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The lipopolysaccharide (LPS) O-polysaccharide (O-PS) is the main virulence factor in Brucella. After synthesis in the cytoplasmic membrane, O-PS is exported to the periplasm by the Wzm/Wzt system, where it is assembled into a LPS. This translocation also engages a bactoprenol carrier required for further biosynthesis pathways, such as cell wall biogenesis. Targeting O-PS export by blockage holds great potential for vaccine development, but little is known about the biological implications of each Wzm/Wzt moiety. To improve this knowledge and to elucidate its potential application as a vaccine, we constructed and studied wzm/wzt single- and double-deletion mutants, using the attenuated strain Brucella melitensis Rev1 as the parental strain. This allowed us to describe the composition of Brucella peptidoglycan for the first time. We observed that these mutants lack external O-PS yet trigger changes in genetic transcription and in phenotypic properties associated with the outer membrane and cell wall. The three mutants are highly attenuated; unexpectedly, Rev1Δwzm also excels as an immunogenic and effective vaccine against B. melitensis and Brucella ovis in mice, revealing that low persistence is not at odds with efficacy. Rev1Δwzm is attenuated in BeWo trophoblasts, does not infect mouse placentas, and is safe in pregnant ewes. Overall, these attributes and the minimal serological interference induced in sheep make Rev1Δwzm a highly promising vaccine candidate.
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INTRODUCTION

Brucellosis is one of the most relevant zoonosis worldwide and is caused by bacteria of the genus Brucella. These pathogens infect a wide range of domestic and wild animals. Brucella melitensis infects predominantly small ruminants and is also the most frequent Brucella species in humans in endemic regions. To date, there are no safe vaccines for humans, and antibiotic treatments are onerous with frequent relapses so that the most rational strategy is to control and eradicate animal infections (Blasco, 1997). In small ruminants, Rev1 is the only vaccine recommended (OIE, 2018). However, although attenuated, Rev1 can be pathogenic for animals (for instance, it induces abortions in pregnant ewes; Blasco, 1997) and can infect humans (Spink et al., 1962; Blasco and Díaz, 1993). Thus, finding a safer alternative vaccine is a priority worldwide.1 To this end, much research effort has focused on lipopolysaccharide (LPS) modifications and, more specifically, on removing the N-formyl-perosamine homopolymer O-polysaccharide (O-PS) (Zhao et al., 2018). Besides being a main virulence factor, O-PS is the immunodominant antigen in Brucella (Spink and Anderson, 1954), which is necessary to elicit a protective adaptive immune-response (Montaraz et al., 1986; Grilló et al., 2006b).

Pathways involved in O-PS biosynthesis have been explored as potential targets for vaccine developments (Whitfield, 1995; Schurig et al., 2002; Moriyón et al., 2004; González et al., 2008). In Brucella, this molecule is formed in the inner side of the cytoplasmic membrane. It is then translocated to the periplasm by an ATP-binding cassette (ABC) transport system that comprises two essential proteins, Wzt and Wzm, whereby the hydrophilic ATP-binding Wzt is coupled by a unique interface (Bi et al., 2018) to the transmembrane ring-shaped Wzm (Cuthbertson et al., 2007; Mohammad et al., 2016; Caffalette and Zimmer, 2021). This system is broadly conserved among gram-negative bacteria (Whitfield, 1995; Lerouge et al., 2001; Hug and Feldman, 2011; Caffalette et al., 2020), whereby Wzm is strongly conserved, while Wzt has a C-terminal domain (C-Wzt), with a unique structural element that determines the specificity of the O-PS transporter (Izquierdo et al., 2003; Cuthbertson et al., 2005, 2007). Truncation of wzm/wzt genes leads to rough (R) mutants carrying O-PS molecules unlinked to the R-LPS rather than smooth (S)-LPS; however, little is known about the effect of each component on Brucella. O-PS export further involves the undecaprenol pyro-phosphate (also known as bactoprenol), which is a universal lipid carrier to which sugar precursors attach to initiate O-PS synthesis and export the whole complex to the periplasm (Valvano, 2003). Once O-PS is linked to the LPS, the bactoprenol needs to be released back to the inner membrane, where it can participate other polymerization pathways, such as peptidoglycan (PG) recycling (Valvano, 2015; Vassen, 2018). Thus, we hypothesized that wzm/wzt truncation and blockage of the O-PS export could alter other bacterial structures and/or functions.

Most B. melitensis R mutants were developed from the 16M or H38 virulent strain (Godfroid et al., 2000; González et al., 2008; Wang Z. et al., 2014). However, the background of the parental strain can be crucial for the biological properties of the R derivatives (Barrio et al., 2009). In this work, we built the wzm/wzt single- and double-mutants from a B. melitensis Rev1 attenuated strain, with the objective of understanding how to increase the structural and functional impact derived from disrupting the O-PS export. For this, we analyzed transcriptional changes and features associated with envelope remodeling of Rev1 Wzm/Wzt mutants vs. 16MΔwzm (Zabalza Baranguá, 2017), using state-of-the-art techniques, including transmission electron microscopy (TEM) and ultra-performance liquid chromatography-mass spectrometry (UPLC-MS), as well as in vivo experiments in laboratory animals (mice) and in the natural host most susceptible to B. melitensis infection (pregnant ewes).



RESULTS AND DISCUSSION


Deletion of wzm and/or wzt Induces wbkB and wbkC Transcriptional Upregulation, but Only Rev1Δwzm Induces a Marked wzt Upregulation

After assessing the expected genotypes by sequencing for the Rev1Δwzm, Rev1Δwzt, and Rev1ΔwzmΔwzt mutants (Figure 1A; Supplementary Figures 1, 2, Supplementary Table 3), we studied variations by qRT-PCR (Supplementary Table 4) for the relative expression of the genes wzm/wzt, wbk, and wbo O-PS biosynthesis clusters (Godfroid et al., 2000; González et al., 2008), as well as for cgs and cgt, which code for the synthesis and export to the periplasm of cyclic glucans. Of note, these sugars, together with the LPS, are envelope components involved in Brucella virulence (Haag et al., 2010; Guidolin et al., 2015). No transcription of wzm and/orwzt was detectable in the corresponding single- or double-deletion mutants (Figure 1B). As both genes are sequentially located in the chromosome (Godfroid et al., 2000), it is generally assumed that wzm/wzt mutations should cause an analogous effect and that the deletion of wzm would hinder wzt expression. Strikingly, however, Rev1Δwzm showed significant (p < 0.001) overexpression of wzt, but Rev1Δwzt showed unchanged expression of wzm (e.g., similar to the parental). In agreement with this, the in silico study revealed that the start codon of wzt overlaps the stop codon by one nucleotide. This overlap suggests the existence of a multiple reading frame, a feature conserved across microbial genomes and a common regulation mechanism (Johnson and Chisholm, 2004). Additionally, it has been proposed that these two genes could constitute a sole operon for other gram-negative bacteria (Rocchetta and Lam, 1997; Goldberg, 1999). Thus, it seems reasonable that a deletion upstream of wzm not only maintains but also alters the expression of wzt. In sum, we demonstrate that wzm deletion allows the transcription of wzt and causes its overexpression in Rev1Δwzm.
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FIGURE 1. Deletion of wzm and/or wzt leads to different transcriptional regulations of O-PS biosynthesis genes. (A) Schematic representation of the forward (F) and reverse (R) primers designed onto wzm (pink) and wzt (green) to delete their inner regions (gray), with the respective start/stop codons in the wild-type (WT) parental strain and resulting mutants. (B) Heat maps representing the mean values of the genetic relative expression (fold-change; mean ± SD) determined by qRT-PCR in Rev1Δwzm, Rev1Δwzt, Rev1ΔwzmΔwzt vs. Rev1 control (upper panel; n = 5), including 16MΔwzm and Rev1 vs. 16M control (lower panel; n = 2) for comparative purpose. Fisher’s LSD test: ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05 vs. Rev1 or 16M control (base line = 1).


