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Editorial on the Research Topic
 Pathogenomics of the genus Brucella and beyond, volume II




Brucellae are Gram-negative, facultative, intracellular bacteria that can infect humans and many species of animals. Brucellosis is an economically important disease in production animals worldwide causing abortion and infertility. Human brucellosis has usually been associated with an animal reservoir of Brucella spp. and transmission occurs mainly via the food chain, in particular through dairy products, or via direct contact with diseased animals. The genus Brucella has historically been classified into six species, according to their preferential animal host, of which the most pathogenic for humans are B. melitensis, B. suis, and B. abortus. The genus Brucella has been further expanded with a set of new species discovered from the 1990's mainly from wildlife, including marine mammal and amphibian species. Comparative genomics has provided insight into the evolutionary history of species belonging to the genus Brucella but has not yet facilitated identification of the underlying mechanisms involved in host preference or diseases caused in their respective hosts.

Following up on the success of the Research Topic Pathogenomics of the genus Brucella and beyond we have launched a volume II of the Research Topic. The current Research Topic consisted of 11 Original Research articles and one Opinion article.

Three articles focused on diversity, molecular epidemiology, and evolutionary history of B. abortus. The first characterized Ethiopian B. abortus isolates from an outbreak in cattle. By comparative genomic analysis with other B. abortus sequences available in public databases, Edao et al. reported that the Ethiopian isolates formed a unique cluster within the B. abortus phylogeny closely related to a small number of isolates previously described in sub-Saharan Africa, and further analysis suggested a potential evolutionary origin for the B. abortus species in East Africa. The second B. abortus study by Shevtsov et al. reported the population structure of B. abortus in Kazakhstan and its comparison with worldwide genetic diversity of this species. A Bayesian phylodynamic approach suggested that B. abortus lineages currently circulating in Kazakhstan were introduced in the nineteenth–twentieth centuries from Europe, mainly from Russia (North Caucasia). The topology of the observed comparative phylogeny of B. abortus genome sequences combined with human history pointed also to East Africa as the current most parsimonious scenario for the origin of B. abortus. Finally, Janke et al., in a more comprehensive study, reported the global phylogenomic diversity of B. abortus. The authors confirmed 4 major B. abortus clades, named A to D. Two of these clades, clade A (median estimate date 972 CE; range 781–1,142 CE) and clade B (median date 150 BCE; range 515 BCE−164 CE), were exceptionally diverse for this species and are exclusively of African origin. The third clade, clade C (median date 949 CE; range 766–1,102 CE), had most isolates coming from a broad swath of the Middle East, Europe, and Asia, also had relatively high diversity. Finally, the fourth and most recent major clade, clade D (median date 1,467 CE; range 1,367–1,553 CE) comprises the large majority of genomes in a dominant but relatively monomorphic group that predominantly infects cattle in Europe and the Americas.

In addition to the above B. abortus studies, Xue et al. characterized native circulating B. melitensis lineages causing a brucellosis epidemic in Qinghai, China. A global-scale phylogenetic analysis indicated that 54 strains, mostly human, sorted into six subclades, four of which formed independent lineages, suggesting that the increase in the incidence rate of human brucellosis may be caused by local circulating lineages.

The Brucella genus also comprises novel species isolated from amphibians. Scholz et al. reported for the first time the isolation of B. inopinata from a White's tree frog (Litoria caerulea). The species B. inopinata was initially reported from a human case and its animal or environmental origin, or any other contaminating source, was not yet identified. Genomic analyses unequivocally classified the exotic frog isolate as belonging to B. inopinata. The isolation of B. inopinata from a frog, along with other reports of human infection by atypical Brucella, raises further the question of whether atypical Brucella could pose a risk to human health.

Four articles dealt with pathogenic or immune mechanisms involved in B. abortus infection. The first Opinion article by Oliveira and Guimarães raised the question on how the crosstalk between innate immune sensors and metabolic pathways can affect the outcome of B. abortus infection. The authors discussed recent developments in the metabolic reprogramming of macrophages and speculate on the prospect of targeting immunometabolism in an effort to develop novel therapeutics to treat Brucella and other bacterial infections. A second Original Research article by Muruaga et al. reported the biochemical and functional characterization of B. abortus cyclophilins. Cyclophilins of Brucella (CypA and CypB) are enzymes encoded by genes that are upregulated within the intraphagosomal replicative niche and required for stress adaptation and host intracellular survival and virulence. In the present study, the authors characterized these cyclophilins from a biochemical standpoint by studying their PPIase activity, chaperone activity, and oligomer formation. In summary, according to the authors Brucella cyclophilins come in two different “flavors:” eukaryotic and prokaryotic. CypA and CypB differ in various immunological and biochemical properties, despite their high degree of sequence similarity and conserved functional features. The importance of dimer formation and PPIase activity of CypB for a progressive infection were highlighted in an animal model. These findings shed some light on the potential novel functions of Brucella Cyps, some of them could be due to the putative role of CypB as an effector bacterial protein. Regarding innate immunity mechanisms, Santos et al. reported that caspase-8 but not caspase-7 influences inflammasome activation acting in the control of B. abortus infection. Programmed cell death (PCD) is an important mechanism of innate immunity against bacterial pathogens. The innate immune PCD pathway involves the molecules caspase-7 and caspase-8, among others. By several in vivo experimental approaches, the authors showed the important role of caspase-8 in inflammasome activation and innate immunity against B. abortus infection. Finally, regarding B. abortus virulence regulation, Castillo-Zeledón et al. showed that the two-component system response regulator BvrR binds to three DNA regulatory boxes in the upstream region of omp25 encoding a major outer membrane protein. The two-component regulatory system BvrR/BvrS modulates the expression of genes required to transition from extracellular to intracellular lifestyles. Among the genes regulated, omp25 is positively regulated by this regulatory system. The authors propose that BvrR binds directly to up to three regulatory boxes and probably interacts with other transcription factors to regulate omp25 expression.

Three articles of the Research Topic focused on means to combat brucellosis, with the development of improved vaccines and of in vivo experimental infection models. Mena-Bueno et al. developed and characterized a wzm-mutant B. melitensis Rev1 vaccine candidate, altered in its cell envelope, and showing improved vaccine properties in a mouse model of infection. The lipopolysaccharide (LPS) O-polysaccharide (O-PS) is a major 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. The wzm gene deletion in the Rev1 vaccine strain resulted in lack of external O-PS production as expected, but in addition triggered changes in genetic transcription and in phenotypic properties associated with the outer membrane and cell wall. This highly attenuated mutant strain proved to excel also as an immunogenic and effective vaccine against B. melitensis and B. ovis in mice, revealing that low persistence is not at odds with efficacy. Overall, these attributes, and the minimal serological interference induced in sheep, make Rev1Δwzm a highly promising vaccine candidate. Nandini et al. performed immuno-profiling of Brucella proteins for developing improved vaccines and DIVA (Differentiating Infected from Vaccinated Animals) capable serodiagnostic assays for brucellosis. Several immunodominant proteins were identified in this study by high throughput immunoprofiling of B. melitensis protein microarray using brucellosis-positive human and animal serum samples. Among the seroreactive proteins, the Dps protein, strongly reacted with brucellosis-positive serum samples, but it did not react with sera from B. abortus S19-vaccinated cattle, indicating DIVA capability. A prototype lateral flow assay and indirect ELISA based on Dps protein exhibited high sensitivity, specificity, and DIVA capability. Finally, Hensel et al. assessed the guinea pig model of infection in comparison to the mouse model of infection, together with intratracheal inoculation, as a model for male reproductive brucellosis. Strains tested were the B. melitensis 16M virulent strain and the derived vaccine candidate 16 MΔvjbR. Due to the ability to evaluate for both colonization and inflammation, the authors concluded that guinea pigs seemed the better model relative to the mouse model, not only for assessing host-pathogen interactions but also for future vaccine development efforts.

In summary, the current volume II Research Topic on Brucella pathogenomics, contributed to increase our knowledge in (i) the global spread and evolutionary history of pathogenic Brucella species, (ii) the pathogenic or immune mechanisms involved in B. abortus infection, and (iii) novel approaches and vaccine candidates to combat brucellosis.
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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.

Keywords: lipopolysaccharide, Wzm/Wzt system, Rev1Δwzm vaccine, Brucella envelope, pregnant sheep, pregnant mice


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.
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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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Introduction

Brucella is an important human and animal bacterial pathogen that can survive in macrophages causing chronic infections (Roop et al., 2009). Innate immunity is the first line of defense against pathogens such as Brucella. TLR9, AIM2, MyD88, and STING are important receptors and adaptor molecules that are involved in protective responses against Brucella infection (Macedo et al., 2008; Gomes et al., 2016; Costa Franco et al., 2018, 2019). Microbial pathogens such as Brucella use different host cell energy sources to replicate intracellularly. Erythritol, glutamic acid, and glucose are efficiently metabolized by Brucella (Anderson and Smith, 1965). Macrophages are central population of cells of innate immunity; however, it is clear that macrophage phenotypes are difficult to categorize. They can be oversimplified into two major profiles, a pro-inflammatory (M1) and an anti-inflammatory (M2) subsets (Viola et al., 2019). Previously, it was reported that Brucella abortus survives and replicates preferentially in anti-inflammatory (M2), which are more abundant during chronic infection (Xavier et al., 2013). Glucose uptake was involved in B. abortus replication in M2 macrophages during chronic infection. Inactivation of Brucella glucose transporter gluP lead to reduced bacterial survival in macrophages and mouse susceptibility to infection. Additionally, stimulation of peroxisome proliferator-activated receptor γ (PPARγ) results in enhanced availability of glucose for Brucella in M2 macrophages augmenting bacterial replication (Xavier et al., 2013).

Macrophages and dendritic cells can undergo a change in energy metabolism by shutting down oxidative phosphorylation and increasing the rate of aerobic glycolysis in a pathway termed as the Warburg effect (Kelly and O'Neill, 2015). Macrophages from humans infected with Brucella abortus undergo a Warburg-effect metabolic change to an aerobic glycolytic profile (Czyz et al., 2017). Czyz et al. (2017) demonstrate that inhibition of host glycolysis and lactate production by using 3-BPA and NHI-2 reduced bacterial replication intracellularly without affecting Brucella growth. Metabolic reactions such as glycolysis, the Krebs cycle, fatty acid metabolism, and nitrogen metabolism are critical pathways that host cells undergo to combat several pathogens (Escoll and Buchrieser, 2018). In this opinion article, we connected the interplay of host innate immune recognition of the intracellular bacteria Brucella with recent findings in immunemetabolism and how this findings can impact on the outcome of infection.



TLRs and immunometabolism

TLR activation by microbial products can provide signal for metabolic shift in immune cells. TLR signaling activates the NF-κB and HIF-1α transcription factors inducing transcriptional reprogramming toward the glycolytic gene expression profile in macrophages (Krawczyk et al., 2010). It is already established that LPS binding to TLR4 activate multiple downstream metabolic pathways in different Gram-negative bacterial infections (Pan et al., 2022). However, in the case of Brucella infection, TLR9 is the most single TLR associated with host protection against infection, suggesting the bacterial DNA as an important bacterial agonist (Gomes et al., 2016). B. abortus or its DNA induced activation of MAPK/NF-κB pathways and production of IL-12 and TNF-α by macrophages partially dependent on TLR9 (Gomes et al., 2016). Bacterial LPS leads to HIF-1α and PI3K-AKT-mTOR activation leading to glycolysis and an inflammatory macrophage state (Pan et al., 2022; Figure 1A). However, if Brucella DNA via TLR9 induces this metabolic shift in macrophages yet to be determined. All TLRs except TLR3, signal through the adaptor molecule myeloid differentiation factor 88 (MyD88; Adachi et al., 1998). Activation of the TLR/MyD88 axis in host cells can promote glycolysis and glucose consumption (Lachmandas et al., 2016). Previously, our group has demonstrated that MyD88-dependent signaling is critical to Brucella control in mice leading to dendritic cell maturation and IL-12 production (Macedo et al., 2008). Others have shown that enhanced replication of B. abortus in M2 macrophages require the function of Brucella glucose transporter gluP metabolizing host glucose (Xavier et al., 2013). More recently, Lacey et al. determined whether MyD88-dependent host glycolysis could be involved in control of B. melitensis infection (Lacey et al., 2021). Their findings suggest that glucose restriction induced by MyD88 signaling pathway was important for control of B. melitensis infection in vivo. Additionally, they found that itaconate production is dependent on MyD88 and this metabolite can reduce Brucella replication and modulate pro-inflammatory cytokine responses. It would be interest to see whether the activation of a single TLR, such as TLR9 would be able to trigger glycolysis and itaconate production in host cells infected with Brucella.


[image: Figure 1]
FIGURE 1
 Overview of the role of innate immune receptors in immunometabolism. (A) TLR (toll-like receptors) stimulation activates the NF-κB (nuclear factor kappa B) pathway and the transcription factor HIF-1α (hypoxia-inducible factor-1α), thereby inducting the metabolic reprogramming toward glycolysis. Additionally, TLR stimulation also activates the PI3K-AKT-mTOR (phosphatidylinositol 3-kinase-protein kinase B-mechanistic target of rapamycin) pathway, a signaling pathway that plays a critical role in inducing the metabolic reprogramming and glycolysis. Further, Brucella activates TLRs signaling through MyD88-dependent glycolysis that results in itaconate production and restriction of Brucella infection. (B) Bacterial DNA and the M2 isoform of pyruvate kinase muscle 2 (PKM2)-dependent aerobic glycolysis activates AIM2 leading to IL-β secretion and pyroptosis. (C) During B. abortus infection, STING activation increases intracellular succinate levels and mROS (mitochondrial reactive oxygen species) production that contributes to HIF-1α stabilization. HIF-1α drives the metabolic reprogramming in infected macrophages, increasing glycolysis and reducing OXPHOS (mitochondrial oxidative phosphorylation).




AIM2 inflammasome and glycolysis

AIM2 was identified as the receptor involved in inflammasome activation in response to the recognition of cytosolic DNA during bacterial infections (Rathinam et al., 2010) leading to the production of IL-1β and IL-18, and pyroptosis (Hornung et al., 2009). Previously, our group has demonstrated that AIM2 senses Brucella DNA in dendritic cells to induce pyroptosis (Costa Franco et al., 2019). Dendritic cells from AIM2-deficient animals infected with B. abortus showed reduced caspase-1 processing and diminished IL-1β secretion. AIM2-deficient animals also displayed reduced resistance to B. abortus infection, and this susceptibility was associated with defective IL-1β secretion and reduced IFN-γ T cell responses. However, the influence of AIM2 activation on host cell immunometabolism during Brucella infection is unknown.

The M2 isoform of pyruvate kinase muscle 2 (PKM2)-dependent aerobic glycolysis induces IL-1β secretion in LPS-activated macrophages (Palsson-McDermott et al., 2015). However, still to be determined whether PKM2-induced glycolysis regulates IL-1β secretion by modulating inflammasome activation. Studies by Xie et al. showed that PKM2-induced glycolysis promotes AIM2 inflammasome activation by producing lactose to modulate eukaryotic translation initiation factor 2 alpha kinase 2 (EIF2AK2, also termed PKR) phosphorylation in macrophages during sepsis (Xie et al., 2016). The authors also showed that blocking the PKM2-EIF2AK2 hub using target inhibitors can reduce inflammasome activation and protect mice from sepsis. Furthermore, genetic deletion of PKM2 in myeloid cells reduces inflammasome activation and protects animals against death by septic shock. Besides AIM2 activation induced by PKM2-mediated glycolysis, Cho et al. demonstrated a novel mechanism that links glucose transporter 1 (GLUT1)-mediated glycolysis and AIM2 to modulate lung fibrogenesis caused by Streptococcus infection (Cho et al., 2020). Glut1-deficient mice showed reduced morbidity and collagen levels in bleomycin-induced lung fibrosis upon Streptococcus pneumoniae infection. Reduced AIM2 inflammasome activation by poly(dA:dT) was also observed in Glut1-KO macrophages. It is possible that glycolysis and enhanced expression of GLUT1 marker observed in Brucella-infected macrophages (Gomes et al., 2021) triggers AIM2-inflammasome activation and IL-1β secretion and helps to control bacterial infection as presented in Figure 1B. However, this hypothesis has to be proven by further experiments.



STING paving the way to inflammatory macrophages

STING is an adaptor molecule that together with cGAS is critical to sense cytosolic DNA from different pathogens (Ishikawa and Barber, 2008). During intracellular bacterial infection such as Brucella, activation of STING can be accomplished by two different pathways. STING can directly recognize bacterial cyclic dinucleotides (CDNs; Burdette et al., 2011), or senses DNA via cGAS triggering cGAMP synthesis and then activating STING as a secondary receptor (Sun et al., 2013). Previously, we have demonstrated that STING is important to control Brucella infection in macrophages and in vivo but not the receptor cGAS (Costa Franco et al., 2018). More recently, we reveal the mechanisms by which STING induces an inflammatory macrophage profile following Brucella infection (Gomes et al., 2021). This metabolic shift induced by STING helps to stabilize the hypoxia-inducible factor-1 alpha (HIF-1α), a transcription factor involved in cellular metabolism and innate immune functions. HIF-1α stabilization reduced oxidative phosphorylation and increases glycolysis during infection with B. abortus. This metabolic reprogramming leads to augmented nitric oxide production, inflammasome activation, and IL-1β release in bacterial infected macrophages (Gomes et al., 2021). In addition, this inflammatory profile induced by STING is associated with the control of Brucella persistence since HIF-1α-deficient animals are more susceptible to bacterial infection (Gomes et al., 2021). HIF-1α stabilization induced by STING during B. abortus infection is influenced by mitochondrial reactive oxygen species (mROS) production. Additionally, STING elicits the production of the metabolite succinate in infected macrophages. Succinate leads to HIF-1α stabilization and IL-1β secretion as shown in Figure 1C. Our findings demonstrate the mechanisms by which STING induces metabolic reprogramming in infected macrophages via the HIF-1α pathway.

The mitochondrial enzyme aconitate decarboxylase 1 (ACOD1, also termed as IRG1) is involved in itaconate production and function as potential modulator of cell metabolism. Bacterial LPS induces ACOD1 gene expression in macrophages (Lee et al., 1995). In turn, ACOD1-activaded macrophages produces itaconate with potential anti-inflammatory activity (Bambouskova et al., 2021). Chen et al. (2022) studies using the sepsis model reported that STING mediates LPS-induced ACOD1 expression by binding to MyD88. They showed that the STING-MyD88 pathway mediates inducible ACOD1 expression in macrophages activated by TLR1, TRL2, TRL4, TRL5, or TLR6 ligands. Overall, activated STING in monocytes and macrophages interacts with MyD88 leading to LPS-induced ACOD1 expression and itaconate production that will result in septic death in host cells. So, far this connection between STING and MyD88 signaling pathway during Brucella infection is not yet understood. However, it is possible that STING-MyD88 hub is important to drive host cells to a metabolic state sufficient to trigger inflammatory responses and bacterial infection control.



Final considerations

Recently, studies have connected cell metabolism to innate immune activation. Metabolic shift in immune cells can occur to drive inflammatory or anti-inflammatory profiles. Inflammatory signals will lead to a metabolic switch in innate immune cells resulting in aerobic glycolysis. A landmark of pharmaceutical intervention has arisen with a concept of reprogramming immune cells by changing the metabolic profile using small molecules and metabolites. In this opinion article, we tried to connect innate immune sensors responsible for Brucella recognition and host protection and how the activation of these receptors and adaptor molecules result in metabolic shift in macrophages. More data are reported for TLR-MyD88 and STING pathways; however, scarce information is available for the AIM2 inflammasome association with metabolic reprogramming of host cells. The findings reported here highlight the potential use of metabolites such as succinate and itaconate to combat bacterial infections like Brucellosis. More pre-clinical and clinical investigation are required to determine the role of metabolites during the crosstalk between innate immune cells and metabolic pathways. In summary, we discussed here the recent developments in the metabolic reprogramming of macrophages and speculate on the prospect of targeting immunometabolism in the effort to develop novel therapeutics to treat Brucella and other bacterial infections.
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Brucella species are considered a significant cause of reproductive pathology in male and female animals. Importantly, Brucella melitensis can induce reproductive disease in humans. Reproductive pathogenesis and evaluation of newly developed countermeasures against brucellosis studies have traditionally utilized female animal models. However, any potential, new intervention for use in humans would need to be evaluated in both sexes. Therefore, animal models for male reproductive brucellosis are desperately needed to understand disease progression. Accordingly, we evaluated guinea pigs and mice using B. melitensis 16 M in an intratracheal model of inoculation at different stages of infection (peracute, acute, and chronic) with an emphasis on determining the effect to the male reproductive organs. Aerosol inoculation resulted in colonization of the reproductive organs (testicle, epididymis, prostate) in both species. Infection peaked during the peracute (1-week post-infection [p.i.]) and acute (2-weeks p.i.) stages of infection in the mouse in spleen, epididymis, prostate, and testicle, but colonization was poorly associated with inflammation. In the guinea pig, peak infection was during the acute stage (4-weeks p.i.) and resulted in inflammation that disrupted spermatogenesis chronically. To determine if vaccine efficacy could be evaluated using these models, males were vaccinated using subcutaneous injection with vaccine candidate 16 MΔvjbR at 109 CFU/100 μl followed by intratracheal challenge with 16 M at 107. Interestingly, vaccination efficacy varied between species and reproductive organs demonstrating the value of evaluating vaccine candidates in multiple models and sexes. Vaccination resulted in a significant reduction in colonization in the mouse, but this could not be correlated with a decrease in inflammation. Due to the ability to evaluate for both colonization and inflammation, guinea pigs seemed the better model not only for assessing host-pathogen interactions but also for future vaccine development efforts.
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Introduction

Reproductive disease is a well-known consequence of brucellosis in animals. In small ruminants (sheep and goats), cattle, and dogs, infection during pregnancy typically results in abortions, stillbirths, and vertical transmission to the offspring (Garin-Bastuji and Blasco, 2016). Male animals of the same species may develop epididymitis and testicular degeneration, which can negatively impact fertility (Picard-Hagen et al., 2015; Garin-Bastuji and Blasco, 2016).

Brucella species can be divided into two groups based on structure of the lipopolysaccharide O chain: smooth or rough (Huddleson, 1943). While rough strains such as B. canis and B. ovis cause reproductive disease in dogs and sheep, respectively, only smooth strains (B. melitensis and B. abortus) have been documented to cause reproductive disease in both animals and men (Young, 1983, 1995; Corbel, 2006). B. abortus and B. melitensis infection in men may cause orchitis, epididymitis, and prostatitis (Young, 1983; Khan et al., 1989; Colmenero et al., 2007; Savasci et al., 2014).

Brucellosis is often spread from animals to humans through either direct contact with infected animals, inhalation of infectious aerosols, or indirectly through ingestion of unpasteurized milk (Corbel, 2006). Common symptoms regardless of sex are fever, inappetence, malaise, and joint pain (Young, 1995). Reproductive disease is a less common manifestation of disease, but retrospective studies in endemic areas estimate a range of 6.8–9.1% of genito-urinary issues in men are due to brucellosis (Yetkin et al., 2005; Colmenero et al., 2007; Gul et al., 2009).

It is important to assess the impact of the disease on both sexes and to understand potential differences associated with disease pathogenesis that may affect vaccine safety and efficacy and treatment performance in males. Historically, a majority of the comparative in vivo studies have been conducted in females with less known about the impact of brucellosis on the male reproductive tract (García-Carrillo, 1990; Grillo et al., 2012). While several studies in animal models for human disease (rhesus macaques, guinea pigs, and mice) have investigated the impact of smooth Brucella spp. on the male reproductive tract, these studies fail to fully characterize the kinetics or pathologic changes associated with infection (Hillaert et al., 1950; Mense et al., 2004; Izadjoo et al., 2008; Yingst et al., 2010).

The first step towards the goal of evaluating vaccines or therapeutics in males is to better characterize the effect of wild-type Brucella spp. on the male reproductive tract in commonly utilized animal models. For these studies, we elected to evaluate an aerosol exposure route, which is an important occupational hazard for certain professions including veterinarians, microbiological laboratorians, or abattoir workers (Young, 1983; Traxler et al., 2013). In order to deliver a targeted aerosol dose, an intratracheal route of inoculation using the PennCentury MicroSprayer™ was applied. This device has previously been used to inoculate guinea pigs and mice and generates a particle size that produces lower airway disease (Hensel et al., 2019, 2020). The benefit of intratracheal inoculation includes delivering a small particle size that is evenly distributed to the lower airways, and this route allows for a known infectious dose since it does not depend on the individual animal’s respiratory physiology such as respiratory rate and depth. Dose titration and kinetics of this route of inoculation for B. melitensis were previously characterized in female guinea pigs, which resulted in colonization and pathologic changes in the uterus and placenta (Gregory et al., 2019; Hensel et al., 2019, 2020). Therefore, the objective of this study was to first characterize the kinetics of B. melitensis 16 M infection with an emphasis on impact to the male reproductive tract following intratracheal inoculation in two of the most commonly used animal models, C57Bl/6 mice and Hartley guinea pigs. Following that, our objective was to compare the models in a practical application: evaluating vaccine efficacy in males.



Materials and methods


Bacterial strains

B. melitensis 16 M (originally isolated from an aborted goat fetus lung) was used in this study (Kahl-McDonagh et al., 2006). Vaccine candidate B. melitensis 16 MΔvjbR is a targeted gene deletion mutant derived from our laboratory stock (Arenas-Gamboa et al., 2008, 2012). The vjbR gene is a transcriptional regulator that influences expression of the type IV secretion system and contributes to virulence (Weeks et al., 2010). Bacteria were cultured on tryptic soy agar (TSA; Difco, Becton, Dickinson) at 37°C with 5% (vol/vol) CO2 for 72 h and harvested from plates with phosphate-buffered saline (PBS; Gibco). Using a Klett colorimeter to determine optical density, inoculums of either 1×107 CFU/50 μl (guinea pig) or 1×107 CFU/25 μl (mouse) were prepared. The inoculum dose was retrospectively verified through serial dilution and plating onto TSA medium in duplicate.



Animal research ethics statement

All studies were performed with the approval of the Texas A&M University’s Institutional Animal Care and Use Committee (protocol: 2021–0038). Texas A&M University is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC).



Guinea pig infection with Brucella melitensis 16 M

Eighteen, 300–500 g (approximately 5 months old), male Hartley guinea pigs were obtained from Charles River (Wilmington, MA). Males were first assessed for reproductive capacity during an in-house breeding program and were then transferred to an ABSL-3 facility at Texas A&M University and housed individually in microisolator cages during experimental infection. After an acclimation period, animals were randomly divided into three inoculation groups (peracute, acute, chronic): 12 guinea pigs (n = 4/time point), which received B. melitensis via intratracheal inoculation, and 6 guinea pigs received sterile, endotoxin-free PBS as uninfected controls (n = 2/time point). Guinea pigs were anesthetized via intraperitoneal injection (i.p.) with a cocktail of ketamine (50 mg/kg) and xylazine (5 mg/kg). Once a surgical plane of anesthesia was achieved, animals were inoculated with 1×107 CFU B. melitensis 16 M in 50 μl via intratracheal inoculation (IT) using the PennCentury MicroSprayer™ Aerosolizer (Wyndmoor, PA) as previously described (Gregory et al., 2019; Hensel et al., 2019, 2020). In brief, the guinea pig was placed in ventral-dorsal recumbency, and the larynx visualized using a small animal laryngoscope. The tip of the device was then placed in the proximal trachea. Negative control animals (n = 2 per time point) were sham inoculated with 50 μl of sterile, endotoxin-free PBS IT.

At peracute (2-weeks post-infection [p.i.]), acute (4-weeks p.i.), or chronic (8-weeks p.i.) time points, guinea pigs were euthanized i.p. with sodium pentobarbital (100 mg/kg) followed by cardiac exsanguination. One gram each of spleen, liver, lung, testicle, epididymis, and prostate were collected into pre-sterilized 2 ml collection tubes containing 1 ml PBS and 1.47 g of ceramic beads (Omni International). Tissues were homogenized as previously described using a Bead Ruptor Elite Bead Mill Homogenizer (Omni International), and homogenates were serially diluted and cultured on Farrell’s media. (Hensel et al., 2020) Following incubation for a minimum of 72 h, colonies were counted to determine CFU/g.



Intratracheal inoculation of male C57Bl/6 mice

Twenty-eight, 8-10-week old, male C57BL/6 mice that had previously been used for an in-house breeding program were obtained from the Texas A&M Institute for Genomic Medicine. Males were transferred to an ABSL-3 facility at Texas A&M University and housed individually in microisolator cages during experimental infection. After an acclimation period, animals were randomly divided into four groups (peracute [1 and 2-weeks p.i.], acute [4-weeks p.i.], and chronic [8-weeks p.i.]): 20 mice (n = 5/time point) received B. melitensis via intratracheal inoculation, and 8 mice received sterile, endotoxin-free PBS as uninfected controls (n = 2/time point). Mice were anesthetized i.p. with ketamine (50 mg/kg) and xylazine (5 mg/kg) diluted in PBS, placed on a Mouse Intubation Platform (Penn-Century) in dorsoventral recumbency, and a small animal laryngoscope (Penn-Century) was used to visualize the larynx. The PennCentury MicroSprayer™ Aerosolizer was inserted into the proximal trachea and used to inoculate mice with 1×107 CFU B. melitensis 16 M in 25 μl IT. Negative control animals (n = 2 per time point) were sham inoculated with 25 μl of sterile, endotoxin-free PBS IT.

At peracute (1 and 2-weeks p.i.), acute (4-weeks p.i.), or chronic (8-weeks p.i.) time points, mice were euthanized via carbon dioxide asphyxiation followed by cervical dislocation. Spleen, liver, lung, prostate, testicle, and epididymis were collected into 1 ml PBS. Tissues were weighed, homogenized, serially diluted, and plated as previously described (Stranahan et al., 2019). Following incubation for a minimum of 72 h, colonies were counted to determine CFU/g.



Evaluation of histopathological changes in mice and guinea pigs

Testicle and epididymis from mice, and testicle, epididymis, and prostate from guinea pigs were collected at the aforementioned peracute, acute and chronic time points and fixed in 10% neutral buffered formalin (NBF; ThermoScientific) for a minimum of 48 h. Tissues were routinely processed, embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin and eosin (H&E). Histologic changes of the testicle, epididymis, and prostate were scored for severity of inflammation (0–4), edema, necrosis, and tissue architecture changes by a board-certified anatomic veterinary pathologist as described in Supplementary Table S1.



Immunohistochemistry to detect Brucella antigen

Five micrometer tissue sections of testicle/epididymis (mouse and guinea pig) and prostate (guinea pig only) were adhered to positively charged glass slides for immunohistochemistry. Slides were routinely processed, and antigen retrieval was performed as previously described using a 2,100 Antigen Retriever (Aptum Biologics Ltd. Southampton, UK; Hensel et al., 2019). Slides were blocked as previously described with Bloxall Blocking Solution (Vector Laboratories, Burlingame, CA) and normal goat serum (Vector Laboratories; Hensel et al., 2019). Primary incubation was performed overnight at 4o C with a Brucella polyclonal rabbit antibody (Bioss Antibodies, Boston, MA) at dilution of 1:500. A Vectastain Elite® ABC HRP Kit (Vector Laboratories) with an avidin/biotinylated anti-rabbit secondary antibody was used according to the manufacturer’s instructions. Antigen was visualized with a Betazoid DAB chromagen kit (Biocare Medical, Pachecho, CA). The slides were counterstained with Gills’s hematoxylin III and cover slipped.



Comparison of the mouse and guinea pig as models to assess vaccine efficacy

Five, 6–8 week old, male C57BL/6 mice and four, 400 g male Hartley guinea pigs were vaccinated subcutaneously with 16 MΔvjbR at 1×109 CFU/100 μl and then rested for 6-weeks. Vaccinated animals were then moved to an ABSL-3 and housed as a group (mice) or individually (guinea pigs) in microisolator cages. Challenge inoculum of 1×107 CFU 16 M B. melitensis was prepared, and animals were anesthetized and inoculated IT as described above. At 1-week post-challenge, mice were euthanized via CO2 asphyxiation followed by cervical dislocation, and spleen, liver, lung, testicle, epididymis, and prostate were collected for culture. At 2-weeks post-challenge, guinea pigs were euthanized as previously described, and the same tissues were collected for culture on Farrell’s media. Spleen, liver, lung, testicle, and epididymis were also collected for histopathology.



Statistical analysis

Statistical analysis of infection kinetics in the mouse and guinea pig was performed using two-way analysis of variance (ANOVA) followed by Šídák’s multiple comparisons to evaluate differences in organ colonization by time point. The limit of detection using standard culture methods is 10 CFU/g; as such, several tissues were reported as 0 indicating colonization was less than 10 CFU/g. Therefore, to evaluate the normality of the data, Q-Q plots were assessed following 2-way ANOVA. The sum of the histologic lesion scores between time points and negative controls were evaluated by the Kruskal–Wallis test followed by Dunn’s multiple comparisons. Analysis of vaccine efficacy was performed using multiple Mann Whitney U Test with Šídák-Bonferroni correction to compare colonization following challenge in vaccinated and unvaccinated mice and guinea pigs. All tests were performed using GraphPad Prism v9 (GraphPad Software, San Diego, CA).




Results

The first objective was to characterize intratracheal inoculation with B. melitensis 16 M in male C57BL/6 mice and Hartley guinea pigs and characterize the effects of infection, not only on the lung and hematopoietic targets, but most importantly in the reproductive tract. Infertility, orchitis, and epididymitis in males has been reported in naturally infected males, both human and animal, but efforts to develop a small animal laboratory model for reproductive disease have been sporadic (Young, 1983; Corbel, 2006; Izadjoo et al., 2008). Aerosol inoculation is an important route of natural transmission in people, but this inoculation route has not been evaluated for male reproductive disease (Pappas et al., 2003, 2006). To assess common milestones of disease, male animals were euthanized at peracute (1 to 2-weeks p.i.), acute (4-weeks p.i.), or chronic (8-weeks p.i.) phases of infection. In humans, these stages are characterized by the onset of fever and flu-like symptoms during the peracute and acute stages while reproductive disease is often identified in the chronic stages when clinical signs such as scrotal swelling and pain develop (Young, 1983).

To determine if IT inoculation resulted in systemic infection, the spleen, liver, and lung were cultured. In the 2-week mouse group, an anesthetic death occurred during intratracheal inoculation. Organ colonization of the spleen was detected in 100% of mice at the peracute time points of 1-week p.i. (5/5) and 2-weeks p.i. (4/4) and 100% of guinea pigs (4/4) by 2-weeks p.i. (Figures 1A,B). At 1-week p.i., 100% of mice and guinea pigs had colonization of the lungs confirming intratracheal inoculation resulted in infection of the lung. Colonization of the spleen, liver, and lung peaked at 1-week p.i. in the mice and was significantly increased at 1-week p.i. compared to 2-,4-, and 8-weeks p.i. (Figure 1A). No significant differences were detected between 2- and 4-weeks p.i. in mice in the spleen, but colonization of the liver (p < 0.05) and lung (p < 0.001) at 4-weeks p.i. were significantly decreased compared to 2-weeks p.i. The kinetics of colonization mimics that seen in other aerosol models with Brucella melitensis in mice in which colonization peaks during peracute infection and declines by 4-weeks p.i. (Mense et al., 2001; Kahl-McDonagh et al., 2007).
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FIGURE 1
 Intratracheal inoculation results in colonization of the spleen, liver, lung, and reproductive organs in mice and guinea pigs. (A) Spleen, liver, and lung were collected from mice (n = 5/time point) inoculated with 1×107 CFU/25 μl via intratracheal inoculation and euthanized at 1-,2-,4-, and 8-weeks post-challenge. (B) Spleen, liver, and lung were collected from guinea pigs (n = 4/time point) inoculated with 1×107 CFU/50 μl via intratracheal inoculation and euthanized at 2-,4-, and 8-weeks post-challenge. Epididymis, testicle, and prostate were collected at the same time points in mice (C) and guinea pigs (D). Differences in mean colonization between time points analyzed by 2-way ANOVA followed by Šídák’s multiple comparison test. Horizontal bar indicates mean colonization. Results reported as log10 CFU/g with S.D. **p < 0.01, ***p < 0.001, ****p < 0.0001.


Guinea pigs were evaluated at 2-, 4-, and 8-weeks p.i. since previous experiments utilizing IT inoculation of guinea pigs have demonstrated that infection required at least 2-weeks to become established (Hensel et al., 2019, 2020). At the peracute stage of infection (2-weeks p.i.), 100% of the guinea pigs had colonization of the spleen, liver, and lung (Figure 1B). Colonization of male guinea pigs is similar to that seen in non-pregnant and pregnant female guinea pigs when dosed with 107 IT, where colonization of the spleen, liver, and lung occurs in 91.6% of the animals during the peracute stage of infection and 100% by the acute stage (Hensel et al., 2019, 2020). When the kinetics of colonization in guinea pigs was explored, colonization of the liver (p < 0.01), spleen (p < 0.05), and lung (p < 0.05) was significantly increased at 4-weeks compared to 8-weeks p.i. In contrast to mice, infection in the guinea pigs required 4-weeks p.i. to peak in the spleen and liver. Whereas colonization in lung peaks in mice at 1-week p.i. and declines exponentially thereafter, colonization in the guinea pig was stable with no significant difference in mean CFU/g between 2- and 4-weeks p.i. (Figure 1B). However, colonization of lung (p < 0.05) significantly decreased from 4- to 8-weeks p.i. (Figure 1B).

Several studies have been conducted in male guinea pigs and mice using aerosol routes of inoculation, but the reproductive organs were not evaluated (Elberg and Henderson, 1948; Druett et al., 1956; Henning et al., 2012). Therefore, a second objective was to determine if IT inoculation would generate reproductive disease in males. Interestingly, the reproductive organs (prostate, testicle, epididymis) in both mice and guinea pigs were colonized following IT inoculation with 107 CFU B. melitensis (Figures 1C,D). Like the pattern seen in the other organs, infection peaked at 1-week p.i. in the mouse and at 4-weeks p.i. in the guinea pig. Colonization did not persist in the mouse beyond the acute stage of infection (4-weeks p.i.); however, colonization of the epididymis, testicle, and prostate persisted in 50% of the guinea pigs through 4-weeks, and in the epididymis and prostate of 50% (2/4) at 8-weeks p.i. (Figures 1C,D). While colonization was not significantly different when compared to controls or by time points in the guinea pigs, these results suggest that IT inoculation can induce chronic disease of the reproductive organs.

Culture results do not provide the full picture of the impact of infection upon the reproductive organs; therefore, testicle, epididymis, and prostate from guinea pigs and testicle and epididymis from mice were evaluated for changes in tissue architecture, inflammation, and effect on spermatogenesis (Supplementary Table S1). B. melitensis causes epididymitis, prostatitis, and testicular swelling in naturally infected small ruminants and in humans (Boyd, 1938; Young, 1983; Khan et al., 1989; Yetkin et al., 2005; Corbel, 2006; Savasci et al., 2014). Epididymitis is a common lesion that results from infection; therefore, histologic sections of epididymis were examined to correlate colonization with microscopic evidence of disease (Khan et al., 1989; Gul et al., 2009; Savasci et al., 2014). During the peracute stage of infection, 25% (1/4) of the mice had epididymitis characterized by degeneration and rupture of the epididymal duct which generated an intense histiocytic reaction to the extra-tubular spermatids (Figure 2A). Degeneration and rupture of the epididymal duct was presumably due to infection with B. melitensis as macrophages in the lesion contained abundant, intracytoplasmic bacteria that stained positively with a polyclonal Brucella antibody (Figure 2A). Despite a level of colonization considered to be too low to be detected by culture (<10 CFU/g) in the mouse, the epididymis had evidence of an inflammatory infiltrate of macrophages in the epididymal duct interstitium at 2-weeks p.i. (Figure 2A). By 4-weeks p.i., the epididymis had no detectable lesions, but cross-sections of the epididymal duct subjectively appeared to have fewer spermatids (Figure 2A). In the mouse, the mean histologic score was not statistically increased compared to uninfected controls (Figure 3A).
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FIGURE 2
 Infection with Brucella melitensis results in epididymitis at the peracute stage of infection in mice and the acute and chronic stages in guinea pigs. Mice (A) and guinea pigs (B) were inoculated with 107 B. melitensis via IT inoculation, and the epididymis was collected for histology. Representative images for the mouse (A) at the peracute (1- and 2-week p.i.) and acute (4-week p.i.) and guinea pig (B) at the acute (4-week p.i.) and chronic (8-weeks p.i.) stages of infection. A single mouse had rupture of the epididymal duct with intense inflammatory infiltrate (arrowhead). Macrophages in this region had abundant intracytoplasmic bacteria (IHC, arrows). The lesion in mice at 2-weeks and guinea pigs at 4-weeks consisted of a focally extensive infiltrate of histiocytes and neutrophils (*) in the interstitium of the epididymal duct. Scant macrophages were positive for Brucella antigen by IHC (arrows). By 8-weeks p.i., guinea pigs developed spermatic granulomas from rupture of the epididymal duct, and macrophages in the lesion contained abundant intracytoplasmic and extracellular Brucella antigen (IHC, arrows). Tissues were stained with hematoxylin and eosin (H&E) and a polyclonal Brucella antibody (IHC) at 1:500 with Gill’s hematoxylin counterstain. Dashed box of 4x image indicates area highlighted for the 10x and 40x images. 4x, scale bar = 100 μm; 10x, scale bar = 50 μm; 40x, scale bar = 10 μm.
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FIGURE 3
 Infection resulted in significant inflammation in the epididymis and prostate of guinea pigs. Histologic changes of the testicle, epididymis, and prostate were scored for inflammation, edema, necrosis, and tissue architecture changes in the mouse (A) and guinea pig (B). Prostate from the mouse was not available for histologic examination. Histologic scores between PBS controls and infected animals at each time point were compared using the Kruskal-Wallis test followed by Dunn’s multiple comparisons. Horizontal line indicates median. Statistical significance compared to controls *p < 0.05; **p < 0.01.


Colonization and lesion development were delayed in guinea pigs, but the histologic lesions were more pronounced. At 4-weeks p.i., mean colonization in the epididymis was 2.6 logs with a mean histologic score of 3 (p < 0.01) compared to uninfected controls (Figure 3B). Similar to the mouse during the acute stage of infection, the histologic lesions at 4-weeks consisted of multifocal inflammatory infiltrates of macrophages and neutrophils in the interstitial tissue of the epididymal duct (Figure 2B). However, by 8-weeks p.i., colonization was 1.1 logs, but the mean histologic score was significantly increased (p < 0.01) compared to 4-weeks p.i. and PBS controls (p < 0.01; Figure 3B). At 8-weeks p.i., the epididymal changes consisted of multifocal to coalescing necrotizing and histiocytic epididymitis with no mature spermatids in the epididymal duct which suggests spermiostasis (Figure 2B). The lack of spermatids within the epididymal duct was likely secondary to disordered spermatogenesis in the testicle. When a polyclonal anti-Brucella antibody was applied to sections, epididymal lesions at 4- and 8-weeks p.i. had abundant intralesional Brucella antigen within foci of necrosis, and macrophages contained intracytoplasmic antigen (Figure 2B).

Orchitis (inflammation of the testicle) is less common in animals than epididymitis, but the literature reporting disease in men does not often distinguish between primary testicular or epididymal infection and instead describes the lesion as epididymo-orchitis (Khan et al., 1989; Colmenero et al., 2007; Gul et al., 2009). Despite colonization of testicle in the mouse, no histologic evidence of disease was detected at any time point (Figure 4A). In guinea pigs, the earliest lesion was high-protein edema that expanded the interstitium and separated the seminiferous tubules (Figure 4B). This lesion did not appear to impact spermatogenesis because maturation of spermatogonia was orderly and mature spermatids were in the epididymal duct. Colonization did not correlate with inflammation in the testicle in either species. Although no bacteria were recovered at 8-weeks p.i. from the testicle, guinea pigs had evidence of diminished and disordered spermatogenesis at the chronic stage of infection (Figure 4B). A single guinea pig had evidence of on-going inflammation characterized by focal necrosis of the seminiferous tubules surrounded by an intense inflammatory reaction composed of neutrophils and macrophages (Figure 4B). It is likely that infection at an earlier time point led to necrosis of the tubules and a localized inflammatory reaction to the release of “foreign” material of immature spermatozoa.
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FIGURE 4
 Infection with 16 M B. melitensis disrupts spermatogenesis in the guinea pig. Testicle from mice (A) at the peracute (1- and 2-week p.i.) and acute (4-week p.i.) and guinea pigs (B) at the acute (4-week p.i.) and chronic (8-weeks p.i.) stages of infection following IT inoculation with 107 B. melitensis. No lesions were detected in the mouse at any stage of infection. The lesion in guinea pigs at 8-weeks consisted of a focally extensive area of necrosis with macrophages and neutrophils (yellow arrow). Adjacent seminiferous tubules were degenerate (*) with disrupted spermatogenesis. Macrophages were positive for Brucella antigen by IHC (black arrow). Tissues were stained with hematoxylin and eosin (H&E) and a polyclonal Brucella antibody (IHC) at 1:500 with Gill’s hematoxylin counterstain. Dashed box of 4x image indicates area highlighted for the 10x and 40x images. 4x, scale bar = 100 μm; 10x, scale bar = 50 μm; 40x, scale bar = 10 μm.


The prostate is an accessory sex organ responsible for producing part of the seminal fluid (Foley, 2001; Motrich et al., 2018). In men, prostatitis is reported to occur with infection (Boyd, 1938; Young, 1983). Due to the small organ size of the prostate in the mouse, culture was prioritized over histology, which prevented any correlation of colonization in this species. Culture was prioritized as it is the gold standard of determining infection and can be used to quantify viable organisms. Colonization of the prostate was detected in 2 of 4 (50%) guinea pigs at the acute stage of infection (4-weeks p.i.), and chronic time point (8-weeks p.i.). Inflammatory lesions were noted in the prostate at 4-weeks p.i. and 8-weeks p.i. which is reflected by a significant increase in mean histologic score (Figure 3B). The lesion was characterized by necrosis of the epithelium of the prostate acini with intense neutrophil and histiocyte coagulum replacing the normal seminal fluid (Figure 5). Acini were surrounded and separated by thick bands of fibrosis indicating chronic inflammation and tissue remodeling (Figure 5). Brucella antigen was detected by IHC within the foci of necrosis and intracellularly within macrophages (Figure 5). The lack of detectable colonization suggests the positive IHC response was due to dead bacteria contained within areas of necrosis and macrophages. The mismatch between colonization and histologic score in the epididymis and prostate suggests that B. melitensis can induce an intense inflammatory response in the absence of significant colonization.
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FIGURE 5
 Intratracheal inoculation with 16 M B. melitensis in the guinea pig results in prostatitis at the chronic time point. Prostate from guinea pigs at the acute (4-week p.i.) and chronic (8-weeks p.i.) stages of infection following IT inoculation with 107 B. melitensis. Two guinea pigs in the chronic group had abundant fibrosis separating the glands (arrowhead) with infiltrates of lymphocytes and plasma cells. The prostatic glands were dilated and contained abundant degenerate neutrophils and cellular debris (*). IHC of the prostate lesion revealed extracellular Brucella antigen within the area of cellular debris (arrow). Tissues were stained with hematoxylin and eosin (H&E) and a polyclonal Brucella antibody (IHC) at 1:500 with Gill’s hematoxylin counterstain. Dashed box of 4x image indicates area highlighted for the 10x and 40x images. 4x, scale bar = 100 μm; 10x, scale bar = 50 μm; 40x, scale bar = 10 μm.


After establishing that IT inoculation results in male reproductive disease in both species, the next objective was to evaluate a vaccine candidate to compare efficiency of the models. Since the goal was to establish the relative usefulness of the model rather than to evaluate the vaccine candidate, a reference strain was not used for comparison. In the vaccinated mouse group, an anesthetic death occurred during intratracheal inoculation. When vaccinated mice were challenged with 16 M B. melitensis, only the lung had a statistically significant reduction in mean colonization compared to unvaccinated animals challenged with 16 M (Figure 6A). While not statistically significant, vaccination reduced colonization in the epididymis and prostate to below the limit of detection by culture (<10 CFU/g). Unexpectedly, vaccination did not reduce colonization in the guinea pigs (Figure 6B). This contrasts with a previous experiment in which pregnant guinea pigs vaccinated with 16 MΔvjbR were protected following challenge. (Hensel et al., 2020) It is possible that 16 MΔvjbR requires an adjuvant to increase the efficacy; in the pregnant guinea pig challenge model, the vaccine was administered with Quil-A (Hensel et al., 2020). The contrasting results in male mice and guinea pigs and between female and male guinea pig stresses the value of evaluating novel vaccine candidates in more than one model and using both sexes.
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FIGURE 6
 Vaccination in mice reduced colonization in the spleen, lung, and reproductive tissues. Mice and guinea pigs were vaccinated with 1×109 CFU/100 μl B. melitensis 16 MΔvjbR (16 MΔvjbR/WT) subcutaneously or sham vaccinated with 100 μl endotoxin-free PBS (PBS/WT) and were challenged IT with 1×107 CFU 16 M B. melitensis. (A) Mice (n = 5) were euthanized 1-week post challenge and spleen, lung, epididymis, and prostate were cultured on Farrell’s media. (B) Spleen, lung, epididymis, and prostate were collected from guinea pigs (n = 4) at 2-weeks post-challenge and cultured on Farrell’s. Differences in colonization between groups analyzed by multiple Mann Whitney U Test with Sidak-Bonferroni correction. Horizontal bar indicates mean. Results reported as log10 CFU/g with S.D. **p < 0.01.




Discussion

B. abortus and B. melitensis cause reproductive disease in both males and females, making it critical to be able to model disease in both sexes to better understand disease pathogenesis underlying reproductive disease as well as to evaluate newly developed countermeasures (i.e., vaccines and therapeutics) for use in humans.

Brucella-associated reproductive disease has been evaluated in female mice and more recently in female guinea pigs (Tobias et al., 1993; Kim et al., 2005; Grillo et al., 2012; Byndloss et al., 2019; Hensel et al., 2019, 2020). While vaccination strategies in production animals focus on vaccinating female animals to prevent the spread of disease to other animals and humans, any vaccine for use in humans would need to be safe and efficacious in both sexes to be useful in preventing disease. In endemic regions, infection with B. melitensis results in scrotal swelling, pain, epididymitis, and orchitis in men (Khan et al., 1989; Yetkin et al., 2005; Colmenero et al., 2007; Gul et al., 2009). This study aimed to provide a foundation for exploring reproductive brucellosis in men through comparative animal models: mice and guinea pigs.

Hartley guinea pigs and C57BL/6 mice have both been used extensively in Brucella spp. vaccination and pathogenesis studies (García-Carrillo, 1990; Grillo et al., 2012). Guinea pigs were previously the model of choice to assess virulence and commercially available vaccines for brucellosis were tested in guinea pigs (Huddleson, 1943; García-Carrillo, 1990). Previous studies in male mice and guinea pigs have utilized intraperitoneal, intratesticular, or intra-gastric (oral) routes of inoculation to evaluate the impact of the male reproductive organs (Meyer et al., 1922; Hillaert et al., 1950; Moulton and Meyer, 1958; Jimenez de Bagues et al., 1993; Izadjoo et al., 2008). When considering a route of inoculation for experimental use, it is important to consider the relevance to natural transmission pathways as well as the anatomy and physiology of the animal. I.p. inoculation is artificial route of inoculation and is especially challenging for studies investigating the impact on the male reproductive system because the scrotum and peritoneal cavity are continuous; therefore, the inoculum can move directly to the reproductive tissues without first generating systemic disease/bacteremia (Knoblaugh et al., 2018a). Aerosol or oral routes of inoculation are most applicable for studies investigating natural transmission methods for Brucella spp. in humans (Young, 1983; Corbel, 2006).

