promote enhanced
production of MVs in R. etli. However, the possibility of c-di-GMP impacting MV cargo
composition remains open for further investigation.

Gap had been previously identified in the proteomic profile of OMVs isolated from
R. etli (Taboada et al., 2019), however this does not necessarily reflect a direct associa-
tion of Gap and OMVs. In our experiments, Gap was detected in both MVs and wash
fractions samples (Fig. RIV.2), what probably suggests that Gap remained associated
with polysaccharides and/or other extracellular molecules. Additionally, EM did not
reveal any gold particles associated with the observed vesicles. These observation
match studies on enterohemorrhagic and enteropathogenic E. coli, which determined
that Gap export is not mediated by MVs (Egea et al., 2007). Consequently, based on the
available evidence, it remains inconclusive whether the Gap protein is part of the cargo
of MVs produced by R. etli, so further investigations dedicated to analyse the specific
MYV cargo composition are needed.

Electron microscopy analysis revealed the R. etli Gap protein in various subcellular
localizations. Gap was observed in the cytoplasm, as expected for its role in sugar meta-
bolism. However, the protein was also detected outside the cell, and associated with
the inner and outer membranes (Fig. RIV.2). A similar situation was described by Egea
et al. (2007) for Gap in enterohemorrhagic and enteropathogenic E. coli strains using
immunogold labelling. This suggests that an active export process for Gap may be func-
tioning in both E. coli and R. etli. Indeed, a T3SS has been described to be involved in
the case of Gap exportation in enteropathogenic E. coli (Aguilera et al., 2012). However,
the late study also highlights the potential existence of an alternative secretion system
in probiotic strains, as well as the influence of media compositions. The hypothetical
Gap export system of R. etli would be expressed in the wild type strain, but potentially
upregulated by high c-di-GMP levels. While EM cannot quantify differences between
strains, it provides strong evidence for targeted Gap export in both scenarios.
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We have shown that c-di-GMP promotes a substantial increase in the number of
Gap proteoforms that can be discriminated by 2D-GE (Fig. RIV.3). Particularly striking
was the detection of certain proteoforms in the culture supernatants of the elevated
c-di-GMP strain, but not in the corresponding cell extracts. This finding suggests that
these specific proteoforms might be targeted for secretion outside the cell. The exis-
tence of multiple proteoforms for the same protein may be indicative of PTMs, which
is consistent with reports of diverse PTMs on Gap from various organisms (Giménez et
al., 2014; Sirover, 2014). PTMs are chemical modifications that increase the comple-
xity of the proteome by regulating protein activity, localisation and/or interactions with
other molecules (Forrest & Welch, 2020; Macek et al., 2019). They can be reversible
orirreversible, and may occur at any time during a protein’s life cycle. Common PTMs
include phosphorylation, glycosylation, acylation or methylation, but nearly 300 diffe-
rent types have been described (Leutert etal., 2021; Zhao & Jensen, 2009). In the case
of moonlighting proteins, there are examples of PTMs acting as a switch, thus serving
as a toggle between different functions (Jeffery, 2016). The most common protein PTM
is phosphorylation. In a recent report, Yagtie et al. (2019) made a compilation of protein
phosphorylations in bacteria. They compared 38 bacterial phosphoproteomes and
identified 29 orthologues present in at least four phosphoproteomes, being Gap one
of them. The S. meliloti Gap protein has also been reported to be phosphorylated in at
least one residue (Ser-211; Liu et al., 2015). Our immunodetection experiments using
Phos-tag gels and anti-phosphorylation antibodies also support the presence of phos-
phorylated residues in the Gap protein of R. etli (Fig. RIV.4). No apparent differences
in phosphorylated proteoform profiles were observed between the physiological
and increased c-di-GMP strains. This study, however, was performed only with Gap
proteins purified from cell extracts after monodimensional electrophoresis. Besides,
it is likely that phosphorylation(s) of the Gap polypeptide are combined with one or
more additional yet unknown PTMs. Such unknown combination of PTMs would be
responsible for the great number of Gap proteoforms observed, especially when
using bidimensional protein separations. Unfortunately, this methodology could not
be applied to discriminate phosphorylated and nonphosphorylated Gap proteoforms.
Neither could it be used to study the PTMs in Gap from the extracellular fractions,
where the numbers of Gap proteoforms appeared even larger than intracellularly.

The use of antibodies detecting specific protein PTMs is a useful method to recognise
the diversity of proteoforms derived from a single protein (Cerny et al., 2013). However,
this approach is only available for certain PTMs (i.e., phosphorylations, methylations,
acetylations) and often are unable to detect all the variety of residues that are prone to
bear PTMs (for instance, the phosphosite-specific antibodies used here are unable to
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detect phosphorylations in residues like histidine, aspartate, etc.). They can neither iden-
tify the specific residues bearing the PTM, as do other more sophisticated approaches like
mass spectrometry. Related with this, it is worth mentioning that a preliminary study of
Gap PTMs by mass spectrometry was carried out by the Proteomics Unit of the Center
for Genomic Regulation (CRG, Barcelona), using purified Gap12 protein. Surprisingly, this
analysis was unable to detect any PTMs in the Gap12 protein, in spite of all the results
presented in this thesis that support the presence of modifications, particularly phos-
phorylations, in this protein. It is possible that protein sample preparation and/or peptide
fragmentations were too aggressive so that PTMs could have been removed. As stated by
Macek et al. (2019), PTM analysis in bacterial samples may require different treatment
and/or tools than eukaryotic samples.

From this study, we can conclude that the c-di-GMP-dependent export of the R. etli
Gap protein involves an active mechanism and dedicated Gap proteoforms. We have
also evidenced that the Gap protein from R. etli presents phosphorylations, probably in
various residues. Thus, our results reveal a link of c-di-GMP regulation with PTM and
export of Gap, and possibly with the phenomenon of protein moonlighting. Although
our findings do not support a direct role for c-di-GMP in Gap phosphorylation, it is
still possible that c-di-GMP influences Gap export through other PTMs or regulatory
pathways. Therefore, further investigation is needed to elucidate the specific mecha-
nisms underlying c-di-GMP-mediated Gap export in R. etli.
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Figure SIV.1. Two-dimensional-GE Western Blot and immunodetection of R. etli wild type
Gap and recombinant Gap12 proteins.

Immunodetection was performed with polyclonal antibodies against R. etli Gap. Eighty g of total
protein from supernatants from cultures of R. etli LR101 and LR102 overexpressing Gap12 were
loaded. The pH gradient (3-10) applied in the first dimension is indicated. Courtesy of M.J. Lorite.
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——

Figure SIV.2. Anti-phosphorylation antibodies specificity.

Immunodetection with anti-phosphoS/T/Y antibodies of the Strep-BrgV protein purified
from a S. meliloti bgrU mutant, non-treated (NT) or treated with alkaline phosphatase (phos).
2.5 pg of purified protein were loaded into each lane. The membrane was stained with
Coomassie blue after immunodetection as a control for both lanes.
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Table SIV.1. Oligonucleotides used for the pGap12 plasmid.

Name Sequence (5-3’)

Protein cloning

GAP12EF gcatgc ATTTCACACCCTAGGCC
GAP12ER tctagaACTAGTCGCCAGGGTTT
Sequencing and verification

pTDF TGTGTGGAATTGTGAGCGG
pTDR ACTTTGTTTTAGGGCGACTG
GAPDH2F GACAGTCAAGGTTGCCATCAATG
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Plants host a multitude of microorganisms, known as the microbiome, which play vital
roles in ecosystem functioning. As the imperative for sustainable agriculture grows,
understanding these microbiomes and their impact on plant physiology becomes
increasingly important. However, despite the growing recognition of the functional
ability of microbial communities in enhancing plant fitness and the rise in pathogen
outbreaks, our comprehension of microbial community structures and their mecha-
nisms of interaction with host plant remains incomplete (Plett & Martin, 2018; Santos
& Olivares, 2021; Li et al., 2024).

Regardless of the outcome of the association, interactions between plants and
bacteria involve intricate signal exchanges between both parties. This process is marked
by its complexity and multi-layered nature, requiring the coordination of signal percep-
tion and regulatory networks in both plants and bacteria. A common aspect of these
interactions, whether with harmful or beneficial outputs, is the recognition by the host of
specific molecular patterns in the microbes (MAMPs), which trigger the plants’ immune
system to prevent microbial invasion. As a consequence, microbes have evolved diverse
mechanisms to evade plant immune responses and successfully colonise the plant. While
these mechanisms may differ, they also share commonalities in signalling molecules
and networks that contribute to the establishment of either pathogenic, mutualistic, or
neutral associations. In particular, nitrogen-fixing bacterial symbionts of legume plants
and phytopathogenic bacteria have adopted similar strategies and genetic characteris-
tics to invade and establish persistent infections within the plant host (Reinhold-Hurek &
Hurek, 2011; Soto et al., 2011; Tampakaki, 2014).

The continuous exchange of signals between plant and bacteria must be integrated
to coordinate the expression of factors essential for colonisation and eventual invasion of
the host. Bacterial traits such as motility, chemotaxis, EPS production, biofilm formation,
and the secretion of adhesion and effector proteins, are common among plant-interacting
bacteria, regardless of their mutualistic or pathogenic nature. Within the intricate regula-
tory networks governing these traits, the second messenger c-di-GMP assumes a pivotal
role, finely tuning bacterial behaviours through both inter- and intracellular signalling
pathways (Pérez-Mendoza et al., 2014; Martinez-Gil & Ramos, 2018; Krol et al., 2020).
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The present thesis is focused on proteins that undergo differential regulation by this
second messenger in symbiotic and pathogenic bacteria. Building upon a previous study
by Lorite et al. (2023) about the impact of c-di-GMP on the extracellular proteome of
Rhizobium etli (Ret), we delve into the proteins found in the intracellular and extrace-
[lular environments of Pseudomonas syringae pv. tomato (Pto) (Chapter I).

The c-di-GMP dependent intracellular proteome of Pto diverged significantly from
the extracellular proteome as only some proteins exhibited DA simultaneously in both
cases. This reflects the multifaceted actions of c-di-GMP, regulating protein abundance
intracellularly, as well as influencing protein secretion through different processes.
For instance, numerous flagellar and chemotaxis proteins were DA in both proteomes,
often showing IA in the extrasome and RA in the intrasome. This could be attributed to
downregulation of flagellar genes by c-di-GMP, coupled with the simultaneous disas-
sembly of external flagellar components. The identification of proteins involved in
polysaccharide and cellulose biosynthesis among the IA proteins under high c-di-GMP
levels, both intra- and extracellularly, corroborates previous results and reinforces the
established involvement of c-di-GMP in processes like biofilm formation and exopolysac-
charide production (Pérez-Mendoza et al.,2014; Morgan et al., 2014; Whitney et al., 2015;
Liang et al., 2022). Nonetheless, the finding of certain proteins with RA underscores the
complexity of c-di-GMP regulation in biofilm formation. Our results also revealed that
under high c-di-GMP there is a predominant IA of proteins involved in virulence, however,
an important number of coronafacic acid related proteins also appeared with RA intra-
cellularly. From these results, it is intriguing that, while c-di-GMP enhances the export of
certain type Il effectors involved in virulence, Pto strains overexpressing pleD* showed
no alterations in virulence (Pérez-Mendoza et al., 2014). The contrasting behaviours
of virulence factors intra- and extracellularly, together with the complex coordination
required, may explain the lack of a significant effect in the bacteria’s virulence in planta.

Despite their considerable taxonomic distance, substantial genetic disparities, and
the contrasting lifestyles, common responses of Ret and Pto extracellular proteomes to
elevated intracellular c-di-GMP were observed. Both bacteria exhibited IA of proteins
involved in the production of compounds crucial for biofilm formation, like polysaccha-
rides,and asimilar patternwasobservedinthe behaviour of flagellar proteins. Moreover,
in both studies the great majority of DA extracellular proteins were predicted to have
a cytoplasmic localization. Nevertheless, beyond these shared aspects, the majority of
the DA proteins exhibited notable differences between the two bacteria. These obser-
vations align with the results of studies examining the effect of c-di-GMP on diverse
bacterial interactions with their host plants, in which the outcomes vary depending on
the specific plant-bacteria system. For instance, they promoted rhizobial attachment to
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legume roots, but impaired symbiosis establishment. Similarly, elevated c-di-GMP levels
increased the volume of knots induced in olive trees by P. savastanoi, while reducing
plant tissue necrosis (Pérez-Mendoza et al., 2014). Overall, the distinct trends observed
between the two bacteria underscore the unique fine-tuning of the c-di-GMP system and
its regulation, which makes sense given with the opposing types of interactions despite
sharing certain aspects of c-di-GMP regulation.

Moonlighting proteins represent a diverse group of multifunctional proteins that
perform multiple, often disparate, roles. A defining feature is their ability to change subce-
llular localization, thereby acquiring new functionalities. For instance, many cytoplasmic
metabolic enzymes and chaperones have been found to undertake non-enzymatic func-
tions when situated outside the cell. These proteins, known as intracellular/surface
moonlighting proteins, play significant roles in mediating interactions between bacteria
and their hosts by binding to specific host proteins (Jeffery, 2019; Liu & Jeffery, 2020;
Nishiyama et al., 2023). A notable finding from the study on Ret is that a substantial frac-
tion of the cytoplasmic proteins whose export appeared to be enhanced by c-di-GMP had
been previously reported as moonlighting or candidate moonlighting proteins in other
organisms (Lorite et al., 2023). Interestingly, an opposed contrasting trend emerged in
the case of Pto, wherein the export of a larger number of cytoplasmic metabolic enzymes
appeared downregulated by c-di-GMP. This further emphasizes that in these two bacterial
species, c-di-GMP modulates (either promoting or reducing) the secretion (by unknown
mechanisms) of numerous intracellular housekeeping proteins (potentially moonlighting)
to the cell exterior.

