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Abstract

Rhizobia are Gram-negative bacteria that establish symbiosis with legumes and carry
out the biological fixation of N2 facilitating its assimilation by the plants, thus being
considered an alternative to chemical fertilizers. Therefore, it is of great interest to
understand all the mechanisms underlying this symbiosis. The Type VI Secretion
System (T6SS) enables bacteria to translocate effector proteins to other bacteria or
eukaryotic cells. This system is present in Sinorhizobium fredii USDA257, a model
organism used to study plant-microbe interactions. However, its role remains practically
unknown. In this work we seek to discern the regulation of this system in Sinorhizobium
fredii USDA257 via studying the implication of symbiotic regulator genes such as
nodD2, nolR, syrM and mucR. Furthermore, the determination of inducing and
repressing media for this system is key to carry out further research towards a better
understanding of the system. We found that the T6SS is activated the most in Minimum
Medium, compared to other culture media. In this medium, both gene expression and
protein secretion of this system were activated to a high extent. Oppositely, in Tryptone
Yeast medium, the T6SS was induced the least. We aimed to obtain non-functional gene
mutants to test the effect of the regulators on the expression of the T6SS in both
inducing and repressing conditions, obtaining simple recombinant mutants of syrM and
mucR. We expect our assays to be a starting point for more advanced research on this
topic, since the understudied T6SS is likely to have the potential of improving rhizobia-

legume symbiosis.

Keywords: Rhizobia-legume Symbiosis, Nodulation, Type VI Secretion System
(T6SS), Sinorhizobium fredii USDA257, Regulators



1. Introduction

1.1. Biological Nitrogen Fixation

Nitrogen is an essential macronutrient for plants and a limiting factor for plant
growth since it is a component of both nucleic acids and proteins. Regarding
agriculture, nitrogen deficiency in soil causes reduced productivity and crop yield.
Nitrogen deficiency is often treated with chemical nitrogen-rich fertilizers; nevertheless,
an overage in soil nitrogen can lead to runoffs from the fields, contaminating ground
water and resulting in eutrophication (Goyal et al., 2021). This practice is very
common; as a matter of fact, in 2021, 190 million tonnes of chemical fertilizers were

used in agriculture worldwide, of which 57% were nitrogen fertilizers (FAO 2021).

Despite nitrogen being abundant in the atmosphere as N2, plants can only assimilate
combined nitrogen in the forms of nitrate, nitrite, and ammonium. In this context,
legumes have evolved for millions of years into symbiotic partners of rhizobia, Gram-
negative bacteria that carry out the biological fixation of atmospheric N2 to inorganic
nitrogen that can be assimilated by the plants (Maitra et al., 2021; Lea & Miflin, 2010).

Rhizobia are Gram-negative bacteria, belonging mainly to the o- and f-
proteobacteria classes (Rajkumari et al., 2022), which are facultative symbionts of
plants from the family Leguminosae. In this symbiosis, rhizobia interact with the plants’
roots and induce the formation of specialized structures called nodules (Maitra et al.,
2021; Noel, 2009). The nodules provide a favourable environment for the rhizobia to
live and reproduce. These bacteria undergo significant morphological and metabolic
changes to differentiate into bacteroids, which are adapted to the low oxygen conditions
inside the nodule and possess the ability to fix atmospheric nitrogen into ammonia
(Maréti & Kondorosi, 2014).

1.2.  Symbiotic Dialogue and Nodule Development in Rhizobium-Legume
Interaction

The rhizobium-legume interaction is a complex process that requires a coordinated
two-way molecular dialogue between the bacterium and the plant, which entails the

expression of a variety of genes involved in symbiosis.



This process starts when the bacteria are chemotactically attracted by flavonoids,
phenolic compounds derived from the 2-phenyl-1,4-benzopyrone flavone that are
released in the plant’s exudates (Navarro-Gomez, 2020; Liu & Murray, 2016).

Once rhizobia reach the rhizosphere, they adhere to root hair thanks to adhesive
proteins such as plant lectins, bacterial rhicadhesin, and surface polysaccharides
(Rodriguez-Navarro et al., 2007). In response to flavonoids, the attached bacteria put
into action the NodD protein, a transcriptional activator that binds to nod boxes (NB).
NB are promoter sequences located upstream of nodulation genes, activating their
transcription. The activation of these nodulation genes leads to the synthesis and
secretion of lipo-chitooligosaccharides, the so-called Nod factors (NF) (Lopez-Baena et
al., 2016; Pérez-Montafio et al., 2016) (Fig. 1).
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Figure 1. Nod factor general structure. Nod factors’ chemical structure is defined by a linear chain of
three to five N-acetyl-D-glucosamine units joined by B-1->4 bonds and attached to a fatty acid (Kassaw
& Frugoli, 2013).

NF are perceived by specific plant LysM-receptors that trigger a downstream
signalling cascade, leading to rhizobium-specific intracellular colonization of the root
hair via the infection thread formation and eventual development of nodules on roots
(Oldroyd, 2013) (Fig. 2).