For this study, intratracheal inoculation was utilized as it mimics a natural transmission route, and IT intratracheal inoculation with 107 16 M has been shown to reliably produce reproductive disease in female guinea pigs (Hensel et al., 2019, 2020). Although a dose of 10–100 CFU reportedly results in clinical symptoms in humans, occupational exposures such as handling aborted placentas or unknown microbial cultures on an open bench could result in a much higher aerosolized dose (Pappas et al., 2003, 2006). Furthermore, previous work using IT inoculation in guinea pigs and an aerosolization study in rhesus macaques both demonstrated that 103 CFU was the minimum dose required to generate disease; however, in both rhesus macaques and guinea pigs, higher doses (105 to 106 CFU, respectively) resulted in a higher percentage of infected animals and generated reproductive disease (Mense et al., 2004; Hensel et al., 2019). Therefore, a higher dose was administered via IT inoculation in mice and guinea pigs to determine the impact on the reproductive organs.

In the male mice, colonization initially occurred in the reproductive tissues at higher levels than that seen in the guinea pigs, but inflammation was more severe in the guinea pigs. This suggests that guinea pigs are better at replicating the natural course of infection because they develop lesions in the epididymis and testes, which impact spermatogenesis. A study by Izadjoo et al. in C57BL/6 male mice found that oral inoculation with 1011 B. melitensis resulted in low levels of infection in the testicle starting 2-weeks p.i. through 8-weeks p.i.(Izadjoo et al., 2008). This infection was accompanied by perivascular inflammation of the epididymis, but no lesions were reported in the parenchyma of the testicle or epididymis (Izadjoo et al., 2008). Taken together, the Izadjoo study and our current results suggest that male mice do not develop inflammation in the reproductive organs following oral or aerosol inoculation with B. melitensis despite evidence of colonization (Izadjoo et al., 2008). These results also stress the importance of correlating colonization with histologic evidence of disease.

Early studies utilizing artificial routes of intraperitoneal or intratesticular inoculation demonstrated that guinea pigs develop abscesses of the testicle and epididymis when infected with B. suis, abortus, and melitensis (Meyer et al., 1922; Hillaert et al., 1950; Braude, 1951; Moulton and Meyer, 1958). When male guinea pigs were used in the early aerosol exposure research, these studies did not characterize the effect on the male reproductive tract (Elberg and Henderson, 1948; Harper, 1955; Druett et al., 1956). Therefore, it was unknown if aerosol transmission would generate reproductive pathology in the guinea pig model. Interestingly, guinea pigs inoculated intratracheally developed lesions in the parenchyma of the reproductive organs even with limited colonization at the chronic stage of infection. In this study, evidence indicates an intratracheal dose of 107 generates acute and chronic infection accompanied by significant inflammation.

B. melitensis and B. suis have been used in aerosol studies in rhesus macaques as a model for human brucellosis, which have demonstrated that an aerosol dose of 105 CFU B. melitensis and 107 CFU B. suis could induce orchitis and epididymitis in a small number of animals (Mense et al., 2004; Yingst et al., 2010). Mense et al. detected histologic lesions of infection in a single animal 63-days post-inoculation with 105 which resemble the lesions described in guinea pigs of this report. The study by Yingst et al. confirmed infection by polymerase chain reaction (PCR) rather than culture. Therefore, the reported lesion in this case may not have been due to active colonization. The lesions reported in the macaques are like those we describe in the guinea pig. Thus, it may be possible to have active inflammation in the absence of positive culture from the tissue. Additional studies are required to elucidate this seeming contradiction of active inflammation without a detectable agent.

In natural hosts such as bulls, rams, bucks, and dogs the histologic lesion is characterized by necrosis, fibrosis, and atrophy of the testicle and epididymis, which is replicated in both the mouse and guinea pig (Lambert et al., 1963; Greene and Carmichael, 2012; Foster, 2016). In humans, the diagnosis is often by serology and response to antibiotic therapy rather than histologic evaluation. Therefore, we cannot definitively know if the guinea pig or mouse reflect the underlying pathology (Young, 1983; Colmenero et al., 2007). However, the severity of the clinical symptoms in infected men (testicular swelling/pain) suggests that the underlying pathology is marked (Young, 1983; Khan et al., 1989).

The organs of the reproductive tract are considered immune privileged but do have a resident population of immune cells in the subepithelium of the epididymal duct and submucosa of the prostate acini (Foster, 2016). Infection with B. melitensis may stimulate an inflammatory response in these resident populations that leads to necrosis of the epididymal duct between 4 to 8-weeks post-infection. Spermatids contain unique genetic material which is recognized as “foreign” to immune cells; spermatids not contained within the lumen of the epididymal duct incite a strong inflammatory reaction (spermatic granuloma; Foster, 2016). Thus, inflammation of the reproductive tract associated with B. melitensis may not be correlated with current levels of colonization. Instead, it may indicate infection at an earlier time point. Intense inflammation in the epididymis can create an outflow obstruction, leading to spermiostasis and degeneration of the seminiferous tubules. Since the spermatic cycle in guinea pigs takes 2-weeks, infection with B. melitensis produced on-going spermiostasis in the guinea pig resulting in a paucity of mature spermatids and decreased fertility (Cleland, 1951). This suggests that fertility of infected men may still be negatively impacted in the absence of active infection.

Humans, mice, and guinea pigs have similar accessory sex glands (prostate, seminal vesicle) that contribute components of the seminal fluid to nourish the spermatozoa (Hargaden and Singer, 2012; Knoblaugh et al., 2018b). The prostate is a potential reservoir of Brucella spp., and infection of this organ in man can lead to abscesses and urinary tract infections (Boyd, 1938; Young, 1983). While a reservoir function cannot be appreciated due to the lack of detectable colonization at 8-weeks post-inoculation, previous infection of this organ in the guinea pig is reflected by an inflammatory response within the prostate which is similar to the lesions described in case reports of men with prostatitis (Savasci et al., 2014).

The stark contrast in protection afforded by the same vaccine in mice and guinea pigs emphasizes the necessity of evaluating candidates in more than one model. Several vaccine candidates have shown promising results in mice but have diminished efficacy when introduced into target species, like small ruminants (Carvalho et al., 2016). Guinea pigs are outbred animals and therefore may be more representative of vaccine efficacy than mouse models, which are often genetically homogeneous. An additional advantage of the guinea pig is the ability to evaluate both microbiological and histopathological results due to the larger size of the reproductive organs. Future experiments are required to determine optimal study end-points for vaccine efficacy in the guinea pig, but the results presented herein make a compelling case that guinea pigs are an appropriate animal model for evaluating the impact on the male reproductive tract.



Conclusion

This study characterizes reproductive disease in two commonly available animal models. Understanding the pathogenesis of reproductive disease and evaluating potential vaccines for use in men requires an animal model that mimics the manifestation of human disease. This study demonstrates that infectious aerosols can generate reproductive disease in male guinea pigs and highlights the potential of intratracheal inoculation in guinea pigs to serve as a model for reproductive disease. Further studies are needed to evaluate vaccines in male animals and determine if the results presented herein are typical of vaccine efficacy in males.
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Brucella spp. are the etiological agent of animal and human brucellosis. We have reported previously that cyclophilins of Brucella (CypA and CypB) are upregulated within the intraphagosomal replicative niche and required for stress adaptation and host intracellular survival and virulence. Here, we characterize B. abortus cyclophilins, CypA, and CypB from a biochemical standpoint by studying their PPIase activity, chaperone activity, and oligomer formation. Even though CypA and CypB are very similar in sequence and share identical chaperone and PPIase activities, we were able to identify outstanding differential features between them. A series of differential peptide loops were predicted when comparing CypA and CypB, differences that might explain why specific antibodies (anti-CypA or anti-CypB) were able to discriminate between both cyclophilins without cross-reactivity. In addition, we identified the presence of critical amino acids in CypB, such as the Trp134 which is responsible for the cyclosporin A inhibition, and the Cys128 that leads to CypB homodimer formation by establishing a disulfide bond. Here, we demonstrated that CypB dimer formation was fully required for stress adaptation, survival within HeLa cells, and mouse infection in B. abortus. The presence of Trp134 and the Cys128 in CypB, which are not present in CypA, suggested that two different kinds of cyclophilins have evolved in Brucella, one with eukaryotic features (CypB), another (CypA) with similar features to Gram-negative cyclophilins.
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Introduction

Cyclophilins are enzymes that belong to the superfamily of peptidyl-prolyl cis/trans isomerases (PPIases: EC 5.2.1.8). These enzymes act as biological catalysts speeding up the rate-limiting cis/trans or trans/cis conformational changes at Xaa-Pro bonds during protein folding in both eukaryotes and prokaryotes. The spontaneous isomerization of the peptidyl proline bonds is a slow reaction and consequently requires the assistance of PPIases that accelerates this step during protein folding. In addition to the cyclophilins, the superfamily of PPIases, also includes the FK506-binding proteins (FKBPs) and the parvulins, a classification that is based on their structure and specific inhibitor compound. Thus, while cyclophilins are inhibited by the immunosuppressive cyclosporin A (CsA), the FKBPs and parvulins are inhibited by the compounds FK506, and rapamycin, respectively (Galat, 2003; Fanghanel and Fischer, 2004).

Cyclophilins are either small single-domain proteins or large multi-domain ones (Pemberton, 2006; Krucken et al., 2009). In the case of the multi-domain cyclophilins, it has been described that additionally to the cyclophilin domain there are also protein domains that act as chaperones or promote the oligomerization state of the protein. Interestingly, even though single-domain cyclophilins are devoid of a canonical chaperone protein domain they can still present certain chaperone activity, which in some cases it has been shown to be independent of the PPIase catalytic activity (Dimou et al., 2011; Zhang et al., 2013; Pandey et al., 2016). Moreover, it has been described that some of the single-domain cyclophilins are still able to oligomerize (Zhang et al., 2011; Jakob et al., 2016).

Of relevance, the over-expression of many cyclophilin-encoding genes is triggered in response to a variety of stressors, suggesting a possible function of cyclophilins (Cyps) in stress adaptation. In agreement with this, microbial Cyps have been described to improve microbial survival under stress conditions and to be upregulated upon host-cell internalization, suggesting a possible function of these proteins in microbial-host interaction (Dimou et al., 2017). Interestingly, the critical role of PPIases in stress tolerance and pathogenesis of bacteria has been demonstrated in Yersinia pseudotuberculosis (Obi et al., 2011), Streptococcus pneumoniae (Hermans et al., 2006), Enterococcus faecalis (Reffuveille et al., 2012), Streptococcus gordoni (Cho et al., 2013), Mycobacterium tuberculosis (Pandey et al., 2017), Staphylococcus aureus (Wiemels et al., 2017; Keogh et al., 2018), Legionella pneumophila (Rasch et al., 2019), Burkholderia pseudomallei (Bzdyl et al., 2019), and Salmonella Typhimurium (Kumawat et al., 2020).

Brucellosis is a worldwide zoonotic disease caused by the intracellular bacterial pathogen, Brucella spp. Brucella spp. are Gram-negative bacteria that belongs to the α-2 group of Proteobacteria, a bacterial group characterized for living in close association with eukaryotic hosts such as plants or mammals (Corbel, 1997). Brucella infection causes abortion and sterility in animals, and undulating fever and debilitating disorders in humans, resulting in a serious public health problem and economic losses (de Figueiredo et al., 2015). Brucella virulence relies on its ability to adapt to an intracellular lifestyle within the host cells. To gain insight into the molecular mechanisms involved in intracellular adaptation and virulence of Brucella, we performed a comparative proteome analysis of Brucella grown in culture media or recovered from Brucella infected macrophages using two complementary technologies: 2D gel (Roset et al., 2013) and iTraq isobaric tag (Roset et al., 2017). We demonstrated through 2D gel analysis, that, upon intracellular localization, B. abortus over-expresses two PPIases (BAB1_1117 and BAB1_1118), belonging to the cyclophilin family (COG0652), referred to as CypB and CypA, respectively. Analysis of their function by mutagenesis and subsequent characterization showed that they are involved in stress adaptation, intracellular survival, and Brucella virulence (Roset et al., 2013). In this report, we characterized CypA and CypB from a biochemical and functional standpoint exploring the role of the cyclophilins in Brucella-host cell interaction.



Materials and methods


Bacterial strains and growth conditions

Bacterial strains and plasmids used are shown in Table 1. Escherichia coli strains were grown in Luria-Bertani (LB) media at 37°C on a rotatory shaker (250 rpm) or in LB agar for 16–24 h. Brucella abortus strains were grown in tryptic soy agar (TSA) or tryptic soy broth (TSB) media at 37°C on a rotatory shaker (250 rpm) for 16–24 h. When necessary, media were supplemented with the following antibiotics: kanamycin (km), 50 μg/ml, ampicillin 100 μg/ml, or nalidixic acid 5 μg/ml. Experiments involving live Brucella were performed in a Biosafety level 3 (BSL3) facility at the University of San Martín, Buenos Aires, Argentina.



TABLE 1 Bacterial strains and plasmids used in this study.
[image: Table1]



Cloning

cypB and cypBR59A/F64A genes were amplified from Brucella genomic DNA or pcypBR55A/F60A plasmid, respectively, by PCR using the oligonucleotides (pFWCypBBamHI CGGGATCCGACCCAGAAAATACGCTCG and pRVCypBXhoI CCCTCGAGTCAGTCGGCGGCGATACG). Amplicons were digested with BamHI and XhoI restriction enzymes and cloned in pET-28a(+) vector from Novagen.

Synthetic genes, synthesized by Gene Universal Inc. (United States), cypA, cypBC128M, cypBW134F, cypB(L2cypA), cypB(L3cypA), cypB(L2-L3cypA), and cypA(L1cypB) were cloned in pET-28a (+). Genes cypA3flag, 3flagcypB, 3flagcypBR59A/F64A, and 3flagcypBC128M were cloned in pBlueScript II SK(+) and then digested with BamHI and SacII and subcloned in pDCyaA plasmid.

Electroporation of the E. coli strain was performed with the Pulser-BioRad electroporator according to the manufacturer’s protocol.



Brucella abortus complementation

Brucella abortus ΔcypAB mutant was genetically complemented by introducing p3flagcypA, p3flagcypB, p3flagcypBR59A/F64A, and p3flagcypBC128M plasmids by biparental mating using E. coli S17.1 as donor strain (Ditta et al., 1980). Brucella complemented strains were selected in ampicillin and nalidixic acid TSA plates, and the presence of different cyclophilins were confirmed by PCR and Western blot analysis (anti-CypA and anti-CypB antibodies).

Brucella abortus 2,308 was genetically transformed by introducing p3flagcypB or p3flagcypBR59A/F64A plasmids by biparental mating using E. coli S17.1 as donor strain (Ditta et al., 1980). Brucella transformed strains were selected in ampicillin and nalidixic acid TSA plates, and the presence of different cyclophilins were confirmed by PCR and Western blot analysis (anti-3FLAG antibody).



Purification of recombinant proteins

His-tagged recombinant proteins (CypA, CypB, CypBR59A/F64A, CypBC128M, CypBW134F CypA(L1CypB), CypB(L2CypA), CypB(L3CypA), CypB(L2-L3CypA), and GFP) were expressed in E. coli and purified using nickel affinity chromatography. Briefly, E. coli strains were grown at 37°C at 200 rpm and the expression was induced with 0.1 mM IPTG at A600 = 0.5. Two hours post-induction cells were harvested at 7000 X g and lysed by sonication. Recombinant proteins were purified from soluble fractions with the HisTrap™ HP column (GE Healthcare). Elution was performed with an imidazole gradient (20 to 500 mM). Fractions with recombinant proteins were dialyzed and quantified with NanoDrop One Microvolume UV–Vis Spectrophotometer (Thermo Fischer). Expression was confirmed by Western blotting. The predicted molecular weight of the recombinant proteins are: 21.5 kDa (CypA), 21.1 kDa (CypB), 21.0 kDa (CypBR59A/F64A), 20.2 kDa (CypBC128M), 20.1 kDa (CypBW134F), 21.0 kDa (CypA(L1CypB)), 20.9 kDa (CypB(L2CypA)), 20.5 kDa (CypB(L3CypA)), 21.3 kDa (CypB(L2-L3CypA)), and 46.6 kDa (GFP).



Protein analysis

Protein samples were suspended in cracking buffer (2% SDS, 10% Glycerol, 60 mM Tris-Cl pH 6.8, 0.01% Bromophenol Blue, and 100 mM DTT) and incubated for 5 min at 100°C. Protein electrophoresis was performed at 120 V on a 12% SDS-PAGE gel. Gels were stained in Coomassie-Blue solution (20% methanol, 10% acetic acid).

For Western Blot analysis, proteins were transferred to a nitrocellulose membrane (Immobilon – Merck Millipore Ltd) for 55 min at 15 V using a semi-dry electroblotting transfer unit (Bio-Rad, Hercules, CA, USA). Membranes were incubated for 1 h with blocking buffer (1% dry skim milk, 0.1% Tween in PBS) and then incubated for 1 h with primary antibody diluted in blocking buffer (1/500). After washing with PBS-0.1%Tween, membranes were incubated for 1 h with secondary antibody labeled with IRDye fluorophores (LI-COR, Lincoln, NE, United States) diluted in blocking buffer (1/20,000). Finally, the membranes were scanned using the Odyssey Imaging System (LI-COR).

Proteins were quantified with the UV–Vis NanoDrop One spectrometer (Thermo Scientific).



Antibodies generation

BALB/c mice were immunized intraperitoneally with a volume of 200 μl containing 10 μg of the different purified recombinant proteins (CypA or CypB) using aluminum hydroxide as an adjuvant. Boosters with 5 μg of protein were further performed at 2 and 4 weeks. One week after the last immunization, the mice were bled, and the serum was stored at −20°C for later use.



PPIase activity measurement

Determination of the PPIase activity of recombinant cyclophilins was performed as described (Mares et al., 2011). Briefly, a 5 μM acid denatured Green Fluorescent Protein (GFP) solution was prepared by diluting 10 μM GFP solution in denaturation buffer (150 mM NaCl, 50 mM Tris–HCl, pH 7.5) with an equal volume of 125 mM HCl solution. The mixture was incubated for 1 min at room temperature verifying the denaturation with fluorescence measurements. Then, the 2.5 μM denatured GFP solution was diluted 1:100 in refolding buffer (25 mM MgCl2, 100 mM KCl, 50 mM Tris–HCl, pH 7.5) in the absence or presence of cyclophilins in different concentrations. The reaction was carried out in a final volume of 200 μl at room temperature measuring the fluorescence for 20 min on the FilterMax F5 spectrometer at 485 nm excitation and 538 nm emission wavelengths.

PPIase inhibition assay was performed as it was described for activity measurement but with the addition of different concentrations of CsA (0, 5, 10, 15, and 20 μM) to the reaction mix in the presence of 2 μM of cyclophilin.

To estimate change percentage in GFP refolding assay, fluorescence value corresponding to 15-min reaction was compared. Signal corresponding to the basal control (spontaneous refolding of GFP) was considered as 0% of PPIase activity. PPIase activity of CypB (that was the highest activity in our assay) was selected as 100%.



Chaperone activity assay: residual activity of denatured NdeI

The optimal denaturation temperature for the restriction enzyme NdeI was determined. For this, 1 U of enzyme in NEB 3.1 buffer was heated at different temperatures in the range of interest for 20 min. Then, 150 ng of pET28a (+) plasmid were added and incubated for 1 h at 37°C to digest. Restriction digestion of pET28a (+) plasmid was analyzed by 1% agarose gel electrophoresis.

To analyze the chaperone activity of the recombinant proteins, the method already described was adapted (Pandey et al., 2016). Briefly, 1, 2.5, and 5 μg of CypA, CypB, CypBR59A/F64A, CypBC128M, or 5 μg of BSA (control) were mixed with 1 U of enzyme NdeI in NEB 3.1 buffer and heated at 53.8°C for 20 min (optimal denaturation temperature). The residual NdeI activity was measured by digesting 150 ng of pET28a (+) plasmid for 1 h at 37°C. The result of the digestion was analyzed by electrophoresis on 1% agarose gel, stained with ethidium bromide, and subsequent UV visualization.



Cell culture and infection assay

HeLa cells were maintained at 37°C in a 5% CO2 atmosphere in Dulbecco modified Eagle medium (DMEM) supplemented with 5% fetal bovine serum and streptomycin (50 μg/ml)-penicillin (50 U/ml). 5 × 104 cells per well were seeded on 24-well plates and kept for 24 h in antibiotic-free DMEM. Infection with B. abortus was carried out with a multiplicity of infection (MOI) of 1,000: 1.

First, cells were incubated for 60 min with the bacteria. Then, to eliminate non-internalized bacteria, wells were washed five times with phosphate-buffered saline (PBS) and incubated with a fresh medium supplemented with 50 μg/ml gentamicin and 100 μg/ml streptomycin. Finally, infected cells at 4 h post-infection were washed with PBS five times and lysed with 500 μl 0.1% Triton X-100. Intracellular CFU was determined by plating serial dilutions in TSA with the corresponding antibiotics.



Sensitivity to deoxycholate assay (DOC)

Brucella abortus cultures were adjusted to a standardized optical density at λ = 600 nm (OD600) and suspended in 1 ml of PBS. Immediately, cultures were serially diluted in PBS and plated in TSA plates containing 1,000 μg/ml deoxycholate. Plates were incubated for 3 days at 37°C.



Mouse infection assay

Before inoculation, 0.1 ml of 10% sodium bicarbonate was administrated to groups of five female BALB/c mice. Oral infection was performed with a volume of 200 μl containing 109 CFU of Brucella. Mice were euthanized at 6 weeks after infection and bacteria were recovered from the spleens. Spleens were homogenized in 2 ml of PBS, and serial dilutions were plated on TSA.



ELISA assay

Enzyme-linked immunosorbent assay was performed as published (Uriza et al., 2020). Briefly, wells were coated with 125 ng of recombinant proteins in 50 μl of buffer (0.5 M carbonate–bicarbonate pH 9.6). Wells were washed four times (0.1% Tween 20 in PBS buffer). Then, 50 μl of primary antibodies α-CypA or α-CypB per well (1:500) were incubated for 1 h. After that, wells were washed again four times and incubated for 1 h with HRP-anti-mouse IgG (1, 1,000). Finally, wells were washed and incubated for 10 min with 50 μl of substrate solution containing 3, 3′,5,5’ Tetramethylbenzidine (Sigma) and 50 μl of stopping solution for 10 min. Absorbance was measured in the FilterMax F5 Microplate Reader at 450 nm.



Protein structure modeling

Protein structure modeling and comparison between CypA and CypB protein structures were conducted by SWISS-MODEL1 and UCSF Chimera 1.14 software, respectively (Meng et al., 2006).



Sequences alignment

Sequences alignment comparison of CypA and CypB was done with UCSF Chimera 1.14 (Meng et al., 2006).



Statistical analysis

GraphPad Prism 5 software was used to perform graphs and statistical analyses. One-way analysis of variance (ANOVA) with Bonferroni post-hoc test and Two-way ANOVA-Tukey’s multiple comparison test (within each row, compare columns) were used to analyze statistical significance.




Results


Brucella’s Cyps have in common a typical core domain of the cyclophilin fold but present different structural characteristics

A three-dimensional structural model of the cyclophilins CypA and CypB from B. abortus was built, showing that both Cyps have in common several secondary structural features. As shown in Figure 1A, the cyclophilin domain of both CypA and CypB share eight stranded antiparallel β-barrel with two α-helix covering the top and the bottom of the barrel, which is consistent with other structures from the cyclophilin family, such as the human PpiA and the E. coli EcCypB (Ke et al., 1991; Ke, 1992; Edwards et al., 1997). However, the 3D structure modeling of both cyclophilins was also able to reveal some differences in their structure over three peptide loops (Figures 1B,C). As shown in Figures 1B,C and Figure 2, catalytic active sites of both Cyps are completely conserved suggesting that both cyclophilins can potentially recognize similar protein substrates. Sequence alignment and 3D models also highlighted the presence of a critical tryptophan at position 134 of the CypB sequence (Trp134) which is absent in Brucella CypA and replaced by a phenylalanine in the equivalent position (Phe121). As shown in Figure 2, this critical tryptophan is also present within the active site of the human hCyp18 and absent in the E. coli EcCypB, where it is also replaced by phenylalanine. Of particular interest, it has been reported that this conserved tryptophan is critical for the interaction with the immunosuppressor compound cyclosporin A (CsA) in all the described eukaryotic Cyps (Bossard et al., 1991; Liu et al., 1991). Differently, in cyclophilins derived from gram negative-bacteria, this critical tryptophan is absent, a modification that correlates with the CsA-insensitivity observed for these Cyps (Liu and Walsh, 1990; Liu et al., 1991). Another feature, which is characteristic of eukaryotic cyclophilins (eCyps), is the presence of cysteines along their amino acid sequence (Liu et al., 1990) that in some cases have been reported to modulate the PPIase activity (Motohashi et al., 2003; Gourlay et al., 2007). Interestingly, Brucella CypB has a single cysteine in its sequence which is not conserved in Brucella CypA (Figure 1C).
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FIGURE 1
 Comparison of the three-dimensional structural model of Brucella abortus cyclophilins. (A) Comparison of the three-dimensional structural model for B. abortus cyclophilins CypA and CypB. Swiss-model and Chimera 1.14 programs were used for the model and to compare three-dimensional structural, respectively. The Swiss-model program selected the structure of AquaCyp293 (PDB ID: 5ex2.1A) as a template for CypA and CypB. The predicted general protein structure consists of eight antiparallel beta sheets (green) and two alpha-helices (red). (B) Differential loops detected between CypA and CypB were indicated in red and green, respectively. Dot clouds highlighted the PPIase active site areas (C) Sequence alignment of B. abortus cyclophilins. Amino acid residues involved in cyclosporin (CsA) binding are indicated by black arrows, and those involved in peptidyl-prolyl cis/trans isomerase (PPIase) activity are highlighted in gray. Cysteine is indicated by a white arrow and highlighted in black and conserved tryptophan is highlighted in light blue. Secondary structures are indicated in green arrows (beta sheets) and red boxes (alpha-helices). Differential peptide loops are marked with black boxes. The alignment was performed with the Chimera 1.4 program.
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FIGURE 2
 Active site structure of Brucella abortus cyclophilins CypB (A) and CypA (B) [in comparison with hCyp18 (2cpl.pdb) (C) and EcCypB (1Lop.pdb) (D)]. Residues that contribute to the active site of the cyclophilin family are labeled and shown in stick representation. The tryptophan involved in CsA inhibition is highlighted in red for CypB (Trp134) and hCyp18 (Trp121). Phe121 is highlighted in green for CypA and EcCypB.


Considering that differences between Brucella CypA and CypB might reflect diverse physiological functions we decided to characterize both Cyps from a biochemical and functional standpoint. With that in mind, genes encoding CypA or CypB were recombinantly expressed in E. coli BL21 (DE3) and further purified using Ni-NTA chromatography as described in Materials and Methods (Figure 3A). These recombinant proteins were used for the characterization of biochemical activities.

[image: Figure 3]

FIGURE 3
 PPIase activity determination of recombinant CypA, CypB, and CypBR59A/F64A proteins. (A) SDS-PAGE of purified recombinant cyclophilins stained with Coomassie blue. (B) GFP PPIase activity assay with 2 μM of CypA, CypB, and with the point mutant in the active site CypBR59A/F64A. The figure shows the mean and standard deviation of the triplicate experiment and is representative of three independent experiments. Two-way ANOVA and Tukey’s multiple comparison test (within each row, compare columns) were used to analyze the statistical significance of the results, ****p < 0.0001.




Brucella cyclophilins CypA and CypB exhibit PPIase activity, but only CypB is inhibited By cyclosporin A

The B. abortus cyclophilins CypA and CypB present a typical isomerase domain, containing residues involved in PPIase activity (Figures 1C, 2). To confirm if Brucella CypA and CypB are functional PPIases, their enzymatic determination was performed with purified recombinant cyclophilins, as described by Mares et al. (2011). To test cyclophilin enzymatic activity, refolding of acid-denatured GFP was adapted for PPIase determination since proline isomerization is the limiting step in the refolding process of GFP (Andrews et al., 2007). As shown in Figure 3B, the addition of CypA or CypB resulted in a highly significant improvement (p < 0.0001) in the refolding of the acid-denatured GFP confirming their true enzymatic activity. Interestingly, results from the GFP refolding assay showed that CypB presented a higher rate of reaction compared with CypA that presented an activity reduction of 25% (Figure 3B). To confirm PPIase activity, a double point mutation was performed in CypB to replace two amino acids reported to be critical for PPIase activity (R59A and F64A; Zydowsky et al., 1992). The resulting recombinant protein CypBR59A/F64A was expressed and purified (Figure 3A) and used in the GFP refolding assay. As shown in Figure 3B, CypBR59A/F64A displayed a 45% diminished PPIase activity compared with CypB.

As shown in Figures 1C, 2, a comparative analysis of the amino acid sequence between CypA and CypB revealed the presence of some features in CypB which are characteristic of eukaryotic cyclophilins like the presence of a critical tryptophan (Trp134), an amino acid predicted to be involved in the CsA interaction (Bossard et al., 1991; Liu et al., 1991). Thus, we explored the inhibition effect of CsA on the enzymatic activity of CypA and CypB of B. abortus. After the preincubation with increasing concentrations of CsA, the PPIase activity was highly significantly inhibited (p < 0.0001) in a dose-dependent manner in the case of CypB (more than 50% inhibition with 15 μM; Figure 4A), but not in CypA (Figure 4B). CsA inhibition of CypB was abolished in the case of CypBW134F mutant, where tryptophan, was replaced for phenylalanine (Figures 4C,D). Altogether, these results are in accordance with the in-silico prediction that CypB behaves in terms of CsA inhibition like a eukaryotic cyclophilin.
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FIGURE 4
 Inhibition of enzyme activity by cyclosporin A. CypB (A), CypA (B), or CypBW134F (D) were preincubated with increasing concentrations of CsA and the remaining PPIase activity was analyzed with the GFP PPIase activity assay. (C) GFP PPIase activity assay with 2 μM of CypBW134F. In inset Coomassie blue of purified CypBW134F. The figures show the mean and standard deviation of triplicate experiments and are representative of three independent experiments. Two-way ANOVA and Tukey’s multiple comparison test (within each row, compare columns) were used to analyze the statistical significance of the results, ****p < 0.0001.




Brucella abortus cyclophilins CypA and CypB protect NdeI from thermal inactivation

It has been described that some cyclophilins, in addition to their PPIase activity, also have chaperone activity (Dimou et al., 2011; Zhang et al., 2013; Pandey et al., 2016). Therefore, we investigated whether CypA and CypB recombinant proteins of B. abortus were able to prevent the thermal denaturation of the restriction enzyme NdeI, an assay used to determine chaperone activity. The ability of NdeI to digest the pET-28a(+) plasmid in 1 h at 37°C after thermal denaturation (53.8°C for 20 min), was evaluated in the presence or absence of cyclophilins. As shown in Figure 5, pET-28a(+) plasmid (lane 1) when was incubated with native NdeI was fully digested (lane 2). In absence of cyclophilins or in presence of BSA as a control, NdeI enzyme activity was completely inactivated by the heat treatment and therefore was not able to cut and linearize the pET-28a(+) plasmid (Figure 5, lane 3–4). Interestingly, the addition of increasing concentrations of CypA or CypB during the heat treatment protected NdeI from thermal inactivation (Figure 5, lanes 5–10). These results demonstrated that both cyclophilins have chaperone-like activity. To determine if this chaperone-like activity was dependent on PPIase activity, the double point mutant CypBR59A/F64A was also analyzed. As shown in Figure 5, lanes 11–13, CypBR59A/F64A protects against thermal denaturation to the same extent as CypB, indicating that chaperone-like activity is independent of the PPIase activity.
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FIGURE 5
 CypA and CypB of B. abortus prevent thermal inactivation of NdeI activity. Enzymatic activity of thermal-denatured Nde1 (53.8°C for 20 min) in the absence or presence of CypA, CypB, CypBR59A/F64A, or BSA as a control protein. Lane 1, uncut pET28 plasmid; lane 2, pET28 plasmid incubated with native NdeI; Lane 3, pET28 plasmid incubated with heat-inactivated NdeI; Lane 4, pET28 plasmid incubated with heat-inactivated NdeI in the presence of BSA (5 μg); Lane 5, 6, and 7, pET28 plasmid incubated with heat-inactivated NdeI in the presence of increasing concentrations of CypA protein (1, 2.5, and 5 μg); Lane 8, 9, and 10, pET28 plasmid incubated with heat-inactivated NdeI in the presence of increasing concentrations of CypB protein (1, 2.5, and 5 μg); Lane 11, 12, and 13, pET28 plasmid incubated with heat-inactivated NdeI in the presence of increasing concentrations of CypBR59A/F64A protein (1, 2.5, and 5 μg). The gel is representative of three independent experiments.




Brucella abortus cyclophilins CypA and CypB present different immunodominant loops in their structure

To generate molecular tools for this research, recombinant proteins CypA and CypB were used as antigens to produce antibodies in mice. As shown in Figure 6A, when evaluating mouse sera, we found that antibodies raised against CypA were not able to recognize the recombinant CypB and vice versa. As shown in Figure 6B, the same was also observed in whole-cell lysates of B. abortus 2,308, B. abortus ∆cypAB (pcypA), and B. abortus ∆cypAB(pcypB). As expected, no signal was detected for the whole-cell lysate of B. abortus ∆cypAB mutant either with α-CypA or α-CypB antibodies. These results are remarkable because, although CypA and CypB share a 63% of identity in the amino acid sequence, the immune system still was able to reveal structural differences existing between both cyclophilins. As shown in Figure 6C,D, these antigenic differences can be potentially mapped on three differential amino acid loops. Interestingly, analysis of CypA and CypB sequences by the BepiPred-2.0 algorithm predicted a series of differential linear epitopes that can be located within these differential loops (Figures 6C,D). To pinpoint which peptide loop is contributing to the antibody differential recognition, an experimental approach of swapping loops between CypA and CypB was performed (Figure 6E). Based on the 3D structure prediction, it was observed that formation of loop-1 was determined by the interloop (i-Loop) region (Figures 6D,E). Consequently, we swapped loop1 + i-Loop either of CypA or CypB. To analyze linear and conformational epitopes of CypA, CypB, and their derived chimeras, Western blot analysis, and ELISA tests were carried out (Figure 6E). Thus, the replacement of loop-1 of CypA by the loop-1 from CypB (see CypA(L1CypB) in Figure 6E) determined the lack of recognition of α-CypA antibody and the gain of recognition of α-CypB antibody indicating that loop-1 contained a major determinant of the differential immunogenicity of B. abortus Cyps. In addition, loop-2 of CypA was also important for the recognition of α-CypA antibody since CypB(L2CypA) and CypB(L2-L3CypA) were recognized by α-CypA antibodies. Analysis of CypB(L3CypA) immunogenicity suggested that loop-3 of both Cyps is devoid of immunodominant epitopes. Altogether these immunological results confirmed structural differences predicted by the in-silico analysis between CypA and CypB.
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FIGURE 6
 Differential immunodominant loops between CypA and CypB. Western blot analysis of (A) CypA and CypB recombinant proteins and (B) different Brucella whole-cell lysates probed with mouse antibodies produced against CypA or CypB. (C) Overlap of the three-dimensional structural model for B. abortus cyclophilins CypA and CypB. Swiss-model and Chimera 1.14 programs were used for modeling and the comparison of the predicted three-dimensional structure, respectively. The BepiPred-2.0 algorithm was used to predict linear epitopes. Immunodominant epitopes of CypA and CypB are marked in red and green, respectively. (D) Sequence alignment of B. abortus cyclophilins. Loops and i-Loop are indicated in a black open box. Linear epitopes are indicated in green open boxes for CypA or red open boxes for CypB. (E) Western blot analysis and indirect ELISA of different recombinant chimeras of CypA and CypB were revealed with anti-CypA or anti-CypB antibodies. The results are representative of three independent experiments.




CypB forms homodimers that are sensitive to reduction

Since it was reported that PPIases can form homo-oligomers (Budiman et al., 2009; Zhang et al., 2011; Jakob et al., 2016; Polley et al., 2016) we studied the possibility that CypA and CypB were able to oligomerize. As shown in Figure 7A, when we subjected CypA or CypB to SDS-PAGE and Western blot analysis, a single protein band corresponding to the recombinant CypA or CypB was detected as expected for the monomeric form of these cyclophilins. However, when samples were treated in a non-reducing condition (without DTT in the loading sample) in addition to the monomeric band of CypB or CypBR59A/F64A, a larger band compatible with the formation of a homodimer of CypB or CypBR59AF64A was observed (Figure 7A). Interestingly, CypA either in the presence or absence of DTT was observed like a single band, as expected for a monomeric CypA (Figure 7A). These results indicate that CypB but not CypA was able to interact to form homodimers in solution, a process that was independent of the PPIase activity.
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FIGURE 7
 CypB is a homodimeric protein. Coomassie blue staining and Western blot analysis of protein samples incubated in the presence or absence of DTT. (A) CypB, CypBR59A/F64A, CypA, (B) CypB and CypBC128M. (C) GFP PPIase activity assay with 2 μM of CypB, CypBC128M, or without CypB. (D) Enzymatic activity of thermal-denatured Nde1 (53.8°C for 20 min) in the presence of CypB, CypBC128M, or control protein BSA. Lane 1, uncut pET28 plasmid; Lane 2, pET28 plasmid incubated with native NdeI; Lane 3, pET28 plasmid incubated with heat-inactivated NdeI; Lane 4, pET28 plasmid incubated with heat-inactivated NdeI in the presence of BSA (5 μg), Lane 5, 6, and 7, pET28 plasmid incubated with heat-inactivated NdeI in the presence of increasing concentrations of CypB protein (1, 2.5, and 5 μg); Lane 8, 9, and 10, pET28 plasmid incubated with heat-inactivated NdeI in the presence of increasing concentrations of CypBC128M protein (1, 2.5, and 5 μg). The results are representative of three independent experiments.


As shown above, a comparison between both cyclophilin sequences showed that CypB has a unique cysteine residue which is absent in the CypA sequence (Figure 1C). To study the potential role of this conserved cysteine residue in dimer formation, a point mutant CypBC128M was constructed, where the Cys128 was replaced by methionine (Figure 7B). The resulting recombinant protein CypBC128M was expressed and purified and its ability to form homodimers was evaluated. As shown in Figure 7B, CypBC128M was not able to form homodimers in non-reducing conditions indicating that cysteine was responsible for CypB dimerization. In addition, it was interesting to investigate if Cys128 was also important for PPIase or chaperone activities of CypB. As shown in Figure 7C, the PPIase activity of CypBC128M was not different from CypB. In addition, results shown in Figure 7D indicated that CypBC128M was also able to protect NdeI from thermal denaturation as efficiently as CypB. Altogether these results showed that the loss of the ability to form homodimers does not affect the in vitro activities of CypB analyzed in this study.



Homodimeric CypB is important for stress survival and virulence of Brucella abortus

Although the loss of CypB ability to form homodimers showed no effect on the in vitro PPIase or chaperone activities, we explored if CypB oligomerization can affect in vivo functions of CypB in B. abortus related to stress and intracellular host-cell adaptation. For that, the plasmid pfcypBC128M was introduced into B. abortus ∆cypAB mutant strain and the stress adaptation, intracellular survival, and virulence in mice were examined (Figure 8). The expression of CypBC128M protein in B. abortus was confirmed by Western blot analysis (Figure 8A). As described previously in Roset et al. (2013) ∆cypAB deletion generates a phenotype in B. abortus characterized by an increased sensitivity to a set of different stressors such as deoxycholate acid (DOC). As shown in Figure 8B, the plasmid pfcypBC128M was unable to complement the DOC sensitivity of B. abortus ΔcypAB mutant. These results indicated that CypB homodimer formation is necessary for Brucella stress adaptation.
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FIGURE 8
 Dimeric form of CypB is required for survival and virulence of B. abortus. (A) Western blot analysis of whole-cell lysates of B. abortus strains expressing wild-type CypB, the monomeric form CypBC128M, and the active site mutant CypBR59A/F64A detected by a mouse antibody against CypB. (B) Detergent sensitivity assay using serial dilutions of different B. abortus strains plated in triplicate onto TSB agar plates containing deoxycholate (DOC) (1,000 μg/ml). Plates were incubated for 72 h, and the number of CFU was scored. (C) Intracellular survival of the B. abortus strains in HeLa cells. Numbers of CFU of intracellular bacteria were determined after lysis of infected cells at 4 h post-infection. Each determination was performed in triplicate, and values are shown as the mean with its respective standard deviation and are representative of three independent experiments. (D) BALB/c mice were infected orally (1 × 109 CFU) with different B. abortus strains. At 6 weeks post-infection, the numbers of CFU recovered from spleens were determined by serial dilutions and plating onto TSA. Five animals were used for each determination. One-way ANOVA and Bonferroni’s Multiple Comparison Test were used to analyze the statistical significance of the results. *, p < 0.05, **, p < 0.01, *** p < 0.001.


To examine if the homodimeric formation of CypB is required for B. abortus intracellular survival, Hela cells were infected with B. abortus 2,308 wild-type strain, B. abortus ΔcypAB mutant, B. abortus ΔcypAB(pfcypB), B. abortus ΔcypAB(pfcypBR59A/F64A) and, B. abortus ΔcypAB(pfcypBC128M) (Figure 8C). Results showed that at 4 h post-infection B. abortus ΔcypAB(pfcypBC128M) showed a 10-fold reduction in intracellular survival, like what was observed in B. abortus ΔcypAB mutant suggesting that the dimeric form of CypB was also necessary for intracellular survival in Hela cells. Since B. abortus ΔcypAB(pfcypBC128M) was affected in intracellular adaptation it was interesting to investigate if this mutant was also affected in the mouse infection model. As shown in Figure 8D, orally infected mice had a reduced number (more than hundred-fold decrease) of B. abortus ΔcypAB(pfcypBC128M) in spleen at 6 weeks post-infection compared with those infected with B. abortus ΔcypAB(pfcypB) and like B. abortus ΔcypAB mutant. These results also showed that the dimeric form of Brucella CypB was fully required to establish a persistent infection in mice. All these results showed that homodimer formation was necessary for the in vivo functions of CypB.



PPIase activity of CypB is required for full virulence of Brucella abortus in the mouse model

As we described previously (Roset et al., 2013), the plasmid pcypBR59A/F64A partially rescued the B. abortus ΔcypAB mutant for DOC sensitivity (Figure 8B). Intermediate results observed in complementation assays with pcypBR59A/F64A can be explained by the existence of certain residual PPIase activity in the cyclophilin mutant CypBR59A/F64A (Figure 3B). This CypBR59A/F64A residual activity was sufficient to complement intracellular survival of the B. abortus ΔcypAB mutant to the wild-type level (Figure 8C; Roset et al., 2013). To understand if the residual cyclophilin activity present in the mutant protein CypBR59A/F64A was also sufficient to complement the B. abortus ΔcypAB mutant in the mouse model, an infection experiment was performed. As shown in Figure 8D, after 6 weeks post-infection B. abortus ΔcypAB(pfcypBR59A/F64A) was 66-fold less efficient in spleen colonization in BALB/c mice than B. abortus ΔcypAB(pfcypB) and similar to B. abortus ΔcypAB mutant. It is possible to speculate that the discrepancies observed can be explained by the different requirements of CypB activity dependent on the chosen experimental model. Thus, mouse oral infection is predicted to be the most demanding assay since B. abortus ΔcypAB mutant had to face a variety of sequential stressors when progressing in the intestinal tract (pH, bile salts, proteases, etc). Consequently, the mouse experiment highlighted the critical importance of CypB PPIase activity in Brucella intracellular survival and virulence.



The cypBR59A/F64A gene functions as a dominant-negative mutant

To explore if the loss-of-function mutation of CypB (cypBR59A/F64A) can exert a dominant-negative effect on B. abortus 2,308 wild-type strain, the plasmid pfcypBR59AF64A was introduced into this strain by biparental mating and ectopic expression of CypBR59A/F64A was confirmed by Western blot analysis (Figure 9A). As shown in Figure 9, the expression of CypBR59A/F64A impaired the ability of Brucella to survive in DOC sensitivity assay (Figure 9B) and reduced 70-fold the ability to survive within HeLa cells (Figure 9C). Considering that CypBR59A/F64A still can interact with CypB wild type to form dimers, these results might suggest that CypB requires dimer formation for full activity, having both monomers a fully intact active site.
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FIGURE 9
 Dominant-negative mutation. (A) Western blot analysis of whole-cell lysates of B. abortus 2,308 strain expressing wild-type CypB, or CypBR59A/F64A detected by an anti-flag antibody. The strains were assayed for detergent sensitivity (DOC) (B), and survival in HeLa cells (C) as described in “Materials and methods.” One-way ANOVA and Bonferroni’s Multiple Comparison Test were used to analyze the statistical significance of the results. The results shown are representative of three independent experiments, **p < 0.01, ***p < 0.001.





Discussion

Cyclophilins are a family of highly conserved enzymes that catalyze the process of cis-trans isomerization of the Xaa-proline bonds, which is the rate-limiting step in protein folding. This activity is critical for many biological processes including bacterial virulence (Dimou et al., 2017). We have previously reported that B. abortus has two cyclophilins, named cyclophilin A (CypA) and cyclophilin B (CypB) that are upregulated within the intraphagosomal replicative niche during B. abortus infection (Roset et al., 2013). In addition, we have also demonstrated that both cyclophilins play an important role in stress adaptation, intracellular survival, and virulence. Interestingly, defective phenotypes for stress and intracellular survival can be complemented either with CypA or CypB alone, suggesting that both Cyps show certain redundancy in their functions (Roset et al., 2013). In this report, we have also identified a group of differential features by comparing CypA with CypB. For instance, although both B. abortus cyclophilins share a conserved secondary structure, we have identified structural differences over three immunodominant loops identified by an in-silico approach and by different immunoassays. Cyclophilins are enzymes that can interact with different protein targets to help them in their folding process allowing them to acquire their functional protein structure. It would be interesting to hypothesize if differences observed in structure and antigenicity of CypA and CypB might also be reflecting differences in their preferred protein targets that can reveal novel functions for these cyclophilins.

We demonstrated here that unlike CypA, CypB presents a Trp134 which is involved in CsA inhibition, like in all characterized Cyps from eukaryotic origin (Bossard et al., 1991; Liu et al., 1991). On the other hand, CypA shares homology with Cyps of Gram-negative bacteria, presenting a replacement of the Trp134 by a Phe residue, a modification that correlates with CsA insensitivity observed for this kind of Cyps (Liu and Walsh, 1990; Liu et al., 1991). Interestingly, the replacement of Trp134 in CypB (CypBW134F) does not modify the PPIase activity either in the presence or absence of CsA indicating that Trp134 is not required for peptidyl-prolyl cis-trans isomerization. As mentioned above, another characteristic feature that has been described in eukaryotic cyclophilins is the presence of cysteines in their sequences (Liu et al., 1990; Motohashi et al., 2003; Gourlay et al., 2007). Brucella CypB has a single cysteine residue in its sequence (Cys128) which is absent in CypA. As shown here, Brucella CypB has the capacity to self-associate to form homodimers. This interaction was reversed by the addition of the reducing agent DTT indicating that Cys128 is the amino acid responsible for dimer formation. Thus, CypBC128M mutant was unable to form homodimers showing the same behavior as CypA which is only present in a monomeric state.

It has been reported that PPIases can form homo-oligomers (Zhang et al., 2011; Jakob et al., 2016; Polley et al., 2016) although, in the family of cyclophilins, only a few cases have been reported: the human hCypA (Zhang et al., 2011) and the Trichomonas vaginalis cyclophilin 1 (Martin et al., 2018). In addition, in the case of dimeric PPIases, no homodimer formation has been reported dependent on disulfide bonds. Hence, Brucella CypB is the first example of a dimeric PPIase stabilized by disulfide bridges.

Interestingly, it has been also reported that oligomerization of enzymes modulates their activities (Kropp et al., 2022). We showed here that CypB dimer formation was fully required to complement the defective phenotype of Brucella ΔcypAB mutant in stress survival, intracellular adaptation, and virulence in mice but not required for the in vitro PPIase activity. This apparent discrepancy can be explained because the in vitro PPIase substrate, the acid-denatured GFP, is not expected to be a physiological protein target. Similar results to those described here were reported for Legionella protein MIP, a PPIase belonging to the FKB family (Kohler et al., 2003).

As shown here, the defective phenotype of B. abortus ΔcypAB mutant cannot be complemented by CypBC128M indicating that the formation of homodimers is critical for PPIase activity of CypB.

To understand in more detail how Brucella cyclophilins participate in the process of stress adaptation and intracellular survival, a dominant-negative experiment was performed. As shown here, the over-expression of CypBR59A/F64A interfered with bacterial ability to survive to stressors and within the host cell resembling what is observed in the B. abortus ΔcypAB mutant. Interpretations of these results suggested that for the fully enzymatic activity of the dimeric CypB, both monomers must present functional active sites. As we mentioned before and it was shown previously (Roset et al., 2013), CypA and CypB are equivalent when complemented the B. abortus ΔcypAB mutant indicating a functional redundancy. Interestingly, in the dominant-negative experiment, the wild-type activity of CypA was also surprisingly inhibited, although CypA is not expected to form heterodimers with CypBR59A/F64A. An explanation for these results can be that homodimers formed by CypBR59A/F64A or heterodimers formed by CypB-CypBR59A/F64A were able to trap also the protein targets of CypA preventing their folding.

It has been reported that there is a general link between cyclophilins and cellular stress response (Dimou et al., 2017). We have described that Brucella’s Cyps participate in survival to diverse types of stresses which is dependent on the PPIase activity (Roset et al., 2013). Proteins involved in oxidative stress such as OxyR and Hsp33 are regulated by redox activity and activated by the formation of intramolecular disulfide bridges (Zheng et al., 1998; Graumann et al., 2001). Moreover, evidence for redox regulation of PPIase activity of cyclophilins has been reported for hCypA from T lymphocytes (Ghezzi et al., 2006), Chloroplast CypA from Arabidopsis thaliana (Motohashi et al., 2003), and CypA from Schistosoma mansoni (Gourlay et al., 2007), suggesting that redox regulation involving cysteine residues must be a common mechanism of cyclophilin regulation. In all the mentioned cases, activity regulation is mediated by the formation of intramolecular disulfide bridges. It is conceivable that in the case of Brucella, upon exposure to an oxidative stress condition (for instance when the bacterium enters its host cell) the intermolecular formation of disulfide bridges between two monomers of CypB can be triggered to obtain fully functional PPIase activity. Thus, the dimerization of CypB might function as a regulatory switch to respond to oxidative stress in Brucella.