Glyceraldehyde-3-phosphate dehydrogenase (Gap) appeared as a compelling
candidate for potential moonlighting functions with the involvement of c-di-GMP in
its regulation, since this second messenger promoted its exportation in R. etli (Lorite
et al., 2023). As a ubiquitous housekeeping protein, Gap is present in most organisms and
exhibits a high degree of conservation. Furthermore, moonlighting functions have been
described for this protein in a diverse array of bacteria (Dumke et al., 2011; Giménez et
al., 2014; Kopeckova et al., 2020). Given this background, Gap seemed to be a promising
candidate for similar functional roles in the two bacteria under study. Nevertheless, our
results with Pto evidenced that the export of Gap1 and Gap2 did not exhibit significant
alterations under high c-di-GMP levels. However, its study remained interesting, as both
Gap proteins were found to be exported under different culture conditions, hinting at
potential moonlighting roles in this bacterium (Chapters | and Il).

The genetic and functional characterization of the Gap proteins present in Pto and Ret
uncovered diverse implications for both bacteria (Chapters Il and Ill) (Casas-Romanetal.,
2024). On a metabolic level, there is a clear disparity between the two bacteria since Ret
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harbours a single Gap protein responsible for both glycolytic and gluconeogenic activities,
whereas Pto possesses distinct enzymes for each activity and they are not interchan-
geable. Both scenarios for GAPDH enzymatic activity are present across the bacterial
realm. For instance, E. coli mirrors the Ret setup (Seta et al., 1997), whereas Bacillus subtilis
resembles the Pto arrangement (Commichau et al., 2013). The existence of two distinct
Gap proteins in Pto underscores the complexity of its metabolic pathways and their regu-
lation, for which gene expression and immunodetection assays have provided indications
of posttranscriptional and/or posttranslational regulatory mechanisms. However, the
potential advantages, if any, conferred by the presence of either singular or multiple gap
genes remain uncertain. Interestingly, despite that difference between the two bacteria,
the similarity of their gap genes enables almost complete regain of the corresponding
enzymatic activities when interchangeably complemented .

Moreover, Gap enzymes exhibited distinct functional characteristics depending on
the bacteria physiological state. In the case of Pto, Gap1 presented a substantial role in
motility, biosurfactant production and biofilm formation; whereas in both bacteria, Gap
proteins play crucial roles in their development in planta, with Gap2 being particularly
significant in the case of Pto. Gap2 exhibits the most notable structural divergence
compared to the majority of GAPDHs, as it possesses an additional N-terminal
sequence of around 130 residues without specific structural features whose func-
tional role remains undetermined. Interestingly, this Gap2 enzyme only allowed
partial complementation of the R. etli-Phaseolus symbiosis, whereas the rhizobial gap
gene only partially complemented a Pto Gap1/Gap2 double mutant in planta. In both
instances, the Gap proteins present in each bacterium likely play roles beyond their
metabolic functions, contributing uniquely to bacterial physiology and interactions
with the host. However, due to its status as a housekeeping protein, delineating the
effects stemming of the loss of a pivotal enzyme in central carbon metabolism from its
potential moonlighting functions poses a challenge.

Delving into the export of Gap presents an intriguing avenue of investigation,
particularly due to its translocation outside of the cell, which cannot be solely attri-
buted to its primary metabolic functions, suggesting potential moonlighting roles. In
Pto, Gap1 consistently appears to be exported independently of medium composition
and c-di-GMP levels, whereas Gap2 does so only when grown in specific media and
correlates with its intracellular abundance (Chapter Il) (Casas-Roman et al., 2024).
In Ret, Gap is also observed extracellularly under various conditions (Meneses et
al., 2017), but its exportation is promoted by c-di-GMP (Lorite et al., 2023). These
findings underscore the likelihood of moonlighting roles for these proteins, yet the mecha-
nisms driving their exportation mechanisms remain elusive. In the case of Ret, previous
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research prompted an exploration of potential export mechanisms for Gap in Ret
(Chapter V). Investigations did not yield evidence of Gap export through cell lysis
or membrane vesicles. Instead, the observed subcellular localizations of Gap, which
was found associated to both the inner and outer membranes, suggest the involve-
ment of non-classical or non-canonical export mechanisms, potentially akin to those
described for E. coli by Egea et al. (2007) and Aguilera et al. (2012). Nonetheless, the
precise mechanisms facilitating the translocation of cytoplasmic proteins outside the
cell remain largely obscure. Various mutations intercepting secretion described for
similar proteins in different bacteria such as enolase in E. coli and Bacillus subtilis (Boél
et al., 2004; Yang et al., 2014) or GAPDH in Streptococcus pyogenes (Boél et al., 2005),
could be investigated. An interesting insight for the future would be to determine the
subcellular localization of the Pto proteins Gap1 and Gap2, and even investigate their
presence within membrane vesicles.

Post-translational modifications (PTMs) play a pivotal role in the exportation and
emergence of moonlighting functions in cytoplasmic proteins. Preliminary investigations
on the Ret Gap protein have revealed an increased number of extracellular proteoforms
induced by c-di-GMP, indicative of differential PTMs such as phosphorylations (Chapter
IV). However, the variety of Gap PTMs as well as a direct relationship between PTMs
and protein secretion awaits to be investigated. Nevertheless, this observation opens
avenues for further exploration into the number of proteoforms and associated PTMs,
which could impact the moonlighting roles of Gap and other cytoplasmic proteins.

As a ubiquitous protein among living organisms, Gap plays a crucial role in carbon
metabolism, a function conserved across species. However, as it has been detailed, the
genetic organization of gap genes varies. Gene duplication is a recurrent occurrence
in genome evolution and a major driving force for acquiring new biological functions.
Indeed, it has been described to have an important role in the origin and maintenance of
moonlighting proteins (Copley, 2014; Espinosa-Cantu et al., 2015). Moonlighting roles in
a protein can arise when an incidental interaction between a protein and a novel partner
enhances the fitness of the organism (Fares, 2014; Jeffery, 2020). The genetic divergence
already present in Gap proteins across bacteria may contribute to, or be caused by the
diversity of moonlighting functions observed for this enzyme in different organisms.

Indeed, the Gap proteins from Ret and Pto appear to be involved in different cellular
processes beyond glucose metabolism. Understanding the distinct regulatory mecha-
nisms governing Gap activities and exportation in Pto and Ret will provide valuable
insights into the interplay between bacterial signalling networks and protein trafficking
processes. Moreover, c-di-GMP plays a role in modulating Gap activity, but this regu-
lation appears organism-dependent since the specific mechanisms and outcomes seem
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to vary with the bacterial species. In Pto and Ret, c-di-GMP plays a role in coordinating
biofilm formation, a process crucial for bacterial colonisation and interaction with plant
hosts. Additionally, it influences motility-related proteins, which impacts bacterial moti-
lity and dispersion within plant tissues. However, beyond these shared traits, the specific
protein abundance patterns regulated by c-di-GMP differ markedly between Pto and
Ret. Understanding these distinct regulation patterns will shed light on the intricate
mechanisms by which bacteria adapt to their environments and interact with plant hosts.
Furthermore, this variability most likely extends beyond Gap proteins, so that the orga-
nism and its environment influence the regulation of other moonlighting proteins.
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1. Increased c-di-GMP intracellular levels lead to notable alterations in both the
intracellular and extracellular proteomes of Pto, prompting the upregulation and
exportation of proteins involved in c-di-GMP regulated processes, such as adhesion
and biofilm formation. Additionally, numerous other proteins participating in diverse
cellular processes experience either upregulation or downregulation.

2. Despite the phylogenetic distance and the contrasting lifestyles of the two bacte-
rial species Ret and Pto, their extracellular proteomes display common responses to
c-di-GMP that involve the differential secretion of many intracellular housekeeping
proteins. However, the abundance patterns of other proteins diverge significantly
between the two bacterial species.

3. Pto possesses two Gap proteins: Gap1 (PSPT0_1287) primarily exhibits glycolitic
activity, whereas the NADPH-dependent Gap2 (PSPTO_2102) participates mainly in
gluconeogenesis. The protein encoded by gene PSPTO_0386 (epd) lacks GAPDH acti-
vity but displays erythrose-4-phosphate dehydrogenase activity and is indispensable
for vitamin B6 metabolism.

4. In Pto only Gap2 is essential for growth and colonisation of Solanum lycopersicum
leaves, whereas Gap1 plays a substantial role in motility, biosurfactant production and
biofilm formation. However, both proteins are exported outside the cells: Gap1 appears
to be exported under all conditions tested, whereas Gap2 exportation only occurs
under certain culture conditions.

5. The genome of the symbiotic bacterium Rhizobium etli contains a single gap gene
(RHE_CHO03496) that encodes a Gap protein displaying both glycolytic and gluconeo-
genic glyceraldehyde 3-phosphate dehydrogenase activities.

6.TheR. etli Gap protein is essential for free-living growth with single carbon sources,
as well as for symbiosis with Phaseolus vulgaris. While both Gap metabolic activities likely
contribute to the bacterial fitness during early and intermediate stages of the interac-
tion with the plant host, the gluconeogenic activity seems critical for nodule invasion and
nitrogen fixation.
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7. In both bacteria, Pto and Ret, Gap proteins can be found outside the cell under
various growth conditions, suggesting moonlighting roles beyond their central meta-
bolic functions. However, only in R. etli Gap exportation appears to be promoted by
c-di-GMP.

8. Although the R. etli Gap protein is secreted in a c-di-GMP related manner, the
gap gene does not seem to play a direct role in c-di-GMP related phenotypes, such as
flocculation, biofilm formation or EPS production.

9. In R. etli c-di-GMP promoted Gap exportation does not seem to involve cell lysis
nor quantitative changesin the production of membrane vesicles. Transmission electron
microscopy immunolabeling observations support the existence of an active process of
Gap exportation that would be enhanced by c-di-GMP .

10. C-di-GMP promoted Gap exportation in R. etli involves an increased number
of extracellular Gap proteoforms, indicative of several post-translational modifica-
tions (PTMs) of the protein, including phosphorylations. This suggests a link between
c-di-GMP, post-translational modifications and the export of cytoplasmic proteins.
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APPENDIX A. Genetic maps of non-commercial plasmids

Genetic maps of the four vectors used to clone DNA fragments. The name and size in bp
of each vector are indicated at the center of the map. Genes are depicted with arrows,
single (in bold) and double enzyme restriction sites are indicated, as well as oligonucleo-
tide hybridization sites (in purple).
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APPENDIX B. C-di-GMP differentialy abundant proteins in Pto