Additionally, the three Rev1 wzm/wzt mutants showed enhanced expression (p < 0.05) of wbkB and wbkC with respect to Rev1 (note that wbkB encodes an enzyme of unconfirmed function, and, wbkC, a formyltransferase; Godfroid et al., 2000). This finding opens the possibility of antigenic changes in the nascent O-PS, although shortening would not be expected, as no signs of repressed expression were detected. Comparatively, 16Mwzm showed not only overexpression of these three genes (e.g., wbkB, wbkC, and wzt) but also upregulation of gmd vs. the 16M parental strain, and this was not reproduced in Rev1wzm. With respect to the parental strains, Rev1 showed significant upregulation of gmd and downregulation of wbkA, wbkD, wbkE, wbkF, cgs, and cgt genes. Of note, cgs and cgt encode for cyclic glucans, which are involved in evading host immune response (Briones et al., 2001; Arellano-Reynoso et al., 2005; Haag et al., 2010; Roset et al., 2014), osmotic resistance (Roset et al., 2014), and oxidative and detergent pressure resistance (Mirabella et al., 2013). Thus, this result is consistent with the attenuation of Rev1.



The Cytoplasmic O-Polysaccharide of Rev1 wzm/wzt Mutants Shows Antigenic Features

In standard tests for Brucella typing (Alton et al., 1988), the three mutants showed the expected R-LPS phenotype, the typical small colonial size of Rev1 (Grilló et al., 2000) and Rev1 inhibition by penicillin G (P5) and safranin O (Saf100) (Supplementary Table 5). The complete core and the presence of O-PS in wzm/wzt mutants were evidenced by alkaline silver staining and Western blot with anti-M monospecific serum, respectively, in whole-cell inactivated bacteria (Figure 2A). We confirmed that the O-PS was not exposed at the mutant outer membrane (OM), since it was not detected using purified LPS samples (Figure 2B), as reported for other gram-negative bacteria (Guo et al., 2017; Moosavian et al., 2020). Using an anti-M monospecific serum for Western blotting (Figure 2A) revealed a faint, smeared band at 35–48 kDa in Rev1 mutants that were absent in BmH38RmanBcore (control) and were very strong (25–75 kDa) in Rev1 and complemented strains. Further analysis with anti-C/Y 33H8 and 42D2mAbs showed O-PS in wzm/wzt mutants but at lower reactivity than in Rev1 and 16M (Figure 2C). As O-PS biosynthesis was not downregulated, differences in reactivity could be due to low amounts of O-PS in the mutants. This hypothesis is compatible with a capture of bactoprenol by the nascent non-translocated O-PS (Rocchetta and Lam, 1997), making it unavailable for further biosynthesis. Both B. melitensis S-LPS strains were less reactive with 33H8 than with 42D2 (which is evident even after extended exposure time), and Rev1 systematically exhibited stronger signals with 33H8 than with 16M (Figure 2C), evidencing different O-PS epitope compositions.
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FIGURE 2. Rev1 wzm/wzt mutants express R-LPS with a complete core and a cytoplasmic O-PS reacting with mAbs. (A) Whole-cell phenol-inactivated bacteria or (B) purified LPS profiles detected by modified periodate-alkaline silver staining (upper panels) or by WB with anti-M monospecific serum (lower panels). (C) O-PS epitopes of whole bacteria recognized by the mAbs 33H8 for 20 min of exposure (the upper panel) or 42D2 for 6 min (the middle panel); anti-B. ovis serum was run as loading control on the same 42D2 blot (the lower panel). (D) Western blot with anti-Rev1, anti-Rev1Δwzm, or anti-16MΔwzm immune sheep sera. The images presented in the same groups were processed in parallel, and the results are representative of reproducible experiments. WM, pre-stained weight Marker VI (PanReac AppliChem, Castellar del Vallés, Barcelona, Spain).


Rev1 mutants reacted strongly with sera from sheep infected with Rev1Δwzm, showing a ≈35–48 kDa O-PS-smeared band as well as a distinct band at ≈29 kDa, which was also detected (faintly) by anti-Rev1 but not by anti-16MΔwzm sheep sera (Figure 2D). This 29 kDa band was absent in 16M parental and mutant strains but observed in Rev1 by a Western blot with heat-treated anti-Rev1Δwzm serum (data not shown). This result suggests the presence of an Omp that is unlinked in Rev1 and covalently bound to PG in 16M, as reported for Brucella abortus Omp2b and Omp25 (Godessart et al., 2021).



Rev1 wzm/wzt Mutants Exhibit High Sensitivity to Antibiotics and Cationic Dyes

The presence of 10% CO2 inhibited the growth of 16MΔwzm, as previously reported (Zabalza Baranguá, 2017), but not the growth of the Rev1 mutants. Also, the Rev1 mutants were more susceptible than Rev1 to streptomycin (Str2.5), polymyxin B (PxB1.5), and colistin (Col4), with no differences between mutants (Supplementary Table 6). Regarding the susceptibility to the antibiotics of choice for treating human brucellosis (Ariza et al., 1986), the three mutants were more susceptible than Rev1 to streptomycin and rifampicin in MIC and MBC90; furthermore, a synergistic effect with doxycycline was detected in a solid medium, particularly for streptomycin (p ≤ 0.001), leading to almost complete inhibition of mutant growth (Supplementary Table 7). These results suggest that, in case of accidental human inoculation, conventional treatment would be successful, in contrast to that reported for Rev1 (Blasco and Díaz, 1993; Grilló et al., 2006a).

The inhibition observed with Saf100, a basic monovalent cationic dye largely adsorbed by hydrophobic surfaces (Atun et al., 1998) as described for crystal violet-oxalate (Popescu and Doyle, 1996), could represent changes in the OM and cell walls (Jankowski et al., 2005). Thus, we quantified the susceptibility of the mutants to a lower concentration of this dye (Saf50), which gave only a 6% viability of mutants, in contrast to (p ≤ 0.001) the 87.8% of Rev1 parental strains (Figure 3A). Rev1 survival could be explained by the hydrophilic hindrance of the S-LPS (Nikaido and Vaara, 1985; Godfroid et al., 2000) and/or by buffering of the free radicals generated by this dye by CO2 (Jankowski et al., 2005). However, since BmH38RmanBcore survived (72.5%) more than wzm/wzt mutants, safranin O susceptibility suggests that the OM undergoes a particular reorganization, resulting in more exposed lipid A and core moieties in the mutants (Vaara, 1992; Perevoshchikova et al., 2009; Clifton et al., 2016; Fontana et al., 2016).
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FIGURE 3. Outer membrane properties of wzm/wzt mutants are modified in comparison with Rev1. (A) Inhibition by the cationic dye safranin O at 50 μg/ml (Saf50) in BAB-S and 10% CO2 represented as surviving bacteria (%; mean ± SD; n = 3) vs. the standard growth condition. (B) Autoagglutination in static culture determined by spectrophotometry (mean ± SD; n = 2; representative result). (C) Surface charge measured by Zeta-potential (mean ± SD) in absence (n = 4) or presence (n = 2) of poly-L-lysine. (D) Hydrophobicity based on differential partitioning in aqueous-hydrocarbon solution (mean ± SD; n = 3). (E) Biofilm formation quantified by crystal violet staining (mean ± SD; n = 3). (F) EPS analysis by the intensity of Congo Red (upper row; red line) or Calcofluor (the low row; the discontinuous blue line). (G) Representative TEM images with negative stain in which EPS and OMVs are indicated by white and black arrows, respectively; scale bars = 200 nm. Fisher’s LSD test; ***p ≤ 0.001, *p ≤ 0.05 vs. the other groups.




Blocking O-Polysaccharide Transport Causes Pleiotropic Changes Associated With the Outer Membrane and Cell Wall

Lipopolysaccharide biosynthesis is generally related to other cellular components involved in bacterial integrity (Morè et al., 2019). For instance, R-LPS and O-PS deficiencies have been associated with interrelated properties, such as spontaneous autoagglutination (Caro-Hernández et al., 2007), adhesion to solid layers (Nakao et al., 2012), increased hydrophobicity, and negative surface charge (González et al., 2008). Indeed, surface adhesion is dependent on the bacterial charge and the hydrophobic nature of the substrate, e.g., polystyrene (Fletcher and Loeb, 1979). Accordingly, these properties were found in the three mutants (Figures 3B–E).