Figure 2. The symbiotic dialogue in the rhizobium-legume symbiosis. Flavonoids are secreted by the
plant and activate NodD proteins in the rhizobium, which bind to NB and induce the expression of NF.
NF are recognized by LysM-receptors in plant cells. This triggers a signalling pathway that ends in the
infection and nodulation of the host. (Wang et al., 2018)

This infection thread is filled with growing and dividing bacteria that eventually
reach the radical cortex, where plant cells divide into a meristem that will later become
the nodule and will be infected by the bacteria. Once inside the nodule, bacteria
differentiate into bacteroids, rhizobial forms specifically adapted to nitrogen fixation
(Wang et al., 2018b; Gage, 2004) (Fig. 3).
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Figure 3. Nodulation process: plant infection and nodule formation. The nodule contains a meristem zone
(), an infection zone (1), an interzone (1Z), a nitrogen fixing zone (I11), and a senescent zone (1) (Wang
etal., 2018).



In Sinorhizobium fredii USDA257, our model organism that will be described later,
NF genes are not only regulated by the transcriptional activator NodD1 but also by
other general regulators such as NodD2, NolR, SyrM and MucR, that can act as
activators or repressors of nodulation genes, depending on the regulator. These proteins
play a critical role in orchestrating the complex interactions between the plant and the
bacteria, ensuring that the symbiotic relationship is established and maintained.
Interestingly, our department’s group has shown that these genes also play an important
role in regulating the expression of T3SS in S. fredii HH103, a relevant system for the
establishment of symbiosis (Acosta-Jurado et al., 2020, 2019, 2016; Jiménez-Guerrero
et al., 2018; Pérez-Montafio et al., 2016). Therefore, it is of great interest to study the
potential role of these proteins on the T6SS regulation and assembly to discover the role

of this system in symbiosis in Sinorhizobium fredii USDA257.

1.3.  Sinorhizobium fredii USDA257

Sinorhizobium fredii USDA257, hereafter USDA257, is a fast-growing rhizobial
symbiont that exhibits a broad host range. It was first isolated from soybean root
nodules from cultivars in China and it has been used as a model organism for studying
plant-microbe interactions in non-commercial varieties of soybean since then (Pueppke
& Broughton, 1999). USDA257 possesses two replicons, a chromosome (cCUSDA257)
and a single plasmid (pUSDA257), sharing a high sequence similarity with that of
S. fredii HH103 strain (Schuldes et al., 2012). In fact, the global GC content of
USDA257 is 62.0%, a similar value to that of HH103 (62.1%). Moreover, the difference
in the chromosome size of USDA257 and HH103 is due to the existence of a non-
symbiotic plasmid that is in free form in the case of HH103 but inserted in the genome
of USDAZ257. In any case, in both USDA257 and HH103, genes involved in Nod factor
production are located on the so-called symbiotic plasmid (pUSDA257 and pSfHH103d
respectively). Despite their similarities, a noticeable difference between the two strains
is the occurrence of the Type VI Secretion System (T6SS), only present in USDA257
(Vinardell et al., 2015; Schuldes et al., 2012).

S. fredii USDAZ257 is one of the few Sinorhizobium strains in which the T6SS has
been found apart from the Type Il Secretion System (T3SS) so far (Sugawara et al.,
2013). The T3SS of USDA257 has been extensively studied and plays a prominent role
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in symbiosis and in the determination of rhizobial host-range (Staehelin & Krishnan,
2015), since recognition of some T3SS effectors by legumes can exert positive
(induction of nodulation) or negative (inhibition of nodulation) roles depending on the
cultivar. However, the ecological and physiological function of the USDA257 T6SS is

practically unknown.

1.4. Type VI Secretion System

The Type VI Secretion System (T6SS) is a molecular machine used by a wide range
of Gram-negative bacterial species to translocate effectors or toxins into other cells. The
T6SS participates in numerous biological processes, including bacterial antagonism,
competition, subversion of host cell defence responses, and niche colonization (Gallique
et al., 2017). It functions mainly as a contractile nanomachine to puncture target cells
and deliver toxins into prokaryotic cells, being conducive to bacterial competition for
space and resources. Nonetheless, in certain cases T6SS effectors target eukaryotic cells

and is thus involved in the infective process of eukaryotic hosts (Boyer et al., 2009).

The T6SS is a multi-protein complex constituted by 13 main components. Genes
encoding for these proteins are grouped in the same gene cluster and are called tss (type
six secretion) (Cascales, 2008). Additionally inside the cluster, we can find genes that
encode for accessory proteins with complementary functions named tag (type VI
accessory genes) (Silverman et al., 2012). Regarding the structure of the system, we can
distinguish three parts: membrane complex, baseplate, and tail (Fig. 4). The membrane
complex is responsible for anchoring the secretion system to the membrane. Once the
membrane complex is assembled, the proteins of the baseplate are recruited. This
structure stabilizes the joint between the membrane complex and the tail. The tail is
constituted by ring-shaped hexamers of the Hcp protein. The PAAR protein, together
with the VgrG protein and the Hcp rings, are considered the spear of the system, which
is propelled into the target cell. Hcp and VgrG can be detected in the extracellular
medium of T6SS-active bacteria, being a useful tool to keep track of the T6SS activity
in vitro (Bernal et al., 2018). Finally, in the cluster we can also find the kinase-
phosphatase PpkA-PppA couple. Even though the PpkA-PppA couple is not a structural
component of the system, it is proved to mediate the activation of the T6SS in



Pseudomonas aeruginosa through a phosphorylation cascade that ends with the

assembly of structural components (Mougous et al., 2007).
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Figure 4. Schematic representation of the T6SS structure. The membrane complex proteins — TssJ, TssL
and TssM — are coloured in light green, while the baseplate proteins — TssA, TssE, TssF, TssG and TssK
— are represented in light orange and the sheath components — TssB and TssC — in blue (Bernal et al.,
2018).