Bacterial pathogens that have co-evolved with their host have acquired mechanisms to modulate the host cell physiology for their own benefit. Thus, pathogenic bacteria can translocate virulence proteins (known as effector proteins) into the host cell, using specialized secretion systems to hijack different processes, such as the acquisition of nutrients, vesicle trafficking, and modulation of the immune system to allow adequate time for bacterial replication. To accomplish these functions, some effector proteins use “eukaryotic-like” protein domains to mimic the structure or the function of host proteins, promoting the manipulation of a particular host cell pathway (Ke et al., 2015). In the light of, i) Brucella Cyps are overexpressed during B. abortus intracellular life, ii) Brucella Cyps are required for stress adaptation, intracellular survival, and virulence in BALB/c mice, iii) Brucella CypA and CypB differ in immunodominant loops that may be reflecting differential functions as well, iv) Brucella CypB has structural and functional eukaryotic characteristics, it is possible to hypothesize that CypB might function as an effector protein. Further studies to understand if CypB can function as an effector bacterial protein are still in progress.



Conclusion

Remarkably, we have shown here that Brucella cyclophilins come in two different “flavors”: eukaryotic and prokaryotic. In addition, we reported here that Brucella cyclophilins CypA and CypB differ in various immunological and biochemical properties, despite their high degree of sequence similarity and conserved functional features. Also, we highlighted the importance of dimer formation and PPIase activity of CypB for a progressive infection in an animal model. These findings shed some light on the potential novel functions of Brucella Cyps, some of them could be due to the putative role of CypB as an effector bacterial protein.
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Programmed cell death (PCD) is an important mechanism of innate immunity against bacterial pathogens. The innate immune PCD pathway involves the molecules caspase-7 and caspase-8, among others. Brucella abortus is a gram-negative bacterium that causes a zoonotic disease termed brucellosis. The innate immune response against this pathogen involves activation of inflammasome components and induction of pyroptosis. However, no studies so far have revealed the role of caspase-7 or caspase-8 during this bacterial infection. Herein, we demonstrate that caspase-7 is dispensable for caspase-1 processing, IL-1β secretion and cell death in macrophages. Additionally, caspase-7 deficient animals control B. abortus infection as well as the wild type mice. Furthermore, we addressed the role of caspase-8 in inflammasome activation and pyroptosis during this bacterial infection. Macrophages deficient in caspase-8 secreted reduced amounts of IL-1β that parallels with diminished caspase-1 activity when compared to wild type cells. Additionally, caspase-8 KO macrophages showed reduced LDH release when compared to wild type, suggesting that caspase-8 may play an important role in pyroptosis in response to B. abortus. Finally, caspase-8 KO animals were more susceptible to Brucella infection when compared to wild type mice. Overall, this study contributes to a better understanding of the involvement of caspase-7 and caspase-8 in innate immunity against B. abortus infection.
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Introduction

Brucellosis is a zoonosis caused by bacteria of the genus Brucella of worldwide distribution. Great advance has been made in the control of brucellosis in recent years. However, in many regions of the world, Brucella infection in domestic animals still persists, leading to frequent transmission to the human population. In regions such as the Mediterranean countries of Europe, like Portugal, Italy and Greece, brucellosis is still considered an important human disease and it is often neglected (Corbel, 1997).

Innate immunity is an important arm of the immune system involved in the control of Brucella infection. In previous studies performed by our research group, we demonstrated that receptors and adaptor molecules such as TLR9, AIM2, MyD88, and STING are important components in the protective response against Brucella infection (Macedo et al., 2008; Gomes et al., 2016; Costa Franco et al., 2018, 2019). In addition, we and others have shown that pyroptosis triggered upon activation of inflammasomes, is also an important mechanism in restricting in vivo infection against Brucella abortus (Cerqueira et al., 2018; Lacey et al., 2018). In recent study, we showed that caspase-11/GSDMD-dependent pyroptosis process triggered by B. abortus contributed to the restriction of infection in vivo by assisting in the recruitment and activation of immune cells such as neutrophils, macrophages, and dendritic cells (Cerqueira et al., 2018).

Programmed cell death (PCD) is a intricate circuit that involves the cross-talk among different caspases, and their substrates. Caspase-3 and caspase-7 are considered executioner molecules triggering host cell apoptosis (Kim et al., 2005). Recent study demonstrated that Brucella inhibited the PCD in early stage of infection to allow bacterial replication in host cells and promoted apoptosis in the later stage during infection in macrophages (Zhang et al., 2022). In the literature, there are some controversies in the role of caspase-7 during bacterial infections. Caspase-7 has been implicated in resistance to L. pneumophila through the NLRC4 inflammasome (Akhter et al., 2009). In contrast, Gonçalves et al. (Goncalves et al., 2019) demonstrated that mice with a single deletion in caspase-7 are not fully susceptible to L. pneumophila. The Casp7−/− did not phenocopy the susceptibility to L. pneumophila infection as observed in Nlrc4−/− animals.

Caspase-8, early on classified as an apoptotic caspase, has lately been shown to have a role in several inflammatory processes. Caspase-8 is involved in the inflammasome pathway and can be activated by NLRP3, AIM2 and NLRC4 in macrophages (Man et al., 2013; Sagulenko et al., 2013) and NLRP3 inflammasome in dendritic cells (Antonopoulos et al., 2015). Caspase-8 can act by controlling NF-kB signaling, influencing the positive regulation of components of the inflammasome, such as the NLRP3 and pro-IL-1β (Weng et al., 2014). It can also activate the inflammasome pathway in response to C. albicans β-glucans (Ganesan et al., 2014). Interestingly, upon TLR or death receptor activation, active caspase-8 can cleave the IL-1β precursor into its bioactive fragment at the same site as caspase-1 (Shenderov et al., 2014), and can directly cleave GSDMD into its N-terminal fragment, triggering pyroptosis during Yersinia infection (Sarhan et al., 2018). In addition, once the inflammasome is activated, but pyroptosis is impaired, caspase-8 can act leading to a cell death program. This has been demonstrated in studies with intracellular bacteria such as L. pneumophila and S. Typhimurium in the absence of caspase-1 or GSDMD (Mascarenhas et al., 2017; Lee et al., 2018).

To the best of our knowledge, the role of caspase-7 and caspase-8 in Brucella infection has not been addressed so far. Therefore, in order to expand the understanding of the mechanisms involved in the innate immune response and inflammatory cell death, we investigated the participation of the caspase-7 and caspase-8 molecules during B. abortus infection.



Materials and methods


Mice

Wild-type C57BL/6 (WT) mice were purchased from the Federal University of Minas Gerais (UFMG) and, Casp7−/−, Casp7/1/11−/−, Casp7/Gsdmd−/−, Gsdmd−/−, Casp8+/+/RIPK3−/−, and Casp8/RIPK3−/− were kindly provided by Dr. Prof. Dario Simões Zamboni, Department of Cell and Molecular Biology and Pathogenic Bioagents, Ribeirão Preto Medical School, University of Sao Paulo, Brazil. Genetically deficient and control mice were maintained at our facilities and used at 6–8 weeks of age. Mice were housed in filter top cages and provided with sterile water and food ad libitum. Groups of 5–7 animals were used to perform all experiments. The procedures for animal experimentation were approved by the Ethics Committee for the Use of Animals of the Federal University of Minas Gerais-CEUA/UFMG under protocol number 69/2020.



Bacteria and culture conditions

Brucella abortus virulent strain 2,308 was used in this study. To prepare the inoculum, the bacteria were grown in BB (Brucella Broth) medium (BD Biosciences, United States) for 24 h at 37°C under 180 rpm shaking, washed in PBS for 10 min, 5,000 rpm at 4°C, and resuspended in sterile PBS. The OD of the culture was measured at 600 nm in a spectrophotometer to determine the bacterial number in the solution.



Mice infection with Brucella abortus

Five to seven mice from each group were infected intraperitoneally (i.p.) with 1 × 106 B. abortus in 100 μl of PBS and the animals sacrificed at 14 days post-infection. The spleens were harvested and macerated in 10 ml saline (NaCl 0.9%), serially diluted, and plated in duplicated on Brucella Broth agar. Plates were incubated for 3 days at 37°C and the CFU number was determined.



Bone marrow-derived macrophages

BMDMs were differentiated in vitro from bone marrow cells extracted from mouse femurs. Cultures were differentiated for 7 days in an incubator at 37°C, 5% CO2 in DMEM medium supplemented with 1% HEPES, 20% fetal bovine serum (FBS), 30% L929 cell-conditioned medium (LCCM) source of M-CSF (important for differentiation of progenitor cells into macrophages), 100 U/ml penicillin and 100 μg/ml streptomycin (Thermo Fischer Scientific). After differentiation, macrophages were collected by washing the monolayers with ice-cold PBS, distributed on culture plates, and cultured in DMEM medium containing 1% SFB and 1% HEPES or 10% SFB and 1% HEPES and they were ready for use.



Lactate dehydrogenase release assay

For the lactate dehydrogenase (LDH) release assay, BMDMs were plated at 5 × 105 cells/well in 24-well plates and infected with B. abortus (MOI 100) for 8 h. RPMI 1640 medium without phenol red, with 1% glutamine, 1% FBS was used. Supernatants were collected, and LDH was quantified using the Cytotox96 LDH kit (Promega, Madison, WI) according to the manufacturer’s instructions. During infection, bacteria were opsonized with a polyclonal mouse antibody (anti-B.abortus, dilution 1:1,000) to ensure more efficient bacterial phagocytosis. This polyclonal antibody was generated by injecting 1 × 106 heat-killed bacteria/mouse. The animals were injected three times during a 15-day interval, and after this period, serum from each mouse was tested for the presence of the specific antibody and stored at −80°C.



Cytokine measurement

For cytokine determination, BMDMs were plated at a concentration of 5 × 105 cells/well in 24-well plates and the cells were infected with B. abortus at an MOI of 100 for 17 h. Supernatants were collected and cytokines were measured with the mouse IL-1β, ELISA kit (R&D systems, Minneapolis, MN) according to the manufacturer’s instructions.



Western blot analysis

BMDMs were cultured at 5 × 105 cells/well in 24-well plates. The cells were infected with B. abortus for 17 h as described above. After 17 h of infection, culture supernatants were harvested and cells were lysed with M-PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific) supplemented with 1:100 protease inhibitor mixture (Sigma-Aldrich). Cell lysates and supernatants were subjected to SDS-PAGE analysis as already described in previous studies by our research group (Cerqueira et al., 2018). The primary Abs used included a mouse monoclonal against the p20 subunit of caspase-1 (Adipogen, San Diego, CA, United States) at a dilution of 1:1,000. Loading control was performed using anti-β-actin mAb (Cell Signaling Technology, Danvers, MA) at a dilution of 1:1,000.



Statistical analysis

Statistical analysis was performed using Prism 5.0 software (GraphPad Software, San Diego, CA). The unpaired Student t-test was used to compare two groups. One-way ANOVA followed by multiple comparisons according to Tukey procedure was used to compare three or more groups. Unless otherwise stated, data are expressed as the mean ± SD. Differences were considered statistically significant at a p-value <0.05.




Results


Il-1β secretion in response to Brucella abortus occurs in a caspase-7-independent manner

The classical executioner caspases (caspase-7 and -3) are activated to initiate the process that culminate in the classical cell death signals (Nagata, 2018). Previous studies demonstrate that caspase-7 activation requires caspase-1 processing under inflammatory conditions (Lamkanfi and Kanneganti, 2010). To investigate whether caspase-7 participates in caspase-1 cleavage and IL-1β secretion during Brucella abortus infection, we infected BMDMs of C57BL/6 (WT), Casp7−/−, Casp7/1/11−/−, Casp7/Gsdmd−/−, and Gsdmd−/− with Brucella. After 17 h of infection, we evaluated IL-1β secretion in the supernatant of the cells (Figure 1A) and the lysate was properly prepared for the assay of caspase-1 processing by Western blot analysis (Figure 1B). In all assays, C57BL/6 and Gsdmd−/− animals were used as controls, since the importance of gasdermin-D (GSDMD) for the control of B.abortus infection had been demonstrated previously by our research group (Cerqueira et al., 2018). We observed that BMDMs from Casp7−/− mice secreted similar amounts of IL-1β as WT animals. In macrophages from Casp7/1/11−/−, Casp7/Gsdmd−/−, and Gsdmd−/− animals the amount of IL-1β secreted was dramatically reduced compared to C57BL/6. Caspase-1 cleavage was observed only in the C57BL/6 and Casp7−/− strains, corroborating with the IL-1β cytokine secretion profile. Collectively, these data suggest that caspase-7 has no significant impact in IL-1β secretion and caspase-1 cleavage in response to B. abortus infection.
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FIGURE 1
 IL-1β production in response to Brucella abortus occurs in a caspase-7-independent manner. BMDMs were infected with B. abortus MOI: 100 for 17 h. (A) IL-1β measurement in the supernatant by ELISA. (B) Immunoblot analysis of caspase-1 processing. Data show the mean ± standard deviation of triplicates. The data are representative of three independent experiments. One-way ANOVA, *p < 0.05 compared to C57BL/6.




Caspase-7 does not participate in macrophage pyroptosis during Brucella abortus infection

Next, we addressed the role of caspase-7 in B. abortus induced cell death by quantifying LDH release in cell culture supernatants (Figure 2). BMDMs from C57BL/6, Casp7−/−, Casp7/1/11−/−, Casp7/Gsdmd−/−, and Gsdmd−/− mice were infected with B.abortus and after 8 h of infection, LDH was quantified in the supernatant. B. abortus infection triggered higher LDH release in BMDMs of C57BL6 and Casp7−/− strains when compared to Casp7/1/11−/−, Casp7/Gsdmd−/−, and Gsdmd−/− cells. This finding suggests that caspase-7 does not have a role in the induction of programmed cell death in response to B. abortus infection.

[image: Figure 2]

FIGURE 2
 Caspase-7 does not participate in macrophage pyroptosis during B. abortus infection. BMDMs were infected with Brucella abortus MOI: 100 for 8 h and LDH quantification was performed in the cell supernatant. Values represent the percentage of LDH released compared to control cells lysed with Triton X-100. The data show the mean ± standard deviation representative of three independent experiments. One-way ANOVA, *p < 0.05 compared to C57BL/6.




Caspase-7 plays no role in Brucella abortus infection in vivo

To determine whether the absence of caspase-7 influences the control of Brucella infection in vivo, we infected C57BL/6, Casp7−/−, Casp7/1/11−/−, Casp7/Gsdmd−/−, and Gsdmd−/− mouse strains intraperitoneally and after 2 weeks the animals were sacrificed and the spleens were removed for quantification of the number of bacterial CFU. As shown in Figure 3, the bacterial burden measured in Casp7−/− animals showed no difference compared to the C57BL/6 controls. Higher bacterial numbers were observed in Casp7/1/11−/−, Casp7/Gsdmd−/−, and Gsdmd−/− mice. This result demonstrates that this susceptibility profile to infection occurred not because the lack of caspase-7, but rather, because of the deletion of Casp1/11 or Gsdmd.

[image: Figure 3]

FIGURE 3
 The role of caspase-7 in controlling Brucella abortus infection in vivo. Mice were infected intraperitoneally with 1 × 106 CFU of B. abortus and sacrificed after 2 weeks of infection, and spleen homogenates were seeded onto plates containing BB agar medium for CFU determination. Data shown are the mean ± standard deviation of five mice/group. The data are representative of three independent experiments. One-way ANOVA, *p < 0.05, compared to wild-type mice.




Caspase-8 participates in caspase-1 cleavage and IL-1β secretion in response to Brucella abortus

Further, we addressed the role of caspase-8 in regulating the inflammatory response during B.abortus infection. Deletion of caspase-8 results in RIPK3-dependent embryonic lethality. To rescue this viability, additional deletion of the RIPK3 kinase via the CRISPR/Cas9 technique was required (Wang et al., 2013). Therefore, the animals used in this study deficient for caspase-8 possess the additional deletion of RIPK3. We infected BMDMs of C57BL/6, Gsdmd−/−, Casp8/RIPK3−/−, and Casp8+/+/RIPK3−/− mouse strains with B. abortus, and after 17 h of infection, we evaluated the secretion of IL-1β in the supernatant of the cells. Additionally, cell lysates were properly prepared for caspase-1 processing by Western blot analysis. BMDMs of Casp8/RIPK3−/− secreted reduced amounts of IL-1β compared to the WT and Casp8+/+/RIPK3−/− controls, similar to the profile observed in Gsdmd−/− macrophages (Figure 4A). Further, the immunoblot data corroborate with the IL-1β secretion profile, where caspase-1 cleavage was detected only in the C57BL/6 and Casp8+/+/RIPK3−/− cells (Figure 4B). These data suggest an important role of caspase-8 in caspase-1 cleavage and consequent IL-1β secretion during B. abortus infection.
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FIGURE 4
 Caspase-8 participates in caspase-1 cleavage and IL-1β secretion in response to B. abortus. BMDMs obtained from C57BL/6, Gsdmd−/−, Casp8/RIPK3−/− and Casp8+/+/RIPK3−/− mice were uninfected (NI) or infected with B. abortus S2308 with MOI 100 for 17 h. The supernatant was collected and subjected to ELISA assay to estimate the concentration of IL-1β (A). The supernatant was labeled with anti-caspase-1 p20 monoclonal antibody (B). Data show the mean ± the standard deviation of triplicates. The data are representative of three independent experiments. Student t-test, ****p < 0.0001 compared to C57BL/6 or Casp8+/+/RIPK3−/−. ***p <0.001.




Lack of caspase-8 interferes with cell death induced by Brucella abortus infection

Our results demonstrate that caspase-8 influences inflammasome activation induced by Brucella, since caspase-1 activation and IL-1β secretion occurs in a caspase-8-dependent manner. Thus, we sought to investigate whether caspase-8 is involved in pyroptosis induced by B.abortus. Macrophages from C57BL/6, Gsdmd−/−, and Casp8/RIPK3−/− strains were infected with B.abortus for 8 h. After this period, we performed the quantification of LDH release in cell culture supernatants (Figure 5). LDH release was greatly reduced in cells from animals deficient for caspase-8 and GSDMD, suggesting a potential role of caspase-8 in the induction of cell death in response to B.abortus.

[image: Figure 5]

FIGURE 5
 Caspase-8 is important to induce cell death during B.abortus infection. BMDMs of C57BL/6, Gsdmd−/− and Casp8/RIPK3−/− were infected with B. abortus with MOI 100 for 8hs and LDH quantification was performed in the cell supernatant. Values represent the percentage of LDH released compared to control cells lysed with Triton X-100. Data show the mean ± the representative standard deviation of triplicates. The data are representative of three independent experiments. Student t-test, *p < 0.05, ***p < 0.001 compared to C57BL/6.




Absence of caspase-8 enhances susceptibility to Brucella abortus infection in vivo

Since BMDMs deficient in caspase-8 showed reduced caspase-1 activation and secretion of IL-1β levels, we finally evaluated whether caspase-8 also played a role in restricting Brucella infection in mice. First, C57BL/6, Gsdmd−/−, and Casp8/RIPK3−/− mice were infected intraperitoneally with B. abortus. After 2 weeks of infection, bacterial colony forming units (CFU) were determined from spleen homogenates. The recovery of bacteria in the spleen of Casp8/RIPK3−/− animals was higher than the WT control group, in a manner very similar to that observed in Gsdmd−/− animals (Figure 6). Collectively, these data suggest that caspase-8 is involved in an inflammatory response and in the control of B. abortus in vivo.

[image: Figure 6]

FIGURE 6
 Caspase-8 influences the resistance to Brucella infection in vivo. C57BL/6, Gsdmd−/− and Casp8/RIPK3−/− m ice were infected intraperitoneally with 1×106 CFU of B. abortus. Animals were sacrificed 2 weeks after infection and diluted spleen homogenates were plated on agar plates containing BB medium for CFU determination. Data shown are the mean ± standard deviation of five mice/group. The graph is representative of three independent experiments. One-way ANOVA, ***p < 0.001 compared to C57BL/6.





Discussion

Programmed cell death (PCD) can be activated in response to different stimuli (Nagata, 2018). Apoptosis, necroptosis and pyroptosis are three types of cell death that have major involvement in immune response and disease control (Schwarzer et al., 2020). Apoptosis helps in the destruction and removal of infected cells during bacterial infections (Speir et al., 2016). In the case of Brucella, some studies have already established that a virulent strain inhibits cell death in macrophages to allow bacterial replication (Chen et al., 2011). In contrast, in dendritic cells, astrocytes and T lymphocytes, the smooth strain induced apoptotic cell death (Garcia Samartino et al., 2010; Velasquez et al., 2012). Caspase-7, like caspase-3, is an executing caspase, both of which are activated by caspases-8 and -9 during death receptor-induced apoptosis, under certain conditions (Lamkanfi et al., 2002). Recently, some studies show that caspase-7 has a distinct role from caspase-3 during activation of apoptosis and also has a role in the inflammatory response against bacterial pathogens (Slee et al., 2001). Studies using Salmonella typhymurium infection of macrophages or cells stimulated with LPS and ATP, showed that caspase-7 activation was caspase-1-dependent. Additionally, Akhter et al. have observed in the absence of caspase-7 impaired ability of macrophages to restrict intracellular replication of Legionella pneumophila (Akhter et al., 2009). In contrast, Gonçalves et al. (Goncalves et al., 2019) demonstrated that lack of caspase-7 is not required to control L. pneumophila replication in vitro and in vivo. In another study, using an in vivo septic shock model, caspase-7-deficient mice were shown to be resistant to lethality induced by intraperitoneal injections of LPS (Lamkanfi et al., 2009). However, in our study caspase-7 does not appear to participate in the control of B.abortus infection. Inflammasome activation with cleavage of caspase-1 and secretion of IL-1β is not affected in the absence of caspase-7, as well as induction of cell death and in vivo susceptibility to infection. We have previously shown the participation of caspase-1, caspase-11 and GSDMD in controlling B. abortus (Cerqueira et al., 2018). Therefore, susceptibility to Brucella infection observed in Casp7/1/11−/− and Casp7/Gsdmd−/− animals is not due to lack of caspase-7 but rather the absence of caspase-1/11 and GSDMD.

Necroptosis is a programmed cell death pathway, with inflammatory features, that involves the kinases RIPK1 and RIPK3 and the pore-forming pseudokinase MLKL. When RIPK3 is phosphorylated, oligomerization of MLKL is initiated and subsequently inserts into the plasma membrane of the cell, leading to pore formation and cell rupture (Tummers and Green, 2017). Caspase-8 is involved in apoptosis and pyroptosis mechanisms of cell death, and when caspase-8 is inhibited RIPK1 interacts with RIPK3 leading to necroptosis (Pandian and Kanneganti, 2022). Pyroptosis is another type of inflammatory programmed cell death triggered by inflammasome activation, and for a long time, it was considered to be caspase-1-mediated in response to bacterial challenge. However, when caspase-11 was shown to detect intracellular LPS and also serve as a trigger to pyroptosis, the role of pyroptosis expanded widely (Kayagaki et al., 2011). Herein, we observed that in WT infected cells LDH release occurs, corroborating with data from our previous study where we showed that B. abortus infection triggers pyroptosis, and this phenomenon is GSDMD-dependent (Cerqueira et al., 2018). Additionally, in this study, we demonstrated that cell death induced by Brucella was also shown to be caspase-8-dependent. Caspase-8 contributes to activation of canonical and noncanonical inflammasomes. During Salmonella infection, caspase-8 can be recruited to the NLRC4 inflammasome regulating IL-1β secretion, but not playing a role in cell death (Man et al., 2013). In contrast, in Yersinia infection model, like we observed in this study, caspase-8 activates GSDMD to induce cell death (Sarhan et al., 2018). Furthermore, we observed here that mice deficient for caspase-8 and GSDMD are more susceptible to Brucella infection in vivo compared to wild type animals, suggesting that pyroptosis triggered during B. abortus infection is an important mechanism to control infection.

Several studies have already identified cellular functions for the GSDMD-mediated pore, such as secretion of molecules such as IL-1β and IL-1α and eicosanoids, which are important for recruiting neutrophils to the site of infection and promoting phagocytosis of infected cells and contributing to infection restriction (Jorgensen et al., 2016). Herein, reduced IL-1β secretion and pyroptosis observed in Casp8/RIPK3−/− mice are possible mechanisms that may contribute to increased susceptibility to infection. Although we did not investigate cell recruitment in this study, we hypothesize that innate cells recruitment to the site of infection may be impaired by the absence of pyroptosis in caspase-8 deficient animals, which could in part explain the increased bacterial load observed in these animals. Recently, caspase-8 was involved in Aspergillus fumigatus keratitis being critical in the recruitment of inflammatory cells and the clearance of the fungus (Wang et al., 2022). In summary, we suggest that caspase-8 plays an important role in cell death induced during B.abortus infection, contributing to inflammation and infection control in mice.
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Brucella abortus is the main causative agent of brucellosis in cattle, leading to severe economic consequences in agriculture and affecting public health. The zoonotic nature of the infection increases the need to control the spread and dynamics of outbreaks in animals with the incorporation of high resolution genotyping techniques. Based on such methods, B. abortus is currently divided into three clades, A, B, and C. The latter includes subclades C1 and C2. This study presents the results of whole-genome sequencing of 49 B. abortus strains isolated in Kazakhstan between 1947 and 2015 and of 36 B. abortus strains of various geographic origins isolated from 1940 to 2004. In silico Multiple Locus Sequence Typing (MLST) allowed to assign strains from Kazakhstan to subclades C1 and to a much lower extend C2. Whole-genome Single-Nucleotide Polymorphism (wgSNP) analysis of the 46 strains of subclade C1 with strains of worldwide origins showed clustering with strains from neighboring countries, mostly North Caucasia, Western Russia, but also Siberia, China, and Mongolia. One of the three Kazakhstan strains assigned to subclade C2 matched the B. abortus S19 vaccine strain used in cattle, the other two were genetically close to the 104 M vaccine strain. Bayesian phylodynamic analysis dated the introduction of B. abortus subclade C1 into Kazakhstan to the 19th and early 20th centuries. We discuss this observation in view of the history of population migrations from Russia to the Kazakhstan steppes.
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1. Introduction

Brucellosis is a bacterial zoonotic disease caused by species belonging to the genus Brucella and results in high economic impact (McDermott et al., 2013). Brucella spp. may be transmitted to humans resulting in a severe disease requiring a specific and long-term antibiotic treatment with significant burden to public health systems (Franc et al., 2018). The genus Brucella currently contains 12 validly published species (Olsen and Palmer, 2014; Whatmore and Foster, 2021; Occhialini et al., 2022). Brucella melitensis, Brucella abortus, B. suis, B. ovis, B. neotomae, and B. canis are often referred to as “classical” Brucella species in the literature. These have been identified between 1887 and 1968 and were differentiated on the basis of phenotypic traits and host preference (Buddle, 1956; Stoenner and Lackman, 1957; Carmichael and Bruner, 1968; Moreno et al., 2002). Since 2007, the wider use of genetic methods of identification and differentiation has led to the identification of B. ceti, B. pinnipedialis, B. microti, B. inopinata, B. papionis, and B. vulpis, which also preserve the tradition of naming the species in accordance with their original host (with the exception of B. inopinata isolated from a breast implant; Foster et al., 2007; Scholz et al., 2008, 2010; Whatmore et al., 2014; Scholz et al., 2016). The use of molecular methods made it possible to identify other potential new species recovered not only from mammals but also from amphibians, reptiles, and fish (Soler-Llorens et al., 2016; Al Dahouk et al., 2017; Eisenberg et al., 2017; Mühldorfer et al., 2017; Eisenberg et al., 2020), leading to further expansion of our knowledge of the genus Brucella. Based on whole-genome comparisons, a merge of the Ochrobactrum and Brucella genus was recently proposed (Hordt et al., 2020; Leclercq et al., 2020). Nonetheless, the greatest impact on public health and livestock infections around the globe have to date only been caused by B. melitensis, B. abortus and B. suis (Godfroid et al., 2011; Franc et al., 2018). An increase of human cases due to B. canis is currently suspected (Hensel et al., 2018; Zhou et al., 2020).

The majority of brucellosis cases are reported in the Mediterranean countries, South and Central America, Africa, Asia, Arabian Peninsula, Indian subcontinent, Eastern Europe, and the Middle East (Pappas et al., 2006; Nicoletti, 2010). Over the past decade, there has been a decline in incidence in many regions previously considered to be highly endemic, but also new reservoirs have been identified, such as in Africa and the Middle East, possibly resulting from a better implementation of diagnostic methods (Wang and Jiang, 2020). The real incidence of the disease in the mentioned regions is most probably largely underestimated because registration is based on passively collected data (Dean et al., 2012).

In Kazakhstan, brucellosis remains a major livestock and public health problem. More than 1,300 cases of human brucellosis are registered annually corresponding to an incidence of 7.6 per 100,000 inhabitants. Seropositivity to Brucella antigens in cattle and small cattle is 0.6% and 0.4%, respectively (Charypkhan and Ruegg, 2022).

The high zoonotic potential, re-emergence of the infection in previously disease-free regions, and identification of new reservoirs underscore the need for modern molecular epidemiology approaches such as genotyping to trace source reservoirs and paths of introduction. For Brucella genotyping at subspecies level, two methods are most widely used, Multilocus Sequence Typing (MLST) and Multiple Loci VNTR polymorphisms (Variable Number of Tandem Repeats, MLVA; Whatmore et al., 2016; Vergnaud et al., 2018). Robust phylogenetic relationships can be obtained from nucleotide sequencing data owing to the strictly clonal evolution of classical Brucella spp. (Whatmore and Foster, 2021). The first MLST scheme included nine loci, seven housekeeping genes, the outer membrane protein gene omp25 and int-hyp. Six B. abortus MLST9 sequence types (STs) were initially described (Whatmore et al., 2007). Twenty-six B. abortus MLST9 STs are recorded in the current version of the Brucella spp. MLST database.1 Including 12 housekeeping genes in the genotyping resulted in the more discriminatory MLST21. Thirty MLST21 STs were initially described in 172 B. abortus strains defining three clades (A, B, C including C1 and C2; Whatmore et al., 2016) and 43 STs are recorded in the current version of the Brucella spp. MLST database (see text footnote 1). The rare clades A and B include strains originating almost exclusively from Africa and allow defining the most ancestral nodes within the B. abortus phylogeny. Clades C1 and C2 are found on five continents and their presence in Africa seem to result from livestock importation (Whatmore et al., 2016; Vergnaud et al., 2018). Several MLVA genotyping schemes have been proposed for Brucella, one most commonly used scheme is MLVA16 (Scholz and Vergnaud, 2013). MLVA16 combines two panels of markers: one VNTR panel with a low discriminatory ability allows determining the species and main genetic lineages, and the other VNTR panel with a high discriminatory ability but low phylogenetic value allows differentiating strains in local outbreaks (Scholz and Vergnaud, 2013; Whatmore and Foster, 2021). The current version (Brucella v4_6_5) of the Brucella MLVA data hosted by MLVAbank2 contains in vitro data derived from more than 1,400 B. abortus strains. The eight VNTR loci with the low discriminatory power (MLVA8) cluster B. abortus into 28 genotypes represented by at least two entries. MLVA alone is not suitable for phylogenetic reconstructions because of the high homoplasy at VNTR loci (Keim et al., 2004), but interestingly, MLVA using the low discriminatory markers (MLVA8, MLVA10 or MLVA11) and MLST clustering are highly congruent allowing to indirectly deduce phylogenetic signal from MLVA data (Vergnaud et al., 2018). Consequently, MLVA may constitute a first-line assay with low phylogenetic resolution until whole-genome sequencing (WGS) becomes sufficiently low-cost to be directly used as first line assay. MLVA genotypes can be readily deduced from WGS data with sequencing reads longer than 200 bp so that the highly discriminatory MLVA loci can also constitute a strain identity control tool (Vergnaud et al., 2018; Holzer et al., 2021; Pelerito et al., 2021).

The availability of whole-genome sequence (WGS) data opened the way to whole-genome and core genome MLST assays (wgMLST and cgMLST, respectively) with much higher resolution and phylogenetic value than these classical genotyping tools (Janowicz et al., 2018; Abdel-Glil et al., 2022). Genome-scale MLST assays as well as genome-wide SNP-genotyping confirmed the presence of the four major clusters A, B, C1, C2 in a collection of B. abortus with strains collected at a global scale (Whatmore and Foster, 2021; Abdel-Glil et al., 2022).

The current knowledge on the genetic diversity of B. abortus circulating in Kazakhstan is limited to MLVA-typing data. Interestingly, the MLVA genotyping investigations demonstrated low genetic diversity among strains circulating in Kazakhstan (Shevtsov et al., 2015; Daugaliyeva et al., 2018). Inclusion in the analysis of strains deposited since 1935 made it possible to describe the predominance of B. abortus clade C1, with genetic proximity of the majority of strains to Russian, Chinese and European strains. A few strains were assigned to B. abortus clade C2 (Shevtsova et al., 2016; Daugaliyeva et al., 2018). In order to better understand the population structure and origins of B. abortus in Kazakhstan, we selected 49 representative strains from Kazakhstan for whole-genome sequencing. We also selected 36 B. abortus strains representing the genetic diversity previously uncovered by MLVA within the historical collection maintained by Inrae, Nouzilly, France (Vergnaud et al., 2018) to determine phylogenic relations among B. abortus strains and to evaluate the usefulness of genomic data in the epidemiological control of the infection in a highly endemic region, such as Kazakhstan.



2. Materials and methods


2.1. Brucella abortus DNA and selection of strains for WGS

DNA analyzed were selected among 213 B. abortus strains isolated in Kazakhstan between 1943 and 2015 from bovine clinical material (aborted fetuses, lymph nodes, or whole blood). The strains were previously characterized by MLVA genotyping (Shevtsov et al., 2015; Shevtsova et al., 2016). The full MLVA assay (MLVA16) resolved 28 genotypes, 12 of which were represented by individual strains, the remaining genotypes were represented by up to 86 strains. The choice of strains for WGS was based on MLVA data, year and geographic origin. We selected 49 strains representing the 28 genotypes (up to eight strains per MLVA16 genotype). The selected strains originated from eight regions of Kazakhstan (Supplementary Table S1; Supplementary Figure S1).

Similarly, 212 B. abortus representative strains from the Inrae BCCN (Brucella Culture Collection Nouzilly) collected worldwide during the period 1976–2006 were previously characterized by MLVA (Vergnaud et al., 2018). Clade B and clade C represented 197 and 15 strains, respectively. A representative subset of 36 strains was selected for WGS (Supplementary Table S1).



2.2. Whole-genome sequencing

Kazakhstan strain sequencing was performed on the MiSeq platform (Illumina) as recommended by the manufacturer (Illumina, CA, United States). Nextera XT DNA Library preparation Kit (Illumina, CA, United States) was used to prepare libraries with double barcoding. Paired-end libraries were sequenced using MiSeq Reagent Kit v3 (600 cycles or 300 bp read length). De novo assemblies were produced using SKESA version 2.3.0 (Souvorov et al., 2018). The assemblies had an average of 49 contigs (range 33 to 88), an average N50 value of 171 kb (range 75 to 260 kb) and an average total assembly length of 3.25 Mb (range 3.229–3.256 Mb).

BCCN strains were sequenced by Genoscreen (Lille, France) using the MiSeq platform (Illumina). Read length was 250 bp. Sequencing reads were assembled using SPAdes version 3.13 (Bankevich et al., 2012). The assemblies had an average of 25 contigs (range 18 to 60), an average N50 value of 417 kb (range 251 to 884 kb) and an average total assembly length of 3.27 Mb (range 3.260–3.327 Mb).

Whole-genome MLST was run on genome assemblies using the BioNumerics “MLST for WGS” and “WGS tools” plugin and associated Brucella spp. scheme (Applied-Maths, Sint-Martens-Latem, Belgium). The plugins were also used to recover the MLST9 and MLST21 assignments (Whatmore et al., 2007, 2016) defined in the Brucella spp. database hosted by PubMLST (Jolley et al., 2018; Supplementary Table S1).

Raw reads were deposited in the European Nucleotide Archive BioProject PRJNA892249 (Kazakhstan collection) and PRJNA901374 (BCCN collection, France). Individual sequence reads archives (SRA), bioproject and biosample accessions are indicated in Supplementary Table S1.



2.3. Whole-genome single-nucleotide polymorphism analysis

All publicly available Brucella assemblies, sequence reads archive, and associated metadata, were downloaded from EBI ENA (read archives) or NCBI (assemblies) (last updated 2022-09-10). Sequence read archives were de novo assembled with SKESA. All assemblies were imported into BioNumerics version 8.1 (Applied-Maths, Sint-Martens-Latem, Belgium). The assemblies were used to produce artificial reads data sets (50 bp long, 10x coverage) for SNP calling by read mapping using genome assembly GCA_000740155 (B. abortus strain Tulya) as reference genome (Blouin et al., 2012; Vergnaud et al., 2018). The BioNumerics parameters for reads mapping were 95% minimum sequence identity, minimum inter-SNP distance 12 base-pairs. Maximum parsimony trees were drawn within BioNumerics. The list of all public datasets evaluated is presented in Supplementary Table S2. Supplementary Table S2 includes comments facilitating the selection of strains, including “duplicates” (more than one dataset available for the same strain), “redundant” (coincident wgSNP genotype). Some datasets provided poor coverage or induced topological issues, due to sample mix or inappropriate assembly procedure.

For input in BEAST version 1.10.4 (Suchard et al., 2018), a table of SNP positions from selected strains was exported from BioNumerics and SNPs were concatenated as fasta files. BEAST was run under a general time-reversible model of nucleotide substitution with a gamma distribution between sites, a relaxed molecular clock, Bayesian skyline plot (BSP) demographic model, lognormal distribution for population sizes as previously described (Kamath et al., 2016). The convergence of 20 independent runs with a chain length of 150 million was examined using Tracer v1.7 (Rambaut et al., 2018). The selected runs were merged with a burning of 15 million using LogCombiner and TreeAnnotator (Suchard et al., 2018). The resulting trees were visualized using FigTree v1.4.4 (Rambaut, 2018).



2.4. Analysis of homoplasia in MLVA profiles

The previously published MLVA16 profiles of 49 strains from Kazakhstan were used within BioNumerics for clustering based on categorical data distance measure and unweighted paired group with arithmetic means method (UPGMA). MLVA homoplasia was recognized when MLVA clustering was not congruent with the phylogeny deduced from wgSNP analysis.




3. Results


3.1. MLST assignment of the 49 Brucella abortus strains from Kazakhstan

Four MLST9 STs were present, ST1 (two strains) ST2 (45 strains), ST5 (one strain), and ST119 (new MLST9 genotype, represented by one strain). ST2 and the closely related ST119 belong to subclade C1 whereas ST1 and ST5 belong to subclade C2 (Whatmore et al., 2007). MLST21 resolves one additional genotype, as subclade C1 strain Kaz041 defined a new allele at MLST21 locus csdb due to a single-nucleotide variation (Supplementary Table S2). Using the wgMLST analysis assay, alleles could be called at 3,312 up to 3,345 loci in the 46 clade C1 strains. Seven hundred and three loci were called in all 46 strains and were polymorphic. Supplementary Figure S1 shows the clustering derived from the corresponding wgMLST character dataset of the 46 clade C1 strains.



3.2. Wgsnp based phylogenetic analysis of the 46 Brucella abortus subclade C1 strains from Kazakhstan

Figure 1 shows the phylogeny of 46 B. abortus subclade C1 strains from Kazakhstan deduced from wgSNP analysis. The maximum distance between two strains was 208 SNPs. Distances from root (blue star) to tips varied from 76 up to 117 SNPs. The analyzed Kazakhstan strains partitioned into six main branches labeled A to F. The topology obtained with wgSNP and wgMLST (Supplementary Figure S1) were identical. Branches A to D are defined by one to three different wgSNP genotypes corresponding to “historical” strains mainly collected in the Almaty region during the 1948–1970 period. All strains isolated from 2007 to 2015 were assigned to branches E and F. Whereas branch F was defined by a single strain, Kaz021, branch E could be further subdivided into four sub lineages labeled I to IV. Each one contained one or two historical strains in addition to recent strains. Lineage E-I is geographically associated with the Eastern and Northern parts of Kazakhstan (Figure 2). Lineages E-II to E-IV are predominantly associated with strains collected in 2015 in six settlements of the West Kazakhstan region (WKR).
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FIGURE 1
 Brucella abortus subclade C1, 46 strains from Kazakhstan. Maximum parsimony tree based on core genome SNPs. 1,146 SNPs were called by mapping on genome accession GCA_000740155 (B. abortus clade B strain Tulya). The size of the resulting tree is 1,151 SNPs (homoplasia 0.44%). Thirty-three whole-genome SNP (wgSNP) genotypes are resolved. Branch lengths of two SNPs and more are indicated by black numbers. Strains are labeled in gray with collection year and strain Ids and colored according to region of origin as indicated. The MLVA11 genotype is indicated for new lineages distinct from GT72 (GT338 to GT341). The blue star indicates the root of the phylogeny (branching point toward B. melitensis type strain 16 M used as outgroup). From the blue star, early splits define six branches, labeled A to F. Blue branches A to D are defined by a few ancient strains isolated between 1947 and 1970. Blue branch F is defined by one recent strain, KAZ021 isolated in 2015. Red branch E with 34 strains (24 wgSNP genotypes) is remarkable by its diversity (24 wgSNP genotypes) and high number of associated strains (34 out of 46). It contains all but one of the recent strains (isolated in 2007–2015) together with five ancient strains. The E branch is structured into four subbranches labeled I to IV in red. Strains closely related or coincident in terms of wgSNP genotype define eight clusters labeled WGS_1 to WGS_8.
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FIGURE 2
 Geographic origin of the B. abortus clade C1 strains from Kazakhstan. The size of the labels reflect the number of strains (from 1 to 10) in the corresponding location. The color code shown in the central inset reflects the phylogenetic position (branch assignment) indicated in Figures 1, 3.




3.3. Congruence between WGS phylogeny and MLVA clustering

The wgSNP analysis grouped 31 strains from Kazakhstan into 8 clusters labeled WGS_1 to WGS_8 in Figure 1; Supplementary Figure S1, which show a difference within each cluster of no more than 7 SNPs. Cluster WGS_1 comprised six “historical” strains lacking accompanying epizootological data, isolated in WKR, Akmola and Almaty regions between 1948 and 1970. The four strains identical by wgSNP from WGS_1 were also identical by MLVA16, while Kaz049 and Kaz046 differed at the highly variable Bruce07 locus. In spite of their very high wgSNP similarity, the strains were collected over a period of 13 years in three regions of Kazakhstan. Previous reports described similar long term maintenance of highly similar wgSNP or wgMLST genotypes (Garofolo et al., 2017; Janowicz et al., 2018; Allen et al., 2020; Holzer et al., 2021). Cluster WGS_2 was formed by ten strains isolated from Kostanay region in the 2008–2011 period and strain a_1 isolated in Almaty region in 2007. According to epidemiological data, nine out of ten strains from the Kostanay region represented four independent outbreaks. These strains represented three MLVA16 genotypes with a difference in the Bruce09 hypervariable locus. Cluster WGS_3 included two epidemiologically unrelated strains from EKR and Almaty regions, differing from each other by one SNPs, and by MLVA16 at the Bruce09 locus. Cluster WGS_4 was represented by two strains from the Kostanay region from two independent outbreaks which are identical in wgSNP and MLVA16. Cluster WGS_5 cluster was represented by two “historical” epidemiologically independent strains from WKR and Almaty regions identical in MLVA16 analysis and separated by two SNPs. Cluster WGS-6 combined two epidemiologically unrelated strains which are identical in their MLVA16 profiles and differ by three SNPs. Cluster WGS_7 combined two strains from the same outbreak in WKR, with an identical wgSNP genotype and differing in MLVA16 at locus Bruce07. Cluster WGS_8 combined four strains isolated in 2015 in the Akmola region, all from the same settlement and representing a single outbreak. The maximum difference between these strains is two SNPs, with all having an individual MLVA16 profile that differs in Bruce07 or Bruce09.

According to clustering on the basis of MLVA data, 10 MLVA16 genotypes (out of 28 genotypes) combined two to eight strains (Supplementary Figure S2). Homoplasia was suspected in five genotypes: MLVA_6 genotype includes two historical strains from Almaty (Kaz030 and Kaz041) and one recent strain from WKR (Kaz086). Kaz041 belongs to branch C, whereas Kaz086 and Kaz030 belong to E-III and E-IV, respectively, (Figure 1; Supplementary Figure S1). Genotype MLVA_7 included two strains, Kaz052 and Kaz070 isolated from Akmola and WKR regions in 2015, and belonging to E-IV and E-II, respectively. Genotype MLVA_14 combined four historical strains isolated from WKR and Akmola part of cluster WGS_1 from branch C and strain a_112 isolated in Kostanay in 2011 from branch E-I. Genotype MLVA_16 combined seven strains from cluster WGS_2 in branch E-I isolated in Almaty and Kostanay between 2007 and 2011, and also historical strain Kaz046 isolated in Almaty in 1957, belonging to cluster WGS_1 branch C. The MLVA_19 genotype combined strain Kaz020 (branch E-I, isolated in 2015, EKR region) and historical strain Kaz029 from Atyrau region from branch E-III. These lack of congruence between MLVA16 typing and wgSNP phylogeny are due to minor variations in the most variable loci constituting panel2B, in agreement with previous observations regarding the instability of these loci (Garcia-Yoldi et al., 2007; Maquart et al., 2009; Allen et al., 2020).



3.4. Comparison of the 46 Brucella abortus subclade C1 strains from Kazakhstan with public datasets

For comparison, we recovered 148 public WGS datasets, and eight B. abortus subclade C1 WGS datasets from the BCCN collection (Supplementary Table S2). Fifty-three duplicate datasets were removed (WGS data available as assembly and sequence reads archives, or identical strains sequenced by different institutions). Datasets contributing terminal branches shorter than five SNPs were also removed. Figure 3 shows the result of wgSNP analysis of the 46 B. abortus subclade C1 strains from Kazakhstan together with 77 selected WGS datasets of worldwide origins. Starting from the root, four main lineages were defined. Branch length from root to tip vary from 280 up to 309 SNPs. All 46 Kazakhstan strains clustered in one of these four clade C1 sub-lineages. Most Kazakhstan strains were closest to strains from neighboring countries, Russia and to a lower extend, China. About 10 independent introductions from these neighbors would be sufficient to explain the observed topology of the tree. Figure 4 shows an enlarged view of the subclade C1 lineages containing the Kazakhstan strains, together with the region of origin of the strains. Most strains from Kazakhstan appeared to be closest to strains from neighboring Russia and Georgia (Sidamonidze et al., 2017; Kovalev et al., 2021). For instance, the unique branch F representative from Kazakhstan, Kaz021 isolated in 2015, is surrounded in Figure 4 by multiple strains from Russia (North Caucasus) and Georgia. Branches A and D showed interesting features. In branch D, a split created a sublineage populated by seven strains collected in Western Europe, and one from Egypt. Branch A comprised only one strain from Kazakhstan and one from Italy.
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FIGURE 3
 Brucella abortus subclade C1, position of the Kazakhstan strains within the global subclade C1 phylogeny. Maximum parsimony tree based on core genome SNPs. A total of 123 strains was used, including 77 selected strains of worldwide origins in addition to the 46 Kazakhstan strains. 5,446 SNPs were called by mapping on genome accession GCA_000740155 (B. abortus strain Tulya). The size of the resulting tree is 5,487 SNPs (homoplasia 0.75%). Strains are colored according to country of origin as indicated. The blue star indicates the root of the phylogeny (branching point toward B. abortus clade B strain Tulya used as outgroup). Representative estimated divergence dates are indicated (CE, common era).
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FIGURE 4
 Zoom on B. abortus subclade C1, position of the Kazakhstan strains within the global subclade C1 phylogeny. Close-up on Figure 3. Strains are colored according to country of origin as indicated and labeled with region of origin when known. The blue star indicates the root of the phylogeny (branching point toward B. abortus clade B strain Tulya used as outgroup). Branch names A to F defined in Figure 1 are shown. Representative estimated divergence dates are indicated (CE, common era).




3.5. Comparison of the three Brucella abortus clade C2 strains from Kazakhstan with public datasets

Public databases contain 880 B. abortus subclade C2 WGS datasets including assemblies and sequence read archives (Supplementary Table S2). After removal of datasets achieving a poor coverage of the reference genome, 870 datasets were available for comparison. Strain Kaz031 from Kazakhstan clustered in a tight group of approximately 100 strains, including representatives of strains 2308, RB51, S19, and B. abortus reference strain 544. RB51 is used as a vaccine, and was derived from 2308 (Schurig et al., 1991). Of note, Kaz031 differs by two SNPs from Brucella vaccine strain A19 (assembly accession GCA_003290345). The two other subclade C2 strains from Kazakhstan clustered together with vaccine strain 104 M. A total of 80 and 87 SNPs separated strains Kaz027 and Kaz025 from the vaccine strain B. abortus 104 M (assembly accession GCA_001296965). The two strains are also separated by three up to 18 SNPs from assembly accessions GCA_000250835 (an entry incorrectly labeled as a derivative of B. melitensis type strain 16 M, strain 16M13W), GCA_000292025 and GCA_000298635 (Supplementary Figure S3).



3.6. Global view of Brucella abortus phylogeny based on currently available WGS datasets

A total of 1,169 B. abortus WGS datasets could be investigated including public datasets (Supplementary Table S2) and the 85 datasets produced for this report. Two hundred and thirty-six datasets were kept after removal of duplicates, redundant datasets, poor datasets, and closely related strains contributing terminal branches shorter than 5 SNPs. Figure 5 shows a global view of the phylogeny of B. abortus deduced from this dataset. The three clades, A, B, and C, were clearly resolved. Clades A and B showed a strong geographic association, clade A with East Africa, and clade B with West Africa. Clade C subclade C1 was predominantly associated with the eastern part of Eurasia, and subclade C2 with the western part of Eurasia as well as North and South America. Estimated divergence dates of the most ancestral nodes are shown. Supplementary Figure S4 shows the same phylogeny with more detailed metadata information.
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FIGURE 5
 Global B. abortus phylogeny. Maximum parsimony tree based on core genome SNPs. A total of 236 representative strains was used and 16,987 SNPs were called by mapping on genome accession GCA_000740155 (B. abortus strain Tulya). The size of the resulting tree is 17,178 SNPs (homoplasia 1.12%). Nodes are colored according to geographic origin as indicated. The blue star indicates the root of the phylogeny (branching point toward the B. melitensis type strain 16 M). The largest branch lengths and the scale are shown. Representative estimated divergence dates are indicated (CE, common era; BCE, before common era).




3.7. Tentative dating of Brucella abortus introduction events in Kazakhstan

As a preliminary attempt to date these introduction events, we applied BEAST to the previous selection of 236 B. abortus and to 193 B. melitensis strains (Supplementary Table S2). B. melitensis and B. abortus are closest relatives within genus Brucella. They share the same mutation inactivating the Entner–Doudoroff pathway (EDP) for hexose catabolism, suggesting that their most recent common ancestor was already an obligate animal pathogen (Machelart et al., 2020). The inclusion of B. melitensis allowed to take advantage of the WGS sequence data recovered from a well-dated Medieval sample (Sardinia, circa year 1,375 CE), thus providing a key time point (Kay et al., 2014). SNPs were called by mapping on genome accession GCA_000740155 from B. abortus strain Tulya (23,086 SNPs were identified). Representative dating estimates are included in Figures 3–5. The analysis suggested that currently circulating B. abortus strains in Kazakhstan originated from imports in the 19th and 20th century. The split toward the European sublineage in branch D would have occurred in year 1759–1842. The Italian and Kazakhstan strains constituting branch A would share a most recent common ancestor circa year 1,641–1762. The estimated molecular evolution rate is 0.3 SNP per year per genome (95% HPD—highest probability density—range 0.24–0.45). A higher evolution rate of 0.46 SNP per year per genome (95% HPD range 0.30–0.74) was previously proposed (Kamath et al., 2016). The main differences in the two investigations were the collection of strains used (both B. abortus and B. melitensis in the present investigation versus North American B. abortus clade C2 only in Kamath et al.) and the inclusion in the present investigation of the Medieval sample.