Intracellular Increased Abundance

| Appendices |

UniProt ID Gene Function Localization Ratio | p-value | g-value
Q88BBO | PSPTO 0107 Carbon metabolism Cytoplasmic 3.30 | 0.0747 | 0.0406
Q88A31 rpe Carbon metabolism Cytoplasmic 259 | 0.0019 [ 0.0043
Q87WQ1 tpiA Carbon metabolism Cytoplasmic 201 | 0.0189 | 0.0162
Q886B1 xfp Carbon metabolism Cytoplasmic 2132 100134 | 0.0131
Q885W7 cobP Cofactors-metals Cytoplasmic 204 | 0.0403 | 0.0269
Q88B49 hemF Cofactors-metals Cytoplasmic 206 | 0.0001 | 0.0009
Q87V72 metF Cofactors-metals Cytoplasmic 204 | 0.0143 | 0.0137
Q877ZX7 pncA Cofactors-metals Cytoplasmic 207 | 0.0556 | 0.0331
Q87XY6 | PSPTO 4034 Cofactors-metals Unknown 207 | 0.0033 | 0.0059
Q889Q8 ribE Cofactors-metals Cytoplasmic 243 1 0.0323 | 0.0232
Q88481 etfB-2 Energy Unknown 204 | 00134 [ 00131
Q885A1 figD Extracelsltgllarcwpaclhon and Extracellular 574 0.0038 | 0.0065
Q88475 figH Extracelslt#arcwpacltion and Outer membrane 237 0.0166 | 0.0150
Q87VW?2 mitB Extracelsltgiﬂrciﬂpacltion and Cytoplasmic membrane | 2.30 0.0107 | 0.0116
Q888J9 | PSPTO 1025 Extracelsltgiircmpacltion and Periplasmic 971 0.0119 | 0.0124
Q87VE8 | PSPTO_4989 ExtraceISILtJJarC{Hrrwacltion and Cytoplasmic membrane | 7.79 00110 [ 0011/
Q888J8 WA ExtraceISILtJlarCEHpacltion and Unknown 259 0.0161 | 0.0148
Q888J4 WssE Extracelslglarciﬁpacltion and Membrane 4.91 0.0001 | 0.0006
Q888J3 WssF ExtracelSILtJJarCEchltion and Unknown 4.46 0.0075 | 0.0094
Q888J2 wssG ExtracelSILtJJarCIHPacltion and Periplasmic 856 0.0063 | 0.0085
Q888J0 wss! Extracelslt#arciapacltion and Cytoplasmic membrane | 2.29 0.0010 | 0.0029
Q88B57 | PSPTO 0162 Generic enzymes Unknown 206 | 0.0515 | 0.0315
Q889T8 PSPTO 0659 Generic enzymes Cytoplasmic 244 | 0.0467 | 0.0297
Q88954 | PSPTO 0675 Generic enzymes Cytoplasmic 244 | 00109 | 0.0117
Q887G5 | PSPTO_1331 Generic enzymes Cytoplasmic 208 | 0.0056 | 0.0080
Q886P8 | PSPTO 1529 Generic enzymes Unknown 2.68 | 0.0042 | 0.0067
Q882F5 | PSPTO 2673 Generic enzymes Cytoplasmic 332 | 0.0004 [ 0.0017
Q881E5 | PSPTO 2949 Generic enzymes Unknown 403 | 0.0015 | 0.0038
Q880L6 | PSPTO 3138 Generic enzymes Unknown 3.97 | 0.0148 | 0.0140
Q87YJ4 PSPTO_3802 Generic enzymes Cytoplasmic 283 | 0.0481 ] 0.0302
Q87YE4 | PSPTO 3856 Generic enzymes Cytoplasmic 401 | 0.0203 | 0.0168
QB87XU3 | PSPTO 4082 Generic enzymes Cytoplasmic 248 | 0.0563 ] 0.0333
Q87XCO_| PSPTO 4263 Generic enzymes Cytoplasmic 277 | 0.04330.0283
Q87WJ7 | PSPTO 4549 Generic enzymes Cytoplasmic 226 | 00113 0.0119
Q8/VM2 | PSPTO 4914 Generic enzymes Cytoplasmic 226 | 0.0036 | 0.0062
Q8/V80 | PSPTO_5060 Generic enzymes Cytoplasmic 237 | 0.0334 [ 0.0238
Q87UX1 | PSPTO 5171 Generic enzymes Cytoplasmic 577 | 00222 | 00179
Q889L7 ubiX Generic enzymes Cytoplasmic 308 | 00232 [ 0.0184
Q8/XK9 IpR Genetic regulation Cytoplasmic 207 | 0.0210 | 0.0172
Q88758 PSPTO_1208 Genetic regulation Periplasmic 251 | 0.0434 1 0.0283
Q88211 PSPTO 2646 Genetic regulation Cytoplasmic 218 | 0.0687 ] 0.0382
Q87XZ3 | PSPTO 4027 Genetic regulation Cytoplasmic 242 | 0.0001 | 0.0010
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Q87WJ3 | PSPTO 4553 Genetic regulation Cytoplasmic 2.11 | 00815 | 0.0432
Q87755 tvrR Genetic regulation Cytoplasmic 2.58 | 0.0015 | 0.0037
Q882B0 | PSPTO 2719 Lipid metabolism Cytoplasmic 2.23 | 0.0432 | 0.0283
Q87V15 aroB Nitrogen metabolism Cytoplasmic 2.27 | 0.0260 | 0.0200
Q87WV4 hisG Nitrogen metabolism Cytoplasmic 2.08 | 00023 | 0.0046
Q87UM?2 hutH-2 Nitrogen metabolism Cytoplasmic 2.86 | 00322 | 00231
Q884P3 mtnB Nitrogen metabolism Cytoplasmic 2.58 | 0.0046 | 0.00/0
Q884P1 mtnC Nitrogen metabolism Cytoplasmic 242 | 00739 | 0.0403
Q887G1 | PSPTO_1335 Nitrogen metabolism Periplasmic 2,03 | 0022500181
Q883T9 | PSPTO 2261 Nitrogen metabolism Unknown 2.15 | 0.0422 | 0.02/8
Q883R9 | PSPTO 2281 Nitrogen metabolism Cytoplasmic 226 | 002421 0.0190
Q877ZC3 | PSPTO 3506 Nitrogen metabolism Cytoplasmic 267 | 00169 | 0.0152
Q87WMO | PSPTO 4526 Nitrogen metabolism Cytoplasmic 2.15 | 0.0606 | 0.0350
Q88B60 trpA Nitrogen metabolism Cytoplasmic 2.10 | 0.0392 ] 0.0265
Q88A48 apaH Nucleic acid metabolism Cytoplasmic 3.78 | 0.0291 ] 0.0215
Q88350 cysH Nucleic acid metabolism Cytoplasmic 2.06 | 00224 |1 0.0180
Q87UA4 cysQ Nucleic acid metabolism Cytoplasmic 2.05 | 0.0007 | 0.0023
Q885G0 hyuE Nucleic acid metabolism Cytoplasmic 242 | 00002 | 0.0012
Q87VI6 orn Nucleic acid metabolism Cytoplasmic 242 | 00238 | 0.018/
Q88BD8 | PSPTO_0079 | Nucleic acid metabolism Cytoplasmic 226 | 00391 | 0.0265
Q889C3 | PSPTO 0828 | Nucleic acid metabolism Unknown 2.03 [<0.0001] 0.0005
Q887M5 | PSPTO_1266 | Nucleic acid metabolism Cytoplasmic 2.49 | 0.0007 | 0.0024
Q87UA2 | PSPTO 5403 | Nucleic acid metabolism Cytoplasmic 256 | 00251 0.0195
Q88BD7 pyrE Nucleic acid metabolism Cytoplasmic 2.55 | 0.0040 | 0.0065
Q884R0 pyrF Nucleic acid metabolism Cytoplasmic 2.65 | 0.0001 | 0.0009
Q886P1 pyrH Nucleic acid metabolism Cytoplasmic 2.31 | 0.0001 | 0.0009
Q886L5 surf Nucleic acid metabolism Unknown 2.78 | 0.0024 | 0.0048
Q88AZ9 rimK Prot%gé?fﬁnctaht%ﬁ and Cytoplasmic 407 | 0000300014
Q88A46 rsmA Prot%gg?fﬁnct;t%ﬁ and Cytoplasmic 202 0.0394 | 0.0266
Q889K9 SmtA Protein synthesis and Cytoplasmic 210 | 00824 00436
Q88219 abP Transport Periplasmic 3.28 | 0.0026 | 0.0051
Q87YJ7 arsB Transport Cytoplasmic membrane | 6.25 | 0.0277 ] 0.0207
Q881C3 modA Transport Periplasmic 209 | 00328 | 0.0235
Q88511 | PSPTO 1852 Transport Cytoplasmic membrane | 11.01] 0.0345 | 0.0243
Sgggh% Egg%%ggﬁ Transport Outer membrane 2.09 007801 00494
Q882Y8 | PSPTO 2484 Transport Outer membrane  |69.21| 0.0004 | 0.001/
Q882M5 | PSPTO 2601 Transport Cytoplasmic membrane | 6.80 | 0.0165 | 0.0150
Q881V7 | PSPTO 2775 Transport Outer membrane 2.38 | 0.0068 | 0.0088
Q87YF4 | PSPTO 3846 Transport Unknown 221 | 00180 | 0.0157
Q87UG5 | PSPTO 5333 Transport Unknown 2.13 [ 00196 | 0.0166
Q87UE1 | PSPTO 5358 Transport Periplasmic 2.08 | 0.0037 | 0.0064
Q87TV8 | PSPTO 5562 Transport Unknown 2.36 | 0.0444 100287
Q87WQ2 secG Transport Cytoplasmic membrane | 4.53 | 0.0054 | 0.007/8
Q88B30 | PSPTO 0201 Unknown function Cytoplasmic 2.45 |<0.0001] 0.0001
Q88B14 | PSPTO 0219 Unknown function Unknown 3.58 | 0.0168 | 0.0151
Q88A93 | PSPTO 0499 Unknown function Unknown 205 | 0.0040 | 0.0066
Q88A00 | PSPTO 0597 Unknown function Cytoplasmic 2,02 | 00123100126
Q889R6 | PSPTO 0483 Unknown function Cytoplasmic membrane | 2.03 [<0.0001| 0.0001
Q889L5 | PSPTO 0734 Unknown function Cytoplasmic 2.13 | 0.0004 | 0.0018
Q887U1 | PSPTO 1195 Unknown function Unknown 3.06 | 0.0001 | 0.0008
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Q887N9 | PSPTO 1252 Unknown function Cytoplasmic membrane | 2.47 | 0.0166 | 0.0150
Q887NO | PSPTO 1261 Unknown function Unknown 208 | 00202 | 0.0168
Q887F2 | PSPTO 1344 Unknown function Unknown 2.28 | 0.0004 | 0.001/
Q886F9 | PSPTO 1620 Unknown function Outer membrane 4.50 [<0.0001| 0.0005
Q885Y3 | PSPTO 1698 Unknown function Periplasmic 2.38 | 00182 | 0.0158
Q885M9 | PSPTO 1802 Unknown function Unknown 201 | 00021 | 0.0044
Q884V0 | PSPTO_1986 Unknown function Cytoplasmic membrane | 2.86 | 0.0039 | 0.0065
Q884R4 | PSPTO 2024 Unknown function Cytoplasmic 221 | 00432 | 0.0283
Q884P9 | PSPTO 2039 Unknown function Cytoplasmic 2.17 | 0.0006 | 0.0022
Q884A7 | PSPTO 2189 Unknown function Cytoplasmic membrane | 2.62 | 0.0010 | 0.0029
Q882F9 | PSPTO 2669 Unknown function Unknown 271 | 007791 0.0420
Q881E0 | PSPTO 2954 Unknown function Cytoplasmic 2.85 | 0.0034 | 0.0060
Q880Y0 | PSPTO 3020 Unknown function Unknown 2.91 | 0.0082 | 0.0099
Q880T4 | PSPTO 3067 Unknown function Cytoplasmic 2.03 | 00192 | 0.0163
Q880S2 | PSPTO 3079 Unknown function Cytoplasmic 2.32 | 00337 ] 0.0239
Q880Q1 | PSPTO 3103 Unknown function Cytoplasmic 2,02 | 00228 | 0.0183
Q87Y26 | PSPTO 3986 Unknown function Unknown 208 | 00713 ] 0.0392
Q87WE1 | PSPTO 4610 Unknown function Periplasmic 3.01 | 00004 | 0.0018
Q87V76 | PSPTO 5064 Unknown function Cytoplasmic 2,09 | 00013 | 0.0036
Q87V70 | PSPTO 5071 Unknown function Unknown 2.33 | 00146 | 0.0139
Q87UW7 | PSPTO 5175 Unknown function Unknown 2.30 [<0.0001] 0.0005
A9H262 | PSPTO 5631 Unknown function Unknown 3.31 | 00907 | 0.0468
D3NQ15 | PSPTO 5635 Unknown function Unknown 2.48 | 00019 | 0.0042
Q87U73 hep-2 Virulence Extracellular 2.38 | 0.0493 | 0.0305
Intracellular Reduced Abundance

UniProt ID Gene Function Localization Ratio | p-value | g-value
Q880NO | PSPTO 3124 Carbon metabolism Unknown 0.43 | 0.0017 | 0.0040
Q880M8 | PSPTO_3126 Carbon metabolism Cytoplasmic 0.48 | 0.0038 | 0.0065
Q885W¢9 cobC Cofactors-metals Cytoplasmic 0.45 | 0.0442 ] 0.0286
Q87vQ7 coblL Cofactors-metals Cytoplasmic membrane | 0.43 | 0.0016 | 0.0039
Q882Mé6 irpl Cofactors-metals Cytoplasmic membrane | 0.33 | 0.0130 | 0.0129
Q882M8 irp4 Cofactors-metals Cytoplasmic 0.43 | 0.0045 | 0.0070
Q87VL5 pncB Cofactors-metals Cytoplasmic 0.38 | 0.0016 | 0.0038
Q884E3 | PSPTO_2150 Cofactors-metals Cytoplasmic membrane | 0.40 | 0.0058 | 0.0081
Q882M4 | PSPTO_2602 Cofactors-metals Cytoplasmic membrane | 0.44 [<0.0001| 0.0005
Q87TZ1 | PSPTO_5526 Cofactors-metals Cytoplasmic 0.46 | 0.0077 | 0.0095
Q888U9 ndH Energy Cytoplasmic membrane | 0.41 | 0.0011 | 0.0031
Q884V9 flhF Extracellular functionand | cytoplasmic membrane | 0.38 | 0.0011 | 0.0030
Q884X7 AiG Extracellular function and Cytoplasmic 0.36 |<0.0001| 0.0005
Q884X6 fliH Extracellular function and Cytoplasmic 0.44 | 0.0006 | 0.0022
QB84X5 fll Extracellular function and Cytoplasmic 0.30 | 0.0007 | 0.0024
Q884W7 fliM Extracellular function and Cytoplasmic 0.32 | 0.0004 | 0.0016
Q87YCY htrB Extracellular functionand | ¢y toplasmic membrane| 0.36 | 0.0029 | 0.0053
Q87VF9 kdtA Extracelslt#irciﬂpaclhonand Cytoplasmic membrane | 0.44 | 0.0001 | 0.0008
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Extracellular function and