Extracellular polymeric substances (EPS) are heterogeneous components typical of biofilm and stain differently by Congo Red or by Calcofluor (Wood, 1980). We found that both dyes bound moderately to Rev1 and its mutants, but only minimally to 16M and 16MΔwzm (Figure 3F); these differences seem to be associated with the nature of the parental strain, as revealed by BmH38RmanBcore and B. abortus2308 controls, and have been previously related to host preference and virulence (Uzureau et al., 2007). Although the acquisition of fine images of the native EPS is a major challenge due to its low contrast and tendency to collapse (Dohnalkova et al., 2011), we successfully detected the presence of EPS in Rev1 and its mutants by transmission electron microscopy (TEM), which revealed it to be a globular structure surrounding both fibrous and hydrated shapes (Figure 3G).

Other interesting structures promoting adhesiveness to solid surfaces in Brucella are the OM vesicles (OMVs), commonly called blebs (Godefroid et al., 2010). Blebs are nanovesicles released from the OM whose composition (Gamazo and Moriyón, 1987; Avila-Calderón et al., 2020; Ruiz-Palma et al., 2021) and amount (Solanki et al., 2021) have been associated with the lack of O-PS, and they are overproduced in strains that auto-agglutinate (Godefroid et al., 2010). As shown by TEM (Figure 3G), the mutants showed abundant OMVs as outward bulges protruding from the surface or as already detached vesicles, while the OM maintained its integrity. In stark contrast, we did not find even a single OMV in Rev1. These structural changes could indicate a rearrangement of cell envelope components.

The OM and the cell wall are covalently linked (Godessart et al., 2021), and their consistency is directly responsible for bacterial osmotic protection (Morè et al., 2019). In our studies, all strains grew well in sucrose hyperosmotic and hypoosmotic conditions; however, fewer than 50% of wzm/wzt mutants, and 10% of BmH38RmanBcore survived in a hyperosmotic.5-M NaCl medium, while the growth of Rev1 was unaltered (Figure 4A), highlighting the importance of the selected osmolyte to be used (Cheung et al., 2009; Shabala et al., 2009; Pilizota and Shaevitz, 2013; Schuster et al., 2020). Even though EPS is involved in protecting against osmotic stress and antimicrobials (Dohnalkova et al., 2011), its presence did not mitigate NaCl stress in Rev1 wzm/wzt mutants.
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FIGURE 4. Rev1wzm/wzt mutants exhibit differences in cell-wall properties. Susceptibility to: (A) Hyperosmotic stress, expressed as the percentage of bacteria survival after incubation (37°C, 48 h) of 104 CFU/ml in 0.5 M NaCl, plated in BAB; (B) Penicillin G expressed as the number of CFU/ml obtained after triplicate culturing (37°C, 8 days) of serial 10-fold dilutions from 109 to 104 CFU/ml in 0.5 IU/ml of penicillin G vs. BAB plates (P0.5); and (C) Vancomycin, expressed as the percentage of bacteria survival after incubation (37°C, 1 h) of 104 CFU/ml in twofold serial dilutions (50–3.125 mg/ml) of the antibiotic and triplicate plating in BAB; all results represent the mean ± SD (n = 3) of 2 or 3 independent experiments. (D) PG analysis as representative normalized chromatograms of three independent cultures of each strain, showing the relative PG amount and percentage of composition (mean ± SD; n = 3) of 16M and Rev1 reference and wzm/wzt mutant strains. Non-labeled peaks correspond to unknown muropeptides. Fisher’s LSD or t-tests; ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05 vs. the other groups or vs. 16M in panel D.


Susceptibility to penicillin G can provide information about cell wall rearrangements, since this ß-lactam targets the penicillin-binding proteins (PBPs) involved in PG assembly (Kohanski et al., 2010), leading to the inhibition of PG transpeptidation and subsequent cell-wall destabilization (Wolter and Lister, 2013). We observed a total inhibition at P5 of 109 CFU/ml for Rev1 as well as for its derivatives (Supplementary Table 5). Thus, we next sought to determine whether using lower concentrations could detect differences between Rev1 and its derivatives. All strains were significantly inhibited in a solid medium at P0.5, but, surprisingly, the mutants were less inhibited than Rev1 (Figure 4B) and also showed higher MBC90 (0.84 vs. 42 IU/ml). As target modification is relatively unlikely, the increased resistance of mutants could be due: (i) to PBP being shielded—by its own substrate (Lepage et al., 1995) and/or by other cell products or structures (Livermore, 1987); or (ii) to reduced PBP activity, leading to PG remodeling (Peters et al., 2018; Morè et al., 2019). To further elucidate the PG structure, we studied the susceptibility of the mutants to vancomycin, a non-β-lactam glycopeptide that hinders PG assembly by blocking its precursors (Kohanski et al., 2010). Rev1 wzm/wzt mutants were more susceptible than the parental Rev1, showing total inhibition at 12.5 mg/ml (Figure 4C); this could indicate changes in the amount and/or composition of the PG that, in absence of the S-LPS building machinery in the periplasm, could facilitate vancomycin activity.

We therefore analyzed the PG of B. melitensis 16M and Rev1 and their derivatives by UPLC-MS (Figure 4D). For PG quantification, Rev1 wzm/wzt mutants presented lower amounts of PG (10–15% less) than the parental lines; reduction was even more remarkable (30%) for 16MΔwzm vs. 16 M, in line with previous studies (Kreutzer et al., 1977). The fact that these mutants showed decreased PG confirms the hypothesis that truncating the Wzm/Wzt system impairs cell wall biogenesis, presumably due to sequestering the complex bactoprenol–O-PS when the transport is blocked. Furthermore, it would explain the higher susceptibility of the mutants to vancomycin. For the PG structure, we report for the first time the basic PG building block in B. melitensis, consisting of GlcNAc-MurNAc-L-Ala-D-Glu-mDAP-D-Ala-D-Ala, which is similar to that of other gram-negative bacteria (Vassen, 2018). B. melitensis PG included the presence of glycine (Gly) rather than Ala at Position 4 of the stem in a relatively small percentage of the muropeptides. For PG composition, we observed significant differences (p ≤ 0.05) between Rev1 and 16M parentals, as well as a general increase of L,D-crosslink and Gly in Rev1, suggesting a more active incorporation of glycine by L,D-transpeptidases (Ldts) than in 16M. Interestingly, 16MΔwzm had a significant reduction (p ≤ 0.05) of the L,D-crosslink vs. 16M, a trend also observed for Rev1 wzm/wzt mutants vs. Rev1. These compensations underscore the essential, versatile, and functional coupling of LPS, OM, and cell wall biosynthesis, and strongly suggest that a block of O-PS transport causes pleiotropic effects on Brucella.