Despite the T6SS being moderately distributed among rhizobia, little is known
about its ecological and physiological role. Interestingly, recent studies have
demonstrated that rhizobial T6SS is required for efficient nodulation of legumes in both
Rhizobium etli Mim1 and Bradyrhizobium Sp. LmicAl6 (De Sousa et al., 2023;
Salinero-Lanzarote et al., 2019; Tighilt et al., 2022). Since this area of research is still
being investigated, we aim to contribute to a better understanding of the interplay

between bacteria competition and symbiosis in rhizobia.



2. Objectives

e Mutation of nodulation regulator genes nodD2, nolR, syrM and mucR of S. fredii
USDAZ257.

e Determination of inducing and repressing media for the T6SS in S. fredii
USDAZ257.

3. Material and Methods

3.1. Culture media and antibiotics

Rhizobia strains were cultivated in the media detailed below. Liquid cultures were
incubated in agitation at 180 rpm. Solid media was obtained by adding 20 g L of agar

to the liquid media.

Table 1. Bacteria culture media

Component Concentration (g L)

TY Medium (Behringer, 1974)

Yeast extract 3
Tryptone 5
CaCl2-2 H20 0.65

YM Medium (Vincent, 1970)

K2HPO4 0.5
MgSQOas - 7 H20 0.2
NaCl 0.1
Yeast extract 0.4
Mannitol 10 or 3"

Minimum Medium, MM (Robertsen et al., 1981)

K2HPO4 0.3
MgSOs - 7 H20 0.15
CaClz2 - 2 H20 0.05



FeCls 0.006

NaCl 0.05
Sodium glutamate 1.1
Mannitol 10 or 3"
Vitamin Solution (1000X) 1mL

*%

Vitamin Solution (Behringer, 1974)

Biotin 0.02
Thiamin 0.01
Sodium pantothenate 0.01

LB Medium (Sambrook et al., 1989)

Yeast extract 5
Tryptone 10
NaCl 5

“MM was prepared either with 3 g or 10 g of mannitol depending on the desired conditions.
“The Vitamin Solution was sterilized by filtration and 1 mL of vitamin solution was added to 1 L of

MM previously autoclaved.

All the media ingredients were dissolved in distilled H20. The pH of all media was
adjusted to 6.8-7.0 and the media were sterilized in the autoclave for 20 minutes under
1 atm pressure and 121 °C.

When required, the media were supplemented with the appropriate antibiotics as
described in (Lamrabet et al., 1999).

Table 2. Antibiotics employed in this work

: Stock Solution S. fredii E. coli
Selective Agent ) ) )
(mg mL~) (ng mL™) (ng ML)
Spectinomycin (Spc) 50 50 100
Kanamycin (Km) 30 60 30
Rifampicin (Rif) 25 50 25
Tetracycline (Tc) 10 1-2 10

Rifampicin was dissolved in methanol, while tetracycline was dissolved in ethanol. The

rest of antibiotics were dissolved in distilled water.



3.2. Bacterial strains, plasmids, and constructs

Table 3. Bacterial strains and plasmids used in this work.

Strains and Plasmids

Characteristics

Reference

Sinorhizobium fredii
USDA257

Parental strain, RifR

(Pueppke & Broughton,
1999)

Escherichia coli DH5a

Competent strain used for
cloning. SupE44, AlacU169,
5hsdR17, recAl, endAl, gyrA96,
thi-1, relAl, NxR

(Sambrook et al., 1989)

pRK2013

Helper plasmid for mobilization
of non-self-transmissible

plasmids, KmR

(Figurski & Helinski,
1979)

pMP220

Broad-host-range cloning vector
containing a promoter-less lacZ

gene, TcR

(Spaink et al., 1987)

PMP220 Pppka::lacZ

pMP220 plasmid containing the
promoter of the ppkA gene
upstream of the lacZ gene

Kindly provided by
Pérez-Montafio lab.

pMP92

Broad-host-range cloning vector,
IncP, TcR

(Spaink et al., 1987)

pMP92::hcp-HA

Vector containing the hcp gene

Kindly provided by

with a HA tag Pérez-Montafio lab
OMUS1232 pK18mobsacBAsyrM, KmF, (Acosta-Jurado et al.,
Suc® 2020)
oMUS1176 pK18mobsacBAmucR, KmR, (Acosta-Jurado et al.,
Suc® 2016)
pK18mob derivative containing _
PMUSTSS HH103 nolR::Q (KmR, SpcR) (Vinardell et al., 2004)
OMUS689 pK18mob derivative containing (Acosta-Jurado et al.,

HH103 nodD2::Q (KmR, SpcR)

2019)
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3.3.  Triparental Conjugation

Plasmids were transferred from E. coli to Sinorhizobium strains by triparental
conjugation as described by Simon (1984) using pRK2013 as the helper plasmid. The
following cultures were mixed: 800 pL of the receptor parental strain of USDA257, 200
pL of each donor E. coli strain containing the corresponding plasmid to be transferred
and 100 pL of E. coli containing the pRK2013 helper plasmid. The mixture was
centrifuged for 3 minutes at 5000 rpm, the supernatant was discarded and after adding
800 pL of distilled water the mixture was centrifuged again in the same conditions. The
supernatant was discarded, and the pellet was resuspended in the remaining supernatant
(around 75 pL). The culture was then plated in the form of a patch. The plate was
incubated for 16 hours at 28°C. The cellular mass was harvested and resuspended in
1 mL of TY medium. Next, pertinent dilutions were carried out and plated in TY

medium supplemented with the necessary antibiotics to select the transconjugant strains.