Q87Vi4 motB structural Cytoplasmic membrane | 0.48 | 0.0102 | 0.0112
Q87VA8 oilJ Extracellular function and Outer membrane | 0.40 | 0.0088 | 0.0102
Q88BA0 | PSPTO 0117 | Bxtracelldlar functionand | cyioplasmic membrane | 0.44 | 00170 | 0.0152
Q8880 | PSPTO 0916 | Extracelidlar functionand | ¢\ ioplasmic membrane | 0.33 | 0.0012 | 0.0034
Q888I5 | PSPTO_1039 | Extracellular function and Cytoplasmic 049 | 0.0007 | 0.0024
Q887H3 | PsPTO_1323 | Extracellular function and Cytoplasmic 049 | 0.0001 | 00008
Q887G2 | PSPTO_1334 | Bxtracellularfunctionand | cyioplasmic membrane | 045 | 0.0133 | 00131
Q886T1 | PSPTO_1495 | Extracelldlar function and Cytoplasmic 0.33 |<0.0001| 0.0005
Q885A8 | PSPTO_1927 | Extracellular function and Cytoplasmic 045 | 0.0003 | 00014
Q883C7 | PSPTO 2441 | Bxtracelldlarfunctionand | cyioplasmic membrane | 0.34 | 00002 | 0.0013
Q883C6 | PSPTO 2442 | Extracelllar function and Cytoplasmic 0.36 |<0.0001| 0.0001
Q883A0 | PSPTO_2472 | Bxtracellular functionand | ¢y yoplasmic membrane | 0.40 | 0.0182 | 0.0158
Q882L0 | PSPTO_ 2616 | Extracellularfunctionand | cytopiasmic membrane | 0.43 | 0.0016 | 00038
Q87zA0 | PSPTO 3530 | Extracellular function and Cytoplasmic 041 | 00002 | 00012
Q87WL5 | PSPTO_ 4531 | Bxtracellular function and Mermbrane 0.32 | 0.0048 | 0.0072
Q87WK5 | PSPTO_4541 | Bxtracellular functionand | cioplasmic membrane | 036 | 0.0518 | 0.0316
Q87VKO | PSPTO_4936 | Bxtracellularfunctionand ¢y ioplasmic membrane | 047 | 0.0368 | 0.0254
Q87UY3 | PSPTO 5159 | Bxtracellular functionand Membrane 042 | 00119 | 00124
Q87TW6 | PSPTO_5553 | Extracelldlar functionand | cytoplasmic membrane | 043 | 00269 | 0.0203
Extracellular function and :
Q87VvD8 waaG structural Cytoplasmic 0.48 | 0.0066 | 0.0087
Extracellular function and "
Q87WW5 zapE structural Cytoplasmic 0.48 | 0.0005 | 0.0020
Q87YY5 ZipA extracellular functionand | ¢y toplasmic membrane | 0.50 | 0.0004 | 0.0017
Q882N1 pchA Generic enzymes Cytoplasmic 0.38 |<0.0001] 0.0005
Q888F? | PSPTO 1067 Generic enzymes Cytoplasmic 0.49 | 0.0002 | 0.0012
Q885B7 | PSPTO 1918 Generic enzymes Cytoplasmic membrane | 0.44 | 0.0002 | 0.0012
Q88470 | PSPTO 1946 Generic enzymes Cytoplasmic 0.37 [ 0.0001 | 0.0010
Q882F6 | PSPTO 2672 Generic enzymes Unknown 0.38 | 0.0003 | 0.0016
Q882B9 | PSPTO 2710 Generic enzymes Cytoplasmic 0.43 |1 0.0001 | 0.0009
Q882A7 | PSPTO 2722 Generic enzymes Periplasmic 0.40 | 0.0001 | 0.0009
Q87YT/ | PSPTO 3705 Generic enzymes Cytoplasmic 0.49 | 0.0009 | 0.0028
Q87V37 | PSPTO 5104 Generic enzymes Unknown 0.39 |<0.0001] 0.0001
Q87U09% | PSPTO 5506 Generic enzymes Cytoplasmic 0.46 | 0.0040 | 0.0066
Q88B47 qor Generic enzymes Cytoplasmic 0.47 10.0011 | 0.0031
Q87USsS4 ubiH Generic enzymes Cytoplasmic membrane | 0.35 [<0.0001| 0.0003
Q88119 vanA Generic enzymes Cytoplasmic 0.35 [ 0.0004 | 0.0018
Q88AQ7 envZ Genetic regulation Cytoplasmic membrane | 0.39 | 0.0025 | 0.0049
Q882C1 mitR Genetic regulation Cytoplasmic 0.46 | 0.0002 | 0.0011
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Q88ANS5 ntrB Genetic regulation Cytoplasmic membrane | 0.28 |<0.0001| 0.0005
Q88AT3 | PSPTO_0303 Geneticregulation Cytoplasmic 0.32 | 0.0002 | 0.0010
Q88AL2 | PSPTO 0378 Genetic regulation Cytoplasmic 0.22 1 0.0033 | 0.0059
Q88AK6 | PSPTO 0384 Genetic regulation Cytoplasmic 0.40 | 0.0018 | 0.0041
Q889T2 | PSPTO_0665 Genetic regulation Unknown 0.46 | 0.0003 | 0.0014
Q888Q1 | PSPTO_0965 Geneticregulation Cytoplasmic membrane | 0.47 | 0.0002 | 0.0012
Q886S7 | PSPTO 1499 Genetic regulation Cytoplasmic 0.37 |<0.0001] 0.0003
Q886H4 | PSPTO 1605 Genetic regulation Cytoplasmic membrane | 0.09 |<0.0001| 0.0004
Q886H3 | PSPTO 1606 Genetic regulation Cytoplasmic membrane | 0.29 | 0.0028 | 0.0052
Q886G1 | PSPTO 1618 Genetic regulation Cytoplasmic 049 10.0014 | 0.0037
Q884H0O | PSPTO 2123 Genetic regulation Cytoplasmic membrane | 0.37 |<0.0001| 0.0001
Q884G2 | PSPTO 2131 Genetic regulation Cytoplasmic membrane | 0.11 |<0.0001| 0.0005
Q883G8 | PSPTO 2395 Geneticregulation Cytoplasmic 0.47 | 0.0039 | 0.0065
Q883C1 | PSPTO 2447 Genetic regulation Cytoplasmic 0.47 10.0589 | 0.0343
Q882B4 | PSPTO 2715 Genetic regulation Cytoplasmic membrane | 0.28 | 0.0007 | 0.0023
Q87X95 | PSPTO 4293 Genetic regulation Cytoplasmic membrane | 0.39 | 0.0261 | 0.0200
Q87UA6 | PSPTO 5399 Geneticregulation Cytoplasmic 0.47 | 0.0038 | 0.0065
Q87U17 | PSPTO 5498 Genetic regulation Cytoplasmic 0.38 |<0.0001| 0.0005
G3XDD3 rpoS Genetic regulation Cytoplasmic 0.50 | 0.0002 | 0.0012
Q888B4 cfa Lipid metabolism Cytoplasmic 0.47 | 0.0015 | 0.0038
Q883S5 aroF-1 Nitrogen metabolism Cytoplasmic 0.46 | 0.0006 | 0.0022
Q885J9 aruF Nitrogen metabolism Cytoplasmic 0.46 | 0.0020 | 0.0043
Q88BB&6 dadA Nitrogen metabolism Cytoplasmic membrane | 0.45 | 0.0985 | 0.0495
Q887L6 gevT-2 Nitrogen metabolism Cytoplasmic 0.43 | 0.0001 | 0.0010
Q887A1 iscS Nitrogen metabolism Cytoplasmic 0.47 1 0.0001 | 0.0008
Q889F0 proB Nitrogen metabolism Cytoplasmic 0.50 | 0.0001 | 0.0009
Q88AI? | PSPTO 0401 Nitrogen metabolism Cytoplasmic 0.22 | 0.0094 | 0.0107
Q88871 | PSPTO 0873 Nitrogen metabolism Cytoplasmic 0.39 1 0.0004 | 0.0018
Q880G? | PSPTO 3190 Nitrogen metabolism Unknown 0.392 |<0.0001] 0.0005
Q87U54 | PSPTO_5460 Nitrogen metabolism Cytoplasmic 0.392 [<0.0001] 0.0004
Q88AD2 soxB-1 Nitrogen metabolism Cytoplasmic 0.47 1 0.0639 | 0.0364
Q886H7 cdd Nucleic acid metabolism Cytoplasmic 0.45 1 0.0743 | 0.0405
Q87W38 hrpB Nucleic acid metabolism Unknown 0.47 | 0.0008 | 0.0027
Q87VJ2 mutlL Nucleic acid metabolism Cytoplasmic 0.41 | 0.0002 | 0.0011
Q889J2 | PSPTO_0757 Nucleic acid metabolism Cytoplasmic 0.49 1 0.0014 | 0.0036
Q87UF4 | PSPTO 5344 Nucleic acid metabolism Cytoplasmic 0.34 | 0.0001 | 0.0010
Q87WB3 radA Nucleic acid metabolism Unknown 0.48 |<0.0001| 0.0005
Q87XY7 recA Nucleic acid metabolism Cytoplasmic 0.45 | 0.0001 | 0.0010
Q88BK1 reck Nucleic acid metabolism Cytoplasmic 0.45 | 0.0014 | 0.0036
Q87WN8 recN Nucleic acid metabolism Cytoplasmic 0.46 | 0.0011 | 0.0032
Q87700 recR Nucleic acid metabolism Cytoplasmic 0.37 | 0.0066 | 0.0087
Q88BA4 rep Nucleic acid metabolism Cytoplasmic 0.46 | 0.0001 | 0.0008
Q87Y35 ruvB Nucleic acid metabolism Cytoplasmic 0.49 | 0.0001 | 0.0010
Q87YNO sbcD Nucleic acid metabolism Cytoplasmic 0.29 [ 0.0001 | 0.0009
Q88BE4 spoT Nucleic acid metabolism Cytoplasmic 0.46 | 0.0001 | 0.0008
Q884C9 uvrB Nucleic acid metabolism Cytoplasmic 0.48 | 0.0001 | 0.0008
Q87U01 uvrD Nucleic acid metabolism Cytoplasmic 0.49 |<0.0001] 0.0005
Q87WE9 ettA Protein synthesis and Cytoplasmic 0.48 [<0.0001| 00005
Q87X94 hscC Protein synthesis and Cytoplasmic 048 | 00010 | 0.0029
Q87ZR6 | mnmA Protein synthesis and Cytoplasmic 042 | 0.0001 | 0.0010
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Protein synthesis and