Rev1 wzm/wzt Mutants Are Highly Attenuated in BALB/c Mice, Highlighting the Immunity Induced by Rev1Δwzm

Resistance of virulent Brucella to soluble factors of the host immune system is essential for their survival in vivo. We therefore used in vitro models of susceptibility to polymyxins as antimicrobial cationic polypeptides, targeting the LPS phosphate groups (Martínez de Tejada et al., 1995), as well as to normal sheep serum as a source of complement. As previously reported (Stranahan and Arenas-Gamboa, 2021), R-LPS mutants were highly inhibited by PxB, Col, and serum complements (Figures 5A,B). Moreover, sera from Rev1Δwzm-immunized sheep showed a marked killing effect on Brucella ovis rather than on B. melitensis (Figure 5C), a finding that could be explained by the natural absence of O-PS in B. ovis that makes their OM proteins more readily accessible to antibodies (Monreal et al., 2003).
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FIGURE 5. Rev1Δwzm is highly attenuated and triggers a stronger adaptive immune response than Rev1Δwzt or Rev1ΔwzmΔwzt in the BALB/c mice. Susceptibility is shown for: (A) Polymyxin B (PxB) or colistin (Col), as models of cationic bactericidal peptides of the innate immune system (mean ± SD; n = 2); and (B) complement-mediated killing by conventional non-immune ovine serum, either complete or heat inactivated (mean ± SD; n = 2). (C) Bacterial killing activity of sera from sheep immunized with Rev1Δwzm against B. melitensis 16M and B. ovis PA (BoPA) virulent strains (mean ± SD; n = 4). (D) Kinetics of spleen infections and weights (mean ± SD; n = 3 at 1 and 4 weeks PI, n = 4 at 2 and 3 weeks PI) of the BALB/c mice inoculated IP with 108 CFU/mouse of the correspondent mutant; the dashed lines indicate the detection limit (log10 5 CFU/spleen = 0.70) and normal splenic weight (0.1 g) in the BALB/c mice. (E) Cytokine profiles in blood sera and splenocytes supernatants from the same mice at selected intervals; sera collected at 2, 6, and 24 h PI (n = 5) were processed as pools, including two independent experiments for Rev1Δwzm, Rev1, and PBS groups; dotted lines represent PBS’s maximum value; blood sera and splenocytes supernatants collected at 1, 2, 3, and 4 weeks PI were processed individually for each necropsied group (mean ± SEM). Fisher’s LSD test; ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05 immune vs. non-immune sera for a given strain.


In the BALB/c mice, the three mutants evidenced extreme attenuation. The vaccinated mice had high levels of spleen colonization at 1 week post-inoculation (PI) but were completely cleared of the mutants by 3–4 weeks (Figure 5D), in contrast to the longer persistence of Rev1 (Supplementary Figure 1). Furthermore, we reproducibly observed a peak of splenomegaly at 2 weeks PI in the mice vaccinated with Rev1Δwzm, a less pronounced peak in the mice vaccinated with Rev1ΔwzmΔwzt, and no peak in those vaccinated with Rev1Δwzt (Supplementary Figure 1). This inflammatory response could be associated with an enhanced adaptive immune response mediated by cytokines, which are crucial in protective immunity against Brucella (Grilló et al., 2012; Sancho et al., 2014). We next analyzed cytokine production in both blood and spleen supernatants at early (≤24 h) and late (≤4 weeks) PI intervals (Figure 5E). Notably, the Rev1Δwzm mice displayed high serum levels of circulating TNF-α and IFN-γ at 24 h PI, and of TNF-α and IL-12 at 2 weeks PI; likewise, the peak of splenomegaly at 2 weeks PI correlated with high levels of proinflammatory TNF-α, IL-6, and IL-12 in these spleens, and a peak of IFN-γ at 4 weeks PI, which was delayed with respect to that described for Rev1 (Sancho et al., 2014). This cytokine relation triggered by Rev1Δwzm plays a critical role in limiting intracellular replication and quick clearance of the mutant as well as in triggering a protective Th1 immune response (Baldwin and Goenka, 2006; Dorneles et al., 2015; Jain-Gupta et al., 2019). Thus, we demonstrate that Rev1Δwzm does not require long-lasting persistence to induce protective immunity, in contrast to what is generally accepted for Brucella, where Rev1 immunogenicity is dependent on its persistence in mice spleens (Bosseray and Plommet, 1990; Grilló et al., 2000; Moriyón et al., 2004; Barrio et al., 2009; OIE, 2018).



Rev1Δwzm Is as Effective as Rev1 Against Brucella melitensis and Brucella ovis in BALB/c Mice

On the basis of its immunogenicity, we studied whether the splenomegaly induced by Rev1Δwzm and the subsequent adaptive immune responses were dose dependent (Supplementary Figure 1). Immunization with 106 to 108 CFU/mouse of Rev1Δwzm induced equivalent spleen infections, but only 108 CFU achieved a homogeneous intragroup infection and splenomegaly, similar to that induced by Rev1 in standard conditions. This confirmed that the immune response to Rev1Δwzm was dose dependent.

Efficacy studies on mice use intraperitoneal (IP) or subcutaneous (SC) vaccinations as screening or more exigent models for R-Brucella strains, using Rev1 in standard conditions and PBS as efficacy and non-vaccinated controls, respectively (González et al., 2008). Accordingly, we used both routes to evaluate Rev1 wzm/wzt mutants in the BALB/c mice. Against a B. melitensis H38 (S-LPS) challenge, Rev1Δwzm was as protective as Rev1, while Rev1Δwzt failed by the SC route and Rev1ΔwzmΔwzt induced heterogeneous responses (Figure 6A). Against a B. ovis PA (R-LPS) challenge, Rev1Δwzm administered via SC was also as effective as Rev1, and IP improved the protection conferred by the standard Rev1 vaccine control (Figure 6B).
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FIGURE 6. Rev1Δwzm protects against virulent B. melitensis and B. ovis challenges in the BALB/c mice. Efficacy in the BALB/c mice (n = 5) IP or SC vaccinated with Rev1 wzm/wzt mutants (108 CFU/animal) or with Rev1 reference vaccine (105 CFU/animal, SC) or PBS as controls; after 4 weeks, the mice were IP challenged with (A) 1 × 104 of B. melitensis H38:Gmr (H38) or (B) 5 × 105 of B. ovis PA:Gmr (BoPA:Gmr). After 2 or 3 weeks, respectively, the mean ± SD (n = 5) log10 CFU of the challenge strain in spleens was determined. Detection limit (log10 5 CFU/spleen = 0.70) is indicated with a discontinuous line. Fisher’s LSD test; ***p ≤ 0.001, **p ≤ 0.01 vs. Rev1 control.


Differences in the immunogenic properties of Rev1 wzm/wzt mutants could be attributable to a differential presence of Wzm or Wzt, supporting the hypothesis that Wzt has a crucial role in conferring immunity (Wang et al., 2014b). Indeed, we detected wzt overexpressed in Rev1Δwzm. Although the overlap of the start/stop codons could lead to a coupled translation of both proteins, an increase at the translational level could be relevant to O-PS antigenicity. Since Wzt is incorporated into the cytoplasm when Wzm is missing (Singh et al., 2013; Mohammad et al., 2016), the accumulation of nascent O-PS molecules in Rev1Δwzm, presumably attached to the cytoplasmic membrane by the lipid carrier, might have positive feedback on Wzt molecules. Additionally, as Wzt is responsible for O-PS terminal recognition (Valvano, 2003, 2015; Clarke et al., 2004; Cuthbertson et al., 2005, 2007; Hagelueken et al., 2015; Williams et al., 2017; Bi and Zimmer, 2020), its binding to the O-PS could be necessary to provide the antigen with its final conformation and thus with its immunogenic properties.