4. Discussion

Brucellosis in cattle remains a major problem for cattle breeders in Kazakhstan. Genetic monitoring of genotypic dynamics is not included in the infection control strategy at the state level, but is implemented in the country through scientific grants and is mainly based on MLVA technology. This is the first study to describe the genetic diversity of B. abortus isolated between 1947 and 2015 in the territory of Kazakhstan using genome-wide sequence data that confirmed the presence of the two major subclades C1 and C2. Clades A and B were absent, in agreement with the previously published MLVA clustering analysis (Shevtsova et al., 2016; Daugaliyeva et al., 2018) and well established very strong geographic association of clades A and B with East and West Africa, respectively, (Whatmore et al., 2016; Vergnaud et al., 2018).

In this study, in five among the 10 MLVA16 genotypes represented by at least two strains, unrelated wgSNP genotypes were observed. The high percentage of homoplasia in the VNTR analysis is primarily due to the targeted selection of strains with identical MLVA16 from outbreaks which are unrelated by epidemiological data, and to the high level of homoplasia associated with the most variable VNTR loci. Four out of five cases of MLVA16 homoplasia involved combinations of the “historical” and currently circulating strains. Therefore, MLVA16 homoplasia seems higher in strains collected over an extended period of time. Eight wgSNP clusters were identical in MLVA16 or differed only in one or two hypervariable loci (Bruce07 or Bruce09), generally supporting the MLVA clustering. Previous studies of B. abortus strains using whole-genome SNP analysis and MLVA demonstrated similar results in outbreak differentiation and detection of imported strains, with a conclusion of a need to use genome-wide SNPs for reliable phylogenetic inference (Garofolo et al., 2017; Allen et al., 2020; Suárez-Esquivel et al., 2020; Holzer et al., 2021). Comparable strain clustering for MLVA11 and wgSNP allows MLVA in combination with epidemiological data to be considered as a first choice of methods to select strains for WGS in highly endemic regions, but only WGS analyzes will provide sufficiently precise phylogenetic information and might progressively become the first choice methods if global sequencing costs keep decreasing.

The identification of very closely related wgSNP genotypes in different regions with a difference of isolation by several years indicates a long-term circulation of B. abortus genotypes in Kazakhstan. Also, identification of the same wgSNP genotype cluster in unrelated outbreaks in the same region, such as Kostanay, indicates circulation of infected animals between farms. Thus, uncontrolled cattle trade and movement, as well as keeping animals from different farms on the same pastures, is postulated to be among main factors in the spread of the cattle brucellosis infection in Kazakhstan (Syzdykov et al., 2014; Charypkhan et al., 2019).

The Bayesian phylodynamic approach suggested that B. abortus lineages currently circulating in Kazakhstan were introduced in the 19th-20th centuries from Europe, mainly from Russia (North Caucasia). It may be interesting to note that evolution of subclades C1 and C2 showed similarities in this respect. The import of clade C2 into the United States was dated to the end of the 17th century (Kamath et al., 2016), with closest neighbor lineages corresponding to strains isolated in Western Europe.

The introduction of B. abortus clade C1 in Kazakhstan might have happened during periods of human migration and because of the importation of numerous livestock for breeding with native breeds of cattle. Migration processes to Kazakhstan from the territory of the Russian Empire, and later the USSR, began with the accession of the northern territories of Kazakhstan in the Russian Empire in the 1730s and continued until the 1970s (Qazaqstan_tarihy, 2018; Presidential_Library_RF, 2022). The imperial period was characterized by mass migration of peasants, whose migration had an impact on the livestock breeding system of the nomadic people. Migrations had a wave-like character and were associated with the abolition of serfdom and the resettlement of free peasants from the European part of Russia since 1861. In 1889 the law on resettlement provided land plots and loans to peasant settlers. Crop failure and famine in European Russia and the Stolypin reforms of 1906–1911 further stimulated these migrations (Rather and Abdullah, 2018). In 1897 Russians made up 12 percent of the total population of Kazakhstan, i.e., 600,000 inhabitants. From the end of the 19th century to 1916, about 1,400,000 European Russians arrived in the Kazakh steppes, making up 40% of the population of the steppe regions of Kazakhstan (Bell-Fialloff, 2016). There are no exact data on imported livestock for that period, however, there are some data indicating that people moved with their livestock, and original Kalmyk-cattle-breeds appeared in Kazakhstan along with immigrants from Voronezh, Stavropol, Astrakhan, and other provinces of southern Russia (Belmont, 1960). During this period, many Kazakhs were forced to rebuild their traditional way of life with the transition to agriculture and a semi-nomadic lifestyle due to the seizure of land in favor of settlers for farming and taking rangelands to graze Russian riches’ cattle (Sailaukyzy et al., 2018). In the structure of Kazakhs herds, the number of cattle had increased because of greater demand for cattle meat. At the end of the 19th and the beginning of the 20th century, selective transformation of aboriginal cattle began, for which a massive import of cattle from various regions of Russia was carried out. For example, to create the Alatau breed from 1904 to 1940, Swiss and Kostroma cattle were brought to Kazakhstan and Kyrgyzstan from the Smolensk, Sumy and Kostroma regions (Soldatov, 2001). The Aulieatinskaya cattle breed has been developed since 1885 by crossing the Dutch Black Pied breed with aboriginal cattle and subsequent improvement in the 1930s of the 20th century by East Friesian bulls (Dmitriev and Ernst, 1989). All these processes might have constituted opportunities for a wide distribution of European strains of B. abortus in Kazakhstan, but it is important to note that essentially subclade C1 strains contaminate Kazakhstan whereas Western Europe is associated with subclade C2. Subclade C1 is common in North Caucasus (Kovalev et al., 2021). At the same time, the disastrous large-scale collectivization carried out in 1929–1933 resulted in a four-fold reduction in the local cattle population (Zhumasultanova, 2021), which could lead to a reduction in the historically circulating strains of B. abortus. The observed reduction in the genetic diversity of B. abortus strains in Kazakhstan in the 21st century is possibly associated with the successful implementation of epidemic-control activities similar to methods implemented in the 1970–1980s. During 4 years, from 1981 to 1985, the incidence of brucellosis in cattle decreased from 3.5 to 2.2% and a reduction in the most affected areas was as high as 30% (Shablov et al., 1988). Another factor for consideration is a two-fold reduction in the cattle population from 1991 to 2000.

The isolation of two B. abortus subclade C2 strains Kaz025 and Kaz027 genetically closest to the B. abortus 104 M vaccine strain is intriguing. We could not find records of the use of this vaccine in Kazakhstan. The B. abortus 104 M strain was first isolated from an aborted fetus of cattle in the central European Russia in 1929, selected and proposed as a vaccine strain for human vaccination by Kh. S. Kotlyarova in 1950 (Kotlyarova, 1950; Shumilov et al., 1983). Despite proven immunogenicity, strain 104 M did not find wide application in the USSR and was used in experimental vaccination of cattle and in limited production trials on small cattle. In this connection, the probability of importation of a vaccinated animal is low. We are more inclined toward the introduction of genetically close pathogenic strains. Expanding the results of genome-wide data on B. abortus strains isolated in the central European Russia will improve understanding of the origin of strains Kaz025 and Kaz027.



5. Concluding remarks

The new data of various origins contributed in this report strengthen the strong association of clades A and B with East and West Africa, respectively. The topology of the observed phylogeny combined with human history is pointing to East Africa as current most parsimonious scenario for the origin of B. abortus. The WGS data analysis of B. abortus strains from Kazakhstan shows that currently circulating lineages were introduced only recently in Kazakhstan, most of them during the 19th or 20th century. The closest currently known lineages are present in Caucasia, in agreement with the history of recent population migrations. This recent introduction is reminiscent of the situation described in Costa Rica, in which WGS data analysis allowed to identify five independent introductions responsible for the current population structure of B. abortus in Costa Rica (Suárez-Esquivel et al., 2020). Costa Rica was contaminated by B. abortus subclade C2 strains, imported from neighboring countries, whereas Kazakhstan was contaminated essentially by subclade C1 strains. This reflects the progressive spread of Brucella worldwide.
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Brucellosis remains one of the most significant zoonotic diseases globally, responsible for both considerable human morbidity and economic losses due to its impacts on livestock productivity. Despite this, there remain significant evidence gaps in many low- and middle-income countries, including those of sub-Saharan Africa. Here we report the first molecular characterisation of Brucella sp. from Ethiopia. Fifteen Brucella sp. isolates from an outbreak in cattle from a herd in central Ethiopia were identified as Brucella abortus, using bacterial culture and molecular methods. Sequencing of the Ethiopian B. abortus isolates allowed their phylogenetic comparison with 411 B. abortus strains of diverse geographical origins, using whole genome single nucleotide polymorphisms (wgSNP). The Ethiopian isolates belonged to an early-branching lineage (Lineage A) previously only represented by data from two strains, both of sub-Saharan African origin (Kenya and Mozambique). A second B. abortus lineage (Lineage B), also comprised solely of strains originating from sub-Saharan Africa, was identified. The majority of strains belonged to one of two lineages of strains originating from a much broader geographical range. Further analyses based on multi-locus sequence typing (MLST) and multi-locus variable-number tandem repeat analysis (MLVA) expanded the number of B. abortus strains available for comparison with the Ethiopian isolates and were consistent with the findings from wgSNP analysis. MLST profiles of the Ethiopian isolates expanded the sequence type (ST) diversity of the early branching lineage of B. abortus, equivalent to wgSNP Lineage A. A more diverse cluster of STs, equivalent to wgSNP Lineage B, was comprised solely of strains originating from sub-Saharan Africa. Similarly, analysis of B. abortus MLVA profiles (n = 1891) confirmed that the Ethiopian isolates formed a unique cluster, similar to only two existing strains, and distinct from the majority of other strains of sub-Saharan African origin. These findings expand the known diversity of an under-represented lineage of B. abortus and suggest a potential evolutionary origin for the species in East Africa. In addition to providing information concerning Brucella species extant within Ethiopia this work serves as the basis for further studies on the global population structure and evolutionary history of a major zoonotic pathogen.
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 Brucella abortus, sub-Saharan Africa, lineage, whole genome sequencing, molecular typing


1. Introduction

Brucellosis is a zoonotic infection caused by bacteria of the genus Brucella, which affects domestic livestock and a wide range of wild mammals (Ducrotoy et al., 2017). The disease is amongst the most common zoonotic infections globally, with an estimated 500,000 human cases annually (Pappas et al., 2006), though this figure is likely to be a significant under-estimate of the burden of disease (Moreno et al., 2022). Brucellosis remains endemic in much of Africa, South America, the Middle East and the Mediterranean region of Europe (Pappas et al., 2006; McDermott et al., 2013). However, there is a notable lack of evidence concerning endemic brucellosis in many low-income countries of Africa and Asia (McDermott et al., 2013).

Infection in humans occurs primarily as a result of direct contact with infected animals (in particular their products of conception), or ingestion of unpasteurised dairy products from infected animals (Corbel, 2006). Human brucellosis is characterized by febrile illness which can lead to debilitating chronic conditions if left untreated (Dean et al., 2012). In addition, brucellosis has indirect health consequences, especially for livestock-keeping populations in resource-limited settings, which depend on livestock for food security and income (McDermott et al., 2013; Lokamar et al., 2020).

The majority of human brucellosis infections are caused by two Brucella species, Brucella melitensis and Brucella abortus, which exhibit marked livestock host preferences (Corbel, 2006). Brucellosis in small ruminants (sheep and goats) is primarily caused by B. melitensis, whilst in cattle the infection is most commonly caused by B. abortus. However, in areas where cattle are kept in close association with sheep or goats, as is common in many mixed-livestock keeping populations, infection in cattle may also be caused by B. melitensis, and in small ruminants by B. abortus (e.g., Akoko et al., 2021).

Developments in molecular typing have contributed to current understanding of the global population structure of Brucella spp. organisms and of local disease epidemiology (Whatmore and Foster, 2021; Ashford and Whatmore, 2022). Two methods, in particular, have been applied to explore genetic relationships between Brucella species, and relate these to the geographic origin of strains; multi-locus sequence typing (MLST) and multi-locus variable number tandem repeat analysis (MLVA). Whatmore et al. (2016) used a 21-locus MLST scheme (extending the existing 9-locus scheme; Whatmore et al., 2007) to identify three major clades within B. abortus (referred to as A, B and C). In this dataset clades A and B were comprised entirely of isolates of sub-Saharan African origin (Chad, Kenya, Mozambique, Nigeria, Sudan, Uganda and Zimbabwe), whilst clade C (further sub-divided into C1 and C2) originated from a broad geographical range and contained the majority of isolates for which data were available. Clade A, the most basal in the B. abortus MLST phylogeny, was represented by just two historical strains, isolated from Kenya and Mozambique in 1963 and 1988, respectively. It was suggested that these findings indicate the existence of substantial diversity yet to be characterised in B. abortus isolates from Africa, which are significantly under-represented in molecular typing databases.

Multi-locus variable-number tandem repeat analysis loci are not typically employed for inferring ancestral phylogenetic relationships, due to their higher mutation rates and greater risk of homoplasy (e.g., Keim et al., 2004). Nonetheless, global analyses of B. abortus population structure based on MLVA have supported findings from MLST studies. For example, a large analysis by Vergnaud et al. (2018) described three B. abortus clades which correspond broadly with the clades B, C1 and C2 described above. Clade B was comprised solely of isolates originating in Africa, with the majority of these isolated in West Africa (Cameroon, Guinea, Guinea-Bissau, Mauritania, Niger, Senegal, Togo) and a smaller number from the east of the continent (Rwanda and Sudan). Clade A was absent from this analysis, which did not include data from the two basally located strains reported by Whatmore et al. (2016).

Whole genome sequencing (WGS) methods are increasingly being applied to describe relationships between Brucella strains, either replacing established molecular typing techniques or augmenting studies based on existing approaches (e.g., MLST) and extracting these data in silico (Whatmore and Foster, 2021; Ashford and Whatmore, 2022). Ledwaba et al. (2021) reported B. abortus isolates from various regions of South Africa, using whole-genome single nucleotide polymorphisms (wgSNPs) to describe relationships with publicly available genomes. Consistent with previous results, three major lineages (referred to as A, B and C) were identified, with the South African isolates clustering in lineage C, with isolates from a broad geographic range, including Africa (Mozambique and Zimbabwe), Europe, Asia and America. Other recent studies reporting whole genome sequencing of B. abortus from North Africa have focused primarily on local disease epidemiology rather than broader population structure (Holzer et al., 2021; Khan et al., 2021).

In Ethiopia, studies from various regions of the country have reported individual-level brucellosis prevalence ranging from 0.06% in commercial intensive dairy production (Edao et al., 2018) to 9.7% in an extensive production system at the livestock-wildlife interface (Chaka et al., 2018). A recent systematic review and meta-analysis reported an estimated seroprevalence of 2.6% (95% CI: 2.2–3.0) in cattle, which increased to 16.3% (95% CI: 12.9–20.5) when herd-level prevalence was estimated (Sibhat et al., 2022). However, only two studies have reported the isolation of Brucella sp. strains from Ethiopia. Tekle et al. (2019) reported the isolation of B. melitensis from goats in the Afar region of eastern Ethiopia, and Geresu et al. (2016) reported the isolation of B. abortus from dairy cattle in central Ethiopia. To date there have been no studies reporting the molecular typing of Brucella sp. from Ethiopia.

There remains a dearth of B. abortus strains originating from sub-Saharan Africa (SSA), and WGS data from this region are consequently significantly under-represented in public sequence databases. To date there have been no published global analyses of B. abortus integrating data from both WGS and existing molecular typing methods (MLST and MLVA). In this study, we report the first isolation and molecular characterisation of Ethiopian B. abortus strains. We apply existing molecular typing approaches and whole genome sequence data analysis in order to characterise the strains and their phylogenetic placement relative to the global diversity of this important zoonotic pathogen.



2. Materials and methods


2.1. Study location, animals and sample collection

Adami Tullu Agricultural Research Centre (ATARC) is located in the mid Rift Valley, central Ethiopia, 167 km south of Addis Ababa in Oromia National Regional State (Figure 1). It lies at latitude 7°9’N and longitude 38°7′E at an elevation of 1,650 m above sea level. The study population included a total of 547 Jersey or Holstein Friesian (Bos taurus), Arsi zebu (Bos indicus) and crossbred (Bos indicus × Bos taurus) dairy cattle, which were reared semi-intensively at ATARC. A high number of abortions within the ATARC herd were reported to the Assela Veterinary Regional Laboratory in March 2018, and consequently an investigation of the outbreak was conducted (Edao, 2020).
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FIGURE 1
 Map of Ethiopia, showing Adami Tullu Jido Kombolcha District and the location of Adami Tullu Agricultural Research Centre (ATARC).


Seropositive animals were identified using serial testing by Rose Bengal test (RBT) and competitive ELISA (cELISA; Table 1), performed according to standard protocols (WOAH, 2018). Of 547 animals in the ATARC herd 125 (22.85%) were identified as seropositive by both RBT and cELISA (Table 1). A sub-sample of seropositive animals with a history of abortion were opportunistically selected during culling for post mortem sample collection. From these 30 animals, 66 samples were collected for bacteriological culture, comprising 28 vaginal swabs, 24 uterine tissue samples, 13 mammary gland lymph node samples and a single placental sample. A vaginal swab was available for 28 animals; 23 also had a uterine tissue sample, ten additionally had a mammary gland lymph node sample and in two cases a mammary gland lymph node sample was available but uterine tissue was absent. The two animals missing swab samples had, respectively, one (placenta) and two (mammary gland lymph node and uterine tissue) other samples.



TABLE 1 Summary data for 125 seropositive cattle identified by Rose Bengal test (RBT) and competitive ELISA (cELISA) during the suspected brucellosis outbreak investigation at Adami Tullu Agricultural Research Centre (ATARC), central Ethiopia.
[image: Table1]

Tissue samples (uterus, mammary gland lymph nodes and placenta) were collected into 20 ml sterile centrifuge tubes with sterile saline. Vaginal swabs were collected using Amies sterile media swabs (Deltalab, Spain). Thereafter, all samples were transported with ice packs to the Aklilu Lemma Institute of Pathobiology, Addis Ababa University (ALIPB-AAU) where they were stored at −20°C until shipped to the WOAH Brucellosis Reference Laboratory and FAO Reference Centre for Brucellosis at the Animal and Plant Health Agency (APHA) in the United Kingdom.



2.2. Brucella isolation and culture

Bacteriological confirmation was performed using standard protocols (Alton et al., 1975), at the Animal and Plant Health Agency (APHA), United Kingdom, between August 2018 and October 2018. A total of 66 samples consisting of 28 vaginal swabs and 38 tissue samples were cultured. The tissue samples were manually trimmed then macerated using a mechanical homogeniser (Stomacher Bagmixer 100 MiniMix, Seward Ltd, United Kingdom). The tissue suspensions and swab samples were inoculated directly onto both Farrell’s and serum dextrose agar (SDA) media plates. All plates were incubated with 10% CO2 at 37°C for three to five days. One colony was selected for sub-culture on Farrell’s media for further molecular identification and typing. Pure colonies were harvested in 500 μL nuclease-free water and inactivated at 100°C for 10 min, to produce thermo-lysates.



2.3. Molecular identification of isolates

The identity of isolates was initially confirmed using Brucella spp. specific quantitative PCR (qPCR) assays based on insertion sequence IS711 and bcsp31 targets (Probert et al., 2004; Matero et al., 2011, respectively). The qPCR assays were considered positive when amplification was observed at cycle threshold (Ct) values of ≤ 35 for IS711 and ≤ 40 for bcsp31. Identification to species level was performed using the Bruceladder multiplex PCR (Mayer-Scholl et al., 2010; López-Goñi et al., 2011) and qPCR-based single nucleotide polymorphism (SNP) typing (Gopaul et al., 2008). For all assays, thermo-lysates, prepared as described above, were used.



2.4. Whole genome sequencing

Brucella sp. cultures identified as described above were subsequently submitted for whole genome sequencing. Thermo-lysates were pelleted by centrifugation (10,000 g for 10 min), prior to DNA extraction using the Qiagen DNeasy Blood and Tissue Kit (Qiagen, United Kingdom) following the manufacturer’s protocol for Gram-negative bacteria. DNA concentrations were quantified using the Qubit 2.0 fluorometer and Qubit dsDNA HS (High Sensitivity) Assay Kit (Thermo Fisher Scientific, United Kingdom). Genomic libraries were constructed using the NEBNext Ultra II DNA Library Prep Kit for Illumina (New England Biolabs Inc., United Kingdom) according to the manufacturer’s instructions. The library size selection was 550 base pairs (bp) and a 250 bp paired-end (PE) sequencing strategy was employed using the MiSeq platform and MiSeq Reagent Kit V2 (Illumina Inc., San Diego, CA, United States), following the manufacturer’s recommended protocol. Basic quality control metrics for the raw sequence data were generated using FastQC1 and the reads were trimmed using fastp (Chen et al., 2018) to remove low quality reads and adapter sequences.



2.5. Whole genome sequencing data collection and quality assessment

Genome data downloaded from NCBI2 and ENA3 were manually checked and duplicate entries removed. This included reference and vaccine strains sequenced by multiple institutions, as well as strains present in both assembly and short-read data formats. Sequence reads with similarity to Brucella species were identified using Kraken 2 (Wood et al., 2019) and Bracken (Lu et al., 2017) and samples with < 70% reads assigned to B. abortus were excluded from further analyses.



2.6. Whole genome SNP (wgSNP) analysis

The B. abortus biovar 1 reference strain 9-941 (RefSeq accession number: GCF_000008145.1) was used as the reference genome for mapping of the Ethiopian sequences and NCBI/ENA data. B. abortus 9-941 is a well characterised reference strain which was the first published genome sequence for the species (Halling et al., 2005). The genome is a complete assembly (NCBI accession numbers NC_006932 and NC_006933 for chromosome I and II respectively) which has previously been used as a reference in several published whole genome sequencing studies (e.g., Suarez-Esquivel et al., 2020). The bactmap pipeline4 was used for mapping and variant calling. Briefly, sequence data were mapped to the reference with BWA mem (Li and Durbin, 2009), variants were called and filtered with BCFtools (Li, 2011) and consensus fasta sequences were generated for each sample using a python script. The consensus fasta sequences and the reference sequence were then used to create a multiple sequence alignment from which the variant sites were extracted using SNP-sites (Page et al., 2016). Samples that mapped to < 75% of the reference genome were omitted from further analyses. The resulting alignment of variable SNP sites was then used to construct a maximum likelihood phylogeny with IQ-TREE (Nguyen et al., 2014) using the model finder (MFP) and 1,000 fast bootstraps. The phylogeny was rooted using B. melitensis type strain 16MT (GCF_000007125.1) and visualised and annotated using the R library ggtree (Yu et al., 2017; R Core Team, 2022). Pairwise SNP distances for all genomes were calculated using pairsnp.5



2.7. In silico MLST and MLVA

Ethiopian B. abortus isolates and B. abortus fastq files downloaded from the ENA were de novo assembled using SPAdes v3.13.1 (Bankevich et al., 2012). The quality of the final assemblies was assessed using Quast (Gurevich et al., 2013).

Assembled genomes of the Ethiopian Brucella isolates underwent in silico multi-locus sequence typing (mlst)6 to retrieve both nine and 21 locus allelic profiles (Whatmore et al., 2007, 2016). In silico MLST was also performed on B. abortus genome assemblies retrieved from NCBI and short-read data from ENA (following de novo assembly). Additionally, B. abortus allelic profiles from the Brucella PubMLST database7 were downloaded for inclusion in the analysis. This database includes MLST profiles generated using both Sanger sequencing and in silico MLST typing from WGS data.

In silico 16-locus MLVA (MLVA16: Le Fleche et al., 2006) typing was undertaken using a purpose-written script (MLVA_finder)8 applied to genome assemblies, as described by Vergnaud et al. (2018). Genotypes obtained by in silico MLVA16 analysis were compared with entries for B. abortus accessed via the publicly accessible Brucella MLVA database9 (Brucella v4_6_3). This database includes MLVA profiles generated using both traditional fragment sizing approaches and in silico MLVA typing from WGS data (Vergnaud et al., 2018). The Hunter-Gaston diversity index (HGDI) was used to describe the discriminatory capacity of MLVA loci for Ethiopian isolates (Hunter and Gaston, 1988).

Molecular typing data downloaded from PubMLST and MLVA databases, respectively, were manually checked and duplicate entries removed. This included reference and vaccine strains sequenced by multiple institutions, as well as field isolates for which both conventional (Sanger sequencing) data and in silico typing data were present. Allelic profiles and associated metadata for both MLST and MLVA were visualised with minimum spanning trees, using GrapeTree (Zhou et al., 2018).




3. Results


3.1. Brucella culture and molecular identification

Of 66 bovine tissue and swab samples processed for isolation of Brucella spp., 15 samples (22.7%) were culture positive (nine mammary gland lymph nodes, three uterine tissues and three vaginal swabs). Table 2 summarises the samples from which putative Brucella sp. cultures were recovered. Thermo-lysates from cultures generated Ct values between 13.05 and 14.36 for IS711 and 15.44 and 17.04 for bcsp31, confirming that all isolates belong to the genus Brucella (see Supplementary Table S1). Bruceladder multiplex PCR identified all 15 isolates as B. abortus based on the pattern of amplified products observed following electrophoresis (products corresponding to 1,682, 794, 587, 450 and 152 bp in length; see Supplementary Table S1). Similarly, qPCR-based SNP assays identified all isolates as B. abortus (see Supplementary Table S1).



TABLE 2 Details of Brucella abortus isolates from Ethiopian cattle included in the current study, with NCBI SRA accession numbers.
[image: Table2]



3.2. Whole genome sequencing, de novo assembly and quality assessment

An average of 2,787,993 reads per sample were generated by Illumina sequencing of the Ethiopian B. abortus isolates. Summary statistics for Illumina sequencing and mapping for each isolate are provided in Supplementary Table S2. De novo assembly of the Ethiopian sequence data resulted in an average of 38 contigs per genome, an average total genome length of 3,273,080 bp, an average GC content of 57.23% and an average N50 of 389,770. Summary statistics for each de novo genome assembly are provided in Supplementary Table S2.

Five NCBI genome assemblies were removed from further analysis following identity assessment by Kraken/Bracken, due to the low proportion of reads identified as originating from B. abortus (< 70%). For two of these assemblies the majority of reads were identified as Brucella suis (strains BCB013 [GCA_000292205] and B104M [GCA_000292045]), whilst for three the majority of reads were identified as B. melitensis (strains S-586 [GCA_016091965], 2308 [GCA_018604785] and BCB027 [GCA_000292145]). Following mapping, 84 SRA datasets were removed due to the relatively low proportion of the reference genome mapped by the reads (< 75%). These SRA datasets included 72 from the United States, seven from Costa Rica and five from Egypt.



3.3. Whole genome SNP (wgSNP) analysis

Phylogenetic analysis was undertaken using a total of 426 B. abortus whole genome sequences. In addition to data from 15 Ethiopian isolates this included 153 assembled genomes and 258 short read datasets, downloaded from NCBI and ENA, respectively. Accession numbers for all downloaded sequences can be found in Supplementary Table S3. Mapping of Ethiopian B. abortus sequence data against reference strain 9–941 demonstrated that all Ethiopian B. abortus isolates differed by at least 3,749 SNPs from the chosen reference strain. Within the Ethiopian B. abortus isolates there was relatively little diversity evident in wgSNP analysis, with no more than five SNPs identified between any two strains within the panel (0–5). A matrix of pairwise SNP distances between all strains incorporated in the wgSNP analysis is provided in Supplementary Table S4.

Phylogenetic analysis based on wgSNPs demonstrated that B. abortus from Ethiopia clustered with B. abortus strains from Mozambique (strain 88/217) and Kenya (strain 63/294; Figure 2; Lineage A). These two strains, along with the 15 Ethiopian isolates, formed a distinct lineage, basal to all other B. abortus strains included in the current analysis. Strains 88/217 and 63/294 differed from the Ethiopian isolates by 828 to 834 and 802 to 808 SNPs respectively, and by 698 SNPs from each other.
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FIGURE 2
 Maximum likelihood phylogeny of Brucella abortus strains (n = 426), including 15 Ethiopian isolates from the present study (tip labels highlighted in red), based on wgSNPs. Colour-coded keys give 9- and 21-locus sequence type (ST), continent and country of origin, and lineage. The scale bar shows number of SNPs. B. melitensis (16MT) was used to root the phylogenetic tree (not shown). Figure 2B shows the section of the phylogeny containing the Ethiopian isolates and other strains in Lineages A and B.


Outside of this basally branching lineage, a second lineage contained a larger number of isolates, also of exclusively sub-Saharan African origin (Figure 2; Lineage B), though a single strain in this lineage did not have a geographic origin recorded in the available metadata. Within Lineage B three isolates formed a basal cluster (Figure 2; Lineage B1). These three strains originated from Nigeria (strain 80/101), Senegal (strain 78/32) and an unknown location (strain 78/36). Outside of Lineage B1 a second lineage was identified, also consisting of just three isolates (Figure 2; Lineage B2). These originated from Zimbabwe (strain F1/06-B21), Sudan (strain F6/05–3) and Uganda (strain Tulya). This latter strain is the B. abortus biovar 3 reference (NCTC 10502), though the other two strains in this cluster are described as belonging to biovar 1 in the available metadata. The remaining isolates from Lineage B fell into a larger grouping of 13 strains in total (Figure 2; Lineage B3), which consisted of two lineages (Lineage B3i and B3ii). Lineage B3i was made up of six strains from several locations across SSA, namely Chad (strain 78/14), Nigeria (strain 65/110) and Sudan (strains 87/28, F6/05-2, F6/05-4 and F6/05-9). Clade B3ii consisted of seven strains including a further strain from Chad (strain 80/28) and six from Nigeria (strains babNG1, babNG2, babNG9, babNG15, babNG19, babNG20; described by Suarez-Esquivel et al. (2020)).

The majority of strains included in the wgSNP phylogenetic analysis (390/426; 91.5%) fell within a large clade comprised of two main lineages (Figure 2; Lineage C1 and Lineage C2). Strains included within lineage C1 originated from a broad geographic range across Europe and Asia, covering China (n = 9), Georgia (n = 7), Greece (n = 1), Israel (n = 1), Italy (n = 8), Netherlands (n = 1), Russia (n = 23), Spain (n = 4) and the United Kingdom (n = 3). Clade C1 included biovar reference strains for biovars 5 (strain B3196), 6 (strain 870) and 9 (strain C68; Figure 2; Lineage C1).

The second group within this lineage (Lineage C2) contained the greatest number of strains (331/426; 77.7%) yet was characterised by a relatively low level of diversity, relative to other lineages (Figure 2; Lineage C2). Strains within this clade originated from a broad geographic range across Africa (Egypt, Mozambique and Zimbabwe), Asia (Bangladesh, China, India, Israel, Saudi Arabia and South Korea), Europe (Italy, Kosovo, Poland, Portugal, Republic of Ireland, Russia, Spain and United Kingdom), North America (Costa Rica, United States), Oceania (New Zealand) and South America (Argentina, Bolivia and Columbia). Lineage C2 included the B. abortus type strain and biovar 1 reference strain 544T (= NCTC 10093T), biovar 2 reference strain 86/8/59 and biovar 4 reference strain 292, as well as B. abortus vaccine strains RB51 and S19.



3.4. In silico multi-locus sequence typing

Multi-locus sequence typing profiles retrieved in silico from Ethiopian isolates and other whole genome data (genome assemblies and de novo assembled short reads), and profiles retrieved from the PubMLST database, provided a total 650 records for which 9-locus MLST profiles were available, and 628 records for which 21-locus allelic profiles were available. Seven and 38 isolates were not assigned a 9- and 21-locus MLST ST, respectively. Full MLST profiles and metadata are provided in Supplementary Table S5.


3.4.1. 9-locus MLST

All Ethiopian isolates were identified as ST72 by 9-locus MLST, an ST which was shared by only a single other strain within the dataset (strain 88/218), isolated from a bovine sample from Mozambique. The two strains identified as belonging to Lineage A by wgSNP (strains 88/217 and 63/294) belonged to 9-locus MLST ST37 and ST38, respectively (Figure 2). Nine-locus MLST profile ST37 was represented by just three strains (88/217, 88/219 and 88/220), all of which arise from the same study in Mozambique, whilst ST38 was represented by only a single strain (63/294), from Kenya. Sequence types ST37, ST38 and ST72 clustered together on a minimum spanning tree based on all 9-locus MLST data (Figure 3). MLST-9 ST72, containing the 15 Ethiopian isolates, branched from ST1 but differed at six of nine alleles.

[image: Figure 3]

FIGURE 3
 Minimum spaning tree of 650 Brucella abortus strains, including 15 Ethiopian isolates, based on 9-locus MLST profiles derived in silico from whole genome sequences and downloaded from PubMLST Brucella database. Node labels give the assigned sequence type (ST), and node colours give the continent of origin (Ethiopian isolates = ST72). The scale bar gives the number of differing loci.


A second cluster of STs, which also consisted of strains exclusively of sub-Saharan African origin, was evident in minimum spanning tree analysis of 9-locus MLST data (Figure 3). This cluster of STs branched from ST1 but differed by at least four of nine alleles. This cluster consisted of nine separate STs (plus one unassigned ST) from a broad geographic distribution across SSA, including ST6 (Sudan, Uganda and Zimbabwe), ST32 (Cameroon, Chad, Kenya, Nigeria, Rwanda and Tanzania), ST33 (Sudan), ST34 (Chad, Nigeria and Sudan), ST35 (represented by a single isolate of unknown geographic origin [78/36]), ST36 (Nigeria, Senegal, Togo), ST82 (Senegal), ST83 (Niger), ST84 (Senegal). As can be seen in Figure 2, this cluster of STs corresponds to Lineage B in wgSNP analysis.

The majority of strains included in the 9-locus MLST analysis, including all others of sub-Saharan African origin, belonged to three clusters of STs (ST1, ST2 and ST5, and single allele variants of these) which exhibited a broad geographical distribution. The ST1 cluster contained the largest number of strains (n = 331), including a large proportion from North America (n = 179) and smaller numbers from Europe (n = 59), South America (n = 60), Asia (n = 18), Africa (n = 9; Egypt, Mozambique, Zambia, Zimbabwe), Oceania (n = 4) and two strains of unknown geographic origin. The ST2 cluster (n = 132) was similarly geographically diverse, including strains from Europe (n = 80), Asia (n = 36), South America (n = 10), Africa (n = 4; Chad, Egypt, Sudan, Uganda) and two strains of unknown geographic origin. Finally, ST5 (n = 112) included strains from North America (n = 96), Asia (n = 9), Europe (n = 4), Africa (n = 2; Zimbabwe) and South America (n = 1).



3.4.2. 21-locus MLST

Analysis of 21-locus MLST data revealed essentially the same pattern as that described above, with the inclusion of additional loci increasing the number of distinct STs identified. Two distinct clusters of STs consisting solely of strains of sub-Saharan African origin were identified, with the majority of strains, including some also from SSA, falling within three larger clusters (Figure 4). The 15 Ethiopian B. abortus isolates were assigned to a single ST (ST190), of which they were the only representatives. ST190 clustered with two other STs (ST36 and ST37), each of which was represented by only a single strain (88/217 isolated from Mozambique and 63/294 from Kenya, respectively). These two strains were those identified as belonging to Lineage A by wgSNP (Figure 2). The cluster of 21-locus STs containing the 15 Ethiopian isolates and related strains branched from ST1 but differed at 11 of 21 alleles.
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FIGURE 4
 Minimum spaning tree of 628 Brucella abortus strains, including 15 Ethiopian isolates, based on 21-locus MLST profiles derived in silico from whole genome sequences and downloaded from PubMLST Brucella database. Node labels give the assigned sequence type (ST), and node colours give the continent of origin (Ethiopian isolates = ST190). The scale bar gives the number of differing loci.


A second cluster of strains (n = 46) also originating from SSA was composed of 15 individual sequence types (ST6, ST32, ST33, ST34, ST35, ST64, ST65, ST72, ST81, ST110 ST123, ST124, ST129, ST130 and ST133 plus one isolate with no ST assigned; Figure 4). This cluster of STs corresponded to Lineage B in wgSNP analysis (Figure 2) and originated from 11 countries across SSA (Sudan (n = 21), Nigeria (n = 8), Senegal (n = 4), Chad (n = 3), Zimbabwe (n = 3), Cameroon (n = 1), Kenya (n = 1), Niger (n = 1), Rwanda (n = 1), Togo (n = 1) and Uganda (n = 1), plus one of unknown origin). This cluster of strains branched from ST2 but differed by at least seven of 21 alleles.

The remaining strains included in 21-locus MLST analysis were assigned to three broad clusters of STs (referred to as ST1, ST2 and ST5 clusters) by minimum spanning tree analysis (Figure 4). In the case of the ST1 cluster, this included 313 strains which were either ST1 (n = 292) or single allele variants of this ST (ST28, ST59, ST60, ST79, ST80, ST92 and ST152), plus a single ST differing by two alleles (ST61). Strains belonging to the ST1 cluster exhibited a broad geographical distribution, originating from North America (n = 171), Europe (n = 58), South America (n = 51), Asia (n = 17), Africa (n = 9) and Oceania (n = 4), plus three from unknown locations. In the case of the ST5 cluster (n = 112), the majority of isolates originated from North America (n = 96), with smaller numbers of isolates from Asia (n = 9), Europe (n = 4), Africa (n = 2) and South America (n = 1). Finally, the ST2 cluster (n = 102) consisted of 10 distinct STs, which were either single or double allele variants of ST2 or ST30. These originated from Europe (n = 58), Asia (n = 28), South America (n = 10) and Africa (n = 4), plus two isolates from unknown locations.




3.5. In silico multi-locus VNTR analysis

In silico MLVA typing of B. abortus from Ethiopia identified heterogeneity amongst the isolates in three of 16 MLVA loci; Bruce04, Bruce 16 and Bruce30 exhibited HGDI estimates of 0.50, 0.73 and 0.50, respectively. These markers are highly-variable micro-satellite loci located in Panel 2B of the MLVA16 scheme (Le Fleche et al., 2006). All other loci were homogeneous within the Ethiopian isolates. Full MLVA profiles and metadata are provided in Supplementary Table S6.

Minimum spanning tree analysis was undertaken using a total of 1891 MLVA profiles. In addition to data from 15 Ethiopian isolates this included 147 genome assemblies and 416 short read datasets, downloaded from NCBI and ENA, respectively. Additionally, 1,313 existing B. abortus profiles were obtained via the Brucella MLVA database. Minimum spanning trees constructed with 11 (excluding Panel 2B) and 16 MLVA loci were broadly consistent in the clustering of isolates (see Figure 5 and Supplementary Figure S1 for MLVA11 and MLVA16 minimum spanning trees, respectively).
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FIGURE 5
 Minimum spaning tree of 1,891 Brucella abortus strains, including 15 Ethiopian isolates, based on MLVA11 profiles derived in silico from whole genome sequences and downloaded from MLVA-NET Brucella database. Node colours give the continent of origin, whilst the scale bar gives the number of differing loci.


MLVA11 minimum spanning tree analysis revealed that the 15 Ethiopian isolates from the current study formed a distinct cluster with two other strains, from Mozambique (strain 88/217) and Kenya (strain 63/294; Figure 5). The Ethiopian cluster was otherwise distinct from its nearest neighbouring cluster by four loci (Bruce08; Bruce11, Bruce42 and Bruce 18). Strains 88/217 and 63/294 were those previously identified as belonging to Lineage A by wgSNP analysis (Figure 2), 9-locus MLST STs 37/38 (Figure 3) and 21-locus MLST STs 36/37 (Figure 4).

The majority of African isolates included within the MLVA11 dataset (230/313, 73.5%) were contained within a second, larger, cluster, comprised of strains originating almost exclusively from SSA. Only a single strain within this cluster was not recorded as originating from the African continent (one isolate of unknown origin [78/36]). African isolates contained within this cluster originated from a broad geographical range across the continent, with significant numbers from West Africa (notably, Senegal [n = 139] and Togo [n = 28]). The other sub-Saharan African counties represented in this cluster were Cameroon (n = 3), Chad (n = 4), Guinea (n = 2), Guinea-Bissau (n = 6), Kenya (n = 10), Mauritania (n = 1), Niger (n = 3), Nigeria (n = 8), Rwanda (n = 14), Sudan (n = 8), Uganda (n = 3) and Zimbabwe (n = 1). This grouping included the B. abortus biovar 3 reference strain (Tulya) which was identified as belonging to wgSNP Lineage B and 9- and 21-locus MLST ST6 (Figures 2–4).

Outside of these two predominantly African groupings, the majority of strains fell within two much larger clusters of related MLVA11 types (Figure 5). The first of these was dominated by a single node of 559 strains sharing the same MLVA11 type, in which North American strains from Costa Rica and the United States formed the majority of isolates (n = 291). Within this node 39 strains from the African continent were present, with the majority of these originating from Egypt (n = 35) and smaller numbers from Mozambique (n = 1) and Zimbabwe (n = 3). MLVA11 genotypes associated with this major node (n = 429 strains) included 22 strains of African origin, with the majority of these from Egypt (n = 19) and a smaller number from Zimbabwe (n = 3).

The second major cluster was dominated by a single node of 400 strains, in which strains from Asia comprised the majority of isolates (n = 257), but also with a significant number of strains originating from Europe (n = 141). MLVA11 genotypes associated with this major node (n = 255 strains) included only five strains of African origin.




4. Discussion

In the present study we have reported the isolation and first molecular characterisation of Brucella abortus from Ethiopia and undertaken a comprehensive analysis of the relationship of these isolates to existing strains. In doing so we have applied a number of molecular typing approaches, in order to maximise the value of existing molecular typing datasets. Despite using different numbers of informative loci, and employing loci with different mechanisms of mutation, the molecular typing approaches applied have generated broadly consistent results. We have shown that the Ethiopian isolates described in the present study expand the known diversity of an early-branching B. abortus lineage which previously consisted of only two fully sequenced strains, both of sub-Saharan African origin. A second early branching lineage was also shown to consist solely of strains isolated in sub-Saharan Africa.

Phylogenetic analysis based on wgSNPs identified that Ethiopian B. abortus isolates from the current study form a distinct lineage with two previously described strains (88/217 and 63/294 isolated in Mozambique and Kenya, respectively), branching basally to all other isolates included within the analysis. The existence of a basally branching B. abortus clade has been previously described, using an expanded 21-locus MLST scheme applied to a comprehensive panel of over 500 Brucella isolates (Whatmore et al., 2016). Similarly, Ledwaba et al. (2021) employed wgSNP analysis to describe a similar structure using 175 publicly available B. abortus genomes and 13 South African strains. These authors identified major lineages A and B, both of which are described as containing solely African isolates. More recently, Abdel-Glil et al. (2022) presented the results of analyses based on a core genome MLST (cgMLST) scheme for Brucella, using 1,764 genes, which also identified three B. abortus lineages, with the two most basal lineages represented by strains of African origin.

These results suggest that the ancestral lineage of B. abortus may have originated in East Africa, based on currently available information, with the relatively fewer strains of African origin found within the more numerous wgSNP Lineages C1 and C2 potentially reflecting historical re-importation to the continent. A comparable evolutionary scenario has been described for Mycobacterium bovis, another zoonotic bacterial pathogen, primarily of cattle. Phylogenetic analyses using whole genome data have indicated that M. bovis is likely to have originated in East Africa, and that whilst specific lineages have remained restricted to East and West Africa, others have become globally widely dispersed by cattle movements (Smith et al., 2011; Inlamea et al., 2020; Loiseau et al., 2020). Studies concerning the genetic diversity of M. bovis strains present in cattle populations in Ethiopia have demonstrated that two distinct clonal complexes are present, with one of African origin (African 2), and the other reflecting more recent importation of a derived European M. bovis lineage (European 3; Almaw et al., 2021).

The present analyses do not allow us to definitively conclude that B. abortus Lineage A is ancestral to all other lineages, with an origin in East Africa. It remains possible that more basal lineages exist, and that Lineage A, as currently described, forms part of a larger monophyletic clade. This is particularly true given the relative sparsity of B. abortus genome data from Ethiopia, East Africa and the wider continent. It is clear that there is considerable genomic diversity of B. abortus within sub-Saharan Africa, and that further sampling across the continent may help to reveal the underlying phylogenetic structure of the species. Future work could also seek to investigate the most likely geographical origin of B. abortus lineages using methods to infer ancestral states (e.g., Coscolla et al., 2021). Additionally, phylodynamic analyses, making use of known dates of isolation, may help to infer most recent common ancestors for specific lineages (e.g., Almaw et al., 2021).

The population of Ethiopia has increased markedly in recent decades, with a parallel expansion of the country’s agricultural sector (Firdessa et al., 2012). Ethiopia now has the largest livestock population in Africa, including approximately 65 million cattle, with 70% of the Ethiopian population directly involved in the agricultural sector (CSA, 2020). In the dairy sector this has been associated with a shift from small-scale extensive cattle farming towards larger more intensively farmed herds in urban and peri-urban settings (Firdessa et al., 2012; Deneke et al., 2022). These have been shown to be associated with an increased risk for transmission of infectious diseases such as bovine tuberculosis (Mekonnen et al., 2019). Indeed, previous studies have demonstrated that larger herd size is significantly associated with brucellosis seropositivity in cattle in Ethiopia (Edao et al., 2020). Whilst the present study provides no data regarding prevalence of B. abortus in dairy cattle in the Oromia region or in Ethiopia, the isolation of the same strain from multiple animals on a single farm suggests that bovine brucellosis may be a significant problem in similar settings. To date, no brucellosis control strategy, including vaccination, has been implemented in cattle or other livestock species in Ethiopia. As the national herd-level seroprevalence in cattle has been estimated to be 16.3% (Sibhat et al., 2022) it is likely that bovine brucellosis represents an endemic veterinary and public health priority issue in other geographic areas of the country. The successful isolation of Brucella from lymph nodes of the mammary glands highlights the potentially significant public health risk from Brucella abortus infection in cattle, if milk or dairy products are consumed without pasteurisation. One recent study indicated that the consumption of raw milk was a relatively common practice in Ethiopia, including in the Oromia region, with 20.4% of interviewees consuming raw milk with varying degrees of frequency (Deneke et al., 2022). Furthermore, a much larger proportion of respondents in this study (82%) reporting drinking fermented milk, which is usually made from non-pasteurised or unboiled milk, and which may continue to represent a microbiological hazard despite fermentation (e.g., Zúñiga Estrada et al., 2005).

There are a number of limitations to the present study, which impact the scope of the conclusions which can be drawn. The samples analysed in this work arose from opportunistic sampling of a brucellosis outbreak in a single location in central Ethiopia. As such, it is not possible to draw any conclusions regarding the prevalence of infection within the geographical region (Oromia regional state) or the wider Ethiopian cattle sector. Similarly, the available dataset does not allow us to draw any conclusions regarding the predominant Brucella species circulating within the country, and the relative importance of these for livestock and human infections. Appropriately designed prospective epidemiological studies would be required to address these evidence gaps. Furthermore, it is not possible to make any inferences concerning the within-species genetic diversity of other strains of B. abortus circulating within Ethiopia. Additional work would be required to characterise diversity within Brucella species present in Ethiopia, including sampling of a wider range of livestock hosts and broader geographical coverage across the country.

A methodological issue encountered during the current study was the presence of incorrectly identified genome sequences in open-access genomic databases. A number of recent studies have identified basal clades using Brucella sp. genomes which have been incorrectly identified as “B. abortus” in public sequence databases. For example, Islam et al., (2019) present a whole genome phylogeny for B. abortus, in which strain BCB013 (GCF_000292205.1) is presented as basal to all other B. abortus genomes. However, further inspection (e.g., NCBIs Taxonomy Check; Ciufo et al., 2018) reveal that this whole genome sequence is likely to be mis-identified. This is supported by the identification of this assembly, amongst others, for exclusion from the current analysis. Such anomalies highlight the importance of careful curation of datasets downloaded from public repositories, as well as reliable identification of bacteriological isolates, in order to avoid erroneous conclusions from being drawn regarding within-species phylogenetic relationships.

A related methodological issue is the high degree of duplication present in publicly available molecular typing databases. Publicly available databases of both MLST and MLVA data incorporate profiles retrieved in silico from genome assembly and short-read datasets (Jolley et al., 2018; Vergnaud et al., 2018). This has resulted in data from individual strains being duplicated, where existing profiles were present from “conventional” (e.g., capillary sequencing based) typing and in silico profiles have subsequently been added. This has the potential to artificially inflate the representation of certain strains, potentially skewing the relative composition of specific lineages. Again, this highlights the need for careful curation of datasets downloaded from public repositories.



5. Conclusion

The work presented here provides a comprehensive analysis of the phylogenetic structure of Brucella abortus, a zoonotic pathogen of global significance. We describe the first detailed characterisation of B. abortus isolates from Ethiopia and demonstrate that these isolates expand the known diversity of a basal lineage within the species, which was previously only represented by two isolates from sub-Saharan Africa. By combining analyses based on whole genome sequencing data and existing molecular typing methods (MLST and MLVA) we provide further support for the existence of two basal B. abortus lineages, both comprised solely of isolates of sub-Saharan African origin. This work will serve as the basis for further studies concerning the global population structure and evolutionary history of a major zoonotic pathogen which continues to impact the populations of many low- and middle-income countries.
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8   https://github.com/dpchris/MLVA

9   http://microbesgenotyping.i2bc.paris-saclay.fr



References

 Abdel-Glil, M. Y., Thomas, P., Brandt, C., Melzer, F., Subbaiyan, A., Chaudhuri, P., et al. (2022). Core genome multilocus sequence typing scheme for improved characterization and epidemiological surveillance of pathogenic Brucella. J. Clin. Microbiol. 60:e0031122. doi: 10.1128/jcm.00311-22 

 Akoko, J. M., Pelle, R., Lukambagire, A. S., Machuka, E. M., Nthiwa, D., Mathew, C., et al. (2021). Molecular epidemiology of Brucella species in mixed livestock-human ecosystems in Kenya. Sci. Rep. 11:8881. doi: 10.1038/s41598-021-88327-z 

 Almaw, G., Mekonnen, G. A., Mihret, A., Aseffa, A., Taye, H., Conlan, A. J. K., et al. (2021). Population structure and transmission of Mycobacterium bovis in Ethiopia. Microb. Genom. 7:000539. doi: 10.1099/mgen.0.000539 

 Alton, G. G., Jones, L. M., and Pietz, D. E., World Health Organization (1975). Laboratory Techniques in Brucellosis. World Health Organization.

 Ashford, R. T., and Whatmore, A. M. (2022). "Brucella." In Molecular Typing in Bacterial Infections. Vol. II, (ed.) I. Filippisde. Cham: Springer International Publishing, 217–245.

 Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., et al. (2012). SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 19, 455–477. doi: 10.1089/cmb.2012.0021 

 Chaka, H., Aboset, G., Garoma, A., Gumi, B., and Thys, E. (2018). Cross-sectional survey of brucellosis and associated risk factors in the livestock-wildlife interface area of Nechisar National Park, Ethiopia. Trop. Anim. Health Prod 50, 1041–1049. doi: 10.1007/s11250-018-1528-4 

 Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). Fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560 

 Ciufo, S., Kannan, S., Sharma, S., Badretdin, A., Clark, K., Turner, S., et al. (2018). Using average nucleotide identity to improve taxonomic assignments in prokaryotic genomes at the NCBI. Int. J. Syst. Evol. Microbiol. 68, 2386–2392. doi: 10.1099/ijsem.0.002809 

 Corbel, M. J. (2006). Brucellosis in Humans and Animals. Geneva: World Health Organization.