Q888G1 | PSPTO_1065 modification Cytoplasmic 0.47 | 0.0042 | 0.0067
Protein synthesis and ]
Q887E6 | PSPTO_1350 mod|yﬁcation Cytoplasmic 0.44 | 0.0069 | 0.0089
Q886N6 | PSPTO_1541 | Proteinsynthesisand | cyioplasmic membrane | 0.48 | 0.0012 | 0.0033
Protein synthesis and .
Q885F3 | PSPTO_1882 mod%ﬁcation Cytoplasmic 0.45 | 0.0003 | 0.0013
Protein synthesis and .
Q87WR2 | PSPTO_4481 e Cytoplasmic 045 | 00138 | 00133
Protein synthesis and .
Q87Vv87 | PSPTO_5052 mod%ﬁcation Cytoplasmic 0.43 | 0.0001 | 0.0008
Protein synthesis and .
QILEWY queA mod?%cation Cytoplasmic 0.44 | 0.0006 | 0.0022
Protein synthesis and !
Q887M4 rimF mod?%cation Cytoplasmic 0.37 | 0.0010 | 0.0029
Protein synthesis and .
AOPCI4 rluD mod?%cation Cytoplasmic 0.24 | 0.0008 | 0.0025
Protein synthesis and -
Q87Y81 rnd mod|yﬁcation Cytoplasmic 0.47 | 0.0054 | 0.0078
Protein synthesis and !
Q885U7 trhO mod%ﬁcation Cytoplasmic 0.34 | 0.0001 | 0.0008
Protein synthesis and ’
Q88577 ttcA mod|yﬁcatior1 Cytoplasmic 045 | 0.0174 | 0.0154
Protein synthesis and .
Q87VN7 yegD mod|yﬁcation Cytoplasmic 0.45 | 0.0026 | 0.0050
QB88AS5 cysA Transport Cytoplasmic membrane | 0.50 | 0.0013 | 0.0036
Q88579 dctA-1 Transport Cytoplasmic membrane| 0.45 | 0.0032 | 0.0058
Q88AG1 ftsX Transport Cytoplasmic membrane | 0.46 | 0.0012 | 0.0033
Q887J)7 gltK Transport Cytoplasmic membrane | 0.45 | 0.0021 | 0.0044
Q88414 lolC Transport Cytoplasmic membrane | 0.48 | 0.0084 | 0.0100
Q888U0 pilB Transport Cytoplasmic 0.39 1 0.0001 | 0.0010
Q888U1 pilC Transport Cytoplasmic membrane | 0.49 | 0.0026 | 0.0050
Q88A35 potA Transport Cytoplasmic membrane | 0.42 |<0.0001| 0.0005
Q88B81 | PSPTO 0138 Transport Cytoplasmic 0.48 | 0.0005 | 0.0019
Q88AR7 | PSPTO 0319 Transport Cytoplasmic 0.47 1<0.0001| 0.0006
Q88ADO | PSPTO 0462 Transport Cytoplasmic membrane | 0.38 | 0.0019 | 0.0042
Q884D3 | PSPTO 2160 Transport Cytoplasmic membrane | 0.30 | 0.0001 | 0.0007
Q880EQ | PSPTO_3230 Transport Outer membrane 0.18 |<0.0001] 0.0001
Q87VT2 | PSPTO 4853 Transport Cytoplasmic 0.392 1 0.00392 | 0.0065
Q877U5 thE Transport Cytoplasmic membrane | 0.48 | 0.0002 | 0.0012
Q88BG6 | PSPTO 0048 Unknown function Cytoplasmic 0.36 | 0.0009 | 0.0027
Q88Al4 | PSPTO 0406 Unknown function Cytoplasmic membrane | 0.41 | 0.0002 | 0.0013
Q88A51 | PSPTO 0546 Unknown function Cytoplasmic 046 1 0.01192 | 0.0124
Q88%9A6 | PSPTO_0855 Unknown function Cytoplasmic 0.46 | 0.0003 | 0.0014
Q889A5 | PSPTO 0856 Unknown function Cytoplasmic 0.49 |1 0.0002 | 0.0012
Q88870 | PSPTO 0874 Unknown function Cytoplasmic 0.30 [<0.0001] 0.0004
Q888Y9 | PSPTO 0875 Unknown function Cytoplasmic 0.31 [<0.0001] 0.0005
Q887P6 | PSPTO 1245 Unknown function Unknown 0.38 | 0.0059 | 0.0082
Q887L3 | PSPTO 1278 Unknown function Cytoplasmic membrane| 0.39 [<0.0001| 0.0002
Q887G3 | PSPTO 1333 Unknown function Cytoplasmic 0.49 |1 0.00092 | 0.0028
Q886E8 | PSPTO 1631 Unknown function Cytoplasmic 0.50 | 0.0096 | 0.0108
Q886C3 | PSPTO 1656 Unknown function Unknown 0.40 | 0.0003 | 0.0014
Q885B6 | PSPTO_1919 Unknown function Cytoplasmic 0.24 | 0.0087 | 0.0102
Q88404 | PSPTO 2034 Unknown function Unknown 0.33 |<0.0001| 0.0005
Q884P7 | PSPTO 2041 Unknown function Cytoplasmic membrane | 0.46 | 0.0005 | 0.0019
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Q884M5 | PSPTO 2063 Unknown function Cytoplasmic 0.46 | 0.0012 | 0.0033
Q882U5 | PSPTO_2527 Unknown function Cytoplasmic 0.50 | 0.0004 | 0.0016
Q881L8 | PSPTO 2871 Unknown function Cytoplasmic 0.42 | 0.0003 | 0.0013
Q881L7 | PSPTO 2872 Unknown function Unknown 0.38 [<0.0001| 0.0003
Q880E1 | PSPTO 3229 Unknown function Outer membrane 0.19 | 0.0001 | 0.0009
Q877G1 | PSPTO_3468 Unknown function Unknown 0.49 | 0.0013 | 0.0036
Q87YWO | PSPTO_3682 Unknown function Cytoplasmic membrane | 0.44 | 0.0001 | 0.0008
Q87YA7 | PSPTO_3894 Unknown function Cytoplasmic 0.24 1<0.0001] 0.0001
Q87Y95 | PSPTO_3%906 Unknown function Cytoplasmic 0.47 | 0.0070 | 0.0020
Q87Y17 | PSPTO 3995 Unknown function Cytoplasmic 041 1 0.0014 | 0.0036
Q87XA2 | PSPTO 4286 Unknown function Cytoplasmic 0.24 | 0.0002 | 0.0012
Q87W91 | PSPTO_4663 Unknown function Cytoplasmic 0.32 1 0.0019 | 0.0042
Q87VU6 | PSPTO 4839 Unknown function Outer membrane 0.37 | 0.0010 | 0.0029
Q87VL1 | PSPTO 4925 Unknown function Cytoplasmic 0.25 [<0.0001] 0.0004
Q87VDO | PSPTO 5009 Unknown function Cytoplasmic membrane | 0.33 | 0.0001 | 0.0009
Q87V51 | PSPTO_5090 Unknown function Cytoplasmic 0.42 | 0.0005 | 0.0018
Q87UD4 | PSPTO_5365 Unknown function Cytoplasmic 0.49 | 0.0002 | 0.0012
Q87UD2 | PSPTO 5373 Unknown function Cytoplasmic 0.28 1 0.0015 | 0.0037
D3NQ14 | PSPTO 5634 Unknown function Unknown 0.14 1 0.0017 | 0.0039
Q88BVY9 |PSPTO BO0O12 Unknown function Unknown 0.39 | 0.0269 | 0.0203
Q88BV5 |PSPTO_B0020 Unknown function Cytoplasmic 0.20 1 0.0019 | 0.0042
Q87W73 cfa3 Virulence Cytoplasmic membrane | 0.42 | 0.0009 | 0.0027
Q87W71 cfab Virulence Cytoplasmic membrane | 0.45 | 0.0031 | 0.0057
Q87W70 cfabé Virulence Cytoplasmic membrane | 0.27 | 0.0086 | 0.0101
Q87W69 cfa’7 Virulence Cytoplasmic membrane | 0.31 |<0.0001| 0.0005
Q87Wb6 cfa9 Virulence Cytoplasmic 0.49 | 0.0086 | 0.0101
Q87W56 cmaA Virulence Cytoplasmic 0.41 [ 0.0023 | 0.0046
Q87WS55 cmaB Virulence Cytoplasmic 0.41 | 0.0010 | 0.0029
Q88ALS jaal Virulence Cytoplasmic 0.28 | 0.0001 | 0.0008
Q87U82 | PSPTO 5425 Virulence Cytoplasmic 0.42 |<0.0001| 0.0004
Q87U80 | PSPTO 5427 Virulence Cytoplasmic 0.37 | 0.0001 | 0.0010
S | S
Extracellular Increased Abundance
UniProt ID Gene Function Localization Ratio | p-value | g-value
Q877272 glcB2 Carbon metabolism Cytoplasmic 2.59 | 00049 [0.0121
Q886Y2 | PSPTO 1443 Carbon metabolism Cytoplasmic 1.75 | 0.0032 | 0.0104
Q880N3 zwf-2 Carbon metabolism Cytoplasmic 1.74 | 00134 | 0.0211
Q885W¢9 cobC Cofactors - Metals Cytoplasmic 3.28 | 0.0000 | 0.0007
P59571 copA Cofactors - Metals Periplasmic 1.68 | 0.0040 | 0.0117
P59572 copB Cofactors - Metals Outer membrane 2.86 | 0.0016 | 0.0077
Q88354 pank-1 Cofactors - Metals Cytoplasmic 2.19 |1 0.0108 | 0.0193
Q87TT0 atpF Energy Cytoplasmic membrane | 4.08 | 0.0040 | 0.0117
Q887Q2 algE Extracellular functionand | outer membrane | 393 | 0.0244 | 0.0290
Q887Q5 algl Extracellular function and Periplasmic 3.13 | 00175 | 00245
Q87237 | ampc | Extracellular functionand Periplasmic 2.00 | 0.0005 |0.0042
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Q886Y7 bamB Extracellular function and Outer membrane 168 | 00068 | 00147
Q883N6 dacB Extracellular function and Periplasmic 169 | 00236 | 0.0286
Q885A0 | flge-1 | Extracellularfunctionand Extracellular 176 | 00046 | 00121
Q88477 flgF Extracellular function and Periplasmic 1.56 | 0.0086 | 0.0168
Q88476 flgG Extracellular function and Extracellular 178 | 0.0022 | 0.0090
Q88472 flgk Extracellular function and Extracellular 2.43 | 00000 | 00007
Q88471 flgl Extracellular function and Extracellular 2.34 | 00038 00116
Q884Y7 flic Extracellylar function and Extracellular 155 | 0.0063 | 00143
Q884X6 fliH Extracellular function and Cytoplasmic 184 | 00047 | 00121
Q87YC6 minE Extracellular function and Cytoplasmic 1.59 | 0.0160 | 0.0235
Q87VW2 mitB Extracellular functionand | cytoplasmic membrane | 3.02 | 00111 | 00196
Q886W7 mitF Extracellular function and Cytoplasmic 158 | 0.0627 | 0.0499
Q87UY0 opeG Extracellular function and Periplasmic 1.62 | 00092 | 00176
Q889D5 | PSPTO_0815 | Extracellular funciion and Unknown 189 | 0.0018 | 00081
Q884A9 | PSPTO 2187 | Extracellular functionand Unknown 1.63 | 00075 | 00154
Q88370 | PSPTO_2270 | Bxtracellular function and Unknown 186 | 00023 | 00092
Q881L5 | PSPTO 2874 | Bxtracellular functionand Unknown 152 | 00426 00413
Q87ZA7 | PSPTO_3522 | Extracellular function and Periplasmic 187 | 00231 00282
Q87XUL | PSPTO_4084 | Extracellular funciion and Extracellular 373 | 00278 00313
Q87Wx4 | PSPTO_4419 | Extracellular functionand | cytopiasmic membrane | 2.24 | 00138 | 0.0215
Q87WBY | PSPTO_4634 | Extracellular function and Cytoplasmic 221 | 00119 | 00199
Q888J5 wssD Extracellular function and Extracellular 314 | 00193 | 00261
Q8882 wssG | Extracellular functionand Periplasmic 2.39 | 00352 | 00365
Q87WB1 fnr-2 Generic enzymes Cytoplasmic 2.18 | 0.0011 ] 0.0063
Q887P6 | PSPTO 1245 Generic enzymes Unknown 2.05 | 0.0078 |10.0156
Q887F6 | PSPTO 1340 Generic enzymes Unknown 1.62 | 0.0047 [ 0.0121
Q883R0O | PSPTO 2290 Generic enzymes Cytoplasmic 2.58 | 0.0001 | 0.0023
Q882D1 | PSPTO 2697 Generic enzymes Cytoplasmic 3.43 | 0.0015 | 0.0075
Q881P0O | PSPTO 2847 Generic enzymes Outer membrane 2.08 | 0.0115 |10.0197
Q877ZD4 | PSPTO 3495 Generic enzymes Cytoplasmic 1.96 | 0.0066 | 0.0144
Q87XL7 | PSPTO 4161 Generic enzymes Unknown 2.25 | 0.0010 | 0.0060
Q87U08 | PSPTO 5507 Generic enzymes Cytoplasmic 2.59 | 0.0002 | 0.0024
Q87XF6 mucB Genetic regulation Periplasmic 1.86 | 0.0031 [ 0.0104
Q886A2 | PSPTO 1679 Genetic regulation Cytoplasmic 2.67 | 00172 10.0243
Q87VAD pyrR Genetic regulation Cytoplasmic 3.07 | 0.0048 |10.0121
Q87YG7/ fabG Lipid metabolism Cytoplasmic 1.56 | 0.0092 [0.0177
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Q889F4 ispB Lipid metabolism Cytoplasmic 1.59 | 0.0003 | 0.0034
Q88BWS5 plcA2 Lipid metabolism Periplasmic 1.82 | 0.0026 | 0.0096
Q885R5 | PSPTO_1766 Lipid metabolism Unknown 3.77 | 00032 | 0.0105
Q885B9 | PSPTO_1916 Lipid metabolism Cytoplasmic 1.83 | 0.0395 [ 0.0393
Q883T2 | PSPTO 2268 Lipid metabolism Periplasmic 1.51 | 0.0537 |0.0458
Q885J4 astE Nitrogen metabolism Cytoplasmic 1.81 | 0.0062 | 0.0142
Q87WV4 hisG Nitrogen metabolism Cytoplasmic 2.55 1 0.0038 | 0.0116
Q884P1 mtnC Nitrogen metabolism Cytoplasmic 4.40 | 0.0004 | 0.0040
Q877C3 | PSPTO 3506 Nitrogen metabolism Cytoplasmic 1.80 | 0.0573 | 0.0476
Q88AP1 thrB Nitrogen metabolism Cytoplasmic 3.29 | 0.00692 | 0.0147
Q88A03 trpC Nitrogen metabolism Cytoplasmic 1.54 | 0.0047 |0.0121
Q88A04 trpD Nitrogen metabolism Cytoplasmic 1.50 | 0.0003 | 0.0033
Q87UA4 cysQ Nucleic acid metabolism Cytoplasmic 1.67 | 00187 | 0.0255
Q87YX9 guaD Nucleic acid metabolism Unknown 2.14 | 0.0426 | 0.0413
Q87YR9 hupB Nucleic acid metabolism Cytoplasmic 1.60 | 0.0098 | 0.0180
Q88314 | PSPTO 2373 | Nucleic acid metabolism Unknown 1.52 | 0.0024 | 0.0094
Q884R0O pyrF Nucleic acid metabolism Cytoplasmic 2.31 | 0.0529 | 0.0454
Protein synthesis and .
Q886727 hscA mod%ﬁcation Cytoplasmic 1.61 | 0.0598 | 0.0487
Protein synthesis and .
Q883J5 map-2 mod%ﬁcation Cytoplasmic 1.62 | 0.0039 |0.0117
Q87YB6 prc Prot%gds?%nctgt%? and Cytoplasmic membrane | 1.70 | 0.0220 | 0.0277
Protein synthesis and
Q88AGS5 | PSPTO_0425 mod%ﬁcation Unknown 1.58 | 0.0440 | 0.0419
Protein synthesis and .
Q880G7 | PSPTO_3192 modlxﬁcation Cytoplasmic 1.97 | 0.0016 | 0.0077
Protein synthesis and
Q880G6 | PSPTO_3193 mod|yﬁcation Extracellular 2.28 | 0.0026 | 0.0096
Protein synthesis and
Q877ZU2 | PSPTO_3332 mod?%cation Extracellular 2.88 | 0.0168 [ 0.0242
Protein synthesis and
Q87Y51 | PSPTO_3958 mod?%cation Unknown 1.72 | 0.0069 | 0.0147
Q87UG9 | PSPTO 5329 Proﬂi‘g%@?ﬁgﬁ and | cytoplasmic membrane | 1.76 | 00221 | 00277
Protein synthesis and .
Q889V7 rpsH e Als Cytoplasmic 1.55 | 0.0047 | 00121
Protein synthesis and .
Q889F7 selD mod%ﬁcation Cytoplasmic 5.15 | 0.0078 | 0.0156
Protein synthesis and .
Q888C9 ychF mod%ﬁcation Cytoplasmic 1.52 | 0.0391 | 0.0391
Q888H3 dctP Transport Periplasmic 1.79 | 0.0062 | 0.0142
Q88916 fecB Transport Periplasmic 241 | 00046 | 0.0121
Q88AMS5 | PSPTO 0364 Transport Periplasmic 1.63 | 0.0163 | 0.0238
Q889F92 | PSPTO 0791 Transport Periplasmic 1.56 | 0.0019 | 0.0082
Q888X5 | PSPTO 0889 Transport Unknown 1.58 | 0.0008 | 0.0054
Q888H0O | PSPTO 1054 Transport Outer membrane 1.69 | 0.0260 | 0.0305
Q888F0 | PSPTO 1076 Transport Cytoplasmic membrane | 1.57 | 0.0442 [0.0419
Q887X1 | PSPTO 1159 Transport Unknown 1.64 | 0.0481 | 0.0435
Q887Né6 | PSPTO 1255 Transport Periplasmic 1.51 | 0.0114 | 0.0197
Q886H9 | PSPTO 1600 Transport Periplasmic 2.62 | 0.0000 | 0.0005
Q884F2 | PSPTO 2141 Transport Cytoplasmic membrane | 1.94 | 0.0047 [0.0121
Q882G1 | PSPTO 2667 Transport Periplasmic 1.56 | 0.0076 | 0.0154
Q881V7 | PSPTO 2775 Transport Outer membrane 1.70 | 0.0219 | 0.0277
Q881U7 | PSPTO 2785 Transport Periplasmic 1.76 | 0.0028 | 0.0098
Q881U4 | PSPTO 2788 Transport Unknown 1.61 | 00112 |1 0.0197
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Q880V2 | PSPTO_3049 Transport Cytoplasmic membrane | 1.92 | 0.0116 [0.0198
Q880U3 | PSPTO_3058 Transport Periplasmic 2.23 | 0.0029 |0.0101
Q880B6 | PSPTO_3256 Transport Unknown 1.78 | 0.0004 | 0.0039
Q877T9 | PSPTO 3335 Transport Unknown 1.61 | 0.0223 | 0.0277
Q877D9% | PSPTO_3490 Transport Periplasmic 1.68 | 0.0184 | 0.0254
Q87UQ1 | PSPTO 5245 Transport Periplasmic 1.89 | 0.0016 | 0.0077
Q87UJ1 | PSPTO 5306 Transport Periplasmic 5.92 | 0.0017 [0.0078
Q87Ul1 | PSPTO 5316 Transport Unknown 1.73 | 0.0619 | 0.0495
Q87WT8 ptsN Transport Cytoplasmic 1.50 | 0.0467 | 0.0429
Q883G4 rbsB-2 Transport Periplasmic 2.59 1 0.0041 |0.0117
Q8772Ué tliF Transport Periplasmic 1.96 | 0.0606 | 0.0489
Q87Y40 tolB Transport Cytoplasmic membrane | 2.08 | 0.0123 [ 0.0202
Q88073 xylF Transport Periplasmic 1.58 | 0.0036 [ 0.0113
Q87UMS8 ZnUuA Transport Periplasmic 1.64 | 0.0600 | 0.0487
Q88B27 | PSPTO 0205 Unknown function Unknown 1.50 | 0.0450 | 0.0425
Q88AQ3 | PSPTO 0333 Unknown function Periplasmic 1.71 | 0.0066 |0.0144
Q88AN3 | PSPTO 0355 Unknown function Unknown 1.89 | 0.0422 | 0.0413
Q88AE1 | PSPTO 0451 Unknown function Cytoplasmic membrane | 1.82 | 0.0585 [0.0481
Q88A39 | PSPTO_ 0558 Unknown function Periplasmic 1.50 | 0.0084 | 0.0164
Q88A25 | PSPTO 0572 Unknown function Unknown 1.58 | 0.0195 | 0.0263
Q886R3 | PSPTO 1514 Unknown function Unknown 251 | 0.0001 | 0.0017
Q886K2 | PSPTO 1577 Unknown function Unknown 2.16 | 0.0011 | 0.0062
Q886J0 | PSPTO 1589 Unknown function Unknown 1.75 | 0.0514 | 0.0454
Q886H1 | PSPTO 1608 Unknown function Unknown 1.54 | 0.0185 | 0.0255
Q886F8 | PSPTO 1621 Unknown function Unknown 1.86 | 0.0519 [0.0454
Q885Y0 | PSPTO 1701 Unknown function Unknown 1.57 | 0.0251 [ 0.0296
Q884R4 | PSPTO_2024 Unknown function Cytoplasmic 1.64 | 0.0324 | 0.0346
Q883X7 | PSPTO 2220 Unknown function Unknown 1.52 | 0.0006 | 0.0043
Q880J1 [ PSPTO_3166 Unknown function Cytoplasmic membrane | 1.57 | 0.0230 [0.0282
Q877ZM2 | PSPTO 3402 Unknown function Unknown 1.73 | 0.0290 [0.0321
Q87YL2 | PSPTO 3783 Unknown function Unknown 1.65 | 0.0045 | 0.0121
Q87XJO | PSPTO 4188 Unknown function Cytoplasmic 2.38 | 0.0036 10.0113
Q87XA0 | PSPTO 4288 Unknown function Cytoplasmic 1.92 | 0.0139 [0.0215
Q87X04 | PSPTO 4386 Unknown function Cytoplasmic 1.77 | 0.0058 [0.0136
Q87VW8 | PSPTO 4817 Unknown function Cytoplasmic membrane | 1.56 | 0.0307 | 0.0333
Q87VC5 | PSPTO 5014 Unknown function Cytoplasmic membrane | 2.60 | 0.0287 [0.0319
Q87UUQ | PSPTO_ 5202 Unknown function Unknown 1.50 | 0.0097 [0.0180
Q87W74 cfa2 Virulence Cytoplasmic 1.92 | 0.0349 | 0.0364
Q87W76 cfl Virulence Cytoplasmic membrane | 1.79 | 0.0407 [ 0.0401
Q8RSY1 hopAB2 Virulence Extracellular 3.86 | 0.0272 |0.0312
Q87XS5 hopAK1 Virulence Extracellular 2.32 | 0.0282 | 0.0316
Q88A08 hopC1 Virulence Extracellular 2.35 | 0.0232 [0.0282
Q888Y8 hopD1 Virulence Extracellular 3.27 | 0.0267 |0.0308
Q87X57 hopE1 Virulence Extracellular 2.56 | 0.0330 | 0.0348
Q87W42 hopG1 Virulence Extracellular 343 | 0.0251 [ 0.0296
Q87W07 hopl1 Virulence Extracellular 3.71 | 0.0239 |0.0287
G3XDB3 hrpK1 Virulence Extracellular 6.82 | 00191 | 0.0259
Q87U9%3 | PSPTO 5414 Virulence Unknown 1.82 | 0.0003 | 0.0034
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UniProt ID Gene Function Localization Ratio | p-value | g-value
Q87WT2 fumC-2 Carbon metabolism Cytoplasmic 0.39 | 0.0114 | 0.0197
Q887K3 glk Carbon metabolism Cytoplasmic 0.54 | 0.0021 | 0.0088
Q884A2 gltA Carbon metabolism Cytoplasmic 0.65 | 0.0265 | 0.0308