3.4. Obtention of syrM and mucR mutants by deletion

Recombinant DNA techniques were performed according to the general protocols of
Sambrook et al. (1989). The method chosen to obtain the mutants by deletion is a two-
step recombination process using the pK18mobsacB suicide vector. Once the
conjugation was carried out according to the protocol described above, the candidate
simple recombinant S. fredii strain (KmR) was selected and confirmed by colony PCR.
A simple recombinant colony was inoculated in liquid TY medium without antibiotics
and incubated in agitation at 28°C for 4 days. After this, 100 pL aliquots derived from
serial dilutions of the liquid culture were plated in TY supplemented with sucrose
12.5% (w/v). Colonies resistant to sucrose were picked in TY with and without
kanamycin in order to select strains with a second recombination event, in which only

one of the mutated or wild-type versions of the gene remains in the genome.

3.5.  Obtention of nodD2 and nolR mutants by insertion of the Q2 interposon

Recombinant DNA techniques were performed as described in Frey & Krisch
(1985). The method selected to mutate the nodD2 and nolR genes was the insertion of
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an interposable element, the Q interposon, into the gene sequences. This method aims
for a direct double recombination event in a single step, where the gene and the Q
interposon, but not the suicide plasmid pK18mob, are integrated in the genome,
replacing the wild-type version of the gene. Transconjugants that were SpcR (resistance
conferred by the interposon) but Km® (resistance conferred by the vector) are candidates

that may have substituted the wild type gene by the mutated gene.

3.6. PCR Amplification

To confirm the mutation of the mutant candidates for the genes syrM, mucR, nodD2
and nolR we carried out colony PCR following the protocol described by Saiki (1990)

with modifications (Table 4).

Table 4. PCR Amplification Protocol

Step PCR Temperature (°C) Time (min) Cycle
Initial denaturation 95 2 1x
Denaturation 95 0.5
_ Depending on the set of
Annealing ] 0.5
primers 35X
_ Depending on the
Extension 72
PCR product length
Final extension 72 5 1x
Storage 4 10 -

Regarding the PCR mixture, one single colony from the mutant candidates was
introduced in 50 pL of sterile water and heated at 95°C for 10 min to generate the
template DNA solution. For each sample preparation, the PCR mix consisted in the

components listed below (Table 5).
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Table 5. Sample preparation for Colony PCR

Reagent Quantity (pL)
Taq DNA Polymerase Master Mix RED (Ampligon,
Denmark) >
Forward Primer 0.4
Reverse Primer 0.4
Template DNA 1
Nuclease free H20 3.2

Primers used in this work are listed in Table 6.

Table 6. Primers used for the amplification of syrM, mucR, nodD2 and nolR genes.

Primers Nucleotide Sequence

Reference

syrM-F 5"-TAG AAG CTT AAGTCGCTGACACCGGC-3 (Acosta-Jurado et

al., 2020)

syrM-R 5—CAC GGATCC TGC GAT GACATG GCAGC -3 (Acosta-Jurado et
al., 2020)

mucR-F 5"~ ATTAAG CTT GAT GGG CACGCT -3 (Acosta-Jurado et
al., 2020)

mucR-R 5"~ AAAGGATCCGACCCGGTCCTG-3 (Acosta-Jurado et
al., 2020)
nodD2-F 5>~ CGA CCCTACGGT CGAAAAG-3 This study
nodD2-R 5’ — GCT GAA TGA GAT GGT CTC CC -3’ This study
nolR-F 5’-CGG TTAATCGGCACTTAGC-3 This study
nolR-R 5 —GAT GTG AGC GTCAAG TCT G -3’ This study

3.7. DNA electrophoresis

Electrophoresis was carried out using EtBr-stained Agarose Gels at 1% (w/v) in
0.5x TAE buffer. As the ladder, we used the New England Biolabs (U.S.A) 1 kb
ladder. Samples were run at 180 V for 20 minutes using the Mupid-One

Electrophoresis System (Advance, Japan). The resulting DNA bands were visualized in
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an UV light transilluminator at 260 nm. Images were captured with Gel Doc 2000
(Bio-Rad, U.S.A) and were analysed with Quantity One 1-D Analysis Software (Bio-
Rad, U.S.A).

Employed solutions:
e TAE Buffer: 30 mM Tris-HCI, 0.002% (v/v) of 0.5 M EDTA pH 8, 0.00114%

(v/v) glacial acetic acid. pH was adjusted to 8.

3.8. B-Galactosidase Activity Assay

The B-galactosidase activity assay is used to quantify gene expression. The promoter
of the gene of interest is fused to the lacZ gene or a cassette containing the lacZ gene is
inserted in the gene of interest itself. To quantify this activity, we followed the method
described by Miller (1972).