Rev1Δwzm Has a Similar Growth Pattern as Rev1 and Is Stable After in vitro and in vivo Subculturing

Having selected Rev1Δwzm as a promising vaccine candidate, we sought possible in vitro defects that could affect the bacterial viability and/or scale-up production properties. We determined that Rev1Δwzm resembled the growth curve of Rev1 yet provided higher turbidity and larger particle size (Figures 7A,B), probably due to the presence of OMVs protruding from the mutant, as evidenced by TEM (Figure 3G). Additionally, Rev1Δwzm had a similar susceptibility as Rev1 to desiccation, detergents, oxidative stress, and acidic environment (Figures 7C–F), as well as to lyophilization. These environmental susceptibilities of Rev1 (which have not previously been reported) and its mutant agreed with the detected downregulation of cyclic glucan genes as compared to the virulent strain 16M (Figure 1B). Furthermore, we detected unaltered genotypical [wzm deletion and GI-2/wbk regions integrity (Mancilla et al., 2013)] and phenotypical (including inner O-PS production) features after 20 in vitro passages as well as after 5 consecutive passages in mice spleens. In contrast, Rev1 viability was significantly reduced after 15 in vitro passages, supporting the recommendation of minimizing in vitro propagation for quality control (Grilló et al., 2012). These described results (data not shown) suggested that Rev1Δwzm is not likely to have antigenic drift.
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FIGURE 7. Rev1Δwzm has larger particle size than Rev1, but both perform similarly in the in vitro growth curves and environmental susceptibility. (A) Bacterial growth curves determined by the number of viable cells (CFU/ml; the left axe, large symbols) and medium absorbance (OD600; the right axe, small symbols). (B) Particle size values measured by Zetasizer (μm). Percentage of bacterial inhibition by: (C) Desiccation, (D) Detergents (0.1% Triton X-100), (E) Oxidative (H2O2), and (F) Acidic pH pressures, as models of stress encountered by Brucella in the natural environment and in the host niche. All results are expressed as the mean ± SD of at least three measures; strains Rev1, 16M, and 16MΔwzm were included as controls in all the experiments; the percentages of surviving bacteria (%) were determined with respect to the initial suspension. Fisher’s LSD test; ***p ≤ 0.001, **p ≤ 0.01 vs. the indicated groups.




Rev1Δwzm Is Attenuated in BeWo Cells and Safe in Pregnant Mice

Brucella infection, including Rev1 (Jiménez de Bagüés et al., 1989), targets the reproductive tract, starting in trophoblast giant cells, disseminating to placenta and fetuses and ending in spontaneous abortion. As preclinical models, we studied the ability of Rev1Δwzm to infect BeWo cells (a trophoblast-derived, choriocarcinoma cell line) and mouse placentas/fetuses as compared to the ability of Rev1. In BeWo cells, Rev1Δwzm was more adherent but was internalized less efficiently after adherence and replicated less than Rev1 (Figure 8A). In turn, Rev1Δwzm was not found in mouse placentas/fetuses, even after inoculation at a 10-fold higher dose than Rev1, although both strains resulted in similar spleen infections (Figure 8B). Histologically, Rev1Δwzm enabled normal placentas with minimal neutrophilic infiltration and normal fetus viability, differing from Rev1 by its marked macroscopic edema, destruction of placental epithelium, and leukocyte infiltration in yolk sac. This mouse model has been successfully used as screening of pathogenicity (Grilló et al., 2012; Poveda-Urkixo et al., 2022), indicating that Rev1Δwzm might be safer than Rev1 in pregnant animals and justifying further experiments in the natural host.


[image: image]

FIGURE 8. Rev1Δwzm is attenuated in BeWo cells, safe in pregnant mice, and induces minimal serological interference in ewes vaccinated at mid-pregnancy. (A) Adherence, internalization, and intracellular multiplication in BeWo cells (n = 3). (B) Bacteriology of spleens (upper panel), as well as macroscopic and microscopic representative images of placentas and fetuses from the pregnant CD1 mice, analyzed at 14 days after IP inoculation with 1 × 107 CFU of Rev1Δwzm (n = 14; the right column) or 1 × 106 CFU of Rev1 (n = 16; the left column). The arrow indicates leukocyte infiltration; scale bars = 100 μm. Detection limit (log10 33 CFU/g tissue = 1.52) is indicated with a discontinuous line. In panels A,B, results are presented as mean ± SD of the correspondent n value. (C) Serological response (% reactors) in ewes vaccinated SC with 1.8 × 1010 CFU of Rev1Δwzm at mid-pregnancy, developing antibodies in ELISA-R/LPS and RBT. Fisher’s LSD or t-tests; ***p ≤ 0.001, **p ≤ 0.01 vs. Rev1 control.




Rev1Δwzm Is Safe in Pregnant Ewes and Their Offsprings, and Induces Minimal Serological Interference

All ewes vaccinated with a high dose of Rev1Δwzm at mid-pregnancy (n = 6) showed normal clinical parameters, mild and transient local reactions at the inoculation site, with no shedding the mutant through vagina or milk, during pregnancy or lactation, and had normal parturitions at 144 ± 3.3 days of pregnancy. Likewise, at necropsy, the mutant was not found in any ewe or offspring. These results contrasted with those reported for Rev1 (i.e., shedding by vagina during pregnancy, bacteria in placentas at parturition and in milk, placental necrosis, abortions, and vertical transmission to lambs) (Jiménez de Bagüés et al., 1989; Blasco, 1997; Hensel et al., 2020).

Serologically, all ewes reacted in ELISA-R/LPS after vaccination and turned negative before 8 weeks PI; a 66.7% also reacted in RBT (16.7% CFT positive), a percentage that decreased progressively until turning all ewes negative before 5 weeks PI (Figure 8C). These reactions were significantly less interferent than those reported for Rev1 (Barrio et al., 2009).



The Impact of the Rev1 Background on Rev1Δwzm Vaccine Properties Was Unpredictable

It is commonly assumed that vaccine candidates should retain some residual virulence to be efficient (Grilló et al., 2000). Indeed, just those 16M wzm mutants that show an attenuation pattern similar to Rev1 are as protective as Rev1 against a B. melitensis virulent challenge (Zabalza Baranguá, 2017), while 16MΔwzt is less persistent and less protective than Rev1 (Wang Z. et al., 2014). On this basis, the high attenuation of Rev1Δwzm should have led to failed efficacy; however, and, unpredictably, Rev1Δwzm (but not Rev1Δwzt) triggered a splenomegaly associated with a particular Th1 cytokine balance, as well as to a protective efficacy against virulent challenges. Besides the genetic and phenotypic divergences described between the Rev1 and 16M parentals related to virulence attenuation (Issa and Ashhab, 2016; Salmon-Divon et al., 2018, 2019; Kornspan et al., 2020), we have now described additional differences in genetic transcription, antigenicity evidenced by Western blot, and susceptibility to antibiotics and environmental stress factors. Indeed, when wzm/wzt mutations were applied to other brucellae (Wang et al., 2014a; Grilló et al., 2017; Aragón-Aranda et al., 2020; Lalsiamthara et al., 2020), neither mutant was as immunogenic as Rev1Δwzm. All these findings demonstrate the relevance of the background in vaccine properties, as well as the unpredictable efficacy results obtained with Rev1Δwzm.




CONCLUSION

The Wzm/Wzt system is broadly conserved among gram-negative bacteria, and its inactivation in Rev1 not only restrains the export, quantity, and availability of O-PS but also triggers phenotypic changes of the OM and cell wall. Despite similarities in vitro, deletion of Wzm or Wzt transporter moieties elicited different immune responses and efficacies against Brucella-virulent infections. Indeed, Rev1Δwzm displays superior vaccine properties: attenuation, immunogenicity, efficacy against a virulent infection in mice, safety in pregnant mice, high susceptibility to diverse stresses and antimicrobials, and safety and minimal serological interference in pregnant ewes. These results (summarized in Supplementary Figure 2) thus highlight a new concept that is essential in vaccine development, i.e., that a low persistence is not at odds with efficacy.



MATERIALS AND METHODS


Strains and Culture Conditions

Bacterial strains (Supplementary Table 1) were stored at –20°C in 10% skimmed milk with 3% lactose (PanReac AppliChem, Castellar del Vallés, Barcelona, Spain) and routinely cultured at 37°C in normal atmosphere (air), using Trypticase Soy Broth (TSB; Condalab) at 150 rpm, or in plates of TSB supplemented with 1.5% bacteriological agar (TSA; Pronadisa) for Escherichia coli strains, or Blood Agar Base No. 2 (BAB; Oxoid) for Brucella spp., either plain or supplemented with 5% newborn calf serum (S; Gibco), 5% sucrose (Suc5; VWR Chemicals, Radnor, PA, United States), and/or antibiotics (Sigma-Aldrich, San Luis, MO, United States), such as kanamycin (50 μg/ml; Km50), polymyxin B (1.5 μg/ml; PxB1.5), colistin (4 μg/ml; Col4), gentamycin (15 μg/ml; Gm15), streptomycin (2.5 μg/ml; Str2.5), doxycycline (0.02 μg/ml; Dx0.02), rifampicin (0.4 μg/ml; Rf0.4), and penicillin G at (5 IU/ml; P5) or (0.5 IU/ml; P0.5), as needed. Suspensions were adjusted by spectrophotometry (SmartSpec Plus; Bio-Rad, Hercules, CA, United States) in sterile TSB or PBS (pH, 7.2; VWR Chemicals, Radnor, PA, United States), as described elsewhere (González et al., 2008). The exact number of viable counts was determined retrospectively by serial dilutions in PBS and plating (0.1 ml, done in triplicate).