P52832 gpml Carbon metabolism Cytoplasmic 0.65 | 0.0000 | 0.0007
Q88375 IpdA Carbon metabolism Cytoplasmic 0.62 | 0.0228 | 0.0281
Q88A%92 |PSPTO_0500 Carbon metabolism Cytoplasmic 0.65 | 0.0430 | 0.0416
Q88751 |[PSPTO 1215 Carbon metabolism Cytoplasmic 0.64 | 0.0590 | 0.0484
Q887L1 |PSPTO 1281 Carbon metabolism Cytoplasmic 0.50 | 0.0062 | 0.0143
Q87V07 |PSPTO 5134 Carbon metabolism Cytoplasmic 0.60 | 0.0003 | 0.0034
Q87UK4 | PSPTO 5292 Carbon metabolism Cytoplasmic 0.59 | 0.0002 | 0.0027
Q88A31 rpe Carbon metabolism Cytoplasmic 0.59 | 0.0001 | 0.0022
Q87XI12 gcd Carbon metabolism Cytoplasmic membrane | 0.28 | 0.0519 | 0.0454
Q888R0O | PSPTO_ 0956 Carbon metabolism Cytoplasmic membrane | 0.19 | 0.0205 | 0.0270
Q880W5 pgm Carbon metabolism Unknown 0.63 | 0.0105 | 0.0190
Q87XL8 bfr Cofactors-metals Cytoplasmic 0.51 | 0.0012 | 0.0069
Q88A9%8 bioB Cofactors-metals Cytoplasmic 0.45 | 0.0605 | 0.0489
Q88AH3 coaD Cofactors-metals Cytoplasmic 0.63 | 0.0322 | 0.0345
Q885W6 cobT Cofactors-metals Cytoplasmic 0.56 | 0.0005 | 0.0040
Q87710 cysG Cofactors-metals Cytoplasmic 0.27 | 0.0161 | 0.0236
Q88AK4 epd Cofactors-metals Cytoplasmic 0.63 | 0.0127 | 0.0205
Q883K5 moaB Cofactors-metals Cytoplasmic 0.62 | 0.0014 | 0.0073
Q882A9 nudC cofactors-metals Cytoplasmic 041 | 0.0473 | 0.0431
Q87XG4 pdxJ Cofactors-metals Cytoplasmic 0.61 | 0.0000 | 0.0009
Q88A81 pqgB Cofactors-metals Cytoplasmic 0.67 | 0.0196 | 0.0263
Q889U4 |[PSPTO 0653 Cofactors-metals Cytoplasmic 0.55 | 0.0022 | 0.0089
Q87Y29 |PSPTO_3983 Cofactors-metals Cytoplasmic 0.59 | 0.0000 | 0.0012
Q87XI5 |PSPTO 4193 Cofactors-metals Cytoplasmic 0.53 | 0.0017 | 0.0078
Q885J3 ribH2 Cofactors-metals Cytoplasmic 0.30 | 0.0008 | 0.0054
Q88852 terD Cofactors-metals Cytoplasmic 0.57 | 0.0010 | 0.0060
Q882M4 | PSPTO 2602 Cofactors-metals Cytoplasmic membrane | 0.57 | 0.0027 | 0.0097
Q882M7 irp3 Cofactors-metals Unknown 0.37 | 0.0551 | 0.0465
Q8880Q5 panB Cofactors-metals Unknown 0.58 | 0.0529 | 0.0454
Q88854 terB Cofactors-metals Unknown 0.14 | 0.0035 | 0.0113
Q887H0O cyoB Energy Cytoplasmic membrane | 0.23 | 0.0109 | 0.0194
Extracellular function and .
Q884V3 cheB1 structural Cytoplasmic 0.37 | 0.0612 | 0.0492
Extracellular function and .
Q87TT6 glmU structural Cytoplasmic 0.62 | 0.0070 | 0.0147
Extracellular function and :
Q87WX2 gmhA structural Cytoplasmic 0.40 | 0.0058 | 0.0136
extracellular function and .
Q886N1 IpxA structural Cytoplasmic 0.57 | 0.0503 | 0.0448
Extracellular function and .
Q889M0O mpl structural Cytoplasmic 046 | 0.0612 | 0.0492
Q888P0 | PSPTO_0977| Extracellularfunctionand | cyioplasmic membrane | 043 | 00474 | 0.0431
Q882L0 |PSPTO_ 2616 Extracellularfunctionand | cyioplasmic membrane | 043 | 00380 | 0.0385
Q880D4 |PsPTO_3237| Extracelllarfunctionand | cyioplasmic membrane | 0.21 | 0.0537 | 00458
Q87UX2 blc Extracellular functionand | oyter membrane | 0.45 | 0.0135 | 00212
Q88425 figh | Bxtracelldarfunctionand | oyter membrane | 0.61 | 00398 | 00395
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Q87VJ6 hflK structural Outer membrane 049 | 0.0375 | 0.0381
Q87ZM1 |PSPTO_3403| Extracellular function and Unknown 058 | 00127 | 00205
Q87YT6 acdA Generic Enzymes Cytoplasmic 0.64 | 0.0568 | 0.0474
Q880P6 ahpC Generic Enzymes Cytoplasmic 0.62 | 0.0150 | 0.0226
Q87X81 catF Generic Enzymes Cytoplasmic 0.61 | 0.0083 | 0.0163
Q87X79 catl Generic Enzymes Cytoplasmic 0.40 | 0.0160 | 0.0235
Q87X80 catJ Generic Enzymes Cytoplasmic 0.48 | 0.0041 | 0.0118
Q87UP3 elbB Generic Enzymes Cytoplasmic 0.47 | 0.0421 | 0.0412
Q881X0 glgB Generic Enzymes Cytoplasmic 0.23 | 0.0205 | 0.0270
Q880P8 gloA Generic Enzymes Cytoplasmic 0.46 | 0.0104 | 0.0189
Q880P2 gor-1 Generic Enzymes Cytoplasmic 0.66 | 0.0045 | 0.0121
Q888T7 gsT Generic Enzymes Cytoplasmic 0.55 | 0.0028 | 0.0098
Q889M7 ppal Generic Enzymes Cytoplasmic 0.65 | 0.0217 | 0.0276
Q88B74 |PSPTO 0145 Generic Enzymes Cytoplasmic 0.46 | 0.0040 | 0.0117
Q886WO | PSPTO_1465 Generic Enzymes Cytoplasmic 0.53 | 0.0025 | 0.0096
Q885F4 |PSPTO 1881 Generic Enzymes Cytoplasmic 0.15 | 0.0099 | 0.0181
Q885F3 [PSPTO 1882 Generic Enzymes Cytoplasmic 0.44 | 0.0003 | 0.0033
Q883R1 |PSPTO_2289 Generic Enzymes Cytoplasmic 0.67 | 0.0155 | 0.0231
Q881S7 | PSPTO 2805 Generic Enzymes Cytoplasmic 0.16 | 0.0543 | 0.0460
Q880W1 |PSPTO_3039 Generic Enzymes Cytoplasmic 0.27 | 0.0388 | 0.0389
Q87ZR2 |PSPTO_3362 Generic Enzymes Cytoplasmic 0.47 | 0.0107 | 0.0192
Q877G9 [|PSPTO_3460 Generic Enzymes Cytoplasmic 0.61 | 0.0043 | 0.0121
Q87761 |PSPTO_3570 Generic Enzymes Cytoplasmic 0.34 | 0.0052 | 0.0128
Q87YT4 |PSPTO_3708 Generic Enzymes Cytoplasmic 0.54 | 0.0495 | 0.0442
Q87YB8 |PSPTO_3883 Generic Enzymes Cytoplasmic 0.63 | 0.0568 | 0.0474
Q87VES5 |PSPTO 4992 generic Enzymes Cytoplasmic 0.20 | 0.0492 | 0.0440
Q87ULO | PSPTO 5286 Generic Enzymes Cytoplasmic 0.43 | 0.0026 | 0.0096
Q87UK3 | PSPTO 5293 Generic Enzymes Cytoplasmic 0.63 | 0.0181 | 0.0253
Q87UA9 rfbB-2 Generic Enzymes Cytoplasmic 0.55 | 0.0559 | 0.0470
Q887F% |PSPTO_1337 Generic Enzymes Cytoplasmic membrane | 0.32 | 0.0212 | 0.0273
Q882Y0 |PSPTO 2492 Generic Enzymes Cytoplasmic membrane | 0.64 | 0.0031 | 0.0104
Q87X27 sodB Generic Enzymes Periplasmic 0.47 | 0.0328 | 0.0348
Q88B&4 | PSPTO 0155 Generic Enzymes Unknown 0.66 | 0.0010 | 0.0061
Q886L8 |PSPTO 1559 Generic Enzymes Unknown 0.52 | 0.0037 | 0.0114
Q884M3 [ PSPTO_2065 Generic Enzymes Unknown 0.54 | 0.0121 | 0.0200
Q87Y84 |PSPTO 3919 Generic Enzymes Unknown 0.52 | 0.0044 | 0.0121
Q87Y54 |PSPTO 3955 Generic Enzymes Unknown 0.44 | 0.0039 | 0.0116
Q888E? rfbC-1 Generic Enzymes Unknown 0.58 | 0.00392 | 0.0116
Q88AQ2 algB Genetic regulation Cytoplasmic 0.56 | 0.0120 | 0.0199
POA105 capB Genetic regulation Cytoplasmic 0.51 | 0.0001 | 0.0022
Q888P8 dksA Genetic regulation Cytoplasmic 0.54 | 0.0065 | 0.0144
Q87VJ4 hfg Genetic regulation Cytoplasmic 0.49 | 0.0006 | 0.0043
Q87VAb pilH Genetic regulation Cytoplasmic 0.49 | 0.0206 | 0.0270
Q88BF1 |PSPTO_0066 Genetic regulation Cytoplasmic 0.28 | 0.0014 | 0.0073
Q887L7 |PSPTO 1274 Genetic regulation Cytoplasmic 0.35 | 0.0000 | 0.0005
Q88311 | PSPTO 2376 Genetic regulation Cytoplasmic 0.43 | 0.0000 | 0.0005
Q87Y32 |PSPTO_3980 Genetic regulation Cytoplasmic 0.33 | 0.0514 | 0.0454
Q87WW6 | PSPTO 4427 Genetic regulation Cytoplasmic 0.36 | 0.0000 | 0.0007
Q88671 |PSPTO 1433 Genetic regulation Unknown 0.12 | 0.0275 | 0.0312
Q886M7 accA Lipid metabolism Cytoplasmic 0.44 | 0.0183 | 0.0254
Q883Y6 fabA Lipid metabolism Cytoplasmic 0.67 | 0.0056 | 0.0135
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Q883Y7 fabB Lipid metabolism Cytoplasmic 0.49 | 0.0013 | 0.0072
Q87YG6H fabD Lipid metabolism Cytoplasmic 0.32 | 0.0049 | 0.0122
Q87VW7 lipA Lipid metabolism Cytoplasmic 0.38 | 0.0472 | 0.0431
Q87VS5 accB Lipid metabolism Cytoplasmic membrane | 0.60 | 0.0004 | 0.0040
Q87YGS8 fabF Lipid metabolism Cytoplasmic membrane | 0.57 | 0.0251 | 0.0296
Q87YE3 |PSPTO_3857 Lipid metabolism Cytoplasmic membrane | 0.20 | 0.0393 | 0.0392
Q87V73 ahcY Nitrogen metabolism Cytoplasmic 0.52 | 0.0155 | 0.0231
Q88AR3 argE-2 Nitrogen metabolism Cytoplasmic 0.47 | 0.0228 | 0.0281
Q88B%4 argH Nitrogen metabolism Cytoplasmic 0.60 | 0.0107 | 0.0192
Q87VS6 aroQ Nitrogen metabolism Cytoplasmic 0.24 | 0.0000 | 0.0007
Q885A6 cynS Nitrogen metabolism Cytoplasmic 0.32 | 0.0009 | 0.0060
Q882E8 gabD-3 Nitrogen metabolism Cytoplasmic 0.59 | 0.0309 | 0.0334
Q87WC1 glyA2 Nitrogen metabolism Cytoplasmic 0.63 | 0.0094 | 0.0178
Q87YJO ilVA-1 Nitrogen metabolism Cytoplasmic 0.66 | 0.0490 | 0.0440
Q888N5 ilvN Nitrogen metabolism Cytoplasmic 0.33 | 0.0518 | 0.0454
Q886Y1 leuA Nitrogen metabolism Cytoplasmic 0.58 | 0.0356 | 0.0366
Q87V72 metF Nitrogen metabolism Cytoplasmic 0.42 | 0.0048 | 0.0121
Q88177 metH Nitrogen metabolism Cytoplasmic 0.50 | 0.0569 | 0.0474
Q885T7 mtnA Nitrogen metabolism Cytoplasmic 0.60 | 0.0119 | 0.0199
Q87VVé proA Nitrogen metabolism Cytoplasmic 0.58 | 0.0001 | 0.0015
Q88BC5 |[PSPTO_0092 Nitrogen metabolism Cytoplasmic 0.55 | 0.0099 | 0.0181
Q88A78 |PSPTO_0517 Nitrogen metabolism Cytoplasmic 0.64 | 0.0278 | 0.0313
Q886Y5 |PSPTO_1440 Nitrogen metabolism Cytoplasmic 0.58 | 0.0086 | 0.0168
Q886P6  |PSPTO_1531 Nitrogen metabolism Cytoplasmic 0.56 | 0.0201 | 0.0268
Q885B4 |PSPTO_1921 Nitrogen metabolism Cytoplasmic 0.66 | 0.0326 | 0.0347
Q883P8 | PSPTO 2302 Nitrogen metabolism Cytoplasmic 0.39 | 0.0486 | 0.0437
Q87YN8 |PSPTO_3757 Nitrogen metabolism Cytoplasmic 0.48 | 0.0472 | 0.0431
Q87UX1 [PSPTO 5171 Nitrogen metabolism Cytoplasmic 0.43 | 0.0150 | 0.0226
Q87U19 | PSPTO_5308 Nitrogen metabolism Cytoplasmic 0.36 | 0.0072 | 0.0149
Q88AD4 SoxA-1 Nitrogen metabolism Cytoplasmic 0.59 | 0.0425 | 0.0413
Q886U5 thrC Nitrogen metabolism Cytoplasmic 0.51 | 0.0435 | 0.0417
Q88B&0 trpA Nitrogen metabolism Cytoplasmic 0.53 | 0.0484 | 0.0436
Q88AE7 betA Nitrogen metabolism Cytoplasmic membrane | 0.33 | 0.0355 | 0.0366
Q87WP4 carB Nitrogen metabolism Periplasmic 0.63 | 0.0244 | 0.0290
Q889P8 metC-1 Nitrogen metabolism Periplasmic 0.66 | 0.0202 | 0.0269
Q87V18 gltB Nitrogen metabolism Unknown 0.54 | 0.0464 | 0.0429
Q87VvZ0 amn Nucleic acid metabolism Cytoplasmic 0.58 | 0.0034 | 0.0109
Q886H7 cdd Nucleic acid metabolism Cytoplasmic 0.48 | 0.0005 | 0.0040
Q87XN2 dcd Nucleic acid metabolism Cytoplasmic 0.54 | 0.0092 | 0.0176
Q886M8 dnaE Nucleic acid metabolism Cytoplasmic 0.41 | 0.0549 | 0.0464
Q87WP5 greA Nucleic acid metabolism Cytoplasmic 0.56 | 0.0010 | 0.0062
Q886X5 guaA Nucleic acid metabolism Cytoplasmic 0.66 | 0.0174 | 0.0245
Q889Y3 nusG Nucleic acid metabolism Cytoplasmic 0.43 | 0.0003 | 0.0034
Q87VI6 orn nucleic acid metabolism Cytoplasmic 0.34 | 0.0014 | 0.0073
Q87VH3 park Nucleic acid metabolism Cytoplasmic 0.17 | 0.0331 | 0.0348
Q88BE5 | PSPTO 0072| Nucleic acid metabolism Cytoplasmic 0.64 | 0.0019 | 0.0083
Q88BB5 |PSPTO _0102| nucleic acid metabolism Cytoplasmic 0.37 | 0.0003 | 0.0031
Q887M5 |[PSPTO 1266| Nucleic acid metabolism Cytoplasmic 0.52 | 0.0322 | 0.0345
Q885C6 | PSPTO_1909| Nucleic acid metabolism Cytoplasmic 0.60 | 0.0017 | 0.0078
Q883M5 |PSPTO 2331| Nucleic acid metabolism Cytoplasmic 0.24 | 0.0206 | 0.0270
Q881V3 |PSPTO 2779 Nucleic acid metabolism Cytoplasmic 0.52 | 0.0388 | 0.0389
Q87WO5 [PSPTO _4778] Nucleic acid metabolism Cytoplasmic 0.34 | 0.0064 | 0.0144
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Q87VG4  |PSPTO_4973| Nucleic acid metabolism Cytoplasmic 0.44 | 0.0001 | 0.0013