The liquid cultures were incubated for 3 days until stationary phase. The O.D. was
measured at 600 nm. 200 pL of each culture was mixed with 800 pL of Z-buffer, 20 pL
of chloroform and 10 puL of 0.1% (w/v) SDS. The whole mixture was vortexed for 15
seconds. Then, 200 pL of ONPG in a 4 mg mL* Z-buffer solution was added to each
sample. The induction reaction was stopped when the samples turned yellow by adding
500 puL of 1 M Na2COs and the time was noted down. Spectrophotometric measures
were taken at 420 nm. The B-galactosidase activity was calculated according to the

following formula:

Final volume (mL) - 0.D.450nm" 1000
Culture volume (mL) - t (min) * 0. D.¢60nm

B — Galactosidase Activity (M. U.) =

Where M.U. are Miller Units, and t is the time allowed for the reaction.

Statistically, we represented the data in a barplot and carried out an ANOVA assay
using a p-value of 0.05 to determine if the change in gene expression between the

different samples was statistically significant.
Employed solution:

e Z-buffer: 60 mM NazHPOa - 2 H20, 60 mM NaH2POa4 - H20, 10 mM KCI and 1
mM MgSOas. pH was adjusted to 7.
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3.9. Intracellular and Extracellular Protein Extraction

We followed the method described by Hachani (2011). Pre-inoculum of all needed
bacteria that had been grown at 28 °C in agitation for 3 days was inoculated in new
culture media to establish the inoculum. The initial ODsoo of the cultures was adjusted
to 0.1 in 40 mL. Cultures were grown for 2 days at 28 °C in agitation until stationary
phase. Extracellular samples were subjected to centrifugation twice at 5000 rpm. for 20
min at 4 °C, discharging the pellet every time and preserving the supernatant. 7.2 mL of
the supernatant was distributed into four 2 mL Eppendorf tubes. 200 pL of 10% (v/v)
trichloroacetic acid was added to each Eppendorf tube and inverted 3 times in the
laboratory fume hood. The samples were incubated in a 4 °C chamber overnight. The
samples were then centrifuged for 30 min at 16000 g and 4 °C and the supernatant was
discarded. 1 mL of cold 90% acetone was added to each Eppendorf, followed by
another centrifugation in the same conditions. The pellet was left drying at room
temperature for 3 hours and resuspended in 4X Laemmli buffer. For intracellular
samples, cultures were centrifuged at 21000 rpm. for 1 min. The supernatant was
discarded, and the pellet was resuspended in 100 puLL of 4X Laemmli Buffer.

Employed solution:

e Laemmli Buffer: 62.5 mM Tris-HCI pH 6.8, 2% (w/v) SDS, 20% (v/v) glycerol,
5% (v/v) B-mercaptoethanol, 0.05% (w/v) bromophenol blue.

3.10. Unidirectional Protein Electrophoresis

The electrophoresis was carried out in denaturing conditions, separating proteins
based on their molecular weight. Samples, both intracellular and extracellular, were
heated at 100 °C for 10 min. 15 pL of the samples, together with Laemmli Buffer, were
loaded into a Mini-PROTEAN® TGX™ Precast Polyacrylamide Gel with a
concentration gradient from 4% to 20% (w/v) (Bio-Rad, U.S.A). The protein ladder
used was the Broad-Range SDS-PAGE Standards (Bio-Rad, U.S.A). The gel was run at
150 mV for 1 hour in a Mini-PROTEAN® electrophoresis cell.
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Employed solution:

e Laemmli Buffer: 62.5 mM Tris-HCI pH 6.8, 2% (w/v) SDS, 20% (v/v) glycerol,
5% (v/v) B-mercaptoethanol, 0.05% (w/v) bromophenol blue.

3.11. Protein Immunodetection

Once the electrophoresis was completed, proteins were transferred onto a
nitrocellulose membrane (Bio-Rad, U.S.A) at 25 V, 1 A for 15 min using the Mini
Trans-Blot electrophoretic transfer cell (Bio-Rad, U.S.A). The membrane was immersed
in blocking solution for 1 hour. After that, the membrane was incubated overnight at 4
°C in agitation (180 rpm) with the primary antibodies. The secondary antibodies were
added to the membrane and left for 1 hour in agitation at room temperature. The

antibodies were provided by Cell Signalling Technology (U.S.A).

Table 7. Description of the antibodies used in the protein immunodetection.

Primary antibodies Dilution Secondary antibodies Dilution

Rabbit mADb for the HA
epitope, targeting the Hep 45005 Anti-rabbit 1gG HRP-linked  1:3000
protein attached to the HA

tag.

Mouse mADb for the RNA-

1:1000 Anti-mouse 1gG HRP-linked 1:3000
polymerase

*Antibodies were dissolved in blocking solution.