Sequence Analysis and DNA Manipulation

In silico studies were performed with BLAST (Altschul et al., 1990), NCBI (Sayers et al., 2022), and KEGG (Kanehisa and Goto, 2000) databases. PCR primers (Supplementary Table 2) were synthesized by Sigma-Aldrich Química SL (Madrid, Spain). Vector sequences were obtained from Addgene (Kamens, 2015). Vector or chromosomal DNA purifications were performed by miniprep with E.Z.N.A. Plasmid Mini Kit I (Omega Bio-tek, Norcross, Georgia) or DNeasyUltraClean Microbial Kit (Qiagen, Düsseldorf, Germany). Single-colony DNA was extracted by boiling and centrifugation. PCR products were purified using the ATP Gel/PCR DNA Fragment Extraction Kit (ATP Biotech Inc., Taipei, China). DNA was quantified with a NanoDrop Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and sequenced by STAB VIDA (Caparica, Portugal).



Construction and Complementation of Single and Double wzm/wzt Rev1 Mutants

In-frame deletion mutants were obtained as previously described (Conde-Álvarez et al., 2012), using the suicide plasmids pJQKmΔwzm (Zabalza Baranguá, 2017) and/or pJQKmΔwzt. The latter was constructed using 16M genomic DNA and the designed primers (Supplementary Table 2) to amplify 198 bp upstream and wzt 1-66 codons with F1-R2, and wzt 209–253 codons and 193 bp downstream with F3-R4 wzt. These fragments were fused by overlap PCR with F1-R4 wzt, cloned in pCR2.1 (TOPO®TA Cloning, ThermoFisher Scientific) and sequenced. After using pCR2.1Δwzt to transform E. coli TOP10F’, Δwzt was subcloned into pJQKm (Quandt and Hynes, 1993; Scupham and Triplett, 1997) BamHI and XbaI sites. Clones were screened by PCR (Supplementary Table 2), and representative non-mutated (NM) ones from each mutagenesis were kept as controls. For complementation, transconjugants, including the pSRK vector with wzm (Zabalza Baranguá, 2017), wzt or wzm-wzt (subcloning of BMEI1415 or BMEI1415-BMEI1416 into SpeI and XhoI sites) were selected in Km50 plates and, for pSRKwzm-wzt, 0.1-mM IPTG (Invitrogen, Waltham, MA, United States), and checked by PCR.



Transcriptional Analysis

Genetic expression was analyzed from five independent extractions of Rev1 and derivatives, or 2 of 16M and 16MΔwzm for comparative purposes. Total RNA from exponential cultures was extracted by lysozyme (Sigma-Aldrich, San Luis, MO, United States), proteinase K (Merck, Darmstadt, Germany), Zwittergent (Merck, Darmstadt, Germany), RNeasy Mini kit (Qiagen, Düsseldorf, Germany), and DNase [Ambion, Austin, TX, United states (ThermoFisher)] treatments, and its quality checked with Gel Loading Buffer II [Ambion, Austin, TX, United states (ThermoFisher)], in an agarose gel by confirming that the intensity ratio of 23S:16S proteins was 2:1, obtaining the cDNA with PrimeScript RT kit (Takara, Saint-Germain-en-Laye, France). The qRT-PCR was performed with SYBR Premix Ex Taq (Takara, Saint-Germain-en-Laye, France) in duplicate in an AriaMx real-time PCR system (Agilent) using 96-well microplates (Axygen, New York, NY, United States) as follows: 10 min at 95°C, 45 cycles of 15 s at 95°C, and 1 min at 60°C. Primers (Supplementary Table 4) efficiency (0.9–1.1) was assessed as 10(–1/slopeofCtvs.DNAdilutions)–1. Data were analyzed with Agilent AriaMx v. 1.2 software (Santa Clara, CA, United States) and relative transcription normalized by the 2–ΔΔCt method using IF-1 gene and representing the fold-change over Rev1 or 16M controls.



Characterization of Rev1 wzm/wzt Mutants

Conventional Brucella biotyping was performed following the standard protocols (Alton et al., 1988). Briefly, the mutants were submitted to tests of catalase, oxidase, urease, agglutination with acriflavine, agglutination with anti-A/anti-M/anti-R monospecific sera, lysis by bacteriophages Tb, Wb, Iz, and R/C, susceptibility to thionine, fuchsine, and safranin O dyes. Also, we analyzed purity and homogeneity of colony size and the LPS phase by the crystal violet-oxalate test (Grilló et al., 2000). The in vitro growth curves were assessed by duplicate as turbidity and CFU/ml from suspensions adjusted to OD600 = 0.1 (TSB, 37°C, 150 rpm) at the selected intervals.

MIC/MBC90 to the selected antibiotics were determined in the cation-adjusted Müller–Hinton medium (M-H; BD) by the standard broth microdilutions method (EUCAST: European Committee for Antimicrobial Susceptibility Testing, 2003), using Rev1 and E. coli K12 as controls. Susceptibility to Dx0.02, Gm0.125, Rf0.4, Str2.5, PxB1.5, Col4, P0.5, and Saf50 was quantified by seeding suspensions between 109 and 104 CFU/ml by triplicate in BAB or BAB-S plates incubated (37°C, 8 days) under normal air or 10% CO2 atmosphere. Results were expressed as the% of bacterial survival vs. the standard culture (BAB, air). Resistance to vancomycin (Sigma-Aldrich, San Luis, MO, United States) was determined by incubating a suspension of 104 CFU/ml in PBS with twofold serial dilutions (50–3.125 mg/ml) of the antibiotic (37°C, 1 h, 100 μL each, by duplicate) and plating in BAB to determine the% of surviving bacteria vs. control.

Analyses of the R-LPS and internal O-PS were performed with ≈1010 CFU/ml of whole bacteria inactivated by 0.5% phenol (72 h, 37°C, 150 rpm) or purified LPS by an extraction kit (Intron Biotechnology, Seongnam, South Korea’s) in SDS-PAGE and further modified periodate-alkaline silver staining or WB (Tsai and Frasch, 1982; Monreal et al., 2003). The latter was revealed with primary antibodies: (i) mAbs (1:2,000) anti-C/Y 33H8 or 42D2 (batch No. 051119 or 300502, Ingenasa), (ii) anti-M monospecific polyclonal rabbit serum (1:100; IdAB collection), or (iii) anti- B. ovis, Rev1, Rev1Δwzm (either normal or heat treated 1 h, 56°C) or 16MΔwzm sera from sheep experimentally infected (1:400; IdAB collection); and secondary HRP-conjugated antibodies: (i) an anti-mouse at 1:3,000 (Bio-Rad, Hercules, CA, United States cat. No. 170-6516), (ii) an anti-rabbit at 1:2,500 (Bio-Rad, Hercules, CA, United States cat. No. 170-6515), or (iii) protein G at 1:1,000 (Pierce cat. No. 21193), all diluted in 1% milk PBST. The images were acquired with ECL Kit (Bio-Rad, Hercules, CA, United States) in a ChemiDocSyngene with GeneSnap 7 (Frederick, MD, United States) or Bio-Rad with Quantity One (Hercules, CA, United States) software. Brightness and contrast adjustments were applied uniformly using GNU Image Manipulation Program v. 2.10 (open source2).