 Coscolla, M., Gagneux, S., Menardo, F., Loiseau, C., Ruiz-Rodriguez, P., Borrell, S., et al. (2021). Phylogenomics of Mycobacterium africanum reveals a new lineage and a complex evolutionary history. Microb. Genom. 7:000477. doi: 10.1099/mgen.0.000477 

 CSA. (2020) Agricultural Sample Survey 2019/20 [2012 E.C.]. Volume II Report on livestock and livestock characteristics (private peasant holdings). Central statistical agency (CSA): Addis Ababa, Ethiopia.

 Dean, A. S., Crump, L., Greter, H., Hattendorf, J., Schelling, E., and Zinsstag, J. (2012). Clinical manifestations of human brucellosis: a systematic review and meta-analysis. PLoS Negl. Trop. Dis. 6:e1929. doi: 10.1371/journal.pntd.0001929 

 Deneke, T. T., Bekele, A., Moore, H. L., Mamo, T., Almaw, G., Mekonnen, G. A., et al. (2022). Milk and meat consumption patterns and the potential risk of zoonotic disease transmission among urban and peri-urban dairy farmers in Ethiopia. BMC Public Health 22:222. doi: 10.1186/s12889-022-12665-4 

 Ducrotoy, M., Bertu, W. J., Matope, G., Cadmus, S., Conde-Álvarez, R., Gusi, A. M., et al. (2017). Brucellosis in sub-Saharan Africa: current challenges for management, diagnosis and control. Acta Trop. 165, 179–193. doi: 10.1016/j.actatropica.2015.10.023 

 Edao, B. M. (2020). Brucellosis in Ethiopia: Epidemiology and public health significance. PhD thesis, University of Cambridge.

 Edao, B. M., Ameni, G., Assefa, Z., Berg, S., Whatmore, A. M., and Wood, J. L. N. (2020). Brucellosis in ruminants and pastoralists in Borena, Southern Ethiopia. PLoS Negl. Trop. Dis. 14:e0008461. doi: 10.1371/journal.pntd.0008461 

 Edao, B. M., Hailegebreal, G., Berg, S., Zewude, A., Zeleke, Y., Sori, T., et al. (2018). Brucellosis in the Addis Ababa dairy cattle: the myths and the realities. BMC Vet. Res. 14:396. doi: 10.1186/s12917-018-1709-4 

 Firdessa, R., Tschopp, R., Wubete, A., Sombo, M., Hailu, E., Erenso, G., et al. (2012). High prevalence of bovine tuberculosis in dairy cattle in Central Ethiopia: implications for the dairy industry and public health. PLoS One 7:e52851. doi: 10.1371/journal.pone.0052851 

 Geresu, M. A., Ameni, G., Wubete, A., Arenas-Gamboa, Á. M., and Kassa, G. M. (2016). Isolation and identification of Brucella species from dairy cattle by biochemical tests: the first report from Ethiopia. World Vet. J. 6, 80–88. doi: 10.5455/wvj.20160471

 Gopaul, K. K., Koylass, M. S., Smith, C. J., and Whatmore, A. M. (2008). Rapid identification of Brucella isolates to the species level by real time PCR based single nucleotide polymorphism (SNP) analysis. BMC Microbiol. 8:1. doi: 10.1186/1471-2180-8-86

 Gurevich, A., Saveliev, V., Vyahhi, N., and Tesler, G. (2013). QUAST: quality assessment tool for genome assemblies. Bioinformatics (Oxford, England) 29, 1072–1075. doi: 10.1093/bioinformatics/btt086 

 Halling, S. M., Peterson-Burch, B. D., Bricker, B. J., Zuerner, R. L., Qing, Z., Li, L.-L., et al. (2005). Completion of the genome sequence of Brucella abortus and comparison to the highly similar genomes of Brucella melitensis and Brucella suis. J. Bacteriol. 187, 2715–2726. doi: 10.1128/jb.187.8.2715-2726.2005 

 Holzer, K., El-Diasty, M., Wareth, G., Abdel-Hamid, N. H., Hamdy, M. E. R., Moustafa, S. A., et al. (2021). Tracking the distribution of Brucella abortus in Egypt based on Core genome SNP analysis and in silico MLVA-16. Microorganisms 9:1942. doi: 10.3390/microorganisms9091942 

 Hunter, P. R., and Gaston, M. A. (1988). Numerical index of the discriminatory ability of typing systems: an application of Simpson's index of diversity. J. Clin. Microbiol. 26, 2465–2466. doi: 10.1128/jcm.26.11.2465-2466.1988 

 Inlamea, O. F., Soares, P., Ikuta, C. Y., Heinemann, M. B., Achá, S. J., Machado, A., et al. (2020). Evolutionary analysis of Mycobacterium bovis genotypes across Africa suggests co-evolution with livestock and humans. PLoS Negl. Trop. Dis. 14:e0008081. doi: 10.1371/journal.pntd.0008081 

 Islam, M. S., Zowalaty, M. E. E., Vliet, A. H. M. V., Thakur, S., Khatun, M. M., Saha, S., et al. (2019). First genome sequence of Brucella abortus Biovar 3 strain BAU21/S4023, isolated from a dairy cow in Bangladesh. Microbiol. Resour. Announc. 8, e00446–e00419. doi: 10.1128/MRA.00446-19 

 Jolley, K. A., Bray, J. E., and Maiden, M. C. J. (2018). Open-access bacterial population genomics: BIGSdb software, the PubMLST.org website and their applications. Wellcome Open Res 3:124. doi: 10.12688/wellcomeopenres.14826.1 

 Keim, P., Van Ert, M. N., Pearson, T., Vogler, A. J., Huynh, L. Y., and Wagner, D. M. (2004). Anthrax molecular epidemiology and forensics: using the appropriate marker for different evolutionary scales. Infect. Genet. Evol. 4, 205–213. doi: 10.1016/j.meegid.2004.02.005 

 Khan, A. U., Melzer, F., Sayour, A. E., Shell, W. S., Linde, J., Abdel-Glil, M., et al. (2021). Whole-genome sequencing for tracing the genetic diversity of Brucella abortus and Brucella melitensis isolated from livestock in Egypt. Pathogens 10:759. doi: 10.3390/pathogens10060759 

 Le Fleche, P., Jacques, I., Grayon, M., Al Dahouk, S., Bouchon, P., Denoeud, F., et al. (2006). Evaluation and selection of tandem repeat loci for a Brucella MLVA typing assay. BMC Microbiol. 6:9. doi: 10.1186/1471-2180-6-9 

 Ledwaba, M. B., Glover, B. A., Matle, I., Profiti, G., Martelli, P. L., Casadio, R., et al. (2021). Whole Genome Sequence Analysis of Brucella abortus Isolates from Various Regions of South Africa. Microorganisms 9:570. doi: 10.3390/microorganisms9030570

 Li, H. (2011). A statistical framework for SNP calling, mutation discovery, association mapping and population genetical parameter estimation from sequencing data. Bioinformatics 27, 2987–2993. doi: 10.1093/bioinformatics/btr509 

 Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with burrows–wheeler transform. Bioinformatics 25, 1754–1760. doi: 10.1093/bioinformatics/btp324 

 Loiseau, C., Menardo, F., Aseffa, A., Hailu, E., Gumi, B., Ameni, G., et al. (2020). An African origin for Mycobacterium bovis. Evol. Med. Public Health 2020, 49–59. doi: 10.1093/emph/eoaa005 

 Lokamar, P. N., Kutwah, M. A., Atieli, H., Gumo, S., and Ouma, C. (2020). Socio-economic impacts of brucellosis on livestock production and reproduction performance in Koibatek and Marigat regions, Baringo County, Kenya. BMC Vet. Res. 16:61. doi: 10.1186/s12917-020-02283-w 

 López-Goñi, I., García-Yoldi, D., Marín, C. M., de Miguel, M. J., Barquero-Calvo, E., Guzmán-Verri, C., et al. (2011). New Bruce-ladder multiplex PCR assay for the biovar typing of Brucella suis and the discrimination of Brucella suis and Brucella canis. Vet. Microbiol. 154, 152, 152–155. doi: 10.1016/j.vetmic.2011.06.035 

 Lu, J., Breitwieser, F. P., Thielen, P., and Salzberg, S. L. (2017). Bracken: estimating species abundance in metagenomics data. PeerJ Comput. Sci. 3:e104. doi: 10.7717/peerj-cs.104

 Matero, P., Hemmilä, H., Tomaso, H., Piiparinen, H., Rantakokko-Jalava, K., Nuotio, L., et al. (2011). Rapid field detection assays for Bacillus anthracis, Brucella spp., Francisella tularensis and Yersinia pestis. Clin. Microbiol. Infect. 17, 34–43. doi: 10.1111/j.1469-0691.2010.03178.x 

 Mayer-Scholl, A., Draeger, A., Göllner, C., Scholz, H. C., and Nöckler, K. (2010). Advancement of a multiplex PCR for the differentiation of all currently described Brucella species. J. Microbiol. Methods 80, 112–114. doi: 10.1016/j.mimet.2009.10.015 

 McDermott, J., Grace, D., and Zinsstag, J. (2013). Economics of brucellosis impact and control in low-income countries. Rev. Sci. Tech. 32, 249–261. doi: 10.20506/rst.32.1.2197 

 Mekonnen, G. A., Conlan, A. J. K., Berg, S., Ayele, B. T., Alemu, A., Guta, S., et al. (2019). Prevalence of bovine tuberculosis and its associated risk factors in the emerging dairy belts of regional cities in Ethiopia. Prev. Vet. Med. 168, 81–89. doi: 10.1016/j.prevetmed.2019.04.010 

 Moreno, E., Blasco, J.-M., and Moriyón, I. (2022). Facing the human and animal brucellosis conundrums: the forgotten lessons. Microorganisms 10:942. doi: 10.3390/microorganisms10050942 

 Nguyen, L.-T., Schmidt, H. A., von Haeseler, A., and Minh, B. Q. (2014). IQ-TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 268–274. doi: 10.1093/molbev/msu300 

 Page, A. J., Taylor, B., Delaney, A. J., Soares, J., Seemann, T., Keane, J. A., et al. (2016). SNP-sites: rapid efficient extraction of SNPs from multi-FASTA alignments. Microb. Genom. 2:e000056. doi: 10.1099/mgen.0.000056 

 Pappas, G., Papadimitriou, P., Akritidis, N., Christou, L., and Tsianos, E. V. (2006). The new global map of human brucellosis. Lancet Infect. Dis. 6, 91–99. doi: 10.1016/S1473-3099(06)70382-6 

 Probert, W. S., Schrader, K. N., Khuong, N. Y., Bystrom, S. L., and Graves, M. H. (2004). Real-time multiplex PCR assay for detection of Brucella spp., B. abortus, and B. melitensis. J. Clin. Microbiol. 42, 1290–1293. doi: 10.1128/jcm.42.3.1290-1293.2004 

 R Core Team (2022). "R: A Language and Environment for Statistical Computing.". R Foundation for Statistical Computing, Vienna, Austria.

 Sibhat, B., Tessema, T. S., Nile, E., and Asmare, K. (2022). Brucellosis in Ethiopia: a comprehensive review of literature from the year 2000–2020 and the way forward. Transboundary and Emerging Diseases. 69, e1231–e1252. doi: 10.1111/tbed.14495 

 Smith, N. H., Berg, S., Dale, J., Allen, A., Rodriguez, S., Romero, B., et al. (2011). European 1: a globally important clonal complex of Mycobacterium bovis. Infect. Genet. Evol. 11, 1340–1351. doi: 10.1016/j.meegid.2011.04.027 

 Suarez-Esquivel, M., Hernandez-Mora, G., Ruiz-Villalobos, N., Barquero-Calvo, E., Chacon-Diaz, C., Ladner, J. T., et al. (2020). Persistence of Brucella abortus lineages revealed by genomic characterization and phylodynamic analysis. PLoS Negl. Trop. Dis. 14:e0008235. doi: 10.1371/journal.pntd.0008235 

 Tekle, M., Legesse, M., Edao, B. M., Ameni, G., and Mamo, G. (2019). Isolation and identification of Brucella melitensis using bacteriological and molecular tools from aborted goats in the Afar region of North-Eastern Ethiopia. BMC Microbiol. 19:108. doi: 10.1186/s12866-019-1474-y 

 Vergnaud, G., Hauck, Y., Christiany, D., Daoud, B., Pourcel, C., Jacques, I., et al. (2018). Genotypic expansion within the population structure of classical Brucella species revealed by MLVA16 typing of 1404 Brucella isolates from different animal and geographic origins, 1974–2006. Front. Microbiol. 9:1545. doi: 10.3389/fmicb.2018.01545 

 Whatmore, A. M., and Foster, J. T. (2021). Emerging diversity and ongoing expansion of the genus Brucella. Infect. Genet. Evol. 92:104865. doi: 10.1016/j.meegid.2021.104865 

 Whatmore, A., Koylass, M., Muchowski, J., Edwards-Smallbone, J., Gopaul, K., and Perrett, L. (2016). Extended multilocus sequence analysis to describe the global population structure of the genus Brucella: phylogeography and relationship to biovars. Front. Microbiol. 7:2049. doi: 10.3389/fmicb.2016.02049 

 Whatmore, A. M., Perrett, L. L., and MacMillan, A. P. (2007). Characterisation of the genetic diversity of Brucella by multilocus sequencing. BMC Microbiol. 7:34. doi: 10.1186/1471-2180-7-34 

 WOAH (2018). Brucellosis (infection with Brucella abortus, B. melitensis and B. suis). Chapter 3.1.4. Manual of diagnostic tests and vaccines for terrestrial animals. World Organisation for Animal Health (WOAH), Paris, France.

 Wood, D. E., Lu, J., and Langmead, B. (2019). Improved metagenomic analysis with kraken 2. Genome Biol. 20:257. doi: 10.1186/s13059-019-1891-0 

 Yu, G., Smith, D. K., Zhu, H., Guan, Y., and Lam, T. T.-Y. (2017). Ggtree: an r package for visualization and annotation of phylogenetic trees with their covariates and other associated data. Methods Ecol. Evol. 8, 28–36. doi: 10.1111/2041-210X.12628

 Zhou, Z., Alikhan, N.-F., Sergeant, M. J., Luhmann, N., Vaz, C., Francisco, A. P., et al. (2018). GrapeTree: visualization of core genomic relationships among 100,000 bacterial pathogens. Genome Res. 28, 1395–1404. doi: 10.1101/gr.232397.117 

 Zúñiga Estrada, A., Mota de la Garza, L., Sánchez Mendoza, M., Santos López, E. M., Filardo Kerstupp, S., and López Merino, A. (2005). Survival of Brucella abortus in milk fermented with a yoghurt starter culture. Rev. Latinoam. Microbiol. 47, 88–91.









 


	
	
TYPE Original Research
PUBLISHED 08 June 2023
DOI 10.3389/fmicb.2023.1173252






Isolation of Brucella inopinata from a White’s tree frog (Litoria caerulea): pose exotic frogs a potential risk to human health?

Holger C. Scholz1*†, Kim O. Heckers2, Sandra Appelt1, Dorothee Geier-Dömling2, Patrick Schlegel3 and Alice R. Wattam4


1Department of Bacteriology and Toxinology, Bundeswehr Institute of Microbiology, Munich, Germany

2LABOklin GmbH and Co KG, Labor für klinische Diagnostik, Bad Kissingen, Germany

3Kleintierpraxis Dr. med vet. Patrick Schlegel, Sargans, Switzerland

4Biocomplexity Institute, University of Virginia, Charlottesville, VA, United States

[image: image2]

OPEN ACCESS

EDITED BY
 Antonio Battisti, Institute of Experimental Zooprophylactic of the Lazio and Tuscany Regions (IZSLT), Italy

REVIEWED BY
 Elena Lavinia Diaconu, Institute of Experimental Zooprophylactic of the Lazio and Tuscany Regions (IZSLT), Italy
 Clayton Caswell, Virginia Tech, United States
 Steven Olsen, Agricultural Research Service (USDA), United States

*CORRESPONDENCE
 Holger C. Scholz, scholzh@rki.de 

†PRESENT ADDRESSES
Holger Scholz, Centre for Biological Threats and Special Pathogens (ZBS2), Robert Koch Institute, Berlin, Germany

RECEIVED 24 February 2023
 ACCEPTED 02 May 2023
 PUBLISHED 08 June 2023

CITATION
 Scholz HC, Heckers KO, Appelt S, Geier-Dömling D, Schlegel P and Wattam AR (2023) Isolation of Brucella inopinata from a White’s tree frog (Litoria caerulea): pose exotic frogs a potential risk to human health? Front. Microbiol. 14:1173252. doi: 10.3389/fmicb.2023.1173252

COPYRIGHT
 © 2023 Scholz, Heckers, Appelt, Geier-Dömling, Schlegel and Wattam. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Introduction: Cold-blooded hosts, particularly exotic frogs, have become a newly recognized reservoir for atypical Brucella species and strains worldwide, but their pathogenicity to humans remains largely unknown. Here we report the isolation and molecular characterization of a B. inopinata strain (FO700662) cultured from clinical samples taken from a captive diseased White’s Tree Frog (Litoria caerulea) in Switzerland. The isolation of B. inopinata from a frog along with other reports of human infection by atypical Brucella raises the question of whether atypical Brucella could pose a risk to human health and deserves further attention.

Methods: The investigations included histopathological analysis of the frog, bacterial culture and in-depth molecular characterization of strain FO700662 based on genome sequencing data.

Results and Discussion: Originally identified as Ochrobactrum based on its rapid growth and biochemical profile, strain FO700622 was positive for the Brucella- specific markers bcsp31 and IS711. It showed the specific banding pattern of B. inopinata in conventional Bruce-ladder multiplex PCR and also had identical 16S rRNA and recA gene sequences as B. inopinata. Subsequent genome sequencing followed by core genome-based MLST (cgMLST) analysis using 2704 targets (74% of the total chromosome) revealed only 173 allelic differences compared to the type strain of B. inopinata BO1T, while previously considered the closest related strain BO2 differed in 2046 alleles. The overall average nucleotide identity (ANI) between the type strain BO1T and FO700622 was 99,89%, confirming that both strains were almost identical. In silico MLST-21 and MLVA-16 also identified strain FO700662 as B. inopinata. The nucleotide and amino acid-based phylogenetic reconstruction and comparative genome analysis again placed the isolate together with B. inopinata with 100% support. In conclusion, our data unequivocally classified strain FO700622, isolated from an exotic frog, as belonging to B. inopinata.

KEYWORDS
 Brucella inopinata, atypical Brucella, exotic frogs, public health, genomics


Introduction

Many members of the genus Brucella are important zoonotic pathogens that can infect various animal species and humans (Godfroid et al., 2005; Seleem et al., 2010). The resulting disease, brucellosis, is one of the most common bacterial zoonoses worldwide with an estimated incidence of 500,000 human cases annually (Pappas et al., 2006b). The majority of human cases are caused by B. melitensis, followed by B. abortus and B. suis, with other species only rarely causing disease in man. Because of the low infection dose and possible transmission as an aerosol, B. melitensis and most other Brucella species, including B. inopinata, are classified as a risk level 3 (category A) pathogens (Pappas et al., 2006a).

For decades, the genus Brucella consisted exclusively of the classical Brucella species (B. melitensis, B. abortus, B. suis, B. canis, B. ovis, and B. neotomae). However, in recent years, the genus has expanded rapidly from terrestrial and marine mammals to fish, amphibians, and even reptiles (Godfroid et al., 2005; Foster et al., 2007; De et al., 2008; Scholz et al., 2008c, 2016a,b; Whatmore et al., 2014; Muhldorfer et al., 2017; Eisenberg et al., 2020).

Many of these novel Brucella isolates have either atypical biochemical or molecular characteristics compared to the group of closely related classical Brucella species (Scholz and Vergnaud, 2013). Consequently, the genus is now divided into the classical species (also referred to as “core Brucella”), including strains of marine mammals (B. ceti and B. pinnipedialis), and the genomes composed of genetically and biochemically more diverse species and isolates (Scholz et al., 2008a; Whatmore, 2009; Whatmore et al., 2016; Ashford et al., 2020). While the pathogenicity of classical species to humans is well documented, these data are largely missing for atypical species.

One of these atypical Brucella species is B. inopinata, which was unexpectedly isolated in 2008 from a 71-year-old woman in the United States with an endogenous breast implant infection and clinical signs consistent with brucellosis (De et al., 2008; Scholz et al., 2010). At this time, B. inopinata was the most genetically diverse Brucella species compared to the classical Brucella species. While all classical Brucella species are identical in their 16S rRNA and recA gene sequences, B. inopinata was the first to show multiple mutations in these genes (Scholz and Vergnaud, 2013; Scholz et al., 2016a). The comparative genomic analysis identified genomic regions that distinguished B. inopinata from the classic Brucella genomes, including one B. inopinata region comprising several genes coding for proteins associated with l-rhamnose utilization that have been shown to form the O-antigen component of the LPS in some bacteria (Giraud and Naismith, 2000; Wattam et al., 2012). Analysis of Brucella isolates from frogs and BO2 found that many of the genes required to generate the LPS in the traditional Brucella species (Al Dahouk et al., 2017) are lacking, but some of these strains had four genes associated with L-rhamnose utilization. Specifically, three of the frog isolates (B13-0095, 10RB9215, and 10RB9213) and the BO2 strain lacked many of the original genes but had the L-rhamnose utilization genes. Since that original analysis, these genes have been found in two additional genomes: Brucella sp. 141,012,304 (Eisenberg et al., 2017), which was isolated from a bluespotted ribbontail ray, and strain BO3 (Rouzic et al., 2021), a close relative of B13-0095 isolate, which was isolated from a human (Tiller et al., 2010).

In further studies addressing B. inopinata virulence, it was shown that B. inopinata is able to replicate intracellularly in macrophages and to cause disease and long-term infection in mice (Jimenez de Bagues et al., 2014; Al Dahouk et al., 2017). In contrast to classical Brucella species, B. inopinata BO1T also caused death in the mouse model, which was not observed with classical Brucella species (Jimenez de Bagues et al., 2014).

Until now, B. inopinata BO1T was the only existing isolate of this species. Here, we report the molecular characterization of a second B. inopinata strain isolated from a White’s Tree Frog (Litoria caerulea) in Switzerland. Comparative genome analysis clearly showed that strain FO700622 is a true member of B. inopinata and does not represent a B. inopinata-like organism, as previously reported for other atypical Brucella strains by other authors (Fischer et al., 2012; Scholz et al., 2016a). Within the last few years, exotic frogs have been recognized as an important host for atypical Brucella species worldwide (Shilton et al., 2008; Eisenberg et al., 2012; Fischer et al., 2012; Whatmore et al., 2015; Soler-Lloréns et al., 2016; Scholz et al., 2016a; Al Dahouk et al., 2017; Muhldorfer et al., 2017). Since exotic frogs are found in many zoos and are kept by exotic animal enthusiasts as terrarium pets and also provide a human food source, we discuss the possible public health implications of this finding.



Materials and methods


Case description

A female, captive White’s tree frog (Litoria caerulea, synonym: Ranoidea caerulea, natural habitat Australia and Papua New Guinea), with clinical signs of anorexia, fatigue, and a skin mass on its back suspicious of a skin abscess or neoplasia, was presented to a veterinary practice specialized in exotic animals. For 2 weeks, the frog showed progressive loss of appetite and inclined position in the water until it finally avoided swimming. After a general examination, swabs were taken from skin lesions for bacteriologic examination. As a precaution, the frog was given antibiotic treatment with Marbocyl FD (marbofloxacin 10 mg/kg, subcutaneously, daily for 10 days). The frog became increasingly lethargic and was euthanized 1 month after the first presentation and sent for autopsy.

The animal originated from a private breeder in Switzerland and was bought together with a second one of the same species in a pet shop in 2008. Both frogs were exclusively kept in a naturally decorated terrarium for nearly 10 years, from which they were rarely removed. Skin changes were noted on one frog 10 years after the initial purchase. The second frog remained clinically unremarkable and was moved to a second terrarium because of the diagnosis of a Brucella infection in the other frog. Both frogs were fed crickets and grasshoppers, and commercial calcium and vitamin powder was added regularly.



Bacterial cultivation and preliminary identification

Following necropsy, bacteria were cultivated from various clinical samples (liver, spleen, lung, heart, kidney, ovary, gut, skin, and, in one case, intraocular fluid) on Columbia sheep blood (COLS COL+2SBplus; Oxoid, Wesel, Germany) and Endo-Agar (Becton Dickinson, Karlsruhe, Germany) at 37°C aerobically and with 5% CO2 for up to 96 h. For bacterial growth, the tissue samples were immersed in 70% ethanol, air-dried for 5 min, and sectioned with a scalpel. The cut surface was streaked over the agar plate. Skin swabs and fluids were applied directly to the solid culture media. Initial bacterial identification was done by MALDI-TOF analysis (Microflex LT, Bruker Daltonik GmbH, Bremen, Germany).

Subsequent phenotypic characterization of an isolate isolated from the skin (FO700622), sent to the Brucella Reference Laboratory of the Bundeswehr Institute of Microbiology in Munich, Germany, included growth on Brucella selective agar, Gram stain morphology, catalase and cytochrome oxidase activity, hydrogen sulfide (H2S) production, and biochemical characterization using API 20NE and API ZYM (bioMerieux, Nürtingen, Germany). Brucella-specific serological reactions with monospecific agglutination A and M antisera (Anses, Maisons-Alfort, France) were performed as described by Alton et al. (1988).



Histo-pathology procedures

Histological examinations were performed according to a standard protocol. Samples were embedded in paraffin wax and stained with hematoxylin and eosin (HE). Periodic acidic Schiff (PAS) staining was performed for fungi and endoparasites, and a Ziehl–Neelsen stain was performed to detect acid-fast bacteria.



Molecular identification by PCR

The detection of the Brucella-specific genetic markers bcsp31 and IS711 by real-time PCR and species-differentiating multiplex PCR (Bruce-ladder) was performed as described previously (García-Yoldi et al., 2006; Scholz et al., 2008b; López-Goñi et al., 2011). The 16S rRNA and recA gene sequences were determined and analyzed as described previously (Scholz et al., 2008a).



Genome sequencing and assembly

High-quality genomic DNA (gDNA) was prepared for whole-genome sequencing by using the Qiagen genomic extraction kit and Qiagen Genomic-tip 20/G (Qiagen, Hilden, Germany) according to the manufacturer’s recommendations. DNA concentration was determined by the use of a Qubit® 2.0 Fluorometer (Thermo Fisher Scientific) and the Qubit® dsDNA high-sensitivity assay kit (Thermo Fisher Scientific).

Next, era® XT DNA Library Preparation kit (Illumina) with an input DNA amount of 1 to 3 ng was used for library preparation. Whole-genome sequencing was performed on a MiSeq instrument (Illumina) with corresponding MiSeq Reagent Kit v3 (600 cycles; 300 bp paired end) chemistry. A total of 20,866,712 sequencing reads were generated. Trimming of raw sequencing reads and de novo sequence assembly was performed using the software package CLC genomics workbench together with the microbial finishing module (Qiagen, Hilden, Germany). After quality trimming (quality limit 0.05, max ambiguities 2) and adapter removal, 20,865,498 reads remained with an average read length of 288.24 nucleotides, corresponding to an average coverage of approximately 1,900 × relative to the reference genome B. melitensis 16MT. Sequencing reads were down-sampled (reproducible sampling) to 5 M reads (approximately 200x coverage) and assembled de novo with a minimum contig length set to 500 bp. De novo assembly generated 40 assembled contigs (GC content 57.13%) with maximum and average lengths of 337.887 and 70.713 bp, respectively, and a genome length of 3,333,147 bp.

RAW sequencing reads were submitted to NCBI Sequence Read Archive, BioProject accession number: PRJNA906025. The assembled genome with additional information is publicly available in BV-BRC.1



Scaffolding

Each of the 40 contigs produced when assembling Brucella inopinata strain FO700662 (Acc. No. JARQXC000000000; BioSample SAMN31890425) was blasted against the B. suis 1330 (Acc. No. AE014291, AE014292) genome to determine the order based on this reference. Contigs were manually combined into an artificial scaffold that matched the order in that genome.



Calculating overall genome similarities

The average nucleotide identities between strain FO700622 (Acc. No. JARQXC000000000; BioSample SAMN31890425) and B. inopinata BO1T (Acc. No. ADEZ00000000) as well as its closest relatives, strains BO2 (Acc. No. CP065399, CP065400) and BO3 (Acc. No. CP047232, CP047233), were determined using the online tool (OrthoANIu method; Yoon et al., 2017) form EzBioCloud available from https://www.ezbiocloud.net/tools/ani.

Genome similarities (DDH estimates) between B. inopinata BO1T and strains BO2 and BO3 were also calculated using the genome-to-genome distance calculator2 (Meier-Kolthoff et al., 2022).



In silico MLVA and MLSA

In silico MLVA-16 analysis (Le Flèche et al., 2006; Al Dahouk et al., 2007) was carried out as described previously using an in-house script (Georgi et al., 2017). Each locus was checked in respect of the expected total length, internal repeat homogeneity, or probability to get collapsed VNTRs during the assembly. The resulting MLVA-16 genotype of strain FO700622 was compared to entries of a public database consisting of more than 6,000 Brucella strains of each species that can be assessed online via http://microbesgenotyping.i2bc.paris-saclay.fr/. Extended multilocus sequence analysis (BruMLSA21) based on 21 different markers was carried out as described by Whatmore et al. (2016). The scheme and the database are available at PubMLST.3 For in silico analysis, the scheme was downloaded from the database and a task template was created with SeqSphere+ software, v5.0.90 (Ridom GmbH, Münster, Germany). The required identity for the target scan was set to 90% with the required 99% alignment to the respective reference gene. Automatic allele calling from assembled genomes was done using SeqSphere+.



Phylogeny and comparative analyses

Thirty-three Brucella genomes (Supplementary Table 1) were used in a comparison. All genomes, including the new isolate FO700662, were annotated in PATRIC, now known as BV-BRC, the Bacterial and Viral Bioinformatics Resource Center (Wattam et al., 2017, 2018; Davis et al., 2020; Olson et al., 2022) using the RASTtk pipeline (Brettin et al., 2015) which includes annotated genes being automatically assigned into two kmer-based protein families that are genus-specific (PLFams), or are global spanning the genus boundary (PGFams; Davis et al., 2016). The genome of FO700662 is available in BV-BRC under the identifier 1218315.22. Five Ochrobactrum reference genomes were also included in the phylogeny and were used to verify Brucella-specific genes (Supplementary Table 2).

The phylogenetic trees were generated using the Codon Trees pipeline at BV-BRC. Single-copy PGFams present in each genome were identified, and the protein (amino acid) and gene (nucleotide) sequences were used for each of the selected genes. The tree was generated using MUSCLE (Edgar, 2004; amino acid alignment), Biopython (Cock et al., 2009; codon alignment), and RaxML (Stamatakis et al., 2008; Stamatakis, 2014) for tree generation using the GTRGAMMA model for nucleotides and the LG model for amino acids. Support values were generated using 100 rounds of the “Rapid” bootstrapping option (Stamatakis et al., 2008) of RaxML. The resulting Newick file was visualized using FigTree (Rambaut, 2006).

Both the 40 contigs and the reference-based scaffolded FO70062 genome were compared to the B. suis 1330 genome using the Proteome Comparison tool to identify areas within the genomes that were not shared with the comparison genome(s). In addition, protein families were arranged based on the order that they occurred in specific genomes (B. suis 1330, Brucella sp. 09RB8471, and Brucella sp. FO700662) to look for unique regions or regions of potential lateral transfer in the amphibian isolates using the Protein Family Sorter tool (Wattam et al., 2018). Once a potential genomic island was identified, the region of the genome was examined in JBrowse (Skinner et al., 2009), with the flanking regions examined for tRNA genes. Flanking regions were confirmed using the Proteome Comparison tool (Overbeek et al., 2014). Each potential island was visualized in BV-BRC’s Compare Region Viewer (Overbeek et al., 2014) to look for conservation of the gene neighborhood across genomes that had a similar region, and the presence or absence in specific genomes was confirmed by BLASTN of the regional sequence against the target genomes with an expected value of 0.0001, sc_match of 1, sc_mismatch of −2, gap_open of 0, gap_extend of 0, and filter of L;m; (Boratyn et al., 2013). Each region was also searched against a database of plasmid genomes in BV-BRC (Wattam et al., 2017) and also against the reference and representative genomes in the genus Ochrobactrum to confirm whether novel regions were conserved from a recent ancestor. Genes in these regions that were not annotated as hypothetical were examined to see whether they were present in KEGG pathways (Kanehisa et al., 2023) and subsystems (Overbeek et al., 2005) or were described in the published literature.



Core-genome-based MLST

A previously developed core-genome-based MLST (cgMLST) assay (Janowicz et al., 2018) using SeqSphere+ software, v5.0.90 (Ridom GmbH, Münster, Germany) was used to determine the genetic relationship of strain FO700622 and BO1T. The cgMLST scheme covers 2,704 genes with a total of 2.441.649 out of 3.294.931 bp (74%) of the reference strain B. melitensis 16MT (NC_003317.1; NC_003318.1) and can be freely downloaded from the cgMLST Nomenclature Server4 or within the software. The assay uses a required identity for the target scan of 90% with a required 100% alignment to the respective reference genes. For cgMLST analysis, the de novo assembly generated by the CLC Genomic Workbench was imported as a FASTA file into SeqSphere+. The type strains of all currently known Brucella species as well as a set of biovar reference strains were included in the analysis. Genome accession numbers are given in Supplementary Table 1.




Results


Bacterial cultivation and identification

After 48 h of culture, an almost uniformly mixed bacterial flora of different non-fermenters was observed. In addition, Brucella-suspicious colonies were isolated in high grade from the skin but also in small numbers from all clinical specimens tested. Bacteria were positive for cytochrome oxidase and catalase with a rapid urease reaction (5 min). No hemolysis was observed. Bacterial identification using MALDI-TOF revealed Ochrobactrum sp. with a high identification score of 2.2. However, with the knowledge of the recent emergence of atypical Brucella in exotic frogs resembling Ochrobactrum, one sample (FO700622) was sent to the Institute of Microbiology, Munich, for further clarification. Strain FO700622 was highly similar to B. inopinata BO1T (De et al., 2008; Scholz et al., 2016a) in all phenotypic reactions. Similar to B. inopinata BO1T, rapid growth was observed on all media tested in a temperature range of 28°C–40°C. On Brucella agar (Merck, Darmstadt), growth became visible within 10 h of incubation at 37°C with or without supplementary CO2. Single colonies of 1–2 mm were formed within 24 –48 h. Weak agglutination was observed with monospecific anti-M serum up to a dilution of 1:40 but not with anti-A serum. Production of H2S and Voges–Proskauer reaction is positive. Strains were negative for hydrolysis of esculin, gelatin liquefaction, production of indole, and citrate utilization. Strains tested positive (API ZYM) for acid phosphatase, alkaline phosphatase, trypsin, leucine arylamidase, and naphthol-AS-BI-phosphohydrolase. Strains were negative (API ZYM) for esterase, esterase lipase, lipase, valine arylamidase, cystine arylamidase, α-chymotrypsin, α- and β-galactosidase, β-glucuronidase, α- and β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, and α-fucosidase. Strains tested positive (API 20NE) for d-glucose, maltose, l-arabinose, d-mannose, N-acetylglucosamine, and adipic acid and negative for d-mannitol, citric acid, gluconate, capric acid, malic acid, and phenylacetic acid. In API 20E, Strains tested positive for fermentation of l-arabinose.



Pathological findings

The entire body of the dead White’s tree frog (Litoria caerulea), with a body size of 11.8 cm and a body weight of 112 g, was submitted for pathological examination. Gross examination showed a dorsal mass of 3.0 × 3.0 × 1.3 cm cranial to the cloaca (Figure 1A). A 0.6 cm large excoriation was observed on the right front limb. Both thighs were diffusely moderately swollen, and there was a 0.3 cm large excoriation on the right thigh (Figure 1B). The internal organs were macroscopically unremarkable as far as could be evaluated due to their fixation in formalin.
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FIGURE 1
 (A) Dermal granulomatous inflammation with excoriations of the skin measuring 3.0 × 3.0 × 1.3 cm from a 13-year-old White’s tree frog after fixation. (B) Diffuse swelling of the thigh with an excoriation on a 13-year-old White’s tree frog after fixation.


Histopathologically, the skin lesions on the thighs and the mass on the back showed moderate epidermal hyperplasia with multiple ulcerations (Supplementary Figure 1).

A severe multifocal to coalescing granulomatous inflammation with moderate numbers of intralesional acid-fast, rod-shaped bacteria in the macrophages and freely located were seen in the dermis and the underlying musculature (Figure 2).

[image: Figure 2]

FIGURE 2
 Granulomatous inflammation composed of macrophages and single lymphocytes. Moderate numbers of intralesional acid-fast, rod-shaped bacteria phagocytosed by macrophages or freely located (Ziehl–Neelsen, 1,000x magnification).


The musculature contained moderate numbers of cysts of cestodes. The morphology of the parasite was indicative of the sparganum of Spirometra erinacei (Supplementary Figure 2). Other organs examined were morphologically unremarkable.



PCR and in silico analysis

Strain FO700622, received as Ochrobactrum sp. as identified by MALDI-TOF analysis, was positive in PCR for the Brucella-specific targets IS711 and bcsp31, suggesting its affiliation to the genus Brucella but not to Ochrobactrum. The species-differentiating Bruce-ladder-multiplex-PCR revealed the B. inopinata BO1T-specific banding pattern with fragment sizes of 152, 272, 450, 587, 794, and 1,682 base pairs, indicating its affiliation or close relationship to this species. This finding was remarkable because up to that date, all Brucella isolates from exotic frogs had a unique banding pattern, different from all other species, consisting of five fragments with sizes of 152, 272, 450, 587, and 794 bp (Eisenberg et al., 2012). We, therefore, genome-sequenced strain FO700622 for further molecular characterization. The in silico generated MLST-21 profile of strain FO700622 was identical to the specific profile of B. inopinata BO1T (sequence type 69), confirming that strain FO700622 belongs to this species. In contrast, the profile of the to date closest related strain BO2 differed in all of the given markers (mviM-negative, no assigned ST).

With the exception of one VNTR marker (bruce 18), the MLVA profiles of B. inopinata BO1T and strain FO700622 were identical, whereas the closest relative, BO2, differed in six of the sixteen markers. MLVA-16 profiles were as follows: B. inopinata BO1T (2, 5, 9, 13, 3, 2, 5, 4, 8, 40,0, 10, 0 3, 3, and 0); B. inopinata FO700662 (2, 5, 9, 13, 3, 2, 5, 4, 9, 40, 0, 10, 0, 3, 3, and 0), and Brucella sp. BO2 (1, 5, 3, 13, 4, 2, 5, 3, 12, 37, 8, 19, 5, 3, 5, and 10). When calculating the genome-to-genome distance, the DNA–DNA hybridization (DDH) estimate between strains BO1T and FO700662 was 99.4%, indicating that these genomes are highly similar. In comparison, the DDH estimate between strain BO1T and BO2 was 85.8% and 84.9% with strain BO3. This was also reflected in the ANI values obtained (BO1T/FO700662: 99.86; BO1T/BO2: 98.31; BO1T/BO3: 98.25) with genome coverages of 75.14%/74.35, 70.76%/68.97, and 64.89%/64.11%, respectively.



Phylogeny

The phylogenetic tree was built using the Codon Trees pipeline at PATRIC. Both the amino acid and nucleic acid sequences from 901 single-copy orthologous genes included 260,286 amino acids and 780,858 nucleotides that were concatenated together in an alignment and used to generate the tree (Figure 3).
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FIGURE 3
 Midpoint rooted, maximum likelihood tree for 33 Brucella genomes.


The B. inopinata BO1T strain (De et al., 2008), an isolate from human infection, was closest to the FO700622 strain, with a 100% support value. The closest strain to these two genomes was another human isolate, the BO2 strain (Tiller et al., 2010). The branch containing FO700622 and the two human isolates is found on the same branch as Brucella strains that have been recently isolated from the Pacman frog (strain B13-0095) and BO3, a human isolate (Rouzic et al., 2021). The next closest clade includes an isolate from the bluespotted ribbon tail ray (strain 141,012,304; Eisenberg et al., 2017), other African bullfrog isolates (strains 10RB9210, 09RB8471, 09RB8918, and 09RB8913; Al Dahouk et al., 2017), an isolate from a chameleon (strain 191,011,898; Eisenberg et al., 2020), and three isolates from humans in Australia (strains 6,810, 2,280, and 458). Genetic analysis does not suggest a clear distinction between Brucella strains isolated from warm- or cold-blooded hosts as isolates from cold-blooded hosts appear in both ancestral and classical clades of the phylogenetic tree. The Brucella microti-like genome was isolated from a Pelophylax ridibundus in a domestic frog farm in France (Jay et al., 2018) and was found within the classical clade (Figure 3). The addition of Ochrobactrum genomes (Supplementary Figure 3) shows that the root of the Brucella tree occurs in the middle of the atypical genomes and is not clear between the classical and atypical strains.



Core-genome-based MLST

The cgMLST assay was originally optimized for B. melitensis; however, the high genetic similarity of all Brucella species, including atypical Brucella, allows accurate typing of atypical Brucella. Only 10% to 15% of the 2,704 target genes cannot be used, thus, there is still an average of 2,300 genes available for cgMLST analysis.

The minimum spanning tree (MST) was generated with the SeqShere+ software. The genomes of genetically atypical Brucella species are well separated from the classic Brucella species by 1,969 allelic differences with B. ovis lying on the path between the two groups (Supplementary Figure 4). The distances among most genetically classical species ranged from 730 (B. pinnipedialis / B. ceti) to 1,719 alleles (B. pinnipedialis / B. melitensis). The close genetic relationship between B. canis and B. suis bv 4 was reflected by a distance of only 308 alleles (lower left). Significantly larger distances (>2,000 alleles) were detected in epidemiologically unrelated isolates of the atypical group, indicating higher genetic diversity in this population compared to the classical Brucella species. Only epidemiologically related frog isolates were clustered together with few allelic differences. The distance of 36 alleles between two strains of Australian rodents (NF2651 and 83/13) supports a possible epidemiological link. The two B. vulpis strains (F60H and F965) isolated from two different red foxes in Lower Austria differed in only 15 alleles. Only 173 different alleles were detected between B. inopinata BO1T and B. inopinata strain FO700662, confirming their very close genetic relationship. Interestingly, strain BO2, which until then was considered the closest relative of strain BO1T, differed in 2,046 alleles in a head-to-head comparison (Figure 4). A similarly large distance of 1,948 alleles was observed between strains BO2 and B130095/BO3. It is noteworthy that strain BO3, a human isolate, differed in only 11 alleles in cgMLST analysis from strain B13-0095 isolated from a Pacman frog. An allelic distance matrix of strains FO700662, BO1T, BO2, BO3, and B130095/BO3 is given in Supplementary Table 3.
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FIGURE 4
 cgMLST minimum spanning tree (MST). Direct comparison of strains BO1T, BO2, FO700622, BO3, and B13-0095. Allele distances are shown in numbers.




Distinctive regions

Seventeen regions of interest were identified when all strains were compared to FO700662 (Table 1). A complete list of the genes in these regions is available (Supplementary Table 4). A BLAST analysis of the genomic sequences of each of these regions showed that they were not present in the genomes associated with the “classical Brucella” strains and also were not universally shared across all of the strains found in the non-classical Brucella strains that are found in the lower half of the phylogenetic tree (Table 2; Figure 3).



TABLE 1 Genomic regions unique to FO700662 when compared to classical Brucella strains.
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TABLE 2 Genomic regions unique to FO700662 with more than 50% query coverage in the non-classical Brucella strains.
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The combined regions include nine tRNA genes and 264 protein-coding sequences, 139 (52.6%) of which are annotated as hypothetical. Seven of the regions (Regions 1, 3, 4, 6, 10, 12, and 14) have at least one phage gene annotated within it. Two of the regions (Regions 7 and 14) were unique to FO700662, but the others are either narrowly (Regions 4, 5, 6, 10, and 12) or widely (Regions 1, 13, and 17) shared across the non-classical strains. Many of these regions (1, 4, 6, 7, 11, 12, 14, and 15) are flanked by tRNA genes, which are known to be associated with horizontal gene transfer (Hacker and Kaper, 2000; Ochman et al., 2000). Other indications of horizontal transfer included the presence of genes annotated as mobile element proteins or transposases, and several of the regions have one or more genes that are identified as such (Regions 1, 2, 4, 6, 7, 10, 12, 13, and 16). Each region was compared to the plasmid database using BLASTN in BV-BRC (Davis et al., 2020). Five regions (Region 8, 9, 11, 16, and 17) had more than a 10% query coverage match against plasmid genomes in that database (Supplementary Tables 4, 5), indicating that they could have been incorporated by lateral transfer. These regions were all on the second chromosome.

BLASTN analysis of the nucleotide sequences of the regions was compared to the five Ochrobactrum representative genomes. Region 5 had a query coverage of 87% query coverage to O. rhizosphaerae SJY1, and region 14 had 67% to O. intermedium LMG 3301, indicating that these two regions were ancestral and did not enter Brucella by lateral, or horizontal transfer. Region 11 had 38% query coverage when compared to O. anthropi ATCC 49188, but this was one of the plasmids in this genome.

While most of the 272 genes found in these 17 regions are annotated as hypothetical (Supplementary Table 4), several regions contain some notable genes.

Regions 1, 3, 4, 6, 10, 12, and 14 all have bacteriophage genes annotated, with some regions (3, 6, and 14) having a number of these genes present.

All the genes in Region 9 are involved in rhamnose metabolism, with some being potentially active in the KEGG Fructose and Mannose pathway. Four of these genes are predicted to work as a rhamnose transporter (Richardson and Oresnik, 2007). This region had weak homology when compared to O. intermedium LMG 3301 (43%) and also in a plasmid found in Rhizobium topicic (39%). An examination of the genes found in this region showed that the genes and their orientation were strongly conserved in these particular genomes (Figure 5), with differentiation in the flanking regions. This was the most strongly conserved of the regions with non-Brucella genomes.
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FIGURE 5
 Genes from region nine, depicted in the box, showing conservation of gene length and orientation in the FO700662 compared to the Rhizobium plasmid and Ochrobactrum contig in which they were also found.


Region 11 has a toxin/antitoxin HigB/HigA system. These types of systems have been found in many pathogens (Wood and Wood, 2016). Region 16 has three genes (proVWX) that have been identified as the proU operon in other bacteria, which encodes a binding protein-dependent transport system that is essential for the uptake of osmoprotectants such as glycine betaine and is known to be upregulated in response to osmotic stress (Lucht and Bremer, 1994).

A close examination of the genes that are known or predicted to be involved in lipopolysaccharide (LPS) production was conducted. This included the wbk region, wboA and wboB, and the four genes in BO2 (Wattam et al., 2012) that other bacteria use for making a rhamnose-based O-antigen (Table 3).



TABLE 3 BLAST results showing genes with more than 50% identity to LPS amino acid sequences.
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Both BO1T and FO70062 share the 13 genes in the wbk region that are essential for lipopolysaccharide (LPS) synthesis (Godfroid et al., 2000; Gonzalez et al., 2008; Al Dahouk et al., 2017), as well as wboAB. Both strains are missing the rhamnose genes first identified in BO2. An expanded analysis, using the protein sequences for the BO2 rhamnose genes and WboAB and the Wbk proteins from FO700662, showed that other than BO2, only six of the 19 non-classical strains have the four rhamnose genes (10RB9215, 10RB9213, 1412304, and BO3 and B13 Pacman). WbkF and WbkD are shared across all strains. The other genes in the Wbk region are absent from most strains, except for WbkE, ManA, ManC, and ManB, which are strains 2280 and 6810. Strain 6810 is also a pseudogene that matches WbkA.




Discussion

While our understanding of the Brucella genus remained unchanged for decades in the past, several new Brucella species and strains of human origin and from various new animal hosts have been described more recently (Godfroid et al., 2005; Foster et al., 2007; Scholz et al., 2008b; Whatmore et al., 2014; Scholz et al., 2016b; Eisenberg et al., 2017). The isolation from cold-blooded hosts, particularly amphibians but also from fish and reptiles, has greatly expanded the host range of this medically important genus. Exotic frogs, in particular, have become an important newly recognized host of Brucella in recent years (Shilton et al., 2008; Eisenberg et al., 2012; Fischer et al., 2012; Soler-Lloréns et al., 2016; Muhldorfer et al., 2017). Isolation from different continents indicates a worldwide distribution of atypical Brucella in different exotic frog species (Scholz et al., 2016a). The majority of infections induce severe clinical signs in the frogs and frequently lead to death (Muhldorfer et al., 2017). However, it is currently unknown whether the mucous skin of frogs forms a natural reservoir for Brucella and whether the disease only occurs after trauma or stress conditions. The infection could also occur through contaminated food or an unknown reservoir in soil or water. Isolates from exotic frogs belong to the so-called atypical Brucella which are phenotypically close to Ochrobactrum spp., a soil-associated facultative human pathogen, but genetically more closely related to the Brucella genus (Lebuhn et al., 2000; Elsaghir and James, 2003; Scholz et al., 2008a). In-depth molecular-biological analyses at the isolate level have shown that brucellae from exotic frogs, in contrast to classic brucellae, have a markedly higher level of genetic diversity and possess genes on their chromosomes from other soil-associated bacteria, indicating horizontal gene transfer (Wattam et al., 2009; Occhialini et al., 2022).

Although most atypical brucellae are currently being isolated from amphibian hosts, the first genetically (and phenotypically) atypical Brucella strain BO1, later named B. inopinata, was not isolated from a frog but unexpectedly from a 71-year-old woman in 2008 with an endogenous breast implant infection (De et al., 2008). At this point, however, the source of infection was unknown and exotic frogs had not yet been recognized as hosts for atypical Brucella. The first isolation of atypical brucellae from wild-caught African bullfrogs (Pyxicephalus edulis) from Tanzania was published in 2012 (Eisenberg et al., 2012). Eight-locus MLSA (Whatmore et al., 2007) placed the isolates close to B. inopinata BO1T and other atypical isolates from Australian rodents (Eisenberg et al., 2012) forming a new branch distinct from the classic Brucella species but clearly related to Brucella and more distantly related to Ochrobactrum. To date, the number of atypical brucellae (sometimes referred to as “non-core” brucellae) has increased significantly due to the description of various new atypical isolates from different sources (Al Dahouk et al., 2017; Muhldorfer et al., 2017; Whatmore and Foster, 2021). Because B. inopinata was the first atypical species described (Scholz et al., 2010) and was still the only validly published species among the atypical brucellae, members of the atypical clade are often referred to as “B. inopinata-like.” However, as shown in the cgMLST analysis targeting 2,704 genes (Figure 4; Supplementary Figure 4), even to date most closely related atypical strain BO2, also a human clinical isolate, differs in 2,046 alleles from B. inopinata BO1T, while the strain analyzed in this study (FO700622) differs from B. inopinata BO1T in only 173 alleles. This close and unexpected proximity of B. inopinata BO1T and strain FO700622 prompted us to perform a more detailed comparative genomic analysis of both strains and other atypical members and to investigate whether strain FO700622 is a true member of B. inopinata. Since strain BO2 was identified as the genetically most closely related strain compared to BO1T in several previous studies (Wattam et al., 2012; Al Dahouk et al., 2017), the distinguishing features of both strains were investigated in detail.