Employed solutions:

e Transference buffer: 25 mM Tris pH 8.3; 192 mM glycine, 20% (v/v) absolute
ethanol.

e 10X TBS: 0.2 M Tris, 1.3 M NaCl. pH was adjusted to 7.6.

e Blocking solution: 1X TBS, 5% (w/v) milk powder.
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4. Results

4.1.  Symbiotic regulator genes share a high sequence identity in HH103
and USDA257

Since our objective is to mutate the regulator genes of the nodulation process in
USDAZ257 using available constructs designed for HH103 and the mutagenesis
techniques employed are based on genomic recombination events, the homology
between the two strains must be determined. AIll genes, syrM (locus tag
SFHH103_04280 and USDAZ257_p03090), mucR (locus tag SFHH103 0069 and
USDA257_c07290), nodD2 (locus tag SFHH103 04329 and USDA257_p02600) and
nolR (locus tag SFHH103 02239 and USDA257 ¢47330) from HH103 were compared
to their homologs in USDA257 using BLASTN and ClustalW alignment.

syrM sequences shared 99% identity between them, differing in only 1 out of 1020
nucleotides, due to a C«<>T transition in the position 42. There were no gaps and the

coverage was 100%.

mucR sequences shared 94% identity between them, differing in 27 out of 432

nucleotides. There were no gaps and the cover query was 100% (Fig. 5).

mucR _USDA257 ATGAGTGAGAATACGCTCGGTACGAGCAACGAACTCCTGG 40
mucR HH103 ATGAGTGAGAATACGCTCGGTACGAGCAACGAACTCCTGG 40

mucR USDA257 TTGAGCTGACGGCGGAAATE@GTTGCCGCCTATGTGAGCAA 80
mucR HH103 TTGAGCTGACGGCGGAAATRGTTGCCGCCTATGTGAGCAA 80

mucR USDA257 CCAMBMGTGGTTCCWGTTGCCGAGWTGCCGACGCTGATIGCC 120
mucR HH103 CCA@GTGGTTCCIEGTTGCCGAGE@TGCCGACGCTGATIGCC 120

mucR USDA257 GATGTCCATTCGGCGCTCAAWPNAACACGACGGCTCC@INCGC 160
mucR HH103 GATGTCCATTCGGCGCTCAAMAACACGACGGCTCCPNECGC 160

mucR USDA257 C[@GTG[ETCGTGCCGGTCGAAAAGCCGAAGCCGGCE@®GTCTC 200
mucR HH103 EIGTGINTCGTGCCGGTCGAAAAGCCGAAGCCGGCGTCTC 200

mucR USDA257 [EGTWWCGCAAGTC[EGTGCAGGA[MGACAGATCACCTGCCTC 240
mucR HH103 OCGCAAGTCGTGCAGGAMNGAMCAGATCACCTGCCTC 240

mucR USDA257 GAINTGCGG[EGGCACGTTCAAATCGCTGAAGCGCCA@TTGA 280
mucR HH103 GA[ETGCGGEGGCACGTTCAAATCGCTGAAGCGCCAMTTGA 280
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mucR_USDA257
mucR HH103

mucR USDA257
mucR HH103
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TGACCCACCACAANWCTHITCGCCGGAAGAGTATCGCGAGAA
TGACCCACCACAAWMCTE®MTCGCCGGAAGAGTATCGCGAGAA

GTGGGATCTGCCTGCGGACTATCCGATGGTGGCGCCGGCE

GTGGGATCTGCCTGCGGACTATCCGATGGTGGCGCCGGCHS

TABGCGGAAGCCCGCTCGCG[MCTCGCCAAGGAAATGGGRKRIC
TAMGCGGAAGCCCGCTCGCGINCTCGCCAAGGAAATGGGIEC

TE®MGGICAGCGTCGCAAGCGTCGCGGCAAGTAA
TWGGI§CAGCGTCGCAAGCGTCGCGGCAAGTAA

320
320

360
360

400
400

432
432

Figure 5. Alignment between the mucR gene of S. fredii USDA257 and S. fredii HH103. Identical
nucleotides are coloured in green, while different nucleotides are coloured in red.

nodD2 sequences were identical, therefore being 100% the identity and coverage

between them.

nolR sequences shared 96,45% identity between them, without gaps and being the

coverage 100%. The sequences differ in 17 out of 479 nucleotides.