Q87VJ9 purA Nucleic acid metabolism Cytoplasmic 0.54 | 0.0538 | 0.0458

Q87Y59 purC Nucleic acid metabolism Cytoplasmic 0.61 | 0.0582 | 0.0480

Q87Yl16 purkF Nucleic acid metabolism Cytoplasmic 0.26 | 0.0530 | 0.0454

Q87XM1 pyrC Nucleic acid metabolism Cytoplasmic 0.32 | 0.0002 | 0.0028

Q87WUO rpoN nucleic acid metabolism Cytoplasmic 0.38 | 0.0456 | 0.0427

Q87YM9 sbcC Nucleic acid metabolism Cytoplasmic 0.50 | 0.0145 | 0.0221

Q889U1 ssb Nucleic acid metabolism Cytoplasmic 0.42 | 0.0018 | 0.0080

Q877B5 topA Nucleic acid metabolism Cytoplasmic 0.42 | 0.0037 | 0.0116

Q889U3 uvrA Nucleic acid metabolism Cytoplasmic 0.20 | 0.0458 | 0.0428

Q886V7 purT Nucleic acid metabolism | Cytoplasmic membrane | 0.62 | 0.0004 | 0.0038

Q87YX7 [PSPTO_3665| Nucleic acid metabolism Unknown 0.58 | 0.0005 | 0.0040

Q87U21 purk Nucleic acid metabolism Unknown 0.59 | 0.0156 | 0.0231
Protein synthesis and .

Q87751 clpA e ARG Cytoplasmic 0.24 | 00599 | 0.0487
Protein synthesis and .

Q87YR6 clpP mod?’%cation Cytoplasmic 0.38 | 0.0006 | 0.0043
Protein synthesis and .

Q87YQ2 cysS mod%ﬁcation Cytoplasmic 0.37 | 0.0466 | 0.0429
Protein synthesis and )

Q886P0 frr mod|yﬁcation Cytoplasmic 0.39 | 0.0053 | 0.0128
Protein synthesis and .

Q87X13 grokS modT/ﬁcation Cytoplasmic 0.51 | 0.0001 | 0.0023
" Protein synthesis and -

Q886Y9 hisS mod%ﬁcation Cytoplasmic 0.24 | 0.0260 | 0.0305
. Protein synthesis and !

Q87752 infA modYﬁcation Cytoplasmic 0.09 | 0.0012 | 0.0068
Protein synthesis and !

Q88174 nfuA mod|yﬁcation Cytoplasmic 0.47 | 0.0026 | 0.0096
~ Protein synthesis and ’

Q87YQO ppiB mod%ﬁcation Cytoplasmic 0.51 | 0.0008 | 0.0054
Protein synthesis and .

Q87WH1 prfC mod%ﬁcation Cytoplasmic 0.35 | 0.0425 | 0.0413
Protein synthesis and .

Q88AH8 | PSPTO_0412 g Al Cytoplasmic 0.45 | 00264 | 0.0308
Protein synthesis and .

Q889E2 [PSPTO_0808 mod%ﬁcation Cytoplasmic 0.37 | 0.0145 | 0.0221
Protein synthesis and .

Q887W2 |PSPTO_1171 mod|yﬁcation Cytoplasmic 0.56 | 0.0131 | 0.0209
Protein synthesis and :

Q887T1 |PSPTO_1205 mod|yﬁcation Cytoplasmic 0.45 | 0.0002 | 0.0027
Protein synthesis and .

Q87WG9 |PSPTO_4581 mod%ﬁcation Cytoplasmic 0.53 | 0.0031 | 0.0103
Protein synthesis and :

Q889X0 rplD mod%ﬁcation Cytoplasmic 0.51 | 0.0001 | 0.0022
Protein synthesis and !

Q889U5 rplQ mod%ﬁcation Cytoplasmic 0.51 | 0.0014 | 0.0073
Protein synthesis and ]

Q889Wé6 rplV mod?/ﬁcation Cytoplasmic 0.65 | 0.0063 | 0.0143
Protein synthesis and ]

Q889W9 rplW mod%ﬁcation Cytoplasmic 0.56 | 0.0188 | 0.0256
Protein synthesis and ’

Q889F2 rpomA mod%ﬁcation Cytoplasmic 0.63 | 0.0045 | 0.0121
Protein synthesis and .

Q87XJ5 romEe2 mod%ﬁcation Cytoplasmic 0.36 | 0.0232 | 0.0282
Protein synthesis and .

Q87YG4 romF mod?%cation Cytoplasmic 0.43 | 0.0002 | 0.0027
Protein synthesis and .