Strain FO700622 showed the specific banding pattern of B. inopinata BO1T in the species-differentiating Bruce-Leader PCR. Both MLSA and in silico MLVA also confirmed strain FO700622 as a true member of B. inopinata with an identical MLSA profile and only one repeat difference in one of the 16 VNTR markers. In contrast, strain BO2 differed significantly from strain BO1T and differed in all MLST markers and six VNTR markers. The calculated genome-to-genome distance of 99.4% between strains BO1T and FO700622 showed that both genomes are highly similar while comparing strain BO1T with BO2 a significantly lower value of 85.8% was obtained.

The phylogenetic tree (Figure 3) clearly shows that FO700622 and B. inopinata are most closely related. Strain BO2 is close to both of these strains, but it is also distinctly different. Most notably, it is missing the wboAB and the genes in the Wbk region that are essential in producing the O-antigen and, in the same location, has four genes that are involved in the formation of the O-antigen component of the LPS in many gram-negative bacteria (Giraud and Naismith, 2000; Wattam et al., 2012).

While the tree does show that the previously known “classical” strains are united in a clade, the genomes isolated from cold-blooded hosts are not. The Brucella microti-like strain is comfortably located within the classic clade, and it was isolated from a frog. When Ochrobactrum genomes were included in the phylogeny (Supplementary Figure 3), the root of the Brucella genomes is found somewhere within the middle of the atypical genomes. This suggests that early radiation of the Brucella had several successful lines, with one particular line being very successful and evolving into the ancestral genome that is the progenitor of the classic clade.

The identification of strain FO700622 as a second B. inopinata isolate and its isolation from an exotic frog raises the question of whether amphibians may play a role as a potential source of human infection. This could apply to people who keep exotic frogs as pets in a terrarium, or to frogs that are produced for human consumption. Indeed, only recently, another member of the biochemically atypical Brucella, B. microti, was isolated in large quantities from frogs bred for human consumption at a French frog farm (Jay et al., 2020). While most atypical Brucella are not risk classified, B. inopinata has been classified in risk group 3. It needs to be clarified how the natural occurrence of a risk group 3 pathogen in exotic frogs kept as pets or housed in zoos is to be assessed.

However, it should be noted that human infections with atypical Brucella are extremely rare with only four cases reported to date (Tiller et al., 2010; Soler-Lloréns et al., 2016; Rouzic et al., 2021). In 2010, strain BO2 was isolated from a patient in Australia with severe pneumonia (Tiller et al., 2010), and more recently in 2019, strain BO3 almost identical to strain B13-0095 isolated from a Pacman frog in Texas, United States, was isolated from a French patient with typical signs of severe brucellosis. The patient infected with strain BO3 had close contact with exotic animals including Pacman frogs (Rouzic et al., 2021). In cgMLST analysis (Figure 4; Supplementary Figure 4), strains BO3 and B13-0095 were nearly indistinguishable with a difference of only 11 alleles, which is even closer than the relatedness of strains BO1T and FO700662. This is remarkable in view of the overall higher genetic diversity among the atypical Brucella and no obvious epidemiological connection. Three other clinical isolates of B. sp. 2,280 (biosample: SAMN12091575), B. sp. 6,810 (Biosample: SAMN15962648), and B. sp. 458 (BioSample: SAMN18395631) were recently isolated from human patients in Australia, with no further information available. However, in Australia, atypical Brucella have been isolated from rodents and repeatedly from exotic frogs (Tiller et al., 2010; Latheef et al., 2020).

The worldwide occurrence and high genetic diversity of atypical Brucella isolated from various exotic frog species indicate that amphibians may play an important role as natural reservoirs and potential vectors of “atypical” Brucella species and also may function as a source for human infections. As pointed out previously (Scholz et al., 2016a), we speculate that atypical Brucella may have a reservoir in the soil rhizosphere or in yet unknown non-vertebrate hosts occasionally colonizing the skin of amphibians as opportunistic pathogens. Stressful conditions during transport, especially when importing wild-caught animals or after skin injuries that may occur during quarantine or improper animal husbandry, might trigger local and systemic infection.
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Brucella abortus is a facultative extracellular-intracellular bacterial zoonotic pathogen worldwide. It is also a major cause of abortion in bovines, generating economic losses. The two-component regulatory system BvrR/BvrS modulates the expression of genes required to transition from extracellular to intracellular lifestyles. However, few regulatory regions of BvrR direct target genes have been studied. In this study, we characterized the regulatory region of omp25, a gene encoding an outer membrane protein that is positively regulated by TCS BvrR/BvrS. By omp25-lacZ reporter fusions and β-galactosidase activity assays, we found that the region between-262 and + 127 is necessary for transcriptional activity, particularly a 111-bp long fragment located from-262 to −152. In addition, we demonstrated the binding of P-BvrR to three sites within the −140 to +1 region. Two of these sites were delimited between −18 to +1 and − 99 to −76 by DNase I footprinting and called DNA regulatory boxes 1 and 2, respectively. The third binding site (box 3) was delimited from −140 to −122 by combining EMSA and fluorescence anisotropy results. A molecular docking analysis with HDOCK predicted BvrR-DNA interactions between 11, 13, and 12 amino acid residue-nucleotide pairs in boxes 1, 2, and 3, respectively. A manual sequence alignment of the three regulatory boxes revealed the presence of inverted and non-inverted repeats of five to eight nucleotides, partially matching DNA binding motifs previously described for BvrR. We propose that P-BvrR binds directly to up to three regulatory boxes and probably interacts with other transcription factors to regulate omp25 expression. This gene regulation model could apply to other BvrR target genes and to orthologs of the TCS BvrR/BvrS and Omp25 in phylogenetically closed Rhizobiales.

KEYWORDS
 two-component regulatory system, outer membrane protein (OMP), Rhizobiales
, Brucella
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1. Introduction

Brucella abortus is a facultative extracellular-intracellular Gram-negative pathogen. It belongs to Rhizobiales, an order composed of cell-associated pathogens, symbionts, and free-living bacteria (Batut et al., 2004; Moreno, 2021). B. abortus causes brucellosis, a widely distributed zoonotic disease. In infected cattle, the disease manifests with abortion and infertility, causing economic losses (Spink, 1957).

The pathogenicity of brucellae resides in their ability to invade, survive, and replicate inside host cells (Roop et al., 2021). In B. abortus, the two-component regulatory system (TCS), BvrR/BvrS, is important for the transition from the extracellular to the intracellular milieu (Sola-Landa et al., 1998; Guzman-Verri et al., 2002; López-Goñi et al., 2002; Altamirano-Silva et al., 2018). This TCS comprises a transmembrane sensor protein with histidine kinase activity called BvrS and a cytoplasmic response regulator called BvrR, which has homology to OmpR (López-Goñi et al., 2002; Altamirano-Silva et al., 2018).

Phylogenetic analyses revealed that the TCS BvrR/BvrS is orthologous to other Rhizobiales TCSs, including ExoS/ChvI from the plant endosymbiont Sinorhizobium meliloti, ChvG/ChvI from the plant pericellular pathogen Agrobacterium tumefaciens, and BatR/BatS from the intracellular zoonotic pathogen Bartonella sp. Those orthologous TCSs respond to environmental conditions and regulate the expression of target genes involved in distinct stages of host invasion and intracellular survival (Charles and Nester, 1993; Cheng and Walker, 1998; Batut et al., 2004; Beier and Gross, 2006; Quebatte et al., 2010; Bélanger and Charles, 2013; Heavner et al., 2015; Ratib et al., 2018).

In brucellae, BvrS senses low pH and low nutrient availability, conditions probably encountered when the bacterium is trafficking through the endosomal pathway (Altamirano-Silva et al., 2018, 2021). Following this, BvrS probably auto-phosphorylates and transduces the signal via a phosphate group to BvrR, increasing its affinity for specific chromosomal regions (López-Goñi et al., 2002; Nguyen et al., 2015; Altamirano-Silva et al., 2021). A B. abortus bvrR mutant lacks virulence in murine models and does not replicate in cell culture models (Sola-Landa et al., 1998). This mutant differentially expresses outer membrane and periplasmic proteins (Guzman-Verri et al., 2002; Lamontagne et al., 2007; Viadas et al., 2010) and shows a distinctive lipopolysaccharide acylation pattern compared to the wild-type strain (Manterola et al., 2005). Regarding outer membrane proteins, the TCS BvrR/BvrS positively regulates the expression of omp25 (Guzman-Verri et al., 2002; Lamontagne et al., 2007; Viadas et al., 2010). This gene encodes a major outer-membrane protein of 25 kDa (Omp25) belonging to the Omp25/31 family (Vizcaíno et al., 2001), the most abundant outer-membrane proteins of brucellae (Martín-Martín et al., 2009). In B. abortus, although Omp25 is not essential for the invasion, survival, and replication inside RAW macrophages and HeLa cells, it has a structural function in the covalent attachment of the outer membrane to peptidoglycan (Manterola et al., 2007; Godessart et al., 2021).

The TCS BvrR/BvrS also regulates the expression of virulence genes related to intracellular trafficking and cell egress, like the Type IV Secretion System VirB and the quorum-sensing regulator VjbR (Lamontagne et al., 2009; Martínez-Núñez et al., 2010; Viadas et al., 2010; Altamirano-Silva et al., 2018, 2021), and is related to the carbon and nitrogen metabolic fitness according to the encountered environment (Lamontagne et al., 2009; Viadas et al., 2010; Rivas-Solano et al., 2022).

Recently, two DNA binding motifs putatively recognized by BvrR have been reported by in silico predictions (Ramírez-González et al., 2019) and experimental approaches (Rivas-Solano et al., 2022).

A direct interaction has been described between BvrR and the upstream region of omp25, located between coordinates −159 and + 34 from the start codon (Rivas-Solano et al., 2022). Two transcriptional start sites (TSS) have been independently reported for omp25, at positions −131 and − 82 (Suárez-Esquivel et al., 2016; Rivas-Solano et al., 2022).

Here, we characterized the omp25 transcriptional regulatory region as a prototype of a regulatory element directly controlled by the TCS BvrR/BvrS. Our results suggest that the TCS BvrR/BvrS regulates omp25 expression directly by binding to up to three regulatory boxes with inverted and non-inverted DNA repeats. The research presented here contributes to understanding how the TCS BvrR/BvrS regulates target genes and might apply to other ortholog TCSs in Rhizobiales.



2. Materials and methods


2.1. Bacterial strains and culture conditions

Escherichia coli and B. abortus strains (Table 1) were incubated at 37°C at 200 rpm and grown on Luria Bertani Broth (LB) (Sambrook et al., 1989) or Tryptic Soy Broth (TSB) (Suárez-Esquivel et al., 2016). Additionally, culture media were supplemented with antibiotics (kanamycin 30 μg/ml, gentamicin 20 μg/ml, or ampicillin 100 μg/ml) when necessary. All procedures involving live B. abortus were performed according to the “Reglamento de Bioseguridad de la CCSS 39975–0,” 2012, after the “Decreto Ejecutivo #30965-S,” 2002, and research protocol SIA 0652-19, approved by the National University, Costa Rica.



TABLE 1 Bacterial strains and plasmids.
[image: Table1]



2.2. Construction of transcriptional fusions and β-galactosidase activity assays

The primers used in this study are detailed in Supplementary Table 1. A DNA fragment from the genome of B. abortus 2308 W (GenBank Accession ERS568782), encompassing the omp25 region from −392 to +127 and two smaller ones from −262 to +127 and −151 to +127 (Figure 1A), was amplified by PCR and purified with the QIAquick® Gel Extraction Kit (Qiagen). The amplicons and the pMR15 vector (Table 1) were excised separately with BamHI (10 U/μl) and XbaI (10 U/μl) (Fermentas®) for 18 h at 37°C. The restriction enzymes were inactivated at 80°C for 20 min. The DNA fragments were ligated with the pMR15 vector using T4 DNA ligase (5 U/μl) (Fermentas®) at room temperature overnight to obtain plasmids p392, p262, and p151 (Table 1). Then, the plasmids were electroporated into the E. coli strain XL1-Blue to generate the strains E392, E262, and E151 (Table 1) using the Electro Cell Manipulator ECM 630 BTX®. Colonies with the new plasmids were selected using kanamycin and screened using primers omp25lacZF and omp25lacZR (Supplementary Table 1). Plasmid DNA was isolated and electroporated into B. abortus using the Electro Cell Manipulator ECM 630 BTX® to obtain the strains B392, B262, and B151 (Table 1). The vector pMR15 was also electroporated into B. abortus as a non-promoter activity control (strain BpMR15, Table 1). The β-galactosidase assays were performed with modifications (Guzman-Verri et al., 2002). Bacteria were grown until the exponential phase, permeabilized with 0.5% sodium dodecyl sulfate (SDS), 6% chloroform for 10 min at 28°C, and incubated with O-nitrophenyl-β-D-galactopyranoside (ONPG) for 10 min at 28°C. The reaction was stopped with 1 M sodium carbonate, the absorbance was measured at 420 nm, and the specific activity was expressed as nmol of O-nitrophenol produced/min × mg protein (Miller Units). The reported β-galactosidase activity was corrected according to the residual activity obtained from the empty vector strain, BpMR15. A previously constructed lacZ:omp25 chromosomal fusion B. abortus strain (3aZ) was used as a positive control of promoter activity (Guzman-Verri et al., 2002; Table 1). A one-way ANOVA statistical analysis followed by Tukey’s multiple comparisons test was performed using GraphPad Prism version 8.00 for Windows (Graph Pad, 2019).
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FIGURE 1
 A 111-bp fragment upstream of omp25 is needed for wild-type levels of transcription. (A) Schematic representation of the omp25 upstream region analyzed by constructing three β-galactosidase transcriptional fusions. Gray rectangle = region with wild-type levels of transcription (from −392 to +127), blue rectangle = 111-bp region (from −262 to −152) needed for wild-type levels of transcription, and black rectangle = fragment with basal transcriptional activity. DNA coordinates are given according to the omp25 adenine in the start codon. (B) β-galactosidase results (unfilled figures) and a representative growth curve (asterisks). B. abortus 2308 W-derived strains containing the promoterless reporter vector fusions with upstream omp25 fragments were grown in TSB at 37°C and assayed for β-galactosidase activity at different times of the growth curve. Absorbance was measured at 420 nm at the indicated times. B151 presented significant statistical differences for β-galactosidase activity compared to the rest of the strains. These results are representative of at least three independent experiments. The residual β-galactosidase activity from the empty vector (BpMR15) was removed from each test carried out in the corresponding growth phases (one-way ANOVA followed by Tukey’s multiple comparisons test) (p < 0.05).




2.3. Electrophoretic mobility shift assay (EMSA)

Expression and purification of GST-BvrR were carried out as described (Martínez-Núñez et al., 2010). Before each assay, BvrR was phosphorylated with carbamoyl phosphate as described previously (Altamirano-Silva et al., 2018). DNA probes were labeled using the DIG Gel Shift Kit 2nd Generation (Roche®). Protein and DNA probes were incubated together following the protocol described in the DIG Gel Shift Kit 2nd Generation (Roche®). Protein-DNA mixtures were separated by native polyacrylamide electrophoresis at 150 V at 4°C for 1, 1.5, or 2.5 h, depending on the size of the DNA probe. The gels were electro-blotted into positively charged Nylon membranes, and the results were visualized by an enzymatic immunoassay using anti-digoxigenin-alkaline phosphatase (InvitrogenTM Electrophoretic Mobility Shift Assay Kit). The generated chemiluminescent signals were recorded on an X-ray film. Size and shape are factors that affect the electrophoretic migratory pattern of a molecule (Hellman and Fried, 2007). In our assays, the same protein is used, but the DNA fragments differ, so specific protein-DNA complexes for each DNA fragment run by EMSA were identified based on the following criteria: absence of shifted bands in the lane without P-BvrR, absence of shifted bands in the specificity binding control, P-BvrR concentration-dependent shifted bands, and consistency between independent replicas. If any of these criteria were not met, the shifted band was classified as unspecific (Hellman and Fried, 2007; Altamirano-Silva et al., 2018).

For direct EMSA, two DNA fragments used as probes were obtained by PCR using the following primer pairs: omp25.262 and omp25.152 or omp25.262 and omp25.122 (Supplementary Table 1). Labeled probes at 0.033 μM were incubated with increasing concentrations of phosphorylated BvrR (P-BvrR) (0.1–1.6 μM) for 15 min on ice. Mixtures were electrophoresed for 2.5 h and analyzed as described above. A coding region of the ribosomal protein (rpIL) was amplified by PCR with the primers L12.F and L12.R (Supplementary Table 1) and used as a specificity-binding control.

For competitive EMSA, a 193-bp fragment (coordinates −159 to +34 from the omp25 start codon), previously shown to interact with P-BvrR by EMSA (Rivas-Solano et al., 2022), was amplified by PCR with primers omp25R and omp25F (Supplementary Table 1). The 193-bp labeled probe (0.033 μM) was mixed with P-BvrR (0.4 μM) and an excess (1,000×) of each nine ~40 pb unlabeled oligonucleotide pairs obtained by chemical synthesis (Supplementary Table 2), encompassing the region covered by the 193-bp probe. The protein-DNA mixtures were incubated as described for direct EMSA, electrophoresed for 1.5 h, and analyzed as described above.

The oligonucleotide pairs that competed with the 193-bp probe for binding to P-BvrR were then labeled and used as probes in another direct EMSA with increasing concentrations of P-BvrR, as described for the direct EMSA above. Mixtures were electrophoresed for 1 h and analyzed as described above. One of the oligonucleotide pairs that did not compete for P-BvrR was used as a specificity-binding control.



2.4. DNase I footprinting

For DNase I footprinting, the same 193-bp region used for competitive EMSA was amplified as described above, labeled with HEX (hexachlorofluorescein) or FAM (5′ 6-carboxyfluorescein), incubated with P-BvrR at 8.32 μM, and proceeded as described for EMSA. The samples were then incubated for 15 min at 15–25°C and placed again in ice. DNAse I (0.05 U) was added, and the samples were incubated for 2 min at 15°C in a thermocycler, followed by 10-min incubation at 75°C. The samples were purified using the Qiagen Qiaquick PCR purification kit and eluted with 30 μl of EB buffer. The samples (10 μl) were run in a 3730 Genetic Analyzer after mixing with 7 μl of HiDi formamide and 0.1 μl of GeneScan 500 Liz size marker and the following running parameters: genotyping module, injection time: 30 s, and injection voltage: 3 kV (Zianni et al., 2006). The Peak Scanner software was used to infer the protected regions by superimposing the electropherograms from digested DNA in the presence of P-BvrR or BSA (3.64 nM). Base pair coordinates of the protected regions were inferred after Sanger sequencing of the 193-bp DNA fragment.



2.5. Fluorescence anisotropy

The fluorescence anisotropy assays were performed as described (Owen and McMurray, 2009) with modifications. Recombinant BvrR was phosphorylated as described for EMSA and serially diluted in a binding buffer (10 mM Tris, 1 mM EDTA, 0.1 M NaCl). The forward oligonucleotide 2 (173.133omp25-O, Supplementary Table 2) was 5′-labeled with FAM and mixed with the non-labeled reverse complementary oligo (173.133omp25-ORC, Supplementary Table 2) at a final concentration of 50 mM. The oligonucleotides Oligo rplL-O (5′-FAM labeled) and the reverse complementary Oligo rplL-ORC (Supplementary Table 2) were used as a negative control at a final concentration of 50 mM. Blank samples without protein were also prepared for background fluorescence estimation. Samples were incubated for 30 min at 37°C inside a CytationTM 3 microplate reader (Biotek, Instruments). Fluorescence anisotropy was measured with the appropriate polarized filters, and the results were graphed following a one-site-specific binding model (Favicchio et al., 2009) using the GraphPad Prism (Hulme and Trevethick, 2010; Graph Pad, 2019).



2.6. Molecular docking analysis of BvrR-DNA interactions

The interactions between BvrR and its three binding sites were explored by molecular docking using the HDOCK server (default parameters) (Yan et al., 2017). The Fasta BvrR sequence (UniProt accession: Q2YQY4) was used as an input receptor molecule, and the sequences Box 1 (TTGTGTAAGGAGAATGCCAT), Box 2 (GATA TGTCACCCCTGTCAGCGCGG), and Box 3 (CTCGACAGAT TATCTCCACACAATGGGGCA) were used as input ligand molecules. Before the free docking, the software selected the crystal structure of the OmpR-like response regulator KdpE from E. coli (RCSB PDB: 4KFC) as a modeling template for the BvrR structure (Seq_ID % = 29.4). To ensure the reliability of the model generated by HDOCK, its quality was analyzed using the QMEANDisCo parameter (Studer et al., 2020) and Ramachandran plots. The model was compared to those generated by SWISS-MODEL (Waterhouse et al., 2018), I-TASSER (Yang et al., 2015), and AlphaFOLD (Jumper et al., 2021; Varadi et al., 2022). The crystal structures of two proteins with DNA-binding domains were used as positive controls for the docking experiments: a B. abortus DNA binding protein (RCSB PDB: 4QPJ) and the KdpE protein from E. coli. As negative controls, the crystal structures of two proteins lacking DNA-binding domains were used: a B. suis 1330 hydrolase (RCSB PDB: 6NQ4) and a B. abortus peptidoglycan hydrolase inhibitor (RCSB PDB: 7DPY). For the interpretation, docking scores lower than −200 and confidence scores superior to 0.7 were considered to have good performance and a high likelihood of binding between the analyzed molecules. The NUCPLOT tool (Luscombe et al., 1997) was used to analyze and visualize a 2D interaction coloring scheme of the HDOCK results.




3. Results


3.1. A 111-bp long fragment at position −262 to −152 is needed for transcriptional activity

In B. abortus 2308 W, the omp25 upstream intergenic region comprises 401 nucleotides (Suárez-Esquivel et al., 2016). To characterize the minimal promoter region of omp25, we constructed three plasmid-borne omp25-lacZ reporter fusions harboring 392-, 262-, and 151-bp upstream of omp25, respectively. All three reporter fusions included the first 127-bp of the omp25 coding sequence (Figure 1A). The resulting plasmids were introduced into B. abortus 2308 W-generating strains B392, B262, and B151. Then, we assayed the β-galactosidase activity of each resulting strain at different time points of the growth curve. We used strain 3aZ, carrying a transcriptional chromosomal fusion Pomp3a::lacZ, as the positive control (Table 1). The strain B392 exhibited similar β-galactosidase activity compared to strain 3aZ, except for the late log phase of the growth curve (Supplementary Figure 1; Supplementary Table 3). The strains B392 and B262 reached a peak of β-galactosidase activity at mid-log phase, between 18 and 22 h of growth, without significant statistical differences along the curve (Figure 1B; Supplementary Table 3). However, strain B151, harboring 111-bp less than B262 (Figure 1A), presented significantly reduced β-galactosidase activity compared to B262 and B392. Yet some basal transcriptional activity was observed in this strain at all time points tested, as compared to the empty vector activity (Supplementary Table 3). Therefore, the omp25 promoter region is located between coordinates −262 and + 127 from the start codon, and the additional 111-bp region in B262 (−262 to −152), as compared to B151, is needed for wild-type transcriptional levels.



3.2. The upstream omp25 regulatory region displays three BvrR binding sites

In B. abortus 2308 W, BvrR positively regulates the expression of omp25 (Guzman-Verri et al., 2002), and a direct binding to the region between −159 and + 34 from the omp25 start codon has been demonstrated previously (Rivas-Solano et al., 2022). Therefore, based on the results of the β-galactosidase assay, we tested if P-BvrR could also bind by EMSA to the 111-bp fragment required for optimal transcription (−262 to −152, Figure 2A). However, the 111-bp fragment used as a labeled probe and incubated with increasing concentrations of P-BvrR did not reveal shifted bands as compared to the probe alone or to the binding specificity control using rplL (Figure 2B), indicating a lack of interaction. Thus, we tested if a larger fragment of 141-bp (−262 to −122, Figure 2A), which included 30 additional bp from the region known to bind to P-BvrR (−159 to +34) (Rivas-Solano et al., 2022), could bind to P-BvrR by direct EMSA. As a result, the probe incubated with growing concentrations of P-BvrR showed shifted bands as compared to the probe alone and the binding specificity control rplL (Figure 2B), indicating a specific protein-DNA interaction with the omp25 upstream region between coordinates −262 and − 122. Altogether, these two direct EMSA results prompted us to infer a putative P-BvrR binding site between positions −151 and − 122 from the omp25 start codon.
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FIGURE 2
 A P-BvrR binding site is inferred by EMSA from −152 to −122. (A) Schematic representation of the omp25 intergenic studied region. White rectangle = fragment displaying wild-type levels of transcription (−262 to +127), black rectangle = fragment displaying basal transcriptional activity (−151 to +127), purple rectangle = fragment previously known to bind to P-BvrR by direct EMSA (−159 to +34), blue rectangle = 111-bp fragment (from −262 to −152) needed to enhance transcription and tested as a probe by direct EMSA with P-BvrR, and light blue rectangle = larger fragment of 141-bp (from −262 to −122), comprising 30 additional downstream bp. (B) Direct EMSA results were obtained when using increasing concentrations of P-BvrR from 0.1 to 1.6 μM and one of the following labeled probes: the 111-bp fragment from −262 to −152 (left gel) and the 141-bp fragment from −262 to −122 (middle gel). A 290-bp DNA fragment from the coding region of the ribosomal gene rplL (right gel) was used as a specificity P-BvrR binding control. Lanes marked as “-” contain the probe without P-BvrR. Blue asterisks = shifted bands (protein-DNA complexes) selected based on the following criteria: absence in the negative control, P-BvrR concentration dependency, and consistency between independent replicas. Black asterisks = bands with the migration pattern of a free probe. These results are representative of at least three independent experiments.


However, since OmpR has been shown to bind to multiple binding sites on the promoter of its target gene ompF (Kenney, 2002), we decided to look for multiple BvrR binding sites in the region from −159 to +34, already known to bind to P-BvrR (Rivas-Solano et al., 2022), including the putatively inferred binding site from −151 to −122. This 193-bp region (−159 to +34) was depicted in nine overlapping sequences of ~40 pb (Figure 3A; Supplementary Table 2). An excess of each non-labeled oligonucleotide was tested in a competitive EMSA with the 193-bp region (−159 to +34) as the labeled probe and P-BvrR at a final concentration of 0.4 μM. As shown in Figure 3B, the oligonucleotides 4 (−100 to −59) and 7 (−39 to +1) outcompeted the 193-bp probe, indicating a specific P-BvrR binding to these oligonucleotides. Additionally, for oligonucleotide 2 (−140 to −100), we observed a less defined lower band that suggested a possible partial competition, although less evident than the one observed for oligonucleotides 4 and 7.
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FIGURE 3
 Competitive EMSA results suggest the presence of three putative P-BvrR binding sites on the upstream studied region of omp25. (A) Schematic representation of the DNA fragments from the omp25 upstream region that were analyzed in competitive EMSA with P-BvrR. The 193-bp region known to bind to P-BvrR by EMSA (purple rectangle) was used as the labeled probe. This fragment was depicted in nine overlapping 40-bp oligonucleotides that were used as non-labeled competitors (white squares). Numbers in blue = competing oligonucleotides, showing the position of the three putative binding sites. (B) Competitive EMSA results, using the 193-bp fragment (−159 to +34) as the labeled probe, P-BvrR (0.4 μM), and an excess (1,000×) of the nine different competitors tested. Lanes marked as “−” contain probes without P-BvrR. Blue asterisks = shifted bands (protein-DNA complexes) selected based on the following criteria: absence in the negative control, P-BvrR concentration dependency, and consistency between independent replicas. Black asterisks = bands with the same migration pattern as a free probe. For oligonucleotides 4 and 7, a clear competition was observed. In the case of oligonucleotide 2, a less defined lower band suggested possible competition. These results are representative of at least three independent experiments.


Subsequently, the oligonucleotides 2, 4, and 7 were labeled to perform a direct EMSA with P-BvrR. We also tested the non-competing oligonucleotide 5 (−80 to −39) as a specificity-binding control. As a result, oligonucleotides 2, 4, and 7 showed shifted bands (Figure 4). We did not observe these interactions with the probe in the absence of P-BvrR and with the specificity binding control (oligonucleotide 5), confirming binding specificity to the three oligonucleotides.
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FIGURE 4
 Direct EMSA results confirm the presence of three specific P-BvrR binding sites on the upstream region of omp25. The competing oligonucleotides 2, 4, and 7, and the non-competing oligonucleotide 5 (specificity control for P-BvrR binding) were labeled and incubated with increasing concentrations of P-BvrR (0.1 to 1.6 μM). Lanes marked as “-” contain probes without P-BvrR. Blue asterisks = shifted bands (protein-DNA complexes) selected based on the following criteria: absence in the negative control, P-BvrR concentration dependency, and consistency between independent replicas. Black asterisks = bands with the same migration pattern as a free probe. “ns” = non-specific bands. These results are representative of at least three independent experiments.


To validate and further delimit the P-BvrR binding sites suggested by the competitive and direct EMSA results, we performed a DNase I footprinting analysis using the entire 193-bp fragment (−159 to +34) and P-BvrR. As a result, we found two protected sequences that we called DNA regulatory boxes: one spanning from −18 to +1 (box 1) and the other from −99 to −76 (box 2) (Figure 5A). Boxes 1 and 2 matched oligonucleotides 7 and 4. However, any clear protected sequence matched oligonucleotide 2 (−140 to −100), which was the one that showed a less clear result in the competitive EMSA (Figure 3B), despite showing binding to P-BvrR in the direct EMSA (Figure 4). To further confirm the binding of P-BvrR to oligonucleotide 2 by another experimental approach, we performed a fluorescence anisotropy assay with 5′-FAM-labeled oligonucleotide 2 and increasing concentrations of P-BvrR. In this method, a fluorescent signal is placed on the smaller DNA molecule, and when it binds to the much larger protein, a change in the fluorescence anisotropy is produced, confirming protein-DNA interactions (Owen and McMurray, 2009). As a BvrR specificity binding control, we included a 5′-FAM-labeled oligonucleotide called oligo rplL (Supplementary Table 2). The fluorescence anisotropy results showed a positive change in the anisotropy DNA-binding curve for oligonucleotide 2 compared to the specificity binding control (Figure 5B), confirming P-BvrR-DNA-specific interactions with oligonucleotide 2.
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FIGURE 5
 Confirmation of BvrR binding sites by additional experimentation. (A) DNase I footprinting analysis of the omp25 upstream fragment (193-bp, −159 to +34). The Peak Scanner software inferred the protected regions by analyzing the electropherograms from digested DNA with 3.64 nM BSA (upper panel) or 8.32 μM P-BvrR (bottom panel). Base pair positions were inferred from the Sanger sequencing of the 193-bp fragment compared to the DNAse I protected regions. Two protected DNA regions of approximately 20 nucleotides between positions −18 to +1 (box 1) and − 99 to −76 (box 2), matching the oligonucleotides 7 and 4, are shown. The straight red line across each electropherogram represents the molecular size calibration obtained with molecular weight markers run together with the samples. (B) Fluorescence anisotropy analysis. The oligonucleotide 2 and a smaller fragment of the negative control used for EMSA were labeled with FAM and separately incubated with P-BvrR. The fluorescence anisotropy of each sample was measured, and the obtained curves show a positive change for the oligonucleotide 2 compared to the negative control. This result, combined with the EMSA results shown in Figures 2–4, allowed us to delimit box 3 to the region between −140 and − 122. These results are representative of at least two independent experiments.


Since oligonucleotide 2 (−140 to −100) partially overlaps the first EMSA-inferred binding site between −151 and − 122, these EMSA and fluorescence anisotropy results allowed us to narrow down this third binding site to a 19-bp region between −140 and − 122, which was named box 3.


3.2.1. Molecular docking and sequence alignment of the three DNA regulatory boxes predict BvrR recognition of inverted and non-inverted DNA repeats

To investigate the theoretical interaction between BvrR and the three DNA regulatory boxes confirmed by different experimental approaches including direct and competitive EMSAs, DNase I footprinting, and fluorescence anisotropy, we performed molecular docking using the HDOCK web server. The quality report of the homology modeling showed that the BvrR model falls within the range of low to medium based on the Seq_ID (Supplementary Table 4). However, based on the TMscore, the model demonstrates high quality (Supplementary Figure 2). Similarly, upon comparing HDOCK’s BvrR model with models generated by SWISS-MODEL, I-TASSER, and AlphaFold using standard quality parameters, we observed only minimal differences among the models (Supplementary Table 5), suggesting that despite its low identity to the template, the model generated by HDOCK shares similarities with those produced by other widely used software.

The three sequences and the positive controls achieved docking scores lower than −200 (Supplementary Table 6), indicating good performance. Furthermore, BvrR and the positive controls exhibited confidence scores superior to 0.7, suggesting a high likelihood of binding between the molecules, while the negative controls scored more than −200 and their confidence scores were lower than 0.7. These results increase the confidence in the binding of BvrR to its ligands.

The docking results predicted the possibility of hydrogen bonds and non-bonded contacts between 13, 15, and 14 amino acid residues from the C terminal domain (Trans_reg_C) of BvrR and DNA portions from boxes 1 (GTAAGGAGAAT), 2 (ACCCCTGTCA), and 3 (AATGGGGC), respectively, with distances in the appropriate range for these bonds (Figure 6 and Supplementary Figure 3). Regarding the amino acids interacting with DNA, in all three boxes, BvrR utilizes the polar and positively charged amino acids Tyr 230, Thr 228, Arg 213, Lys 210, and Tyr 234 to interact with the DNA molecule through hydrogen bonds. When comparing BvrR with the KdpE template, it becomes apparent that the E. coli protein primarily utilizes the Tyr, Ile, Gln, and Arg residues to interact with DNA. However, it is worth noting that the DNA interaction site (TTTATA) differs between BvrR and KdpE (Narayanan et al., 2014).
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FIGURE 6
 Molecular docking of BvrR and its three binding sites on the promoter region of omp25. (A) Box 1; (B) box 2; and (C) box 3. The model of BvrR and the docking with its ligands were generated using the HDOCK server. For the protein, the amino acids involved in hydrogen bonds are highlighted in purple. Hydrogen bridges are represented in yellow.


The sequence alignment of the three boxes (Figure 7A) revealed the presence of the inverted DNA repeat GTAAG – GAATG, separated by two nucleotides (GA) in box 1. In box 2, the non-inverted DNA repeat TGTCA – TGTCA is separated by four nucleotides (CCCC), and nearby in box 3, we found the non-inverted repeat TCTCNACA – TCTCNACA (where N = G or C), separated by five nucleotides (GATTA). Moreover, the sequences of boxes 1 and 3 partially match (83.33 and 66.67%, respectively) a 6-nucleotide long DNA binding motif predicted in silico as putatively recognized by BvrR (Ramírez-González et al., 2019). The location of the three boxes is also in agreement with previous P-BvrR ChIP-Seq data, suggesting P-BvrR binding upstream of omp25 (Rivas-Solano et al., 2022). Since the P-BvrR ChIP-Seq data was used to infer a P-BvrR consensus sequence, it was expected that this region would have some similarity to this sequence. In fact, the three boxes show 78.57 and 71.42% similarity to the 14-bp long consensus sequence (Rivas-Solano et al., 2022).
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FIGURE 7
 B. abortus BvrR regulatory boxes on the regulatory region of omp25. (A) Nucleotide sequence alignment of the three BvrR regulatory boxes. Dashed squares = nucleotides docked with BvrR. Purple nucleotides = DNA repeats (in italics, the inverted ones in box 1). The 12 upstream nucleotides in lowercase letters next to box 3 (from −151 to −141) were added to show the presence of the repeat. Asterisks = nucleotides matching a 6-nucleotide-long DNA binding motif predicted in silico as putatively recognized by BvrR (Ramírez-González et al., 2019). White circles = nucleotides matching a 14-nucleotide-long consensus sequence predicted and experimentally validated for BvrR (Rivas-Solano et al., 2022). (B) Non-scale schematic representation of the omp25 regulatory region. White rectangles = genes BAW_10695 and omp25; DNA chain = intergenic region. Gray circle = CtrA bound to the region from −389 to −337 (Francis et al., 2017), blue DNA chain = 111-bp region from −262 to −152 needed for transcriptional activity, black DNA chain = significantly reduced transcriptional activity, protein structures cartoons = BvrR bound to its three regulatory boxes, right angle arrow = omp25 coding region, pink squares = predicted −10 and − 35 regulatory elements, pink triangle = predicted ribosome binding site (RBS), vertical black arrows = transcriptional start sites reported elsewhere at positions −131 and − 82, respectively, in bacteria grown until stationary phase (Suárez-Esquivel et al., 2016) and until mid-log phase (Rivas-Solano et al., 2022). The P-BvrR ChIP-Seq signals previously reported have the following coordinates: −242 to −56, −181 to −40, and −159 to +34 (Rivas-Solano et al., 2022).


As shown in Figure 7B, we manually predicted the −35 and −10 elements and the ribosome binding site according to the canonical E. coli models. The −35 elements possibly have the sequence GCATTT. This sequence is located at positions −35 to −30 from the first omp25 TSS, which was described at position −131 from the start codon (Suárez-Esquivel et al., 2016). The sequence GCATTT is also located at positions −41 to −36 from the second TSS described at position −82 from the omp25 start codon (Rivas-Solano et al., 2022). The −10 elements may have a TATNTC sequence (where N = C or G) located between −10 and − 6 and − 15 and − 10 from the −131 and − 82 TSSs, respectively. The ribosome binding sequence is probably TAAGGAG, located at −13 to −7 from the omp25 start codon. Detailed sequence information is presented in Supplementary Figure 4.





4. Discussion

Despite the crucial role of the TCS BvrR/BvrS in Brucella, the DNA-regulatory regions controlled by this TCS are not characterized. Here, we delimited a DNA regulatory region for the gene omp25, encoding an outer-membrane protein in B. abortus and positively regulated by the TCS BvrR/BvrS (Guzman-Verri et al., 2002). Our results show that a DNA fragment of 380-bp, including 127-bp from the coding region and the first 262-bp upstream of the omp25 start codon, allows transcription. Additionally, a 111-bp sequence between – 262 and –151 is required for optimal transcription. P-BvrR binds downstream of this 111-bp sequence in three different boxes. It is possible that binding of P-BvrR to these boxes could recruit other transcription factors to impact omp25 transcription. Many transcription factors play an architectural role in the genome and remodel DNA structure through bending, kinking, wrapping, or bridging (Dorman et al., 2020). In brucellae, other DNA regulatory regions interplay with different transcription factors (de Jong et al., 2008; Sieira, 2013). For instance, the regulatory region of the virB operon displays a complex architecture with binding sites for up to six different types of transcriptional regulators, including BvrR, demonstrating a high versatility in responding to various environmental signals at different stages of the infection process (Sieira, 2013). Small RNAs also seem to influence the expression of the virB operon in B. abortus at a post-transcriptional level (Caswell et al., 2012). Likewise, the regulatory region of btaE, a gene encoding a trimeric autotransporter adhesin relevant for virulence (Ruiz-Ranwez et al., 2013), contains binding sites for three different transcription factors also involved in regulating the expression of the virB promoter (Sieira et al., 2017). Thus, it seems possible that other transcription factors could work with BvrR to regulate omp25 expression. In B. abortus, the cell-cycle regulator CtrA, conserved in the Alphaproteobacteria, has been implicated in controlling outer membrane composition, particularly the abundance and spatial distribution of Omp25 (Francis et al., 2017; Poncin et al., 2018). The CtrA binding site in the omp25 upstream region is between positions −389 and − 337 (Francis et al., 2017; Figure 7B). Additional transcriptional regulatory mechanisms involved in a BvrR-CtrA interplay remain elusive. In brucellae, mutants in the transcriptional regulators VjbR and GntR display decreased production of Omp25 and altered outer membrane composition (Uzureau et al., 2007; Li et al., 2017). However, the direct interaction between these transcriptional regulators and the regulatory region of omp25 is currently unknown.

The positions of the BvrR regulatory boxes described here disagree with the canonical E. coli models for positive transcriptional regulation. Box 1 (−18 to +1) is next to the omp25 annotated first codon (Suárez-Esquivel et al., 2016), and box 3 (−140 to −122) includes the transcriptional start site reported for omp25 at position −131 in brucellae grown to the stationary phase (Suárez-Esquivel et al., 2016), close to −35 and − 10 elements. Additionally, another downstream transcription start site at position −82, matching box 2 (−99 to −76) in brucellae grown to the mid-log phase, has recently been reported (Rivas-Solano et al., 2022). How these regions interact deserves further studies. In prokaryotes, a few transcriptional activators are known to bind to unusual regions to induce promoter activity. For example, in Bacillus subtilis, PhoP, a response regulator for phosphate starvation response, induces the activation of the gene pstS by binding to an upstream region (−40 to −132) and a coding region (+17 to +270) (Liu et al., 1998). The coding region-box has a low affinity for PhoP-P (Liu et al., 1998), suggesting a dynamic DNA-protein binding in which the regulator is required to start transcription but can easily unbind to allow RNA polymerase to proceed. Global regulators like BvrR can bind to a collection of sites, so the regulatory effect on each binding site would depend on the protein concentration and its affinity. Thus, they could have dual roles as activators, repressors, or both (Martínez-Antonio and Collado-Vides, 2003; Lozada-Chávez et al., 2008; Balleza et al., 2009). The E. coli global response regulator OmpR regulates the expression of the gene ompF by binding to four sites with different affinities. At low osmolarity, OmpR concentration is low, and the regulator binds to the four boxes, which promotes OmpF expression. At high osmolarity, OmpR concentration increases, and new interactions of OmpR with a distant box (−380 to −350) repress ompF transcription (Huang et al., 1994; Kenney, 2002).

Although hydrogen bonds may vary in vivo, hydrogen bond formation capability, the docking scores, and the protein-DNA binding position suggest that BvrR has a binding affinity for the three boxes in the Trans_reg_C domain. The DNA-sequence alignment of the three boxes revealed the presence of inverted and non-inverted repeats separated by variable distances, suggesting that variations in the recognition sequences may influence BvrR affinity for a differential regulation of its target genes. The effector domains of some OmpR-like regulators are known to bind tandem sequences or, more rarely, to inverted repeats for the regulation of transcription. The recognition site in the DNA ranges from 18 to 23-bp, with binding sites between 6 and 10-bp separated by 2 to 5-bp of the intervening sequence (Harlocker et al., 1995; Blanco et al., 2002; He and Wang, 2014). However, the regulator ChvI from S. meliloti recognizes an 11-bp-long motif sequence present at least once in the analyzed sequences (Chen et al., 2009). Therefore, the target promoters of the OmpR-like response regulators contain multiple binding sites that vary in nucleotide frequency, position, and relative binding affinities. As a result, cooperativity and differential binding are critical components of the transcriptional regulation exerted by the OmpR-like response regulators.

In brucellae, the current model postulates that the TCS BvrR/BvrS senses environmental conditions and regulates gene expression accordingly (Lamontagne et al., 2007; Viadas et al., 2010; Altamirano-Silva et al., 2018, 2021). Based on the results described here, we conclude that (i) A 111-bp region upstream of BvrR binding boxes is needed for wild-type transcriptional levels at different times of the growth curve, suggesting that additional regulators are binding to this region; (ii) P-BvrR could differentially regulate omp25 expression by direct binding to three DNA regulatory boxes. Whether a particular condition such as phosphorylation or oligomerization affects BvrR binding remains elusive, as well as how many sites are bound simultaneously or independently; and (iii) BvrR possibly recognizes repeated sequences as has been described for other OmpR-like response regulators, and their influence on BvrR binding affinity and preferences remains to be clarified. The oligonucleotides predicted to bind to BvrR by molecular docking could be mutated and tested by EMSA or fluorescence anisotropy with P-BvrR, to prove the impact of each nucleotide on binding affinity. Additionally, crystallography studies of BvrR and BvrR-DNA complexes could also contribute to revealing the mechanistic insights of the binding of BvrR to the regulatory boxes identified here. The results presented here are observations that contribute to a better understanding of the gene regulation mediated by a TCS conserved in Rhizobiales, an essential component for environmental adaptation and host–microbe interactions in these organisms. Additional studies should be performed to elucidate the omp25 transcriptional regulation.
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Since 2010, the cases and incidences of human brucellosis have been increasing annually in Qinghai (QH) Province. Molecular epidemiology and phylogenetic analyses of strains from this region are crucial to better understand the transmission of the disease and the evolutionary patterns of Brucella strains. In this study, classical bio-typing assay, multilocus variable-number tandem repeat analysis, and the whole-genome sequencing–single-nucleotide polymorphism approach were used to illustrate the epidemiological and evolutionary patterns of Brucella melitensis. A total of 54 B. melitensis bv. 3 strains were isolated and molecularly characterized, with all strains belonging to the East Mediterranean lineages. Cross-regional transmission events (i.e., between counties) were caused by common sources of infection, suggesting that predominant circulating genotypes are endemic in different regions. Strengthening surveillance in animal brucellosis and controlling infected animals’ cross-border movement are necessary. Two strains isolated from humans and marmots were clustered in the same sub-clade, implying the possible existence of direct and/or indirect contact between sheep (and goats) and wildlife (marmots), but this needs to be verified by further investigations. The global-scale phylogenetic analysis indicated that 54 strains sorted into six subclades, four of which formed independent lineages, suggesting that the increase in the incidence rate of human brucellosis may be caused by local circulating lineages. Further strengthening the serology and pathogen surveillance of animals (wildlife) and humans will contribute to an in-depth understanding of the transmission chain of human brucellosis in this region.
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Introduction

Brucellosis (Malta fever) is a globally distributed zoonotic disease. It has severe adverse effects on public health and the agriculture field, including population, livestock, and wildlife health. Since David Bruce first isolated the organism (Micrococcus melitensis) in 1887 (Godfroid et al., 2005), 12 species have been identified in the genus Brucella, that is, six classical and six novel species (Occhialini et al., 2022). Brucella melitensis is the most common pathogenic species in humans and animals, followed by Brucella abortus and Brucella suis (Xavier et al., 2010). Brucellosis can be transmitted to humans through the food chain or by direct/indirect contact with infected animals, such as consumption of animal raw milk and meat products or aerosol transmission (Minas et al., 2007). For centuries, brucellosis has been critically endangering human health and has led to substantial economic losses (Wareth, 2019). In some industrial countries, brucellosis has been effectively controlled, but it remains a serious public health risk to the majority of the population in developing areas. For example, in China, brucellosis is widely endemic in all 32 provinces (Rossetti et al., 2017).

Qinghai (QH) Province is located in northwestern China, and animal farming is the main source of income for the local population. Because of low development levels, poverty, and poor hygiene conditions, animal and human brucellosis is highly prevalent in this region (Ma et al., 2016). Although a comprehensive control plan for brucellosis was carried out during 2005–2010, which utilized the Brucella S2 vaccine for the immunization of ruminants combined with a serology test, and brucellosis-positive animals were eliminated, persistent funding is a great obstacle to control programs. Subsequently, the prevalence of human brucellosis increased annually in QH from 2005 to 2019 (Ma et al., 2020). Since 2010, the epidemic situation of human brucellosis has gradually become severe: the number of cases increased from 3 in 2010 to 756 in 2021, the incidence rate increased from 0.054/100,000 to 12.76/100,000 accordingly, and the affected geographic territory is currently expanding. Based on the national brucellosis surveillance sites, data indicate that the prevalence rate of human brucellosis was 3.35% (54/1,612) in 2019 and 4.77% (80/1,677) in 2020. However, the ability to tailor a cost-based brucellosis control program requires accurate and robust molecular typing tools to investigate the relationships between strains involved in common outbreaks and determine the source of infection and transmission routes (Pelerito et al., 2021). Generally, classical microbiological techniques allow researchers to obtain and bio-type the strains and facilitate molecular epidemiological investigations of the disease. The multilocus variable-number tandem repeat analysis (MLVA) has been used as the gold standard for genotyping Brucella strains, with the results combined with epidemiological data to investigate the relationships between the Brucella strains (Kiliç et al., 2011; Liu et al., 2017). Furthermore, single-nucleotide polymorphisms (SNPs) based on whole-genome sequencing have excellent power to discriminate strains and allow for the characterization of the phylogenetic relationships of strains from different scales (Janowicz et al., 2018; Abdel-Glil et al., 2022). Importantly, molecular typing tools can not only limit control costs and test time but also, improve the surveillance and evaluation of control measure effects. Therefore, classical bio-typing assay, MLVA, and whole-genome sequencing–SNP (WGS–SNP) were used to illustrate the species/biovars’ genetic diversity and the phylogeography pattern of B. melitensis from humans in QH to better assess the epidemiology profile and enhance brucellosis surveillance and control.



Methods


Strain source, identification, DNA isolation, MLST, and MLVA typing assay

A total of 54 B. melitensis strains were isolated and identified in the present study, of which 52 were recovered from humans, one from the liver of an aborted sheep fetus, and one from a marmot. All of the tested strains were isolated and identified according to the standard Brucella spp. bio-typing procedures (Yagupsky et al., 2019). The DNA of all 54 strains was isolated based on a two-step procedure: (1) the strains were heat inactivated at 80°C for 10 min, and (2) a QIAamp DNA kit (Qiagen, Heidelberg, Germany) was used to prepare the DNA of strains according to the manufacturer’s protocol. Following extraction, the harvested DNA from each strain was detected by agarose gel electrophoresis, and the DNA concentration was determined using a Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). MLST genotypes were deduced from WGS data using the PubMLST database (Jolley et al., 2018).1 The MLVA genotyping and data analysis of the strains (Supplementary Table S1) were performed as previously described (Liu et al., 2017).



Genome sequence of Brucella melitensis strains

The genome sequencing strategy of strains was referenced in a previous study (Li et al., 2020). Briefly, all 54 B. melitensis strains were submitted for whole-genome draft sequencing, and the NEBNext® Ultra™ DNA Library Prep Kit for Illumina platform (New England Biolabs [NEB], Ipswich, MA, USA) was used to yield sequencing libraries according to the manufacturer’s specifications, as follows: the quality-tested extracted DNA was fragmented using the E210 Covaris instrument (Covaris, Inc., USA), and segments with approximately 350 bp in length were selected in a 3% agarose gel. The selected DNA fragments were then end-repaired, A-tailed, and ligated to Illumina-compatible adaptors (Bio Scientific, Austin, TX, USA) and then PCR-amplified using Illumina adapter-specific primers and Platinum Pfx DNA polymerase (Invitrogen), and the paired-end sequencing library was completed. Then, the draft genomic sequence of 54 strains was determined, and SOAPdenovo software v.2.04 (Li et al., 2010) was used to assemble and integrate good-quality paired reads into several scaffolds.