nolR USDA257
nolR HH103

nolR USDA257
nolR HH103

nolR USDA257
nolR HH103

nolR USDA257
nolR HH103

nolR USDA257
nolR HH103

nolR USDA257
nolR HH103

nolR USDA257
nolR HH103

nolR USDA257
nolR HH103

nolR USDA257
nolR HH103

nolR USDA257
nolR HH103

AGTGGGTGGTTGCCCTTTTATGCATCACGECTAATTATCG
AGTGGGTGGTTGCCCTTTTATGCATCACGWCTAATTATCG

TGCTTCGTAAAACATAACHWACGTGTGATGTAATTCTCGCA
TGCTTCGTAAAACATAACEACGTGTGATGTAATTCTCGCA

TGGAGCACGCAATGCAGCCHMCTTTCGCCTGAAAAACATGA
TGGAGCACGCAATGCAGCCIRAICTTTCGCCTGAAAAACATGA

GGAAGCCGAAATAGCAGCHEMGGTTTCCTCTCGGCCATGGCA
GGAAGCCGAAATAGCAGCHWGGTTTCCTCTCGGCCATGGCA

AATCCAAAACGCCTGCTCATTCTCGACTCHCTGGTCAAGG
AATCCAAAACGCCTGCTCATTCTCGACTCECTGGTCAAGG

AAGAAATGGCGGTAGGCGCATTGGCCAACAAGGTCGGGCT
AAGAAATGGCGGTAGGCGCATTGGCCAACAAGGTCGGGCT

GAGCCAETCGGCTCTTTCCCAGCACCTCTCGAAGTTGCGT
GAGCCAINTCGGCTCTTTCCCAGCACCTCTCGAAGTTGCGT

GCCCAGAATCTGGTTAGCACCCGMCG[MGACGCI§CAGACGA
GCCCAGAATCTGGTTAGCACCCGRICGINGACGCHCAGACGA

TCTAC TATTCGAGTCGTCGACCGTCAT GAAGATTTT
clecT

TCTACTATTCGAGE@TCGTC CCGTCATGAAGATTTT

GGGCGCACTCTCGGAGATHWTACGGCGC[GCCACGAGCGTC
GGGCGCACTCTCGGAGATETACGGCGCIR\GCCACGAGCGTC

40
40

80
80

120
120

160
160

200
200

240
240

280
280

320
320

360
360

400
400
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nolR USDA257 GTGATAGAAAAGCCE®®TCGTGCGCAAGTCGGCCTGACTCC 440
nolR HH103 GTGATAGAAAAGCCHPENTCGTGCGCAAGTCGGCCTGACTCC 440

nolR USDA257 CAAGACGCCGACAAGAGCTGAATGCCCAAAGCCCCGACG 479
nolR HH103 CAAGACGCCGACAAGAGCTGAATGCCCAAAGCCCCGACG 479

Figure 6. Alignment between the mucR gene of S. fredii USDA257 and S. fredii HH103. Identical

nucleotides are coloured in green, while different nucleotides are coloured in red.

Considering these similarities and the comparative analysis carried out between
genes of interest in both strains, constructs created for HH103 in previous works by our
group (Acosta-Jurado et al., 2020, 2019, 2016; Vinardell et al., 2004), were used to
mutate the homologous genes in USDA257 in order to study the impact of these

regulatory symbiotic genes on the regulation and assembly of T6SS in this rhizobium.

4.2.  Simple recombinant mutants of syrM and mucR genes were obtained

Regarding syrM, five simple recombinant candidates (KmFR), harbouring both wild-
type (1020 bp) and deleted (400 bp) versions of syrM resulting from the triparental
conjugation, were confirmed by colony PCR using the external primers SyrM-F and

SyrM-R previously described in Table 6 (Fig. 7).

2kb

1.5kb
1 kb

Figure 7. Colony PCR of the potential syrM simple recombinant mutants. NC: Negative control. 1, 2, 3,
4, 5 wells correspond to each of the potential simple recombinant mutants. E. coli: E. coli strain
containing the pMUS1232 construct harbouring only the deleted copy of syrM. WT: WT USDA257
containing the original syrM gene.
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All five candidate colonies presented two DNA bands, one around 2 kb
corresponding to the original copy of the syrM gene (1020 bp) plus approximately 500
bp upstream and 500 bp downstream, and the other around 1.4 kb corresponding to the

deleted version (600-pb less) of the gene.

As positive controls, we used the E. coli strain containing the pMUS1232 construct
harbouring only the deleted copy of syrM that presented only the 1.4 kb band, and the
WT strain of USDA257 that contains only the original copy of the syrM gene and
therefore presented only the 2 kb band. The negative control confirmed the absence of

non-specific amplification.

Respecting mucR, five simple recombinant candidates (Km®), harbouring both wild-
type (429 pb) and deleted (600-pb less, including deletion of upstream and downstream
sequences) versions of mucR were obtained by triparental conjugation. Confirmation of
the candidates was performed using colony PCR with the specific primers MucR-F and
MucR-R described in Table 6 (Fig. 8).

2kb
1.5 kb
1 kb

Figure 8. Colony PCR of the potential mucR simple recombinant mutants. NC: Negative control. 1, 2, 3,
4, 5 wells correspond to each of the potential simple recombinant mutants. E. coli: E. coli strain
containing the pMUS1176 construct harbouring only the deleted copy of mucR. WT: WT USDA257

containing the original mucR gene.

All five candidate colonies exhibited two DNA bands, one band at approximately

1.6 kb, representing the original copy of the mucR gene plus approximately 500 bp
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upstream and 500 bp downstream, and another band at around 1 kb, identifying as the
deleted version of the gene (600-pb shorter).

For positive controls, two samples were utilized: an E. coli strain carrying the
pMUS1176 construct with the deleted copy of mucR, which exhibited a single DNA
band at approximately 1 kb; and the WT strain of USDA257, which contained only the
original copy of the mucR gene, resulting in a single DNA band at around 1.6 kb. The

negative control confirmed the absence of non-specific amplification.

In the case of the obtention of nodD2 and nolR mutants, the triparental conjugation
yielded potential candidates that resulted Spc® KmS. However, the candidates were
dismissed after the confirmation PCR since their genotype was that of the WT (data not
shown), meaning that a spontaneous spectinomycin resistance had occurred instead of
the desired double recombination event.

4.3. The T6SS expression is induced especially in MM, and to a lesser
extent in YM

PpkA is essentially the key regulatory protein of the T6SS cluster and its cognate
gene is one of most transcribed when the system is activated (Bernal et al., 2018).
Therefore, the ppkA promoter (Pppka) Was cloned upstream lacZ and selected to perform
expression assays by p-galactosidase activity under different liquid culture conditions to
test the T6SS activity. For such purpose, pMP220 and pMP220 Pppka::lacZ plasmids
were introduced into the WT strain of USDA257.