To assess the lack of spontaneous mechanisms of dissociation described for Rev1 (Mancilla et al., 2013), the integrity of GI-2 and wbk regions was determined after serial subcultures in BAB under normal or 10% CO2 atmospheres by conventional PCR with the primers presented in Supplementary Table 2; the amplified products were 353 bp (P1–P3) and 1,016 bp (P5–P7) in case of gene integrity, or 586 bp (P1–P2) and ≈1,400 bp (P5–P6) in case of excision.



Study of Envelope-Related Properties

Autoagglutination was assessed by OD600 readings as described (Caro-Hernández et al., 2007) in at least two independent experiments. Bacterial particle size and surface charge of phenol-inactivated bacteria (37°C, 150 rpm, 24 h) adjusted to OD600 = 0.2 (7,000 × g, 4°C, 15 min) were measured in CsCl/HEPES as elsewhere (González et al., 2008) in absence or presence of poly-L-lysine (P6516; Sigma-Aldrich, San Luis, MO, United States) in a Zetasizer Ultra (Malvern Panalytical, Malvern, United Kingdom) at 25°C, using the ZS-XPLORER v. 2.01 software (United Kingdom).

Hydrophobicity was determined by measuring bacterial adherence, using a hydrocarbons method (Rosenberg et al., 1980), modified to avoid cell degradation due to xylene toxicity (Czerwonka et al., 2016). Phenol-inactivated cultures were centrifuged (6,000 × g, 4°C, 10 min) and washed with a PUM buffer; then, 2 mL adjusted to OD470 = 1 was mixed with an equal volume of xylene (PanReac AppliChem, Castellar del Vallés, Barcelona, Spain) by triplicate. After a vortex (5 s)-incubation (37°C, 10 min)-vortex (30 s)-incubation (room temperature; RT, 2 h) step, the absorbance of the low phase was measured to determine the hydrophobicity index as: 1 – (OD470/1).

Biofilm formation was studied by bacterial adhesion to polystyrene, cellular viability, and Calcofluor and Congo Red assays. Briefly, 200 μL with 5 × 108 CFU/ml in TSB was incubated (37°C, 3 weeks) in 96-well plates (Sarstedt) by triplicate and, after PBS washings, was stained with crystal violet (PanReac AppliChem, Castellar del Vallés, Barcelona, Spain; 0.05% in water, RT, 15 min). The stain was washed with distilled water and dissolved in ethanol (Merck, Darmstadt, Germany) to measure adhesion as OD600. The viability of the attached bacteria was assessed by swabbing and culturing in BAB. EPS production was evaluated by seeding 20 μL of 109 CFU/ml in BAB with 0.1% Calcofluor White M2R (Sigma-Aldrich, San Luis, MO, United States) or 4% Congo Red (Merck, Darmstadt, Germany); after 3 weeks, at 37°C, the intensity of Calcofluor’s fluorescence measured in a UV transilluminator (UVP) and color shift to intense red/black were visualized and quantified with ImageJ/Fiji v. 2.1 software (Schindelin et al., 2012).

The osmotic resistance was studied by incubating (37°C, 48 h) 104 CFU/ml in TSB: water (1:5; hypoosmotic) or in 0.5 M NaCl (Dong et al., 2015) or 0.34-M Suc (Roset et al., 2006) (VWR Chemicals, Radnor, PA, United States; hyperosmotic) by triplicate. The CFU/ml was determined in BAB to calculate the % of bacterial survival vs. the initial suspension in two independent experiments.



Susceptibility to Environmental Factors

Tolerance to desiccation was studied by keeping (RT, 6 days) a suspension (200 μL/well, 109CFU/ml, TSB) completely dried by evaporation into 12-well plates (Sarstedt) by triplicate and rehydrating the pellet in PBS to determine the viable CFU/ml in BAB. Susceptibility to detergents was firstly evaluated with SDS (Merck, Darmstadt, Germany), since this surfactant inactivated all the Brucella tested at 0.06%; bacterial suspensions (104CFU/ml, 100 μL, by triplicate) were cultured in BAB with 0.1% Triton X-100 (Sigma-Aldrich, San Luis, MO, United States). Oxidative stress and acid pH resistances were analyzed by incubating (37°C, 1 h) a 104 CFU/ml suspension in TSB with an equal volume (100 μL) of H2O2 at increasing concentrations up to 5 mM or with acidified TSB at a final pH from 7.3 to 2.3 by duplicate. Results were expressed as bacteria (%) vs. control.



Transmission Electron Microscopy

Massive Brucella cultures (37°C, 24 h) were harvested, washed (7,000 × g, 10 min) two times with sterile Sorenson’s phosphate buffer pH 7.4 (Kuo, 2007) and fixed (4°C, overnight) with 2.5% glutaraldehyde (Grade I, 70%; Sigma-Aldrich San, Luis, MO, United States) and 2% paraformaldehyde (powder, Sigma-Aldrich, San Luis, MO, United States) in a buffer. Samples were adsorbed (1:200 dilution, 3 μL, 1 min) in hydrophilized carbon-coated copper grids (glow discharge 5 mA, 20 s, Leica EM ACE200). After negative staining (1% uranyl acetate, 10 s, two times), representative images were acquired (JEOL JEM 1400 Plus).



Ultra-Performance Liquid Chromatography-Mass Spectrometry

Peptidoglycan was purified from three biological replicas normalized to OD600 = 1 and analyzed, using 16M as control, as described elsewhere (Desmarais et al., 2013; Alvarez et al., 2016, 2020) on a Waters UPLC system (Waters Corporation, Milford, MA, United States) equipped with an ACQUITY UPLC BEH C18 Column, 130 Å, 1.7 μm, 2.1 mm × 150 mm (Waters, United States) and a dual wavelength absorbance detector. Muropeptide identity was confirmed by MS/MS analysis, using Xevo G2-XS QT of system (Waters Corporation, Milford, MA, United States). Quantification of muropeptides was based on their relative abundances normalized to the total amount of PG. Unidentified muropeptides and minor peaks with a relative abundance lower than 0.5% were excluded from further analysis.



Susceptibility to Soluble Factors of the Immune System

Susceptibility to polymyxins B and E (colistin) as a model of cationic peptides and to normal ovine serum (IdAB collection) as a source of complement after 18 h of incubation was determined by duplicate as reported (Martínez de Tejada et al., 1995; González et al., 2008). Likewise, the in vitro bacterial killing properties of serum from sheep immunized with Rev1Δwzm (IdAB collection) were studied against B. melitensis 16M (S-LPS) or B. ovis PA (R-LPS) virulent strains; normal sheep serum and PBS or PBS-S for B. ovis PA were used as controls to determine survival (%) in two independent experiments.



BeWo Cells Studies

Bacterial adhesion, internalization, and intracellular multiplication in the BeWo (ATCC CCL-98; Sigma-Aldrich, San Luis, MO, United States) trophoblast-like cell line were determined as described previously (Castañeda-Roldán et al., 2004; Salcedo et al., 2013; Poveda-Urkixo et al., 2022). Briefly, 5 × 104 cells/well were cultured in 12-well microtiter plates (Sarstedt) with an enriched F-12K medium (Kaighn’s Modification) supplemented with 10% of inactivated FBS and 2-mM L-glutamine (Glutamax 100×) (Gibco). The cells were infected at an MOI of 100, and, after 30 min of incubation, the adhered bacteria were killed with Gm50 (1.5-h exposure). After cells lysis with 0.1% Triton X-100 (Sigma-Aldrich, San Luis, MO, United States), the number of CFU/ml was determined in both treated (intracellular) and untreated (total) wells by plating in BAB to calculate (i) adhesion as log10 CFU/ml = total CFU-intracellular CFU; (ii)% of internalization = (intracellular CFU/total CFU) × 100; and (iii) intracellular multiplication as log10 CFU/ml found at 2, 24, and 48 h.