SNP phylogenetic analysis of Brucella melitensis strains on local and global scales

WGS–SNP phylogenetic analysis of 54 B. melitensis strains was performed as previously reported (Li et al., 2020). Subsequently, phylogenetic analysis on the global scale of 133 strains was performed, of which 54 strains were from QH and 79 from GenBank (Supplementary Table S2), including 20 strains that were selected from five genotypes in a previous study, which are marked in red in (Supplementary Table 2) (Pisarenko et al., 2018), and 38 strains from China. The remaining 19 strains were from other countries (such as Italy, Pakistan, Egypt, Afghanistan, Albania, and Iran) with high incidence rates, and B. melitensis 16 M (Chromosome accession numbers: NC_003317.1 and NC_003318.1) was used as the reference genome (DelVecchio et al., 2002). Subsequently, the sample genomes were aligned to the reference genomes described above using Nucmer (Kurtz et al., 2004), and the SNP calling and filtering steps were performed using the “show-snps” application (a module of MUMmer with the parameter “-ClrTH”) from the MUMmer package (Kurtz et al., 2004). Finally, BLAST (Ye et al., 2006) and RepeatMasker software (Tarailo-Graovac and Chen, 2009) were used to filter SNPs located in repeated regions to obtain reliable SNPs. The nucleotide substitution rate of sequences was used to estimate the phylogenetic relationships of strains. The phylogenetic trees were generated using the maximum likelihood (PHYML) method, with a bootstrap number set to 1,000 with orthologous genes. The phylogenetic tree was further annotated with the top-level clusters identified using RhierBAPS programs via R packages (Tonkin-Hill et al., 2018).




Results


Bio-typing, geographic distribution, hosts, and isolated time of Brucella melitensis

Based on the bio-typing approaches, 54 strains were identified, and all strains were identified as B. melitensis bv. 3 (Table 1). Furthermore, strains were distributed in all eight regions, with numbers ranging from 2 to 16 (Figure 1; Table 2), namely, 16 in Xining City, 11 in Haidong City, 15 in Haibei Prefecture, 1 in Huangnan Prefecture, 3 in Hainan Prefecture, 2 in Guoluo Prefecture, 2 in Yushu Prefecture, and 3 in Haixi Prefecture. Strains were isolated from three hosts (humans, domestics, and wildlife), namely, 52 humans, 1 sheep, and 1 marmot (Table 2). Moreover, 54 strains spanned the period 2013–2021, that is, 3 in 2013, 2 in 2019, 19 in 2020, and 30 in 2021.



TABLE 1 Bio-typing characteristics of 54 Brucella melitensis strains in this study.
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FIGURE 1
 MLVA dendrogram of 54 strains from this study. The columns show the identification numbers (key), MLVA-16 genotypes (GT), panel 1 genotypes (MLVA-8) and MLVA-11 (panels 1 and 2A) genotypes, wgSNP clades, species-biovar, the year of isolation of the strains, host, and their geographic location. MLVA: multilocus variable-number tandem repeat analysis.




TABLE 2 Area distribution and numbers of the 54 Brucella melitensis strains* in this study.
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MLST and MLVA genotypes of Brucella melitensis isolated from QH

In this study, MLST genotypes were deduced from WGS data using publicly available databases. All 53 B. melitensis strains were deduced as being the ST 8 genotype in both the 9-loci and 21-loci MLST approaches, and only one strain (XHM1) was identified as ST 68 (Supplementary Table S3).

Based on the MLVA assay, four MLVA-8 genotypes were identified, that is, 42 (n = 49), 63 (n = 2), 114 (n = 2), and 118 (n = 1), whereas six MLVA-11 genotypes were found, that is, four known [111 (n = 2), 116 (n = 44), 291 (n = 2), and 297 (n = 2)] and two newly identified (N1 (n = 3) and N2 (n = 1)), which are all single-locus variants to MLVA-11 genotype 116. These data indicated that all strains belonged to the Eastern Mediterranean lineage (Figure 1).

Based on the MLVA-16 analysis, 54 strains were sorted into 31 genotypes (GT1–31), of which eight genotypes (GT1, GT7, GT11–13, GT16, GT19, and GT23) were each shared by at least two strains (Figure 1). GT7 had the largest shared genotype, and it included 14 strains from different regions in 2013 (n = 1), 2020 (n = 4), and 2021 (n = 9), implying that a major genotype is endemic in these regions, and indicating a lack of control over the spread of this disease between regions. Moreover, XHM53 from GT7 was obtained from the liver of an aborted sheep fetus, and two strains (XHM7 and XHM62) in this shared genotype GT7 were isolated from a couple (husband and wife). Another two strains (XHM42 and XHM44) from the shared genotype GT19 were obtained from a family (father and son) who had a contact history with aborted lambs. These data suggest that each infection event was caused by a common source of infection. The remaining 23 genotypes were all singular, and each represented only one strain (Figure 1), suggesting epidemiologically unrelated and sporadic epidemic characteristics of human brucellosis. Remarkably, XHM23 (GT3) was obtained from a marmot blood sample collected in Zeku County (QH) that represented a unique MLVA genotype, but further genomic investigation is needed (Figure 1).



SNP analysis and comparison with MLVA of Brucella melitensis strains

All 54 strains were divided into two clusters (I and II) based on the WGS-SNP phylogeny analysis (namely CI and CII), and CII was further sorted into five sub-clusters (CII SC1-5) (Figure 2). Furthermore, the strains with epidemiological links were grouped into the same sub-clusters; this result is consistent with that of the MLVA analysis, suggesting that these cases have a common source of infection. For example, strains from two shared MLVA genotypes with epidemiological links (GT7, XHM42, and XHM44; and GT19, XHM7, and XHM62) were sorted into the same sub-clusters (CII SC-4 and CII SC-5). Additionally, three shared MLVA genotypes (GT1, GT12, and GT16) were clustered into each of the same sub-clades: GT1 (XHM35 and XHM8) was clustered as CII SC-3; GT12 (XHM37, XHM38, and XHM41) clustered as CII SC-4; and GT16 (XHM40 and XHM43) clustered as CII SC-4 (Figure 1). Importantly, all clusters (and sub-clusters) comprised strains from different counties, which implied that multiple B. melitensis lineages were circulating in QH, causing the cross-regional human brucellosis epidemic.
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FIGURE 2
 Phylogenetic tree of 54 strains from this study based on the WGS–SNP phylogenetic analysis. WGS–SNP, whole-genome sequencing–single-nucleotide polymorphism.




SNP phylogenetic analysis of Brucella melitensis strains on a global scale

To illustrate the phylogenetic profiles of strains in this study on a global scale, an SNP phylogenetic analysis of 132 B. melitensis was performed. The total number of SNPs found in all 132 B. melitensis strains ranged from 289 to 2,038 (Supplementary Table S4). These strains were categorized into four clades (CI–CIV) (Figure 3; Supplementary Figure S2; Supplementary Table S1). CI consists of three strains from the present study, CII is GTII, CIII is GTI, and CIV contains three SNP genotypes (GTIII–V), (Figure 3; Supplementary Figure S2). The phylogenetic clades were identified and verified using RhierBAPS programs, supporting the results of this study. Phylogenetic analysis indicated that all 54 strains belonged to the GT II lineage, which corresponds to the East Mediterranean lineages (Figure 1). Furthermore, two strains in QH-2 (XHM56 and XHM68) clustered into GT IIb, and 20 strains from CII-SC-4 clustered into GT IIh. Strains of three sub-clades (CII-SC-1, 4, and 5) clustered into the same sub-lineages with strains from Inner Mongolia, suggesting that there were epidemiological links between strains from Inner Mongolia and QH. The XHM23 isolated from the marmot (marked in bold) (QH-9) and B.m.QH2019001 from humans were clustered into the same sub-clades; both were previously isolated from QH, China. These data suggest that the two cases were caused by a common source of infection (Figure 1). Additionally, the strains in this study formed at least four independent clades (CI and CII-SC-3-5) (Figure 1), implying that these strains were the local-specific epidemic lineages, but further investigations are warranted.
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FIGURE 3
 WGS–SNP phylogenetic analysis of 133 Brucella melitensis strains on a global scale. GT I–V is the same as previously described (Pisarenko et al., 2018) and marker with red, strains from the present study marked with pink, C I and C II from Figure 2 was used to code the clades. WGS–SNP, whole-genome sequencing–single-nucleotide polymorphism. The scale bar indicates the nucleotide sequence divergence.





Discussion

In the present study, both classical bio-typing procedures and two molecular tools (MLVA and WGS–SNP) were used to characterize the B. melitensis strains from QH, China, to explore the molecular epidemiological relationship. The results of this work provide the crucial evidence necessary to formulate a targeted surveillance and control program. In the present study, the B. melitensis species was a predominant pathogen that was isolated from three different host species, and it was widely distributed. In particular, B. melitensis was isolated from samples from many hosts, including yaks, sheep, blue sheep, and Tibetan gazelle (Ma et al., 2016; Cao et al., 2018). These data revealed that there was a high diversity of natural reservoir hosts that allowed B. melitensis to continue circulating in this province. Indeed, animals are a natural reservoir host for zoonotic organisms and the majority of human brucellosis infections originate from animal hosts (Recht et al., 2020). Sheep and goats are optimal hosts for B. melitensis, and they can infect many different hosts such as cattle, swine, and deer (Liu et al., 2020). Thus, brucellosis control in regions with multiple existing hosts is a significant challenge. A targeted and comprehensive control program for infected sheep and goats should be implemented as a priority strategy to curb the spread of this disease to humans. Several further measures should be implemented, such as prohibiting the blind expansion of the breeding industry, strengthening the inspection and quarantine of animals for importation and exportation, widening the wildlife surveillance zone, improving the awareness of disease prevention among practitioners, and banning the circulation of sick animals.

In this present study, four MLVA-8 genotypes and six MLVA-11 genotypes were identified: 42 (MLVA-8) and 116 (MLVA-11) are predominant genotypes, accounting for 90.7% (49/54) and 81.5% (44/54), respectively. These data indicated that all strains were of Eastern Mediterranean lineage. With the use of MLVA-8, the majority of strains (84/105) were genotyped, and 42 were clustered into the East Mediterranean lineages (Jiang et al., 2011). Furthermore, MLVA-11 genotype 116 is a predominant circulating genotype in China, accounting for 69% (951/1382) (Zhu et al., 2020). Importantly, most B. melitensis strains belong to the East Mediterranean group, which comprises strains from Europe, the Middle East, and Asia (Vergnaud et al., 2018). MLVA genotype 116 is predominant in Asian countries (e.g., 86.8% in Kazakhstan) (Shevtsova et al., 2019). Furthermore, MLVA analysis data suggested that epidemiologically related characteristics of B. melitensis infection and cross-regional transmission events are caused by common sources of infection, suggesting that the predominant circulating genotype is endemic in different regions; this indicates a lack of control over infected animals’ movement and exchange between regions. In the Middle East, uncontrolled animal transportation through “open” borders is a main risk factor for brucellosis spread between some regions (Gwida et al., 2010). We hypothesize that the nomadic lifestyle (which often involves the consumption of raw milk) and production methods (e.g., homemade dairy products) in highland pastoral areas may have caused these infection events, and a detailed field survey is needed to verify the conclusion of this molecular investigation. A nomadic lifestyle may favor the spread of brucellosis among different animals and populations (Liu et al., 2022) because animals and people live in close contact. A 2018 report found that the consumption of raw milk from smuggled sick goats caused human brucellosis epidemics (25 cases) in Douz, Tunisia (Charaa et al., 2022). The purchase and consumption of cheese and milk from non-regulated sources are very common in specific communities among Israeli Arabs, with nearly 41 and 16.1% of respondents consuming cheese and milk, respectively, from non-regulated sources (Baron-Epel et al., 2018). Therefore, ruminant vaccination, control of cross-border animal movements, and control of non-regulated goat milk sales must be strengthened to prevent the spread of brucellosis.

WGS–SNP analysis has proved to be a robust molecular tool for illustrating the phylogenetic patterns of Brucella strains (Tan et al., 2015; Georgi et al., 2017). It demonstrated that multiple B. melitensis lineages were circulating in QH. Similarly, WGS–SNP phylogenetic analysis resolved Chinese B. melitensis strains into five clusters, reflecting the existence of multiple lineages (Sun et al., 2017). In addition, strains from humans and marmots were clustered in the same sub-clades, implying the possible existence of direct and/or indirect contact between sheep (and goats) and wildlife (marmots). Indeed, wildlife has a crucial role in the epidemiology of brucellosis in animals and humans (Galarce et al., 2021). Therefore, strengthening prevention, surveillance, and control of wildlife is recommended.

Global phylogenetic analysis indicated that 54 B. melitensis strains were clustered into genotype II (Pisarenko et al., 2018) and further divided into six sub-lineages, revealing the existence of multiple circulating lineages in QH. Additionally, many sub-lineages were shared by strains from this study and strains from Inner Mongolia, Hainan Province, Shandong Province, and Hebei Province, indicating that these strains have a potential phylogenetic relationship (Liu et al., 2020). The cross-border movement and transfer of animals between Côte d’Ivoire and Mali for grazing and/or trade have exacerbated the spread of brucellosis across the region (Oyetola et al., 2021). Therefore, genome sequencing in more strains and building a local genome database are necessary to improve the surveillance capacity and control the spread of brucellosis (Liu et al., 2023).

Although we obtained important insight in our investigation, some limitations are worth acknowledging. First, most strains in genome sequencing were obtained over a 2-year period, and more strains involved during a longer period could facilitate a more profound description of the brucellosis epidemiological profile of this region. Second, obtaining field epidemiological data in many cases is challenging. However, these data provide crucial auxiliary support for genome epidemiology.



Conclusion

Brucella melitensis is a predominant species, and its distribution has been widespread in all nine regions in QH. B. melitensis strains belonged to the East Mediterranean lineages, and the human brucellosis epidemic in recent years was potentially caused by many native circulating lineages. Strengthening the genome sequencing of strains from a variety of host sources will facilitate the identification of transmission routes and determine potential ongoing outbreaks, which is vital for formulating targeted surveillance and countermeasures.
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Brucellosis remains a worldwide zoonotic disease with a serious impact on public health and livestock productivity. Controlling brucellosis in livestock is crucial for limiting human infections in the absence of effective human vaccines. Brucellosis control measures are majorly dependent on rigorous monitoring of disease outbreaks and mass vaccination of livestock. Live attenuated vaccines are available for livestock vaccination that play a vital role in brucellosis control programs in many countries. Even though the existing animal vaccines confer protection against brucellosis, they carry some drawbacks, including their infectivity to humans and interference with sero-monitoring. The available serodiagnostic assays for brucellosis depend on detecting anti-LPS antibodies in the serum. Since diagnosis plays a vital role in controlling brucellosis, developing improved serodiagnostic assays with enhanced specificity, sensitivity and DIVA capability is required. Therefore, it is essential to identify novel antigens for developing improved vaccines and serodiagnostic assays for brucellosis. In the present study, we performed a high throughput immunoprofiling of B. melitensis protein microarray using brucellosis-positive human and animal serum samples. The screening identified several serodominant proteins of Brucella that exhibited common or differential reactivity with sera from animals and humans. Subsequently, we cloned, expressed, and purified ten serodominant proteins, followed by analyzing their potential to develop next-generation vaccines and improved serodiagnostic assays for brucellosis. Further, we demonstrated the protective efficacy of one of the serodominant proteins against the B. melitensis challenge in mice. We found that the seroreactive protein, Dps (BMEI1980), strongly reacted with brucellosis-positive serum samples, but it did not react with sera from B. abortus S19-vaccinated cattle, indicating DIVA capability. A prototype lateral flow assay and indirect ELISA based on Dps protein exhibited high sensitivity, specificity, and DIVA capability. Thus, the present study identified promising candidates for developing improved vaccines and affordable, DIVA-capable serodiagnostic assays for animal and human brucellosis.
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Introduction

Brucellosis is one of the major economically important zoonotic diseases worldwide, which is posing a serious threat to both livestock and human health globally (Mcdermott et al., 2013). Besides its impact on economic loss, brucellosis is also associated with high morbidity in many developing countries, both in humans and animals (Rubach et al., 2013). Brucellosis remains endemic in different regions, including Latin America, the Middle East, Africa, Asia, and the Mediterranean basin (Pappas et al., 2006). Brucellosis is caused by the Gram-negative facultative intracellular bacteria, Brucella belonging to the class Alphaproteobacteria (Ficht, 2010). Depending on the host preference and pathogenicity, 12 species of Brucella have been identified to date, which can infect domestic, wild, and marine animals (Scholz et al., 2016). Four classical Brucella species capable of causing severe brucellosis in humans are B. melitensis, followed by B. abortus, B. suis, and B. canis. Symptoms of brucellosis in animals are abortions, death of weaker offspring, stillbirth, and sterility in males, while in humans, it mainly causes flu-like symptoms with high fever, headache, weakness, and osteoarticular problems (Godfroid et al., 2011). A severe form of brucellosis could be fatal with cardiac and neurological complications (Solera et al., 1997). Brucellosis in humans is often an occupational hazard directly affecting veterinarians, laboratory technicians, abattoir workers, and farmers (Fiori et al., 2000; Agasthya et al., 2007). Human transmission could mainly occur through direct contact with infected or aborted animals, consuming contaminated dairy products, and inhaling aerosols (Corbel, 1997). There is no human vaccine for brucellosis, and treatment with multiple antibiotic regimens is the only option to treat human brucellosis. However, antibiotic treatment is challenging due to frequent therapeutic failures and relapses (Ariza et al., 2007).

The most plausible way to control brucellosis is early disease diagnosis and mass vaccination of susceptible animals. However, diagnosis of brucellosis is challenging, and the available animal vaccines for brucellosis have many disadvantages despite conferring protection (Schurig et al., 2002; Galińska and Zagórski, 2013). Brucellosis exhibits non-specific clinical manifestations that mimic the symptoms of other infectious or non-infectious diseases (Mantur et al., 2007). Direct culturing of Brucella from the tissue specimens is considered the gold standard for diagnosing brucellosis. However, it is often avoided due to its fastidious nature, slow growth, and potential hazard to laboratory personnel (Padilla Poester et al., 2010). Therefore, other diagnostic methods have been developed and practiced over time that require no direct contact and do not require expertise and special equipment (Nielsen and Yu, 2010). Therefore, serological detection of brucellosis is one of the most preferred diagnostic tools since this method addressed most of the challenges stated earlier. The serodiagnosis of brucellosis mainly relies on detecting anti-lipopolysaccharide (LPS) antibodies in the infected serum (Godfroid et al., 2010). However, LPS-based serodiagnostic assays have significant drawbacks, including poor sensitivity, cross-reactivity with several other Gram-negative bacteria, and lack of the capability of Differentiating Infected from Vaccinated Animals (DIVA). Also, the tests fail to detect rough strains of Brucella, viz. B. canis and B. ovis, which lack O-side chains on their LPS (Al Dahouk et al., 2003a,b). Hence it is crucial to identify other serodominant antigens of Brucella that are exclusive and capable of addressing major shortcomings of the present serodiagnostic assays.

Among the available animal vaccines, S19 and RB51 are the well-recognized live attenuated vaccines used for cattle (Avila-Calderón et al., 2013). However, there are many disadvantages associated with these vaccines. The immune response induced by the S19 vaccine is still unclear, and it can induce abortion in pregnant animals. B. abortus S19 vaccine has no DIVA capability, and most importantly, it is highly infectious to humans (Yang et al., 2013). RB51, a rough live attenuated strain of B. abortus, has DIVA capability where the vaccinated cattle can be differentiated from naturally infected animals using routine serodiagnostic tests (Ashford et al., 2004). However, RB51 is rifampicin-resistant and can cause infection in humans. Subunit vaccines using Brucella recombinant proteins such as L7/L12 ribosomal protein, Cu-Zn superoxide dismutase, and Outer Membrane Lipoproteins (OMPs) OMP16 and OMP19 have been tested for brucellosis (Oliveira and Splitter, 1996; Bae, 1999; Pasquevich et al., 2009; Sáez et al., 2012). However, no subunit vaccines are currently available to prevent brucellosis in animals and humans. Therefore, the identification and characterization of novel serodominant antigens of Brucella are needed for developing improved vaccines and diagnostic assays for brucellosis. Here, we performed a high throughput immunoprofiling of B. melitensis antigens using a protein microarray. The screening identified several serodominant proteins of Brucella that are uniquely present or shared by various host species. Subsequently, we performed a detailed characterization of 10 serodominant proteins to assess their utility for developing improved vaccines and serodiagnostic assays. Further, we developed a prototype Lateral Flow Assay and indirect ELISA based on one of the serodominant proteins. The assays could detect brucellosis in humans and animals with high sensitivity and specificity and exhibited DIVA capability.



Materials and methods


Ethical statement

Six to eight-week-old female BALB/c mice were procured from the Small Animal Facility of the National Institute of Animal Biotechnology (NIAB). All mice experiments and animal serum collections were approved by the Institutional Biosafety Committee (Approval number: IBSC/2013/NIAB/0001B) and Institutional Animal Ethics Committee (Approval number: IAEC/2019/NIAB/34/GKR & IAEC/2021/NIAB/09/GKR) of NIAB. In vivo challenge studies with B. melitensis 16 M strain were performed in the BSL-3 laboratory facility of UoH-NIAB (Approval number: IAEC/NIAB/2022/08/GKR). Mice were kept under a standard pathogen-free environment and handled with humane care with free access to food and water throughout the experiment. Serum samples from human subjects were collected by ICAR-National Meat Research Institute with approval from the Institutional Ethics Committee (Approval number: KAMSRC/IEC/04/2018).



High-throughput immunoprobing of the Brucella melitensis protein microarray

Brucella melitensis, Bv.1 strain 16 M proteome microarrays with a coverage of 99.5% were commercially procured from Antigen Discovery, USA (Cat. No. 12-MA-0001). The nitrocellulose microarray slides printed with ~3,000 Brucella proteins were analyzed with healthy and brucellosis-positive serum samples. Healthy and brucellosis-positive serum samples were obtained from veterinary diagnostic centers and farms with necessary approvals (Approval number: IBSC/2013/NIAB/0001B). B. abortus S19-vaccinated serum samples were obtained from different villages through government agencies as part of the ongoing brucellosis control program in India. Serum samples were primarily screened for the presence of seropositivity using the Rose Bengal Plate Agglutination Test (RBPT) and the presence of anti-Brucella antibodies was confirmed using OIE-validated, PrioCHECK™ Brucella Ab 2.0 Strip Kit (Applied Biosystems) and IDEXX Brucellosis Serum X2 Ab Test multi-species ELISA for animal sera. NovaLisa® human IgG and NovaLisa® human IgM kits (Nova Tec, Germany) for screening human sera. To perform RBPT, 25 μL of Rose Bengal Brucella antigen and 25 μL of serum sample were added onto the glass slides and mixed, followed by incubation for 5 min and observation for agglutination. Indirect ELISAs were performed with the collected serum samples as per the manufacturer’s protocols.

Immunoprobing of protein microarray was performed as per instructions of the manufacturer. Briefly, the printed slides were assembled and blocked with 350 μL of blocking buffer for 1 h at room temperature with gentle agitation. The kit control or test serum samples were diluted at a ratio of 1:100 in the pre-incubation solution (20% E. coli lysate in the blocking buffer) and incubated for 30 min before adding onto the microarray slides. Subsequently, 350 μL of diluted sera were added and incubated overnight at 4° C in a humidified airtight container. Next, the slides were washed three times with 1 mL of wash buffer for 5 min each, followed by the addition of 350 μL of diluted secondary antibody (1:1,000) onto the slides and incubated for 1 h at room temperature. The slides were then washed thrice, followed by the addition of 350 μL of diluted tertiary detection antibody and incubated for 1 h at room temperature in the dark. The slides were given a final wash and air-dried before being scanned with the Axon Genepix scanner (Molecular Devices).

The background (true negative) signal was defined as the average signal of the negative control spots on the array. This enabled the comparison of the individual protein signal with the background signal to determine the significant response by protein antigens. The average of replicated spots was measured per sera, and the signal intensities obtained for sera from individual species were analyzed using the Genepix Pro 6.0 software.



Cloning and expression of serodominant proteins of Brucella

The genes encoding the identified serodominant protein antigens were amplified from the chromosomal DNA of B. melitensis using respective forward and reverse primers harboring BamH1 and Xho1 enzymes (Table 1). The PCR amplicons were digested with restriction enzymes and gel eluted. The purified PCR products were cloned into BamH1 and Xho1 sites of pET21a(+) in-frame with a 6X Histidine (His) tag at the C-terminus. Subsequently, the clones were confirmed by restriction enzyme digestion and sequencing. The pET21a(+) plasmids harboring the cloned Brucella genes were then introduced into BL21 (DE3) E. coli. To examine the overexpression of Brucella proteins, BL21 cells were induced with 1.0 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) for 5 h at 37°C, followed by harvesting the cells. The cells were lysed in 2X SDS samples buffer, boiled for 10 min, and analyzed by SDS-PAGE.



TABLE 1 Primers used for amplification of open reading frames of 10 serodominant proteins.
[image: Table1]



Purification of His-tagged serodominant proteins of Brucella

The BL21 (DE3) E. coli harboring individual Brucella protein expression plasmids were grown overnight at 37°C in Lauria Bertini media (LB, Himedia) supplemented with ampicillin (100 μg/mL; Sigma). This starter culture was inoculated into 1 liter of LB broth in 1/100 dilution and incubated at 37°C until the OD at 600 nm reached 0.6. The bacterial cultures were then induced with 1.0 mM IPTG and incubated further for 5 h at 37°C. Subsequently, the bacterial cells were harvested by centrifugation at 6,000 × g at 4°C and washed once with PBS. Next, the bacterial cells were lysed in 50 mL of sonication buffer containing 50 mM sodium phosphate buffer with 300 mM NaCl and 10 mM imidazole. The cell lysates were clarified by centrifugation at 16,000 × g for 20 min at 4°C, followed by the supernatant collection. Subsequently, the supernatant was passed through the pre-equilibrated column packed with 1 mL of Nickel-NTA Agarose resin (QIAGEN) at a flow rate of 1 mL/min. The Ni-NTA column was then washed with 200 mL of ice-cold wash buffer containing 50 mM sodium phosphate buffer with 300 mM NaCl and 30 mM imidazole. The His-tagged protein immobilized on the Ni-NTA resin, was then eluted with the same buffer containing 300 mM imidazole in various fractions. Next, SDS-PAGE was performed with the eluted fractions to assess their purity, and the protein-containing fractions were pooled. The residual LPS from the purified proteins was removed using polymyxin-B immobilized columns (Thermo Scientific) as per the manufacturer’s protocol. Subsequently, the purified proteins were dialyzed against PBS overnight. After estimating the concentration by Bradford assay (Sigma), the proteins were aliquoted, followed by snap freezing and storing at −80°C for further experiments.



Immunoblot analysis of purified proteins

The protein samples were mixed with 2X Laemmli buffer, followed by boiling for 10 min at 100°C. Next, the samples were resolved on 12% SDS-PAGE gel, followed by the transfer of proteins onto PVDF membranes using a wet tank blotting system (Bio-Rad). The membrane was blocked with 5% skimmed milk in TBST (Cell Signaling Technology) for 1 h, followed by incubation with HRP-conjugated anti-His-tag antibody (R&D Systems) at 1:10,000 dilution overnight at 4°C. Subsequently, the membrane was washed 3 times with TBST and incubated with Super Signal West Pico or Femto chemiluminescent substrate (Pierce). The signals were captured using a chemi-documentation system (Syngene).

To analyze the seroreactivity, the purified recombinant proteins were transferred onto the PVDF membrane as described above. Next, the membranes were blocked with 5% skimmed milk in TBST, followed by incubating with brucellosis positive or negative sera (1:100 dilution) from cattle overnight at 4°C. Next, the membranes were washed 3 times with TBST and incubated with HRP-conjugated anti-bovine IgG at 1:5,000 dilution (ThermoFisher). Subsequently, the membranes were incubated with the chemiluminescent substrate (Pierce), and the signals were captured using a chemi-documentation system (Syngene).

To examine the seroreactivity of Dps protein with brucellosis-positive human and animal sera, Dps protein was resolved on denaturing or native SDS-PAGE gel, followed by immunoblotting. The membranes were blocked with 5% skimmed milk in TBST and incubated with brucellosis-positive human and animal sera (1:100 dilution) overnight at 4°C. Next, the membranes were washed 3 times with TBST and incubated with HRP-conjugated anti-species specific IgG at 1:5,000 dilution (Thermo Fisher), followed by detection of the signal as described before.

To examine the differential recognition of purified recombinant Dps protein by B. abortus S19-vaccinated and naturally-infected cattle sera, increasing concentrations of Dps protein along with B. abortus and E. coli LPS were subjected to 12% SDS-PAGE, followed by immunoblotting as described above. The membranes were incubated with B. abortus S19-vaccinated or naturally infected cattle sera. Subsequently, the immunoblots were probed with HRP-conjugated anti-bovine IgG at 1:5,000 dilution (ThermoFisher), followed by detection of the signal as described before.

To assess the seroreactivity of Dps with S19-vaccinated cattle sera after various days post-vaccination, serum samples were collected at 21-, 45-, and 90-days post-vaccination, followed by probing the membrane harboring Dps protein as described before. To examine the expression of Dps protein, total lysates of B. abortus and B. abortus S19 were resolved by SDS-PAGE, followed by the transfer of the proteins onto the PVDF membrane. The membrane was probed with an anti-Dps antibody (1:5,000), which was generated commercially (GenScript) or serum from L7/L12 immunized mice, followed by detection of the signal as described before.

To examine the reactivity of S. typhimurium or E. coli lysates with anti-Dps antibody, 40 μg of whole cell lysate of S. typhimurium, E. coli, B. abortus or purified Dps protein (10 μg) was resolved on 12% SDS-PAGE gel, followed by transfer of proteins onto PVDF membrane. The membrane was probed with anti-Dps antibody at a dilution of 1:5000 to detect the Dps proteins as described before.



Immunization of mice with purified serodominant proteins

Six to eight-week-old female BALB/c mice were used for analyzing the immunogenicity of purified proteins. Individual animal of each designated group (six mice per group) was intraperitoneally administrated with 40 μg of purified recombinant protein mixed with Freund’s complete adjuvant (1:1 ratio). Subsequently, the mice were given a booster dose of 20 μg of protein complexed with Freund’s incomplete adjuvant on day 21 (1:1 ratio). The mice injected with recombinant L7/L12 protein of B. melitensis were considered the positive control group, and the mice injected with adjuvant alone were considered the negative control group (Oliveira et al., 1994; Oliveira and Splitter, 1994, 1996; Singh et al., 2015). The blood was collected from individual mice from each group on 0, 14, 21, 28, 35, and 45 days after initial immunization through the retro-orbital route. On the 45th day, mice were euthanized, and spleens were removed aseptically to isolate the splenocytes for further immunological assays.



Analyzing the humoral and cell-mediated immune responses in immunized mice

The antibody response against the purified proteins was estimated by iELISA (indirect enzyme-linked immunosorbent assay) in the serum samples collected at various time intervals. Initially, 96-well microtiter plates were coated overnight with respective purified recombinant proteins (100 ng/well) at 4°C. The wells were then washed thrice with 300 μL of 1X phosphate buffered saline—tween 20 (PBST) to remove the unbound proteins and blocked for 1 h at room temperature with 100 μL/ well of 1% BSA prepared in phosphate buffer saline (PBS). The wells were washed thrice with 300 μL of 1X PBST, followed by adding serum samples (100 μL/ well) diluted in 1% BSA at a ratio of 1:100 to the respective wells. The plates were incubated at room temperature for 2 h. Subsequently, the wells were washed again as described earlier, followed by incubation with 100 μL/ well of HRP-conjugated goat anti-mouse IgG1 or IgG2a antibody (Novus Biologicals) at a dilution of 1:10,000 for 1 h at 37° C. Next, the wells were washed and incubated with 50 μL of TMB substrate for 10–15 min, and the reaction was stopped by adding 50 μL of 1 N H2SO4. The absorbance of the wells was measured at 450 nm using a microplate reader (PerkinElmer).

To analyze the population of CD4+, CD8+, and IFN-γ producing CD4+ and CD8+ T cells, the spleens were aseptically harvested from immunized mice, followed by homogenization in sterile PBS. Subsequently, a single-cell suspension was prepared by passing the homogenized samples through 70 μm cell strainers (BD Biosciences). The cells were washed twice with 10 mL of PBS, and residual RBCs were lysed using RBC lysis buffer (Sigma) as per the manufacturer’s protocol. The isolated splenocytes were cultured with RPMI 1640 medium containing 10% FBS and 1% penicillin-streptomycin in 6-well plates. Subsequently, the cells in the individual wells were stimulated with 5 μg/mL of purified recombinant proteins for 48 h at 37°C with 5% CO2. Brefeldin A (5 μg/mL; Sigma) was added to the cells during the last 4 h of culture. Next, the splenocytes were washed with PBS by centrifugation at 300 × g for 10 min at 4°C and stained with PerCP-conjugated anti-mouse CD8a, PE-conjugated anti-mouse CD4, and APC-conjugated anti-mouse IFN-γ antibodies (BioLegend) for 1 h at room temperature in the dark. For CD4 and CD8a markers, surface staining was performed while IFN-γ was stained intracellularly. Cells were fixed using ice-cold acetone and methanol in a 1:1 ratio, followed by permeabilization using 0.01 percent of Triton-X 100 (Sigma) in PBS. Subsequently, the cells were subjected to flow cytometry analysis using LSRFortessa (BD Biosciences). The lymphocytes were gated based on the scattering profiles of stains, and the percentage population of CD4 and CD8 positive cells as well as IFN-γ producing cells, were quantified.



Immunization of mice and challenge studies with Brucella melitensis

Mice were immunized with serodominant proteins, viz. BMEI0856, BMEI0063, BMEI1513, BMEI0748, or adjuvant alone, as described before. The mice injected with recombinant L7/L12 (BMEI0748) protein were considered the positive control group, while the mice injected with adjuvant alone were considered the negative control group. Forty-five days post-immunization, mice were challenged with B. melitensis 16 M. B. melitensis 16 M was grown in Brucella broth at 37° C until the OD reached 1 and resuspended at 2 × 106 CFUs/ml in 100 μL of sterile PBS. Subsequently, mice were administrated intraperitoneally (i.p.) with 2 × 106 CFU of B. melitensis 16 M. The mice were euthanized 2 weeks post-challenge, followed by aseptic removal of spleens for the colony forming unit (CFU) enumeration. The harvested spleens were homogenized individually in 1 mL sterile PBS using 1.0 mm zirconium beads (Benchmark Scientifics) for 60 s in a bead beater (Benchmark Scientifics). The homogenized spleens were 10-fold serially diluted and plated on Brucella agar plates in triplicates. The plates were incubated at 37°C with 5% CO2, and the number of CFU was counted after 3 days of incubation. The CFU results were represented as the mean log CFU ± SD per group.



Development of Dps protein-based serodiagnostic assays

To develop Dps protein-based iELISA, the antigen concentration was optimized by performing checkerboard titrations. Various concentrations (10, 5, 2.5, 1.25, 0.625, 0.3125, 0.15625, 0.078125 μg/well) of Dps protein were coated in the 96-well microtiter plates and incubated overnight at 4° C. Subsequently, the coated plates were washed three times with 1 X PBST, followed by blocking with 300 μL of blocking buffer (1% BSA for human sera and 5% BSA for livestock sera) per well. The plates were incubated for 1 h at room temperature and given a wash as described earlier. Next, the brucellosis positive and negative sera (1:100 dilution) were added to the wells, and the plates were incubated for 2 h at room temperature. Next, the plates were washed four times with the wash buffer, and 100 μL of the HRP-conjugated anti-bovine IgG diluted at 1:5,000 (ThermoFisher) was added per well. The plates were incubated for 1 h at room temperature, followed by four washes and the addition of the TMB substrate solution (ThermoFisher). The plates were incubated for 10–15 min, followed by reading absorbance at 450 nm using an ELISA reader (PerkinElmer). For assessing the DIVA capability of Dps-based iELISA, the plates were coated with 100 ng of Dps protein per well, followed by iELISA as described above using serum samples collected at 21, 45, and 90 days post-B. abortus S19 vaccination. To evaluate the efficiency of Dps-based iELISA, human and cattle serum samples were screened using Dps-based iELISA, and the results were compared with that of commercially available, validated iELISA for human (NovaLisa) and cattle (PrioCheck) and RBPT. Brucella-culture positive/negative sera (bovine and mouse) and OIE-brucellosis positive/negative bovine reference serum samples were also screened using the Dps-based iELISA.

Y. enterocolitica O:9 immune and healthy rabbit serum samples were obtained from the Translational Research Platform for Veterinary Biologicals (TRPVB). Dps-based iELISA was performed with Y. enterocolitica O:9 immune and healthy rabbit serum samples as described before and HRP-conjugated anti-rabbit IgG at 1:5000 (CST) dilution was used as the secondary antibody. To perform iELISA with Salmonella immune serum, the sera were raised in mice against formalin-inactivated S. typhimurium. In brief, 6–8 weeks old female BALB/c mice were injected with 100 μL of inactivated S. typhimurium (1 × 105) intraperitoneally. Serum samples were collected on day 21, followed by performing Dps-based iELISA as described before. The HRP-conjugated anti-mouse IgG at a dilution of 1:5,000 (Novus Biologicals) was used as the secondary antibody for iELISA.

To develop the prototype LFA, purified Dps protein and biotinylated bovine serum albumin (Abcam) were dispensed (1.5 mg/mL) as test and control lines, respectively on the nitrocellulose membrane (mdi Membrane Technologies) using a flow dispenser (mdi Membrane Technologies). The protein G-gold (Abcam) and streptavidin-gold (Abcam) conjugates were mixed in a 4:1 ratio and coated on the pre-treated conjugate pad. Various components of LFA were assembled with the help of commercial source. To evaluate the prototype LFA, the serum samples (10 μL) were applied to the sample applicator port, followed by 200 μL of chase buffer to facilitate the sample migration toward the conjugate pad. Antibodies in the sample bound to the protein G-gold continue traveling up the nitrocellulose membrane. Anti-Dps antibodies in the samples were then bound to the Dps protein on the test line, producing a visible test line signal by an accumulation of gold particles on the test line. Streptavidin-gold conjugate bound to BSA-biotin on the control line produced a signal irrespective of the presence of anti-Dps antibodies in the samples. The absorbent pad absorbed excess liquid. The individual test was considered positive when a clear test line was visible or negative when only a control line was observed. To evaluate the LFA, 10 pooled brucellosis positive/negative/S19-vaccinated field serum samples of cattle, goat and humans were tested.

The formula used for the evaluation is given below:

Sensitivity = a/(a + c) × 100.

Specificity = d/(b + d) × 100.

Accuracy = a + d/(a + b + c + d) × 100.

a - Number of serum samples positive both by DPS ELISA and RBPT/iELISA.

b - Number of serum samples negative by RBPT/iELISA, but positive by DPS ELISA.

c - Number of serum samples positive by RBPT/iELISA, but negative by DPS ELISA.

d - Number of serum samples negative both by DPS ELISA and RBPT/iELISA.

Cut-off for commercial LPS based iELISA kit (as per manufacturer’s instruction):

Per cent positivity (PP) = (OD45o test sample/mean OD450 positive control) × 100.

Per cent positivity (PP) >40% is brucellosis positive.

Per cent positivity (PP) <40% is brucellosis negative.

Cut-off for DPS-based iELISA kit:

Cut-off = (mean OD of confirmed negative samples) ± 3 Standard Deviation.



Statistical analysis

The GraphPad Prism 6.0 software was used for the statistical analysis of experimental data. Data are shown as mean ± SD. Statistical significance was determined by one-way analysis of variance (ANOVA) for analyzing the data that involved more than two samples. FACS data were analyzed using the software FACS Diva (BD Biosciences). The positivity of the serum samples for Dps-based iELISA was determined by the mean OD greater than 2 standard deviations over the mean OD of the negative control. The specificity and sensitivity of Dps-based iELISA were calculated using Bayesian model statistics.




Results


High-throughput immunoprofiling of Brucella melitensis protein microarray identified serodominant proteins of Brucella

High-throughput immunoprobing of microbial proteins facilitates the identification of serodominant antigens, which can be employed to develop vaccines and serodiagnostic assays. To identify and characterize the serodominant protein antigens of Brucella, we performed a high-throughput immunoprobing of the B. melitensis protein microarray using serum samples from healthy or brucellosis-positive cattle, goat, and human (Figure 1A). The commercially available full proteome microarray that contains ~3,000 proteins of B. melitensis was used for immunoprofiling. The brucellosis-positive serum samples that harbor antibodies against the serodominant proteins of Brucella reacted with the respective proteins on the microarray (Figure 1A). The seroreactive proteins were detected by scanning the immunoprobed protein microarrays. The healthy human serum samples did not cross-react with any Brucella proteins on the array. However, we observed the reactivity of ELISA and RBPT-negative cattle and goat serum samples with some proteins on the array. Immunoprobing with brucellosis-positive serum samples of human, cattle, and goat detected various proteins on the array (Figure 1B). Subsequently, the scanned images of arrays were analyzed for data acquisition and identification of seroreactive proteins. The antigens with a signal intensity of more than two standard deviations over the mean of signal intensities from negative controls were defined as serodominant antigens (Liang et al., 2010). The high-ranking serodominant proteins from individual species are illustrated as a heat map (Figure 1C). Among the 3,000 antigenic proteins screened, a set of 40, 43, and 120 antigens reacting with human, cattle and goat serum samples, respectively, were identified serodominant (Figure 1D; Tables 2–4). The analysis also identified a set of 9 antigens that were equally seroreactive with all the species (Figure 1D; Table 5).

[image: Figure 1]

FIGURE 1
 (A) A graphical abstract summarizing the identification process of serodominant protein antigens of Brucella. (B) Representative image of B. melitensis protein microarray immunoprobed with healthy or brucellosis-positive serum samples. The red spots on the array probed with healthy serum sample indicate the positive controls. The red spots on the array probed with brucellosis positive serum sample indicate the serodominant proteins that reacted with the respective antibodies in the serum. The intensity of red spots indicates the extent of seropositivity. Confirmed single strong positive or healthy serum samples from cattle, human and goat were utilized for immunoprobing that was performed in triplicates. (C) Heat map showing differential detection of serodominant proteins by healthy or brucellosis positive human, cattle and goat serum samples. The seroreactive Brucella proteins are mentioned in rows and the columns represent the host species. The seroreactivity of proteins is represented as varying intensity of red (strongest) to bright green (weakest). (D) The Venn diagram showing the number of Brucella proteins that reacted with serum samples from single or multiple host species. The number of seroreactive proteins detected in each species is shown in individual circle, while the number of proteins that are shared among the different species are shown in the intersection area.




TABLE 2 The list of identified serodominat proteins that reacted with human sera.
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TABLE 3 The list of identified serodominant proteins that reacted with goat sera.
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TABLE 4 The list of identified serodominant proteins that reacted with cattle sera.
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TABLE 5 The list of identified serodominant antigens that reacted with sera from both animals and humans.
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Cloning, expression, and purification of selected serodominant proteins of Brucella

We identified many serodominant proteins of Brucella using high-throughput immunoprobing of the B. melitensis protein microarray. To characterize these antigens further, we selected 10 serodominant proteins based on their seroreactivity and novelty. These proteins are either shared by brucellosis-positive animals and humans or uniquely expressed by individual species (Table 6). The vaccine and diagnostic potentials of some of these serodominant proteins were not explored before. The coding sequences of respective proteins were amplified from the chromosomal DNA of B. melitensis, followed by cloning them into a pET21a(+) prokaryotic expression vector that harbors a C-terminal 6X His tag. Subsequently, the clones were confirmed by restriction enzyme digestion and sequencing. To overexpress serodominant proteins, pET21a(+) harboring the Brucella genes were introduced into BL21DE3 E. coli. The overexpression of recombinant Brucella proteins was induced in E. coli using IPTG, followed by analyzing the expression levels by SDS-PAGE (Supplementary Figure S1). Next, the overexpressed Brucella proteins were purified using Nickel-NTA-agarose affinity chromatography, and the purity of the proteins was assessed by SDS-PAGE (Figure 2A). Further, we examined the purified Brucella proteins by immunoblotting using an anti-His-tag antibody (Figure 2B). The immunoblot showed overexpressed Brucella protein of expected size that further confirmed the identity of the recombinant proteins.



TABLE 6 The list of 10 high-ranking serodominant proteins that were selected for the study.
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FIGURE 2
 (A) SDS-PAGE gel image of purified serodominant proteins. The selected serodominant proteins were cloned and overexpressed in E. coli with a C-terminal 6X His-tag. Subsequently, the overexpressed proteins were purified using Ni-NTA affinity chromatography. (B) Immunoblot showing the purified serodominant proteins. The blot was probed with HRP-conjugated anti-His antibody to detect the His-tagged proteins.




Evaluation of the immunogenicity of purified sero-dominant proteins of Brucella in mice

The reactivity of Brucella proteins with brucellosis-positive serum samples suggests that these proteins are secreted or released by Brucella into the circulatory system of the host, resulting in the formation of antibodies against them. Since these proteins are immunogenic, they may induce Brucella-specific immune responses other than antibody generation in the host. To examine this, we analyzed the immunogenicity of purified Brucella proteins in mice. The mice were immunized with serodominant proteins, followed by the collection of blood samples at various days post-immunization (Figure 3A). We used the immunogenic protein of Brucella, L7/L12 (BMEI0748) as the positive control as this antigen has been reported to induce a protective immune response in brucellosis (Oliveira et al., 1994; Oliveira and Splitter, 1994, 1996; Singh et al., 2015). The mice were sacrificed at the end of the experiment, followed by analyzing various cell populations to determine the induction of cell-mediated immune responses. Serum samples collected on different days were analyzed for IgG1 and IgG2a levels to estimate the humoral immune response induced by these antigens (Supplementary Figure S2). We observed a high antibody titer in the immunized mice, indicating that these antigens are potent inducers of the humoral immune response. IgG1 and IgG2a are the markers of Th2 and Th1 responses, respectively, in mice where the Th1 response is reported to be important for protection against brucellosis (Golding et al., 2001; Yingst and Hoover, 2003; Skendros et al., 2011; Vitry et al., 2014). We observed a high titer of IgG2a antibody with BMEI1980, BMEI0063, BMEI0856, BMEI0916, BMEII1048, and BMEI0855 indicating a Th1 specific response (Figure 3C). In contrast, the Brucella proteins, BMEI1513, BMEI0748, BMEI1390, and BMEII0154 exhibited induction of IgG1 response, suggesting a Th2 immune response (Figure 3B).
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FIGURE 3
 (A) A pictographic representation of the study to examine the immunogenicity of purified serodominant proteins of Brucella. BALB/c mice were immunized with purified. Recombinant proteins on day 1, followed by administering a booster dose on day 21. Blood samples were collected on day 0, 14, 21, 28, 35, and 45 post-immunization. Mice were euthanized on day 45, followed by collection of spleen. For the challenge studies, the immunized mice were infected with B. melitensis on day 45 and euthanized on day 60, followed by collection of spleen for the CFU enumeration. (B,C) ELISA showing the levels of IgG1 and IgG2a, respectively in the serum samples. The serum samples collected from immunized mice on day 45 were subjected to ELISA to determine the levels of IgG1 and IgG2a. Mice injected with PBS+Adjuvant and BMEI0748 (L7/L12) were used as the negative and positive controls, respectively. (D) Percent cell population of CD4+ and CD8+ T cells, in the immunized or control mice. The splenocytes were isolated from the immunized mice, followed by treating the cells with respective serodominant proteins. Forty-eight hours post-treatment, the cells were stained with anti-CD4, and anti-CD8 antibodies conjugated with fluorescent dyes, followed by FACS analysis. (E,F) Showing percent cell population of IFN-γ producing CD4+ and CD8+ T cells in or control mice. The staining procedure was followed as mentioned above followed by staining with anti-CD4, -CD8 and -IFN-γ antibodies conjugated with fluorescent dyes, followed by FACS analysis. (G) Bacterial load in the spleen of mice immunized with the serodominant proteins, BMEI0856, BMEI0063, BMEI1513, BMEI0748 (L7/L12) or adjuvant alone. The immunized mice were challenged with 2 × 106 CFUs/ml of B. melitensis 16 M, followed by enumeration of CFU at 14 days post-infection. Each data point represents individual mice per group and the bar indicates average of the group. Mice injected with PBS + Adjuvant and BMEI0748 were used as the negative and positive controls, respectively. All the data are presented as mean ± SD. (*p < 0.05; **p < 0.01; ***p < 0.001).


Next, we analyzed other indicators of protective immunity against Brucella, such as the cell population producing IFN-γ and the levels of CD4+ and CD8+ T cells. The splenocytes isolated from the immunized mice were treated with the respective serodominant proteins for 48 h, followed by staining the cells with PerCP-conjugated anti-mouse CD8a, PE-conjugated anti-mouse CD4, and APC-conjugated anti-mouse IFN-γ antibodies for flow cytometry analysis. A higher percentage of CD4+ and CD8+ T cells population was observed in the mice immunized with BMEI1980, BMEI0063, BMEI0856, BMEI0916, BMEII1048, BMEI0855, BMEII0154, and BMEI0748 compared to the adjuvant alone (Figure 3D). We also observed a high percentage of IFN-γ producing CD4+ and CD8+ T cells in mice immunized with BMEI1390, BMEI0063, BMEI0856, BMEI0916, BMEI0748 and BMEI1980, BMEI1390, BMEI1513, BMEI0063, BMEI0916, BMEII1048, BMEI0855, BMEII0154, BMEI0748, respectively (Figures 3E,F, Supplementary Figure S3).



Evaluation of protective efficacy of serodominant proteins against Brucella melitensis challenge

Next, we performed a challenge study with B. melitensis using the mice immunized with four serodominant proteins viz. BMEI0856, BMEI0063, BMEI1513, and BMEI0748. Our immunogenicity studies revealed that the serodominant proteins, BMEI0856 and BMEI0063, induced a significant level of Th1 type immune response, whereas BMEI1513 induced a Th2 type response. The mice immunized with L7/L12 protein (BMEI0748) and adjuvant alone served as the positive and negative control groups, respectively. The immunized mice were challenged with B. melitensis, followed by harvesting the spleen and enumerating bacterial load at 2 weeks post-infection. The protection efficiency of a vaccine candidate is determined by the significant reduction in the number of bacterial colonies in the spleen of immunized mice compared to the control. The mice immunized with BMEI0856 showed a significant reduction of CFU, indicating the protective effect of this protein against the B. melitensis challenge (Figure 3G). As reported previously, L7/L12 also exhibited protective efficacy against challenge with B. melitensis. Interestingly, BMEI0856 immunized mice showed lesser bacterial load compared to L7/L12. On the other hand, no significant difference in the bacterial load was observed in the mice immunized with the BMEI1513 or BMEI0063 compared to the control groups (Figure 3G).



The serodominant protein, Dps, reacts with brucellosis-positive serum samples and exhibits DIVA capability

The positive signals from the immunoprobed protein array indicated the seroreactivity of serodominant proteins with the respective antibodies in the brucellosis-positive serum samples. To confirm this data further, we examined the seroreactivity of purified serodominant proteins by immunoblotting. The proteins were resolved on SDS-PAGE, followed by transferring them onto the PVDF membrane. Subsequently, the immunoblots were incubated with healthy or brucellosis-positive cattle serum samples. We observed seroreactivity of purified serodominant proteins with varying efficiency where BMEI1980 BMEI0916, BMEI0856, BMEII1048, BMEI0855, and BMEI1513 exhibited strong seroreactivity (Figure 4B). The healthy serum sample did not react with any of the purified proteins that we tested (Figure 4A).
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FIGURE 4
 (A,B) Immunoblots showing the reactivity of purified serodominant proteins with healthy or brucellosis-positive cattle serum samples, respectively. The purified serodominant proteins were resolved on SDS-PAGE gel, followed by immunoblotting. The membranes were probed with healthy or brucellosis-positive serum samples, followed by HRP-conjugated anti-bovine IgG.