The expression was significantly greater in both MM (MM3 and MM10) compared
to TY Medium. The TY medium is the medium where the system was induced the least,
leaving both YM (YM3 and YM10) in an intermediate but not statistically significant
position. However, there were no significant differences between the MM or YM
supplemented with 3 g L™t mannitol or 10 g L™* mannitol, meaning that the supply of

carbon source does not have an influence on the expression of T6SS genes (Fig. 9).

The expression of the samples harbouring the empty pMP220 vector was considered

as the basal gene expression in non-activating conditions and was subtracted from the
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total expression values obtained in the samples harbouring the pMP220 Pppka::lacZ
construct (data not shown).

B-Galactosidase Activity
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Figure 9. Barplot representation of the expression of the lacZ gene under the USDA257 ppkA gene
promoter. An ANOVA assay was carried out using a p-value of 0.05. Values tagged by asterisks (*) or
diamonds (Q) are significantly different.

4.4. Hcpisonly secreted in YM and MM media, especially in MM

Salinero-Lanzarote et al. (2019) used the Hcp protein as a secretion marker to test
the correct performance and functioning of the T6SS, which ended in satisfactory
results for the research. Therefore, we decided to use the same marker in this study to
assess the level of T6SS activity in different media.

For this assay, we first obtained a WT strain of USDAZ257 harbouring the
pMP92::hcp-HA, which allows us to detect the presence of Hcp indirectly by means of
antibodies for the HA epitope, since we did not have specific antibodies against Hcp.

Interestingly, the amount of both intracellular and extracellular Hcp protein was
greater in the MM medium compared to the YM and specially TY, where there was no
presence of secreted (extracellular) Hcp protein (Fig. 10). These data are in agreement

with expression results obtained by B-galactosidase assays.
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The B-RNA polymerase protein was used as a cell integrity control for the
extracellular samples and a positive control for the intracellular samples, besides
indicating the relative amount of protein present in each media. As expected, there was
no B-RNA polymerase protein in any of the extracellular samples, meaning that there is
no contamination due to cell lysis in any analysed sample. On the other side, this protein
was also detected in all whole cell samples, with a lower concentration in samples
obtained from YM medium (Fig. 10).

Whole Cell Secretion

TY YM3 MM3 TY YM3 MM3

17kDa—] == e . Hcp-HA

37kDa—| e —— «- B-RNA pol

Figure 10. Western Blot assay targeting B-RNA pol protein as a control and T6SS Hcp protein as a

secretion marker. Both whole cell samples and extracellular samples were used to assay protein secretion.

5. Discussion and Conclusions

The focus of this work is to study T6SS regulation in USDA257 and determine
whether it is affected by general regulators of nodulation genes. For this purpose, we
followed two approaches: identifying the culture conditions in which the system is
activated or repressed and obtaining mutants of the regulators to test changes in

regulation in the selected media.

This study shows that the expression of the T6SS genes and the secretion of T6SS
proteins is activated to a greater extent in YM and MM media, especially in MM. Both
B-galactosidase activity and protein secretion assays corroborate that the MM is the
medium where the T6SS is activated the most. Therefore, MM is a T6SS-inducing

medium. The gene expression in TY is the lowest and no secreted Hcp was detected in
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this medium, hence it can be resolved that the TY medium is a repressing medium. We
can also assume that there would be a greater amount of Hcp protein in the YM medium
if it had the same amount of general protein according to the B-RNA polymerase
control, since the amount of this protein remains constant in cells independently of
culture conditions. Thus, the B-galactosidase activity and protein secretion assays set a
precedent about the media where the T6SS is the most and the least induced for future

research on the T6SS in rhizobia.

To continue with the research, the simple recombinant mutants of syrM and mucR
should be subjected to the process of counterselection by sucrose addition again, while
nodD2 and nolR double recombinant mutants should be obtained by repetitive
conjugation. Once mutants defected in these regulator genes are obtained, the next step
would be to introduce the pMP220 and pMP220 Pppka::lacZ plasmids into the mutants
and carry out B-galactosidase activity assays to quantify the expression of the T6SS in
the different mutant strains and therefore discern the effect of each regulator protein on
the system. The expression in each mutant should be tested in the media that we have
determined as T6SS-inducing or repressing in this study. If a mutant strain shows
greater activity in repressing media, its function is that of a repressor; if the activity is
lower in inducing media, its role is that of an activator. Along with expression assays,
protein secretion assays such as the presented in this work should be carried out to
assess T6SS functionality in the mutant strains and confirm the data obtained in
expression assays. In any case, it would be convenient to create Hcp-specific antibodies
to implement in future secretion assays. Regarding future perspectives, these mutant
strains are expected to be inoculated into compatible legume hosts, such as Glycine max

cv Pekin, to undertake nodulation assays and test their effect on the plant’s phenotype.

Studies on the T6SS will help discern the role of this system in rhizobia, its
implication in symbiosis or competition, and its interrelationship with the T3SS, thus
revealing potential applications that may cause a positive impact on the agriculture
field.
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In conclusion, the highlights of this study are:

e Mutant strains of syrM, mucR, nodD2 and nolR regulator genes in S. fredii
USDA257 are still to be obtained.

e The T6SS expression and protein secretion are greatly induced in Minimum
Medium and to a lesser extent in YM medium in S. fredii USDA257.

e The T6SS expression and protein secretion are not induced in TY medium in S.
fredii USDA257.
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