Animal Experiments


Biosafety and Ethics Statements

Brucella and GMOs were used in the registered BSL3 facilities (code A/ES/15/I-05) of the Instituto de Agrobiotecnologiìa (IdAB), previous authorization of the Spanish Consejo Interministerial de Organismos Modificados Genéticamente (CIOMG) (A/ES/16/39). BALB/c 7-week-old female or CD1 4-week-old male and female mice were purchased from Charles River (Elbeuf, France) and accommodated for 2 weeks in the authorized IdAB animal facilities (ES/31-2016-000002-CR-SU-US) before experimental proceedings. The animals were kept in biosafety cages with water and food ad libitum and manipulations carried out following FELASA (Rehbinder et al., 2000) and ARRIVE (Percie du Sert et al., 2020) guidelines. Procedures were based on brucellosis standards (Grilló et al., 2012) and authorized by Gobierno de Navarra (PI-025-14) in compliance with the current Spanish (RD 53/2013; ECC/566/2015) and European (Directive UE 2010/63) legislations. Churra ewes were purchased from B. melitensis and B. ovis free herds of Castilla y León, Spain, and kept in the authorized BSL2 and BSL3 facilities of the Universidad Complutense de Madrid (UCM; ES/281200000147 and ES/280790000154). Before starting the experiment, all ewes were serologically assessed as free from the main reproductive infections (i.e., Chlamydia abortus, Coxiellaburnetii, Salmonella Abortusovis, Toxoplama gondii, and Maedi-Visna). The GMOs and animal experiments were evaluated by the ethics and biosecurity committee of UCM [OH (CEA)-UCM-32-2018], CIOMG (B/ES/18/31; A/ES/20/83), and Agencia Española de Medicamentos y Productos Sanitarios (AEMPS; 194/PIV and 432/ECV). Eventual authorizations were granted by Gobierno de la Comunidad de Madrid (PROEX 187/18). Note that the use of Brucella GmR strains is no longer under restricted use since 2014, as it does not compromise the control of disease in humans or animals (Smith et al., 2015).



Spleen Infection and Cytokine Profiles in Mice

In general, the mice were inoculated IP or SC with 0.1 ml of bacterial suspension and killed by cervical dislocation at selected intervals to determine the number of viable CFU/spleen (expressed as log10 CFU/spleen), and the spleens weight (grams/spleen), as reported (Grilló et al., 2006b). The mice inoculated with Rev1 in standard conditions (105 CFU, IP or SC) or with PBS were used as controls.

A dose-response experiment was performed in the BALB/c mice inoculated IP with 105, 106, 107 or 108 CFU/mouse of Rev1Δwzm, and the spleen counts/weights (n = 5) were determined at 2 weeks PI. Thereafter, with the two selected doses (106 and 108 CFU/mouse), we performed an experiment of persistence by determining the spleen counts and weights at 1, 2, 4, and/or 6 weeks PI.

For the three mutants, the kinetics of infection, weights, and cytokines in spleens were studied in groups of 14 BALB/c mice IP, inoculated with 108 CFU/animal (selected as optimal dose) and weekly killed (n = 3 at 1 and 4 weeks PI; n = 4 at 2 and 3 weeks PI). For cytokines, individual supernatants were obtained (1,000 × g, 10 min) in Hanks balanced salt solution (Gibco) treated (1 h, 4°C) with 1% CHAPS (Sigma-Aldrich, San Luis, MO, United States) and filtrated (0.20 μm, Millipore). Moreover, blood samples were collected at 2, 6, and 24 h PI (n = 5) by retro-orbital plexus puncture in mice anesthetized (ISOFLO, Ecuphar) and processed as a pool (by mixing equal volume of serum from each mouse) by analyzing each pool in duplicate; Rev1Δwzm, Rev1, and PBS groups (n = 5) were analyzed in two independent experiments. Similarly, the blood samples were obtained one time a week directly prior to each necropsy and processed individually (n = 5). Sera samples and splenocytes supernatants were used to determine IL-6, IL-12p40, TNF-α, and IFN-γ using commercial ELISA kits (BD OptEIA) in two technical replicates/sample. The results were expressed as pg/spleen and pg/ml of serum.

The in vivo stability of Rev1Δwzm was evaluated after 5 serial passages in the mice (Schurig et al., 1991). Groups of 3 CD1 mice were inoculated IP at 108 CFU/animal and necropsied at 3 days PI to determine the CFU/spleens. The bacteria recovered in each passage were subcultured to prepare the inocula of the next one. The genetic and phenotypic stability of the bacteria recovered from the last passage was assessed as described for the in vitro stability.



Vaccine Efficacy Studies

The efficacy of Rev1 wzm/wzt mutants to protect against B. melitensis or B. ovis virulent infections was analyzed in the BALB/c mice (n = 5), as reported (González et al., 2008; Soler-Lloréns et al., 2014). The mice (n = 5) were vaccinated IP or SC with 108 CFU of the mutant and, 4 weeks later, were challenged IP with 104 CFU of B. melitensis H38:Gm or with 5 × 105 CFU of B. ovis PA:Gm. Additional groups (n = 5) of Rev1 in standard conditions (105 CFU/animal, SC) and PBS were included as controls. The log10 CFU/spleen of the challenge strain was determined in BAB-Gm15, or in BAB-S-Gm15 with incubation in 10% CO2 at 2 or 3 weeks after challenging with H38 or B. ovis PA, respectively.



Safety in Pregnant Mice

Pregnancies were synchronized in the CD1 mice by light/darkness control and naturally mating for 2 days. On the day of pregnancy 4.5 ± 1, the mice were inoculated IP with 1 × 107 CFU/mouse of Rev1Δwzm (n = 14), or 1 × 106CFU/mouse of Rev1 (n = 16) as control; 14 days later, all were necropsied to individually collect spleens, placentas, and fetuses. The CFU/g was determined by plating serial 10-fold PBS dilutions in BAB, applying external ethanol to avoid fetus-placenta cross contamination. For histopathological studies, placental tissues were fixed with 10% neutral buffered formaldehyde and stained with hematoxylin-eosin (H-E) (PanReac AppliChem, Castellar del Vallés, Barcelona, Spain).



Safety in Pregnant Ewes

Churra ewes (n = 6) were SC vaccinated on the day of gestation 75 ± 2 (DG75) with 1.8 × 1010 CFU of Rev1Δwzm, including a PBS group of pregnant ewes (n = 4) as control. Clinical symptoms, rectal temperature, and local reactions were assessed during the first 2 weeks PI. Vaginal shedding was weekly monitored along the pregnancy by double-swab sampling and at parturition by collecting cotyledons and milk. The swabs were analyzed by (i) direct DNA extract and qRT-PCR of the IS711 (Pérez-Sancho et al., 2013) and (ii) duplicate culturing in a CITA-selective medium (De Miguel et al., 2011) standard or modified by halving vancomycin and colistin concentrations, and incubation at 37°C for 7–14 days; presumptive colonies were confirmed by over-colony PCR with F1-R4wzm (Supplementary Table 2). Cotyledons homogenized in sterile PBS (1:10, w:v) and the milk samples were cultured (1 ml/plate) in these media. Within 4 weeks after delivery, all ewes and lambs were necropsied to determine bacterial presence in organs (spleen, liver, uterus, and mammary gland) and lymph nodes (pre-scapular, parotid, retropharyngeal, submaxillary, crural, iliac, and supra-mammary) by homogenization. Serological responses were weekly monitored in serum by an INgezim B. ovis kit (ELISA-R/LPS; Ingenasa), standard Rose Bengal test (RBT), and those reacting in RBT by S-LPS Complement Fixation test (CFT) at the officially accredited Laboratorio de Calidad Agroalimentaria de Navarra (Villava, Navarra, Spain), as recommended (OIE, 2018).




Statistical Analysis

Statistical analysis and graphical representations were performed with GraphPad Prism 8 software (Inc., San Diego, CA, United States). P-values were determined by unpaired two-tailed Student’s t-test or by one- or two-way ANOVA, followed by Fisher’s least significant difference (LSD) test, with 95% confidence intervals, according to data classification. For PG analysis, only variations higher than 10% were considered as significant. The final figures were assembled using Adobe Illustrator 2020 (San José, CA, United States).
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