Q88BC7 romG mod%ﬁcation Cytoplasmic 0.51 | 0.0211 | 0.0273
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Protein synthesis and .
POA163 roml mod%ﬁcation Cytoplasmic 0.57 | 0.0013 | 0.0071
Protein synthesis and .
Q87VK3 rpsk mod?%cation Cytoplasmic 0.66 | 0.0149 | 0.0225
Protein synthesis and .
Q889U9 rpsM mod|yﬁcation Cytoplasmic 0.60 | 0.0073 | 0.0149
Protein synthesis and .
Q889Vv8 rpsN mod%ﬁcation Cytoplasmic 0.56 | 0.0170 | 0.0243
Protein synthesis and .
Q889W2 rpsQ ARSI Cytoplasmic 0.54 | 0.0000 | 0.0007
Protein synthesis and .
Q87VK4 rpsR ARSI Cytoplasmic 0.58 | 0.0017 | 0.0077
Protein synthesis and .
Q889W7 rpsS mod|yﬁcation Cytoplasmic 0.38 | 0.0020 | 0.0086
Protein synthesis and .
Q87VV8 rsfS mod|yﬁcation Cytoplasmic 0.52 | 0.0238 | 0.0287
Protein synthesis and .
Q883H9 thrS modlyﬁcation Cytoplasmic 044 | 0.0463 | 0.0429
Protein synthesis and .
Q889Y8 tyrS mod|yﬁcation Cytoplasmic 0.29 | 0.0466 | 0.0429
Q886Y6 der Protein synthesisand | cytoplasmic membrane | 0.36 | 0.0121 | 0.0200
Protein synthesis and . .
Q87Y90 |PSPTO_3911 mod?%cation Periplasmic 0.61 | 0.0048 | 0.0121
Protein synthesis and
Q87YK7 pepN mod|yﬁcation Unknown 0.66 | 0.0221 | 0.0277
Protein synthesis and
Q877J)2 |PSPTO_3437 mod|yﬁcation Unknown 0.62 | 0.0004 | 0.0038
. Protein synthesis and
Q883Y2 SIXA SRR Unknown 0.60 | 00133 | 0.0211
Q88B81 |PSPTO 0138 Transport Cytoplasmic 0.59 | 0.0038 | 0.0116
Q87UL2 ptsP Transport Cytoplasmic 0.32 | 0.0383 | 0.0385
Q87WB5 cstA Transport Cytoplasmic membrane | 0.27 | 0.0381 | 0.0385
Q886V3 ffh Transport Cytoplasmic membrane | 0.59 | 0.0132 | 0.0211
Q882M2 [PSPTO_2604 Transport Cytoplasmic membrane | 0.17 | 0.0420 | 0.0412
Q882C4 |[PSPTO 2705 Transport Cytoplasmic membrane | 0.28 | 0.0296 | 0.0325
Q87X85 |PSPTO 4303 Transport Cytoplasmic membrane | 0.11 | 0.0120 [ 0.0199
Q87U15 [PSPTO 5500 Transport Cytoplasmic membrane | 0.28 | 0.0252 | 0.0297
Q884E0 pvdE Transport Cytoplasmic membrane | 0.20 | 0.0523 | 0.0454
Q87X84 saxB Transport Cytoplasmic membrane | 0.12 | 0.0266 | 0.0308
Q877151 yidC Transport Cytoplasmic membrane | 0.27 | 0.0610 | 0.0492
Q88B54 | PSPTO 0165 Unknown function Cytoplasmic 0.51 | 0.0165 | 0.0239
Q88AI2 [|PSPTO 0408 Unknown function Cytoplasmic 0.63 | 0.0057 | 0.0135
Q888P1 |PSPTO_0976 Unknown function Cytoplasmic 0.35 | 0.0370 | 0.0378
Q888M8 [PSPTO 0989 Unknown function Cytoplasmic 0.38 | 0.0115 | 0.0197
Q884H7 |PSPTO 2116 Unknown function Cytoplasmic 0.51 | 0.0132 | 0.0211
Q883N5 |PSPTO 2315 Unknown function Cytoplasmic 0.31 | 0.0025 | 0.0096
Q87ZM9 | PSPTO 3395 Unknown function Cytoplasmic 0.47 | 0.0072 | 0.0149
Q87YH7 |PSPTO 3821 Unknown function Cytoplasmic 0.65 | 0.0095 | 0.0178
Q87XB5 |PSPTO 4272 Unknown function Cytoplasmic 0.53 | 0.0433 | 0.0417
Q87WV9 |PSPTO 4434 Unknown function Cytoplasmic 0.65 | 0.0069 | 0.0147
Q87WP6 | PSPTO 4499 Unknown function Cytoplasmic 0.54 | 0.0005 | 0.0041
Q87UA1 |PSPTO_5404 Unknown function Cytoplasmic 0.57 | 0.0064 | 0.0144
Q88BW6 | PSPTO 5633 Unknown function Cytoplasmic 0.52 | 0.0040 | 0.0117
Q889R6 | PSPTO_0683 Unknown function Cytoplasmic membrane | 0.45 | 0.0030 | 0.0102
Q877U1 |[PSPTO 3333 Unknown function Cytoplasmic membrane | 0.26 | 0.0274 | 0.0312
Q87U63 | PSPTO 5451 Unknown function Cytoplasmic membrane | 0.32 | 0.0279 | 0.0313
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Q87VU6 | PSPTO_4839 Unknown function QOuter membrane 0.23 | 0.0617 | 0.0495
Q882W¢9 |PSPTO 2503 Unknown function Periplasmic 0.31 | 0.0076 | 0.0154
Q87WQ9 |PSPTO 4484 Unknown function Periplasmic 0.66 | 0.0124 | 0.0202
Q88B25 |PSPTO 0208 Unknown function Unknown 0.64 | 0.0115 | 0.0197
Q88AJ9 |PSPTO 0391 Unknown function Unknown 0.33 | 0.0071 | 0.0149
Q88A18 |PSPTO 0579 Unknown function Unknown 044 | 0.0031 | 0.0103
Q888X0 [PSPTO_0894 Unknown function Unknown 0.42 | 0.0454 | 0.0427
Q888R9 | PSPTO 0947 Unknown function Unknown 0.49 | 0.0208 | 0.0272
Q888P2 |PSPTO 0975 Unknown function Unknown 0.58 | 0.0287 | 0.0319
Q888LY? |PSPTO 0998 Unknown function Unknown 046 | 0.0000 | 0.0007
Q887F2 |PSPTO 1344 Unknown function Unknown 0.59 | 0.0073 | 0.0149
Q886D3 [PSPTO_1646 Unknown function Unknown 0.32 | 0.0376 | 0.0381
Q885M3 [PSPTO 1808 Unknown function Unknown 0.31 | 0.0048 | 0.0121
Q885A5 [PSPTO_ 1931 Unknown function Unknown 0.58 | 0.0148 | 0.0225
Q883J1 |PSPTO 2366 Unknown function Unknown 0.62 | 0.0357 | 0.0367
Q882W6 | PSPTO 2506 Unknown function Unknown 0.57 | 0.0048 | 0.0121
Q881L7 |PSPTO 2872 Unknown function Unknown 048 | 0.0432 | 0.0417
Q881L6 | PSPTO 2873 Unknown function Unknown 0.34 | 0.0599 | 0.0487
Q87785 |PSPTO 3545 Unknown function Unknown 0.65 | 0.0220 | 0.0277
Q87YK9 | PSPTO 3786 Unknown function Unknown 0.52 | 0.0009 | 0.0060
Q87XZ0 | PSPTO 4030 Unknown function Unknown 0.62 | 0.0028 | 0.0098
Q87WO03 [PSPTO 4780 Unknown function Unknown 0.56 | 0.0528 | 0.0454
Q87V70 |PSPTO 5071 Unknown function Unknown 0.60 | 0.0000 | 0.0005
Q87UT9 |[PSPTO 5203 Unknown function Unknown 0.58 | 0.0193 | 0.0261
Q87US2 | PSPTO 5224 Unknown function Unknown 0.32 | 0.0066 | 0.0144
Q87UF7 | PSPTO 5341 Unknown function Unknown 0.28 | 0.0497 | 0.0443
D3NQ14 | PSPTO 5634 Unknown function Unknown 0.32 | 0.0004 | 0.0036
Q87Y08 [PSPTO 4010 Virulence Cytoplasmic 0.54 | 0.0170 | 0.0243
Q87U75 |PSPTO 5433 Virulence Cytoplasmic 0.61 | 0.0059 | 0.0138
Q87U73 hcp-2 Virulence Extracellular 0.56 | 0.0000 | 0.0007
Q52473 hrpAl Virulence Extracellular 0.55 | 0.0438 | 0.0418
Q87U86 | PSPTO 5421 Virulence Unknown 0.59 | 0.0001 | 0.0022
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ABBREVIATION INDEX

°C degrees celsius

2K6PG 6-phospho-2-ketogluconate

2KDPG 2-keto-3-deoxy-6-phosphogluconate

3PG 3-phosphoglycerate

4-PE  4-phosphoerythronate
6PG 6-phosphogluconate

6PG 6-phosphogluconolactone
A Angstrom

Ac-CoA acetyl-coenzyme A

ADP  adenosine diphosphate
ANOVA analysis of variance

Ap ampicillin

APS ammonium persulfate
ATP adenosine triphosphate

aux auxotroph

BCP 1-bromo-3-chloropropane
BNF biological nitrogen fixation
BPG 1,3-bisphosphoglycerate
BSA bovin serum albumin

C carbon

c-di-GMP,cdG  Bis-(3',5')-cyclic dimeric
guanosine monophosphate

cDNA complementary DNA
CF calcofluor

cfu colony forming unit
cm? square centimeter

CP cytoplasmic protein
CPS capsular polysaccharide
CR Congored

Ct cycle threshold

cv column volume
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Cys cysteine

DA differentially abundant

DAPA  diaminopimelic acid

DEPC diethyl pyrocarbonate

DGC diguanylate cyclases

DHAP dihydroxyacetone-P

DNA  deoxyribonucleic acid

dNTP deoxynucleotide triphosphate

dpi days post-inoculation

DTT dithiothreitol

DXP 1-deoxy-D-xylulose-5-phosphate

E4P D-erythrose 4-phosphate

E4PDH, Epd erythrose-4-phosphate
dehydrogenase

ECP exported cytoplasmic protein

ED Entner-Doudoroff

EDTA Ethylenediamine tetraacetic acid

EF-Tu elongation factor Tu

EM electron microscopy

Em erythromycin

EMP  Embden-Meyerhof-Parnas

EPS exopolysaccharide

F6P fructose-6-phosphate

FbaA fructose-bisphosphate aldolase

FBP fructose-1,6-bisphosphate

fru fructose

g relative centrifugal force

G3P glyceraldehyde-3-phosphate

G6P glucose-6-phosphate

GABA gamma-aminobutyric acid

gal galactose



GAPDH, Gap

glyceraldehyde-3-
phosphate dehydrogenase

GL gluconolactone

Glu glucose

GMP  guanosine monophosphate

GTP guanosine-5-triphosphate

h hour

A increased abundance

ID identifier

IPTG  isopropyl B-D-1-thiogalactopyranoside

kb kilobases

kDA kilodalton

KEGG Kyoto Encyclopedia of Genes and
Genomes

Km kanamycin

kv kilovolts

I liter

LB Luria-Bertani media

LC liquid chromatography

LC-MS-MS  liquid chromatography

with tandem mass spectrometry

LPS lipopolysaccharide

M molybdenum

MAMP microbe associated molecular pattern

mg milligrams

min minutes

ml milliliter

MLG  mixed-linkage B-glucan

mM millimolar

MM minimal media

MMPM minimal media with mannitol and
pyruvate

MPA  mobile phase A

MPB  mobile phase B
MS mass spectrometry
MV membrane vesicle

MWCO molecular weight cutoff
N nitrogen

NAD/H nicotinamide adenine dinucleotide
NADP/H nicotinamide adenine dinucleotide

phosphate

NBD  nucleotide-binding domain
NCBI  National Center for

Biotechnology Information
NI non-inoculated
nm nanometer
N, reactive nitrogen
Nx nalidixic acid

oD optical density

OMV  outer-membrane-vesicle

ONPG o-nitrophenyl-B-D-galactopyranoside

ORF open reading frame

P5P pentose-5-phosphate

PAGE polyacrylamide gel electrophoresis

PAMP pathogen-associated molecular
pattern

PBS phosphate buffered saline

PCR polymerase chain reaction

PDE phosphodiesterase

PEP phosphoenolpyruvate

PG-agar peptone-glucose agar

pGpG  5-phosphoguanylyl-(3-5')-guanosine
Pl propidium iodide

P.. lac promoter

PLP pyridoxal 5-phosphate
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PP pentose phosphate

pS phosphoserine

pT phosphothreonine

PTM  post-translational modification

Pto Pseudomonas syringae pv.tomato
eap gap gene promoter

pY phosphotyrosine

PYR pyruvate

gRT-PCR quantitative real-time PCR

R resistant

R5P ribose-5-phosphate

RA reduced abundance

Ret Rhizobium etli

Rif rifampicin

RNA  deoxyribonucleic acid

RT room-temperature
s seconds
s sensitive

S7P sedoheptulose-7-phosphate
SDS sodium dodecyl-sulfate

Ser serine

Sm Streptomycin

Spc Spectinomycin

Suc succinate

T2SS  type |l secretion system
T3SS  type lll secretion system
T4SS  type IV secretion system
T6SS  type Vlsecretion system
TBS tris-buffered saline

Tc tetracycline

TCA tricarboxylix acid

TCA trichloroacetic acid

TCEP tris(2-carboxyethyl)phosphine
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hydrochloride
TEMED tetramethylethylenediamine
Tmp trimethoprim
TY triptone-yeast medium
u units
uv ultra-violet
\% vesicle
\Y volt
WB western blot
X-Gal  5-bromo-4-chloro-3-indolyl-p

D-galactopyranoside

€ molar extinction coefficient
ug microgram
pl microliter