We observed strong reactivity of BMEI1980 with the brucellosis-positive serum samples of cattle and humans. The BMEI1980 encodes the DNA-binding protein from starved cells, Dps. A high throughput proteome analysis reported that the Dps protein is expressed only in the B. abortus 2,308 compared to the vaccine strain, B. abortus S19 (Lamontagne et al., 2009). However, there was no experimental validation of this observation. Therefore, we performed a detailed characterization of Dps protein, intending to develop improved serodiagnostic assays with DIVA capability. We analyzed the immuno-reactivity of purified Dps protein with serum samples from animals and humans. The immunoblots of Dps protein were probed with healthy sera or brucellosis-positive human, goat, cattle, or B. abortus S19-vaccinated cattle serum samples. The Dps protein was efficiently detected by brucellosis-positive serum samples from both animals and humans (Figures 5A,B). Further, we found that Dps protein failed to react with the serum sample from B. abortus S19-vaccinated cattle. To confirm the differential recognition of Dps protein, we performed immunoprobing of various concentrations of Dps protein with the sera from naturally infected or B. abortus S19-vaccinated cattle (Figure 5C). In agreement with previous data, the serum samples from B. abortus S19-vaccinated cattle did not detect Dps protein. We used LPS of E. coli and B. abortus as the negative and positive controls, respectively, for the immunoblots. Next, we probed the Dps blot with cattle serum samples collected at 21, 45, and 90 days post-B. abortus S19-vaccination. We did not observe any seroreactivity of Dps protein with serum samples after various days post-vaccination (Figure 5D). The LPS of B. abortus reacted with the sera, which confirms that the serum samples are derived from B. abortus S19-vaccinated animals.
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FIGURE 5
 Seroreactivity of Dps protein with sera from human and animals. (A,B) Purified Dps protein resolved on SDS-PAGE and native-PAGE gel, respectively, followed by immunoblotting. The membrane was probed with 10 pooled healthy or brucellosis-positive serum samples from human, goat and cattle, followed by species-specific HRP-conjugated anti-IgG. The Dps protein was also confirmed by probing the blot with anti-His HRP antibody and anti-Dps antibody. (C) Immunoblot showing the reactivity of various concentrations (5, 3, 1, 0.5, 0.1, 0.01, and 0.001 μg) of Dps protein with 10 pooled serum samples from brucellosis-positive cattle or cattle vaccinated with Brucella abortus S19 strain. LPS of B. abortus S19 and E. coli were used as the positive and negative controls, respectively. (D) Immunoblot showing various concentrations (5, 3, 1, 0.5 μg) of Dps protein probed with 10 pooled cattle serum samples collected at 21, 45, and 90 days post-vaccination with Brucella abortus S19. The LPS of B. abortus S19 was used as the positive control. (E) Immunoblot showing the levels of Dps protein in B. abortus and B. abortus S19 strain. The total cell lysates of B. abortus or B. abortus S19 was subjected to immunoblotting, followed by probing the blot with anti-Dps antibody. The L7/L12 protein was detected on the blot using immunized serum from mice.


Next, we examined the reason behind the non-reactivity of Dps protein with the B. abortus S19-vaccinated cattle sera. It is possible that the Dps protein was not expressed in the B. abortus S19 vaccine strain, resulting in a lack of antibody production against this protein in the vaccinated animals. To examine this, we performed immunoblotting with total lysates of B. abortus and B. abortus S19 strain. The membrane was probed with an anti-Dps antibody, which can detect the endogenous level of Dps protein. We used the reported serodominant protein, L7/L12, as the positive control. We observed a diminished level of Dps protein in the B. abortus S19 strain in comparison to the wild-type B. abortus (Figure 5E). In contrast, we observed a uniform expression of L7/L12 protein in B. abortus and B. abortus S19 vaccine strains (Figure 5E).



Dps protein-based serodiagnostic assays exhibit DIVA capability and detect brucellosis in animals and humans

Since both the animal and human sera efficiently recognized Dps protein, we wished to develop a lateral flow assay (LFA) and an indirect ELISA (iELISA) based on this protein. Toward developing iELISA, we determined the optimal concentration of Dps protein using the checkerboard titration assays (Figures 6A,B). Various concentrations of Dps protein were titrated against brucellosis-positive or negative human serum samples. The positivity of the serum samples was determined by the mean OD greater than two standard deviations over the mean OD of the negative controls (França et al., 2014). The cut-off value calculated for human serum samples was 0.45. The assay indicated that 1 μg/mL of Dps protein was optimal for developing the iELISA. To develop the assay further, various blocking agents and antibody dilutions were optimized. One percent BSA was found suitable for testing human serum samples, whereas 3% BSA was optimal for cattle serum samples. HRP-conjugated anti-bovine or anti-human antibody at a dilution of 1:5,000 was found optimal for Dps-based iELISA.
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FIGURE 6
 Development of Dps-based serodiagnostic assays. (A,B) Checkerboard titration analysis using brucellosis positive and healthy human serum samples, respectively, to determine the optimal concentration of Dps protein for ELISA development. (C) Percent positivity (PP) of healthy or brucellosis positive or B. abortus S19-vaccinated cattle serum samples analyzed using LPS-based iELISA kit (ProCheck). The S19-vaccinated serum samples collected at 21, 45, and 90 days post-vaccination were used for iELISA. Each data point indicates individual serum sample and the horizontal line shows the cut-off for iELISA. Samples with PP value 40% or above were considered positive as per the manufacturer’s instructions. (D) Dot plot showing OD values of Dps-based iELISA that was performed with brucellosis positive or negative or B. abortus S19-vaccinted serum samples. The S19-vaccinated serum samples collected on 21, 45 and 90 days post-vaccination were used for iELISA. The y-axis indicate OD at 450 nm and x-axis indicate number of serum samples screened. The horizontal line indicates the cut-off. Samples with OD values of 0.5 or below were considered negative. (E) Evaluation of cross-reactivity of Dps protein with Yersinia immune rabbit serum. Yersinia immune serum (n = 2) or control rabbit serum (n = 2) was screened by Dps-based iELISA or iELISA using Yersinia whole cell lysate as the antigen. The Y-axis shows the OD values at 450 nm and X-axis indicate the antigens screened with Yersinia immune or healthy rabbit serum samples. (F) Evaluation of cross-reactivity of Dps protein with S. typhimurium immune sera generated in mice. The iELISA was performed with Dps protein or whole cell lysate of S. typhimurium as the antigen. The OD values at 450 nm are shown on X-axis and Y-axis indicates the antigens screened using S. typhimurium immune serum (n = 2) or control mice serum samples (n = 2). (G) Detection of brucellosis in the animals and humans using Lateral Flow Assay (LFA) based on the Dps protein. The serum samples from healthy or brucellosis positive cattle, goat and human were used for testing the LFA. The absence of test line with serum samples from B. abortus S19-vaccinated cattle show the DIVA capability of the assay. C, Control line: T, test line.


Next, the efficiency of Dps-based iELISA was compared with that of commercially available LPS-based iELISA or with RBPT. The validated LPS-based iELISA (NovaLisa) can detect brucellosis with human serum samples. Among the human serum samples tested, 26 sera were found to be positive by Dps protein-based iELISA, and 25 samples were positive by commercial iELISA. In contrast, only 14 samples were found positive by RBPT. A total of 195 samples were declared negative by all three tests. Both ELISAs had an agreement with 25 samples. Out of 207 samples, which were negative with RBPT, 11 samples were found positive by both ELISAs. In the case of one sample, there was a disagreement between the two ELISA (Table 7). The higher number of positive samples in iELISA than RBPT may suggest enhanced sensitivity of ELISA. Our in-house validation assays using human serum samples indicated 99% sensitivity and 98% specificity for the Dps-based iELISA (Table 8).



TABLE 7 Comparison of results obtained from Dps-based iELISA with RBPT or LPS-based iELISA using human serum samples.
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TABLE 8 Estimates obtained by Bayesian model statistical analysis of Dps-based and LPS-based iELISAs using human serum samples.
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We have also evaluated the seroreactivity of Dps-based iELISA using Brucella-culture positive/negative bovine and mouse sera and OIE-brucellosis positive/negative bovine reference serum samples (Supplementary Figures 4A,B). The assay indicated the detection of anti-Dps antibodies in the brucellosis positive reference serum samples. To examine the DIVA capability of iELISA, cattle serum samples were collected on various days post B. abortus S19 vaccination (21, 45, and 90 days) and were screened using the Dps-based or LPS-based iELISA. The OD values of the known positive, negative, and B. abortus S19-vaccinated serum samples were estimated, and the cut-off values were derived as described before. All the B. abortus S19-vaccinated serum samples were seropositive with LPS-based iELISA, whereas these sera showed OD values similar to negative controls with Dps-based iELISA (Figures 6C,D). The assay indicated that the Dps-based iELISA could differentiate B. abortus S19-vaccinated from naturally infected cattle.

The LPS-based serodiagnostic assays for brucellosis have been reported to cross-react with the serum samples of animals infected with Y. enterocolitica O:9, S. typhimurium, and E. coli (Al Dahouk et al., 2003a). Therefore, we examined the cross-reactivity of Dps-based iELISA with Yersinia and Salmonella immune sera. We did not observe any significant cross-reactivity with Dps-based iELISA against the Yersinia or Salmonella immune serum samples (Figures 6E,F). To further confirm the experimental data, we performed an immunoblot with whole cell lysates of S. typhimurium, E. coli or B. abortus, followed by probing the membrane with Brucella anti-Dps antibody. The anti-Dps antibody did not cross-react with any proteins in the lysates of S. typhimurium or E. coli other than detecting the endogenous Dps protein in the B. abortus lysate (Supplementary Figure S5). Collectively, our experimental data indicate that Dps-based iELISA can specifically detect brucellosis positive sera samples without showing any cross-reactivity.

Next, we developed a prototype LFA using Dps protein for pen-site application of this serodiagnostic assay. In the prototype LFA, Dps protein was used as the detection agent, while biotinylated bovine serum albumin was employed as the control. To examine the efficiency of LFA, healthy or brucellosis-positive humans, cattle, goat, and B. abortus S19-vaccinated cattle were added to the LFA device. A test line could be observed with brucellosis-positive animal and human serum samples (Figure 6G). In agreement with our previous observation, Dps protein did not react with the sera from B. abortus S19-vaccinated cattle. The healthy serum samples gave no test line indicating no cross-reactivity with the Dps protein (Figure 6G).




Discussion

Brucellosis is an emerging zoonotic disease that seriously impacts human health and livestock productivity (Mcdermott et al., 2013; Rubach et al., 2013). The intracellular niche and the ability to subvert host immune responses enable Brucella to cause chronic infection in the host, making treatment options often difficult (Solera et al., 1997; Godfroid et al., 2011). Since there is no human vaccine for brucellosis, controlling the disease in animals through mass vaccination is the only viable option to limit human infections. Early detection and culling/quarantine of infected animals are crucial for controlling the spread of brucellosis in livestock. However, the major drawbacks of available animal vaccines and serodiagnostic assays pose serious hurdles in brucellosis control programs in various countries (Schurig et al., 2002; Galińska and Zagórski, 2013). Therefore, it is essential to identify and characterize novel serodominant antigens of Brucella to address major shortcomings of presently available vaccines and serodiagnostic assays.

Compared to other antigens, serodominant proteins are promising targets for developing improved diagnostic assays and vaccines. Once identified, these proteins can be expressed and purified from various expression systems making the process safer and cost-effective as large-scale culturing of the infectious pathogens and extraction of the antigens are not required. Serodiagnostic assays based on these recombinant proteins can provide higher sensitivity, specificity, and DIVA capability (Chaudhuri et al., 2010; Thavaselvam et al., 2010). These recombinant serodominant proteins could also serve as ideal candidates for developing safe and efficient vaccines for animal and human applications. Recent advancements in genomics and proteomics techniques permit large-scale screening for identifying serodominant proteins of pathogenic microorganisms (Liang et al., 2010). We used a full-proteome microarray of B. melitensis for the identification of serodominant proteins of Brucella from various host species. The immunoprofiling of B. melitensis proteins on the microarray yielded 202 potentially immunogenic proteins uniquely present or shared by multiple host species. Our analysis picked up many proteins of Brucella, such as BP26, ZunA, Cu-Zn SOD, Omp19, and Omp10, which were previously identified as serodominant and subsequently were used as candidate antigens for the development of either vaccines or serodiagnostic assays (Kim et al., 2004; Pasquevich et al., 2009; Sáez et al., 2012; França et al., 2014). These findings indicate the reliability of the experimental data generated in the present study. Subsequently, we evaluated the vaccine and diagnostic potential of 10 high-ranking immunogenic antigens, excluding previously reported well-characterized proteins.

We cloned, overexpressed, and purified the selected serodominant proteins, followed by analyzing their immunogenic potential to induce Th1 immune response against brucellosis in mice. Th1 type cellular immune response mainly involves generating IFN-γ producing T-cell populations, antigen-specific cytotoxic CD8+ T-cells, and a high titer of IgG2a is reported to confer protection in brucellosis (Golding et al., 2001; Yingst and Hoover, 2003; Skendros et al., 2011; Vitry et al., 2014). Mice immunized with BMEI1980, BMEI1390, BMEI0063, BMEI0856, BMEI0916, BMEII1048, BMEI0855, BMEII0154, and BMEI0748, showed higher percentage of CD4+, CD8+ cell population or IFN-γ producing CD4+, CD8+ cell population. Thus, suggesting a significant induction of Th1-type immune response. These proteins induced a high titer of IgG2a antibody, comparable to the response induced by the reported vaccine candidate, L7/L12 (Oliveira et al., 1994; Oliveira and Splitter, 1994, 1996; Singh et al., 2015). Switching antibody response to the IgG2a type could facilitate antibody-mediated phagocytosis of extracellular Brucella, which can enhance bacterial clearance (Ko and Splitter, 2003; Vitry et al., 2014). The identified serodominant protein pyruvate dehydrogenase complex dihydrolipoamide acetyltransferase (BMEI0856) is a part of the Pyruvate Dehydrogenase Complex, which is reported to be involved in protein synthesis during Brucella stress response (Teixeira-Gomes et al., 2000; Foth et al., 2005) The D-ribose-binding-periplasmic protein precursor (BMEI1390) is one of the sugar-binding proteins that help in sugar uptake to synthesize complex cell constituents (Wagner et al., 2002). The DNA starvation stationary phase protection (Dps, BMEI1980) is a part of the stress response system that binds non-specifically to DNA during oxidative stress (Martinez and Kolter, 1997; Roop 2nd et al., 2003). BMEII1048 encodes the molecular chaperonin, GroEL, a member of the heat shock protein family that plays a vital role in the structure and folding of other proteins (Abbady et al., 2012). GroEL has been reported to be a potent inducer of host immune responses (Leclerq et al., 2002). The 50S ribosomal protein L7/L12 (BMEI0748) is associated with translation initiation and is critical for ribosomal translocation (Carlson et al., 2017). The protective efficiency of this serodominant protein has been confirmed earlier, therefore L7/L12 was employed as the positive control in this study. BMEI0855 gene encodes the pyruvate dehydrogenase subunit beta of the pyruvate dehydrogenase protein complex that catalyzes the overall conversion of pyruvate to acetyl-CoA and CO2. The expression of this protein is reported to be down-regulated under heat stress (Teixeira-Gomes et al., 2000). BMEII0154 codes for MotB family protein that is a part of the stator of the flagellar motor protein complex. MotB mutations have been studied earlier to determine their vital role in establishing chronic infection (Fretin et al., 2005). The genes BMEI0916 and BMEI0063 code for hypothetical proteins where the functions of these proteins are yet to be established.

Our experimental data suggest that these serodominant proteins are potential candidates for developing next-generation vaccines for brucellosis. To validate this, a challenge study was performed to examine the protective efficiency of the serodominant proteins against B. melitensis in mice. The serodominant protein, BMEI0856 that induced a Th1 response conferred a significant level of protection against challenge with B. melitensis. The protective efficacy of BMEI0856 has appeared to be superior to that of the reported Brucella vaccine candidate, L7/L12. Even though we observed induction of Th1 type response by BMEI0063, it did not confer any significant level of protection against B. melitensis challenge compared to BME0856 and L7/L12. The serodominant protein, BMEI1513, that induced a Th2 type response failed to confer any protection highlighting the importance of Th1 type immune response for clearance of Brucella. The preliminary data obtained from the in vivo challenge study indicate that BMEI0856 could serve as an ideal candidate for developing a next-generation vaccine for brucellosis. Our future experiments will examine the utility of other serodominant proteins for vaccine development.

Antigens that induce a robust antibody response can serve as ideal candidates for developing improved serodiagnosis assays. We evaluated the seroreactivity of purified serodominant proteins by immunoblotting with brucellosis-positive and negative serum samples from cattle and humans. Even though all the tested proteins reacted with brucellosis-positive serum samples with different efficiency, Dps protein exhibited strong seroreactivity with both animal and human sera. We did not observe any cross-reactivity of Dps protein with serum samples from healthy animals or humans. The Dps protein is a part of Proteobacteria’s σE1 stress response system and is reported to play a crucial role in the stress survival and chronic infection of Brucella (Kim et al., 2013). A recent study demonstrated that Brucella secretes Dps protein in the infected macrophages that mediate ferritinophagy activation and host cell necrosis to facilitate the egress and bacterial dissemination (Hop et al., 2023). This may release Dps into the circulatory system to generate a potent antibody response in the Brucella-infected host.

A DIVA-capable serodiagnostic assay is essential when a whole-cell vaccine is used for administration. The principle of DIVA is eliciting an antibody response against the pathogen that is different from the response induced due to vaccination. Thus, distinguishing an infected animal from the vaccinated in a serological analysis is based on the antigen lacking in the vaccine candidate. DIVA vaccines may lack one or more immunological protein antigens that are present in the natural form of a pathogen. A previous study had identified many proteins, including Dps that were differentially expressed in the B. abortus and B. abortus S19 vaccine strain (Lamontagne et al., 2009). However, no experimental validation of this data was performed to examine the serodiagnostic potential of Dps protein for developing improved sero-monitoring assays with DIVA capability. Since our screening also identified Dps protein and showed robust immunogenicity in mice, we sought to examine its potential to serve as a candidate for developing improved serodiagnostic assays. Detailed immunoprobing of purified Dps protein with serum samples from naturally infected or B. abortus S19-vaccinated cattle indicated that Dps exhibits DIVA capability where it reacted only with the sera from naturally infected cattle and not with the serum samples from B. abortus S19-vaccinated animals. Further, no seroreactivity was observed when Dps protein was probed with sera from cattle after various days of B. abortus S19 vaccination. These data imply that the S19 vaccine strain of B. abortus may not express Dps protein. However, the Dps gene is present on chromosome I of B. abortus S19, similar to its parent strain, B. abortus (Pajuaba et al., 2012). Therefore, we examined whether Dps protein is expressed in the B. abortus S19 strain. Our subsequent immunoblotting experiments indicated a minimal expression of Dps protein in the B. abortus S19 strain compared to the wild-type B. abortus. Since the expression of Dps is low in the B. abortus S19 strain, it appears that the antibody response in the vaccinated animals is undetectable, which provides the DIVA capability.

Given that Dps protein reacted with brucellosis-positive serum samples from animals and humans and exhibited DIVA capability, we wished to develop Dps-based serodiagnostic assays. A prototype LFA based on the Dps protein efficiently detected brucellosis-positive serum samples from animals and humans indicating its utility in point-of-care applications. Further, the LFA could differentiate vaccinated from naturally infected cattle. Toward developing the iELISA, we optimized various assay parameters such as Dps concentration, blocking agent, and optimal serum and secondary antibody dilutions. Subsequently, we prepared the iELISA kits and compared their efficiency with the commercially available brucellosis detection kits. An in-house assay validation with human sera samples showed 99% sensitivity and 98% specificity for the Dps protein-based iELISA. Further, the Dps-based iELISA and LFA showed DIVA capability with bovine serum samples where the vaccinated cattle were assay negative compared to the naturally infected animals. The cross-reactivity with the immune sera of Gram-negative bacteria, especially Y. enterocolitica O:9, S. typhimurium, and E. coli is a major drawback of existing LPS-based serodiagnostic assays for brucellosis. Our experimental data indicate that Dps-based iELISA does not exhibit any cross-reactivity with the immune sera of Y. enterocolitica O:9 or S. typhimurium. Collectively, our studies suggest that Dps-based LFA and iELISA could serve as ideal diagnostic tools for brucellosis control programs where assays with high sensitivity, specificity, and DIVA capabilities are required.



Conclusion

Our high throughput immunoprobing of B. melitensis protein microarray identified many potential candidates for developing improved vaccines and serodiagnostic assays for animal and human brucellosis. Some of the serodominant proteins induced a robust Th1-type response indicating their potential to serve as ideal candidates for developing next-generation vaccines. In accordance with this, BMEI0856 conferred protection against challenge with B. melitensis in mice. Among the identified serodominant proteins, Dps exhibited robust seroreactivity with brucellosis-positive sera from both humans and animals except with B. abortus S19-vaccinated cattle sera. The Dps-based LFA and iELISA exhibited high sensitivity, specificity, and DIVA capability. The recombinant Dps protein, peptides from Dps, or anti-Dps antibodies could be used for developing other sensitive point-of-care diagnostic assays and biosensors for the detection of animal and human brucellosis in a cost-effective manner.
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Brucella abortus is a globally important zoonotic pathogen largely found in cattle hosts and is typically transmitted to humans through contaminated dairy products or contact with diseased animals. Despite the long, shared history of cattle and humans, little is known about how trade in cattle has spread this pathogen throughout the world. Whole genome sequencing provides unparalleled resolution to investigate the global evolutionary history of a bacterium such as B. abortus by providing phylogenetic resolution that has been unobtainable using other methods. We report on large-scale genome sequencing and analysis of B. abortus collected globally from cattle and 16 other hosts from 52 countries. We used single nucleotide polymorphisms (SNPs) to identify genetic variation in 1,074 B. abortus genomes and using maximum parsimony generated a phylogeny that identified four major clades. Two of these clades, clade A (median date 972 CE; 95% HPD, 781–1142 CE) and clade B (median date 150 BCE; 95% HPD, 515 BCE–164 CE), were exceptionally diverse for this species and are exclusively of African origin where provenance is known. The third clade, clade C (median date 949 CE; 95% HPD, 766–1102 CE), had most isolates coming from a broad swath of the Middle East, Europe, and Asia, also had relatively high diversity. Finally, the fourth major clade, clade D (median date 1467 CE; 95% HPD, 1367–1553 CE) comprises the large majority of genomes in a dominant but relatively monomorphic group that predominantly infects cattle in Europe and the Americas. These data are consistent with an African origin for B. abortus and a subsequent spread to the Middle East, Europe, and Asia, probably through the movement of infected cattle. We hypothesize that European arrival to the Americas starting in the 15th century introduced B. abortus from Western Europe through the introduction of a few common cattle breeds infected with strains from clade D. These data provide the foundation of a comprehensive global phylogeny of this important zoonotic pathogen that should be an important resource in human and veterinary epidemiology.
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Introduction

Despite having limited motility, bacterial pathogens have an uncanny ability to move on continental scales. Human history can in fact be traced using phylogenetic analyses of our associated bacteria, from our emergence out of Africa to our global diaspora, including Helicobacter pylori moving with us in our stomachs (Linz et al., 2007), Vibrio cholerae in our intestines (Mutreja et al., 2011), Mycobacterium tuberculosis in our lungs (Comas et al., 2013; Liu et al., 2018) and Burkholderia pseudomallei in trade (Chewapreecha et al., 2017). Bacteria can also disperse with us in animals such as Bacillus anthracis in hides and/or hunted animals (Kenefic et al., 2009), Yersinia pestis in commensal rodents (Morelli et al., 2010), and Brucella melitensis in domesticated goats (Tan et al., 2015). Thus, phylogeographic reconstructions of pathogens can inform us about past human movements and activities and in turn allow us to better understand patterns of disease transmission, dispersal, and host interactions (Keim and Wagner, 2009; Grad and Lipsitch, 2014; Sintchenko and Holmes, 2015).

Brucella abortus is one of the world’s most successful pathogens, causing widespread disease in wildlife, livestock, and humans on a global scale (Pappas et al., 2006; Whatmore, 2009). Brucellosis is endemic to much of the world, but the burden of the disease is particularly borne by people and livestock in developing countries (Moreno, 2014). Substantial production losses in cattle occur due to reproductive complications such as abortion, infertility, and decreased milk output (Carvalho Neta et al., 2010). Humans typically contract the disease through contaminated dairy products although occupational exposure occurs in veterinarians, slaughterhouse personnel, and workers involved in animal husbandry. Health impacts on humans are widespread and pronounced, with new brucellosis infections likely in the millions of cases each year and with large sections of the globe, particularly Africa and Asia, poorly sampled but likely containing many undiagnosed cases (Laine et al., 2022). Although B. abortus has a broad host range that includes many ruminants such as elk (Cervus elaphus) and bison (Bison bison) (Schumaker, 2013), swine (Sus scrofa) (WOAH, 2023), and goats (Capra hircus) (McDermott and Arimi, 2002), domestic cattle remain the most common host (WOAH, 2023). Indeed, this close host-pathogen relationship of B. abortus with cattle and its high prevalence in unmanaged herds suggests that the evolutionary history of B. abortus may provide unique insights into the history of cattle movements. Then by comparing these genetic patterns in B. abortus to cattle genetics, breeding practices, and livestock movements (Pitt et al., 2019; Verdugo et al., 2019; Xia et al., 2023), we can understand how socioeconomic forces and cultural practices have spread this pathogen.

Initial attempts to characterize B. abortus involved microbiological and biochemical testing that grouped isolates into eight biovars (bv. 1–7 and 9). However, subsequent work, including the results presented here, indicates that the biovars do not always correspond with distinct genetic groups (Whatmore et al., 2016). Low amounts of genetic diversity have traditionally hampered genetic characterization of Brucella taxa (Whatmore, 2009). Fragment based methods such as variable number tandem repeat (VNTR) analysis and multi-locus sequencing have been fundamental to our understanding of the phylogenetic relationships among species and biovars of the genus (Le Fleche et al., 2006; Whatmore et al., 2007). However, homoplasy, lack of resolution at branch tips, and ambiguity at deeper nodes due to limited phylogenetic characters using these methods (Pearson et al., 2009b), suggest a more in-depth approach is required. Comparative approaches using whole genome sequencing provide this needed resolution and form the basis for better understanding evolutionary, epidemiological, and host relationships in Brucella (Foster et al., 2009; Wattam et al., 2009, 2014; Audic et al., 2011; Kamath et al., 2016). Early phylogeographic studies in bacteria used a limited number of loci and various genetic approaches that assessed variation within only portions of the genome. Whole genome analyses have become the new standard, particularly in clonal and low diversity bacteria where many loci are required for sufficient power and resolution (Rokas et al., 2003; Pearson et al., 2009b). Single nucleotide polymorphism (SNP) loci are valuable characters for phylogenetic reconstructions due to their evolutionary stability, exhibited by low mutation rates and minimal homoplasy in clonal bacteria (Keim et al., 2004; Achtman, 2008). SNPs have been successfully utilized in phylogeographic comparisons to draw conclusions about the evolutionary history and global dispersal of a variety of pathogens and their diseases e.g., (e.g., Holt et al., 2008; Harris et al., 2010). These studies exhibit the power of whole genome analysis to characterize global diversity in highly clonal bacteria and potentially link the overlapping histories of their host populations.

In this study, we use comparative genomics to interrogate 1,074 genomes of B. abortus to determine its evolutionary history and better understand its global movements in cattle and other hosts. Most genomes came from cattle, although at least 16 other animal species, mostly ruminants, were sampled. The large sample size and wide range of locations involved provides a breadth of scope not previously explored in B. abortus and an unparalleled opportunity to catalog the extant diversity and phylogeography of this important zoonotic pathogen. Moreover, these data constitute a phylogenetic framework that will be useful in determining the evolutionary significance of new isolates and their relationship to the current phylogenetic framework, and in disease outbreak investigations in an era of global human and animal movement.



Materials and methods


Sampling

The 1,074 isolates analyzed in this study came from 52 countries across 6 continents (Figure 1 and Supplementary Table 1). Whole genome sequencing data for B. abortus isolates were downloaded on June 23, 2023. Paired-end Illumina sequencing data were downloaded from the Sequence Read Archive (Leinonen et al., 2010). Genome assemblies were downloaded from GenBank (Benson et al., 2012) and the Bacterial and Viral Bioinformatics Resource Center (BVBRC).1 Genomes were removed from the data set if they aligned poorly to the reference genome (quality breadth <80% in program NASP), were identified as poor quality by BVBRC, or were outliers (i.e., other Brucella species). We removed obvious duplicate genomes from the dataset, but retained potential duplicates when we could not determine which genome should take priority. These duplicate genomes served as a doublecheck of our analysis methods, which was confirmed, as all duplicates were identical or highly similar to each other.
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FIGURE 1
Geographic locations of the 1074 Brucella abortus genomes used to construct the phylogenies in Figures 2, 3. Country or state centroid is given except when more specific location information was known. Colors refer to the four clades: clade A is green, B is red, C is orange, D is purple, and light blue is undetermined.


The United States (US) was the origin of the largest number of genomes within this study (n = 365), with a majority from the Greater Yellowstone Ecosystem (n = 264). The United Kingdom (UK) had a relatively large number of isolates (n = 93), although as a central repository for strains that have been collected globally, some of these isolates likely originated elsewhere. Ireland, India, Russia, Kazakhstan, Brazil, Egypt, Italy, and Costa Rica were the source of 26–94 isolates each, while the remaining countries were the origin of 1–15 isolates each. The origins of genomes in each lineage and sub-lineage of our phylogeny and basic metadata such as GenBank accession, strain ID, country and collection location, year of collection, host, and phylogenetic lineage are detailed in Supplementary Table 1. Isolates were primarily collected from cattle, but the 16 other hosts included bison (Bison bison), elk (Cervus canadensis), humans (Homo sapiens), water buffalo (Bubalus bubalis), goats (Capra hircus), swine (Sus domesticus), yak (Bos grunniens), dog (Canis lupus familiaris), camel (Camelus dromedarius), llama (Lama glama), reindeer (Rangifer tarandus), sheep (Ovis aries), chamois (Rupicapra rupicapra), red fox (Vulpes vulpes), cat (Felis catus), and mouse (Mus musculus). Genomes come from sampling across a wide range of time, spanning 1925 to 2022. Of the genomes in this study, 106 were sequenced in the Brucella II initiative at the Broad Institute (broadinstitute.org), with isolate DNA supplied by the Animal Health and Veterinary Laboratories Agency (AHVLA) [now Animal and Plant Health Agency (APHA)] of the UK, the US Centers for Disease Control and Prevention, or Northern Arizona University. A total of 67 isolates were sequenced by Translational Genomics Research Institute North or the Environmental Genetics and Genomics Laboratory from isolates supplied by US Geological Survey and its collaborators, and 281 samples were sequenced by the collaborations of US Department of Agriculture–National Veterinary Services Laboratory (USDA-NSVL). The remaining genomes were sequenced by various other institutes.



SNP discovery

Core-genome single nucleotide polymorphisms (SNPs) were called within NASP (Sahl et al., 2016) using paired-end Illumina reads as input. For genome assemblies, paired-end Illumina sequencing data were simulated from publicly-available genome assemblies with ART (MountRainier) (Huang et al., 2012). Reads were aligned to B. abortus strain 2308 (GCA_000054005.1) as the reference genome using BWA-MEM (Li, 2013) and SNPs were called with the Unified Genotyper method in GATK (McKenna et al., 2010; DePristo et al., 2011). Positions were removed from the analysis if the depth of coverage was less than ten or if the allele proportion was less than 0.9 for a genome. Duplicated regions of the reference genome were identified with self-alignments using NUCmer (Delcher et al., 2002; Kurtz et al., 2004) and removed from the analysis. A maximum parsimony phylogeny was generated from high-quality, core-genome SNPs (bestsnp.fasta) with the R package phangorn (Schliep, 2011). A consistency index (excluding parsimony uninformative SNPs) and retention index were calculated with phangorn. The consistency index allows one to determine the amount of homoplasy that is occurring within the genetic markers being used in the phylogeny, with values close to 1 indicating limited amounts of homoplasy. To determine the root of the B. abortus tree, we first generated a phylogeny that included B. melitensis strain 16M (GCA_000740415.1) as an outgroup due to this taxon being sister to B. abortus (Wattam et al., 2014). The core genome in these analyses was estimated with the quality breadth metric in NASP (Sahl et al., 2016).


Bayesian time-structured coalescent analysis

We plotted the divergence of each tip from the root against the date of sampling (a root-to-tip plot) in the program TempEST. Thus, this temporal signal allowed us to construct a time-structured phylogeny. For the molecular clock estimation, BEAST v1.10.1 (Suchard et al., 2018) was used to generate a time-structured phylogeny including only a subset (n = 607) of the GenBank genomes with known isolation year. For this analysis, NASP was run again, as described above, to generate a core SNP matrix specific for this subset of isolates. The matrix included only variable positions, but the BEAST XML input file was modified to specify the number of invariant sites, by nucleotide, in the B. abortus genomes. Six different combinations of molecular clock and coalescent models were evaluated using path-sampling and stepping-stone marginal likelihood estimation approaches (Lartillot and Philippe, 2006; Fan et al., 2011; Xie et al., 2011). Each model combination was run in duplicate, with one billion Markov chain Monte Carlo steps, and sampling parameters and trees assessed every 100,000 generations to ensure independent convergence of the chains. The log files were combined with LogCombiner v1.10.1 and assessed with Tracer v1.7.1. The first 50,000,000 iterations were discarded as burn-in. As the relaxed clock models did not converge, even when using a subset of the genomes, model selection was based only on strict clock model results, in which all the tree models’ effective sample sizes (ESS) were ≥236. The best fit model combination was a strict molecular clock, along with the Bayesian Coalescent Skyline tree prior with 10 categories (Drummond, 2005).





Results

The first phylogenetic tree illustrates the genomic comparisons of all B. abortus genomes and is rooted with the outgroup (B. melitensis 16M) (Figure 2). A total of 2,053 SNPs separated B. melitensis 16M from the B. abortus isolates. The core genome in this analysis was 1,619,280 nucleotide positions, with SNPs at 13,723 positions. Homoplasy was low, with a consistency index (excluding parsimony uninformative SNPs) of 0.96, and a retention index of 0.99. We then analyzed only the B. abortus genomes, which involved 1,629,697 nucleotide positions in the core genome, SNPs at 11,797 positions, a consistency index (excluding parsimony uninformative SNPs) of 0.97, and a retention index of 0.99.
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FIGURE 2
Maximum parsimony phylogeny of 1074 Brucella abortus genomes rooted with B. melitensis 16M outgroup. We define four major lineages A, B, C, D, which correspond to the four main MLST groups of Whatmore et al. (2016), but as A, B, C2, and C1, respectively. Full details of isolate origins and other metadata are found in Supplementary Table 1.


The phylogeny revealed what we consider as four major clades of B. abortus, with two clades (A and B) composed almost entirely of isolates of African origin. For isolates with known origin, 52 of 53 came from African countries (Figure 3), the sole exception being an isolate from Saudi Arabia, which has an established connection to Africa from infected livestock with brucellosis via historical trade (Foster et al., 2018). The most notable member of these two African clades is the biovar 3 reference strain Tulya, which was isolated from a Ugandan cow in 1958. The distribution of biovars within the African clades is also striking, with biovars 3, 6, and the previously classified biovar 7 predominating [biovar 7 is no longer in usage (Garin-Bastuji et al., 2014)]; these biovars account for nearly all of the African isolates where biovar is known. Despite containing only a small fraction of the total genomes in our analysis, more genetic variation exists in the 56 genomes from the African clades than exists in all of the other B. abortus genomes, as indicated by the relatively long branch lengths to and within these clades (Figures 2, 3).
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FIGURE 3
Maximum parsimony phylogeny of 56 Brucella abortus genomes from clades A and B, all but one have African origins, including the strain Tulya from Uganda, the reference strain for biovar 3. Clades C and D have been collapsed to allow for details of clades A and B to be visualized.


The third major lineage, identified as clade C (corresponding to C2 of MLSA) (Whatmore et al., 2016; Shevtsov et al., 2023), contained isolates of diverse origins but came almost entirely from Europe and Asia (Figure 4). Relative to the diversity within the African clades, the B. abortus genomes from clade C exhibited minimal genetic diversity but were substantially more diverse than the relatively monomorphic clade D (see below). Clade C can be divided into two broad subclades, with one subclade containing notable isolates such as the reference strains for biovar 5 (strain B3196), biovar 6 (strain 870), and biovar 9 (strain C68). In contrast, the other subclade contains no reference strains but does include a large number of isolates predominantly from Asia, particularly countries with extensive sampling such as Kazakhstan, Russia, and China, and to a lesser extent countries such as Brazil, Italy, Mongolia, and Georgia. The diversity and geographic distributions of clade C have been previously described and molecular dating indicates the arrival of this subclade into Kazakhstan in the 19th or early 20th century (Shevtsov et al., 2023). One unusual finding from Italy is that despite strains sharing a common host, water buffalo, Italian herds are infected with strains from both clades C and D, suggesting two separate introductions and two distinct lineages have remained despite control efforts (Garofolo et al., 2013, 2017). Clade C seems likely to have been imported with infected water buffalo from Asia and clade D was likely acquired locally from infected cattle as the two species interact on some farms. Of note, when extensive sampling has been conducted for a study focused on a single location over a short time frame, those genomes will generally cluster together and are depicted as triangles for the collapsed branches (Figure 4).
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FIGURE 4
Maximum parsimony phylogeny of Brucella abortus genomes from clade C, which largely have origins in Asia. Clades A, B, and D have been collapsed to allow for details of clade C to be visualized.


Clade D contains the largest number of genomes (n = 837) from six continents but surprisingly little genetic diversity and is largely composed of biovars 1, 2, and 4 (Figures 2, 5). Clade D contains multiple subclades, several with striking geographic localization of closely related genomes, as was also seen in clade C. These clusters were associated with sampling of infected livestock (primarily cattle herds and water buffalo) and included five clusters associated with the Yellowstone region (Kamath et al., 2016), and additional clusters from Costa Rica (Suarez-Esquivel et al., 2020), Northern Ireland (Allen et al., 2020), Brazil (Pereira et al., 2023), Texas (this study), and Italy (Garofolo et al., 2017). This geographic clustering of closely related strains demonstrates the low diversity of most brucellosis outbreaks. Interestingly, some of these clusters contain isolates that were collected over several decades, indicating that limited differentiation and circulation occurs over these time scales. Interspersed among these clusters were samples from other US states (26 states sampled) and diverse international locations such as the South American countries of Argentina, Bolivia, Brazil, and Trinidad and Tobago, European countries including France, Kosovo, Poland, Portugal, Spain, and the UK, as well as Mexico, New Zealand, and Zimbabwe. The overall global pattern for clade D is the spread of this lineage over the past several centuries followed by limited and local differentiation. However, the connectedness of global trade allows for some isolates to spread between distant locations. Finer scale details for all genomes in this study can be found online: https://microreact.org/project/t3oxnHhmZrAhtuw6mamutc-b-abortusglobal-phylogenomic-diversity.
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FIGURE 5
Maximum parsimony phylogeny of Brucella abortus genomes from clade D, which largely have origins in W. Europe, and North and South America. Clades A, B, and C have been collapsed to allow for details of clade D to be visualized.


Our results indicate that the most recent common ancestor (MRCA) of B. abortus as a species occurred approximately 3726 BCE (median estimate date 3683 BCE, 95% HPD 4657–2871 BCE; Table 1), with an estimated mean substitution (subs) rate of 6.49 × 10–8 subs/sites/year. This rate is highly similar to a rate estimate for B. melitensis of 9.3 × 10–8 subs/sites/year (Long et al., 2023) as well as our rate estimates from B. abortus spread in Costa Rica of 8.28 × 10–8 subs/sites/year (95% HPD interval: 2.8 × 10–8–1.7 × 10–7 (Suarez-Esquivel et al., 2020), which was estimated with an uncorrelated relaxed clock model and a skyline tree. This shows consistency in the estimation of the substitution rate for Brucella in general despite the model used for the analysis. The B clade, which includes genomes from Africa, is predicted as the oldest B. abortus clade based on the available sequences, followed by clades C, A and D (Figure 6). Nonetheless, both clades A and B are poorly sampled and unsampled diversity likely remains that would make these divergence times earlier.


TABLE 1    Time of most recent common ancestor of Brucella abortus and clades from BEAST analysis.

[image: Table 1]
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FIGURE 6
Time-structured maximum clade credibility (MCC) phylogenetic tree of 607 B. abortus genomes. The branches are color-coded according to the MLST clade clustering pattern, which also corresponds to the grouping based on the geographic origin of the genomes. The violin plots over the nodes show the 95% highest posterior distribution of the time to the most common recent ancestor (MRCA) from each one of the clusters.




Discussion

Homoplasy was minimal within our trees, increasing confidence in the topologies. Homoplasy can be the consequence of directional selection or horizontal gene transfer, and the low levels seen here in B. abortus are indicative a largely clonal population of organisms undergoing minimal recombination or convergent evolution (as also occurs in Mycobacterium tuberculosis; (Comas et al., 2013) and where nearly all genetic variation is created by mutations. This is consistent with B. abortus being a clonal intracellular pathogen that has had limited genetic exchange with other bacteria in its recent evolution.


African origin of B. abortus

We posit that Africa is the likely origin of B. abortus. Clades C and D are nested within clades A and B containing the African strains. We note that this differs from the “basal clade” interpretation often mistaken as indicative of a species’ origin or for clades containing ancestral traits, which is an especially common misconception in trees with poorly sampled taxa in a sister group (Crisp and Cook, 2005). Also supporting an African origin is that strains from clades A and B have the highest amounts of genetic diversity within the species, and high levels of genetic diversity often indicate a species’ geographic origin (Pearson et al., 2009a). Similar phylogeographic findings have supported an African origin for another important bacterial taxon of zoonotic pathogens—the Mycobacterium tuberculosis complex (Comas et al., 2013). If B. abortus has had a limited number of hosts and similar selective pressures, one would not expect substantial differences in substitution rates among lineages of B. abortus. Moreover, all of the genomes in our analyses came from contemporary samples within the past few decades. We are thus left trying to explain the relatively long branches for clades A and B; it is likely that substantial diversity remains to be discovered within these two clades and that missing diversity is most likely in Africa. These findings suggest the emergence of B. abortus in Africa and from there an expansion into Europe and Asia (clade C), and later to the Americas (clade D).

Understanding the relationship between B. abortus and cattle and their mutual global spread is a complex issue, complicated by imprecise estimates of the timing of both cattle and Brucella evolution. Furthermore, matching our proposed African origin of B. abortus with cattle evolution on the continent is made more challenging by the uncertain timing and spread of cattle in Africa. Taurine (Bos taurus) cattle domestication occurred in the Fertile Crescent in roughly 8500 BCE, along with the domestication of goats, sheep, and pigs slightly earlier (Zeder, 2008). A second cattle domestication event, the zebu or indicine species (Bos indicus) occurred in the Indus Valley in roughly 6500 BCE (Loftus et al., 1994). Although the archeological and molecular evidence are much debated, both cattle species subsequently spread to Africa and interbred with each other as well as with wild aurochs (Bos primigenius) (Felius et al., 2014; Pitt et al., 2019; Verdugo et al., 2019). As a result, African cattle are genetically diverse (Troy et al., 2001; Hanotte, 2002; Decker et al., 2014) but also provide numerous opportunities and timepoints for B. abortus to emerge. Brucellosis in African cattle, particularly in sub-Saharan Africa, is widespread and remains a substantial burden for animal production (McDermott and Arimi, 2002; Ducrotoy et al., 2017). Sampling and genotyping of strains from these animals will better inform the movement and history of B. abortus on this continent and we are likely only seeing a small proportion of its diversity. Khames et al. (2017) described new diversity within B. abortus isolates from Algeria, although we are not certain where these samples would fall within our phylogenies as the genomes are not yet available. We are cautious, however, about overinterpreting the phylogenetic data with respect to geography (Crisp et al., 2011). Relating phylogenetic patterns with biogeographic patterns is even more difficult to disentangle in B. abortus and other intracellular pathogens because of the essential host-pathogen relationship, the potential effects of domestication and human transport of livestock, complex cattle and human histories, and the ability of pathogens to switch hosts. A broad range of ungulates and other wildlife species are suitable hosts for B. abortus, although most sampling to date has found genotypes from clade D (Simpson et al., 2021).

Moreno et al. (2002) proposed that the Brucella genus began to diverge 20–25 million years ago concurrent with speciation of ovine, caprine and bovine hosts from their ancestors. However, results from Foster et al. (2009) using rough approximations of mutation rates indicated that while the divergence of species within the Brucella genus is more recent, although we must note, estimated this divergence far earlier than our present study. Our molecular dating presented here suggest even more recent emergence of the core/classical Brucella (Whatmore and Foster, 2021). It is tempting to speculate that animal domestication in the Middle East allowed for the emergence of several Brucella species in livestock. Long et al. (2023) used molecular dating of B. melitensis and concluded that this species diverged from B. abortus early in the domestication of sheep and goats. Our results from B. abortus are consistent with these findings but are not certain as to the exact timing of when and where B. abortus diverged from B. melitensis. Our time-based reconstruction indicates that clade B diverged from the B. abortus common ancestor sometime from 515 BC to 164 AD. Taken with the findings we describe herein, it seems plausible therefore that wild ancestors of domesticated bovines or other ruminants in Africa were afflicted by brucellosis and that host specific evolution of B. abortus and its subsequent diversification predated domestication. However, to adequately address this question would require a denser sampling of both wildlife and wild and domesticated bovine species infected with B. abortus, and ideally, generating genomes from ancient DNA from bones from animals or humans infected with brucellosis (Kay et al., 2014; Long et al., 2023).


Movement of B. abortus out of Africa

Our trees do not inform us as to the likely path of movement of B. abortus out of Africa but based on current distributions it appears that the lineages went in two directions. Clade C originated roughly in 972 CE (range 766–1102 CE), spread primarily into the Middle East and then into the rest of Asia, with some movement into Europe as well. The spread into Asia may have occurred along the Silk Road, as has been proposed for B. melitensis (Pisarenko et al., 2018), although Shevtsov et al. (2023) suggest that movement into Kazakhstan might have been much more recent, in the past 100–200 years. Clade C is well distributed across Eurasia, from present day western Europe to China, but represents considerably lower amounts of genetic diversity compared to the African lineages. This reduced diversity may result from a variety of factors. Sampling bias and a reduced number of available genomes may underestimate the true diversity, although the 60 genomes from this clade are dispersed over a large extent of Eurasia, which should aid in capturing a representative level of the extant diversity. Additionally, our data on the major African lineages is indicative that even small sample numbers from a specific geographic region can provide useful information on pathogen genetic diversity relative to other regions. We speculate that the movement of B. abortus across Eurasia may be tied to the domestication of wild aurochs into taurine cattle in the Middle East around 10,000 years ago (Zeder, 2008) and the subsequent spread of agriculture—and infected animals—across these two continents (Achilli et al., 2008; Decker et al., 2014). More recent movements of livestock out of Africa and into the Middle East have been connected to Arab trade in the region (Foster et al., 2018; Holzer et al., 2021), and may also be connected to animal importation into Saudi Arabia during the Hajj each year. It is plausible that non-domesticated animals could have aided the movement of B. abortus across Eurasia, but we are unaware of likely hosts to have allowed for this wide dispersal. Modern reports of the spread of zoonotic disease also indicate that human mediated movement of infected animals underpins much of disease spread (Christley et al., 2005; Bigras-Poulin et al., 2006; Rautureau et al., 2010).

In contrast to the diversity and widespread distribution of clade C, clade D is largely restricted to Western Europe and the Americas. Despite the many inconsistencies with biovars and frequent lack of correspondence to genetic groupings (Whatmore, 2009), biovars 3, 6, 7, and 9 comprise clades A, B, and C, and clade D is comprised of biovars 1, 2, and 4. The latter may potentially be attributed to the difficulty of transporting cattle across oceans in the past and that this was done solely by European colonists, a historical fact given additional molecular credence by the finding that greater than 50% of cattle mtDNA variation can be partitioned among the continents (Bradley et al., 1996). Along with the presence of genomes from the US in clade D, these biovar data hint as to how B. abortus reached the Americas (detailed below). The spread of clade D as a dominant lineage is similar to the clonal expansions of other notable pathogens such as Bacillus anthracis, Yersinia pestis, and Francisella tularensis (Keim and Wagner, 2009).



The New World

The majority of the genomes found in clade D are from the Americas, principally from the US; although sampling bias in our isolate collection undoubtedly plays a role. When biotyped, nearly all of these samples are from biovars 1, 2, and 4, although isolates from these three biovars do not always group together. Despite the 837 genomes and many subclades within this lineage, the branching is shallow and overall SNP variation with these genomes is very limited compared to the rest of B. abortus. This suggests a relatively recent introduction of genetically monomorphic B. abortus strains into the Americas from Western Europe, which is consistent with our molecular dating estimates of the emergence of clade D of ∼1467 AD. Tellingly, embedded within this mainly American group of genomes and sub-lineages includes closely related genomes from Europe. We hypothesize that the historical events that likely lie at the root of this bacterial movement are the introduction of infected livestock into the Americas by European colonists as early as the 15th and 16th centuries. More European isolates as well as historic isolates would allow us to more conclusively address this question, however it is striking to observe the close genetic relationship between genomes from North America and the UK and South America and Portugal/Spain. Given the past colonial histories of these territories, we believe the latter observations strengthen our hypothesis. Furthermore, this same pattern of associations between European countries and their colonies appears to be occurring in B. melitensis in goats and sheep with the introduction of the Americas clade into the Western hemisphere, likely soon after the colonization of the New World (Al Dahouk et al., 2007; Tan et al., 2015; Pisarenko et al., 2018).



A wider diaspora beyond the Americas?

We have presented larger patterns in our trees that suggest wide-ranging movement of B. abortus globally. We do not go into all of the details of every genome and its origin, but it is worth noting that many have complex histories. The continued global movement of people, animals, and goods, and in fact the greater global connectivity allows for widespread movement of pathogens such as B. abortus. Embedded within clade D are genomes from diverse locations such as India, Mozambique, New Zealand, Saudi Arabia, and Zimbabwe. This suggests that the spread of B. abortus out of Europe to the Americas was part of a wider diaspora involving global trade from Europe with many other territories or that these strains were introduced from American sources at later dates. A similar pattern of worldwide spread was observed for another important zoonotic veterinary pathogen, Mycobacterium bovis, where the central role of Britain in trading cattle globally during the expansion of the British Empire underpinned the spread of this disease (Smith et al., 2011). Moreover, British farmers played a leading role in developing many modern cattle breeds (Decker et al., 2009). The Hereford breed in particular has been an important genetic stock used in the foundation and improvement of many beef cattle breeds across North and South America, Australia and New Zealand (Porter, 1991).




Within the United States

Within clade D, we observe at least eight sub-clades that are specific to particular regions or outbreaks (Figure 5). Five of these sub-clades are linked to the Yellowstone area, with isolates originating from both domestic and wildlife species (Kamath et al., 2016)—a complex multi-host epidemiology that has been previously noted in traditional veterinary and molecular based studies (Higgins et al., 2012; Cross et al., 2013). Three of these sub-clades also contain samples from outside this region, reflecting the connection of infected cattle throughout the country with Yellowstone as the recipient or source of infected animals. The three other subclades containing mostly US genomes have some geographic localization such as clusters of samples in Arkansas, Kansas, Missouri, Texas, and Mississippi, but the overall pattern is a homogenized population throughout the country apparently spread by the cattle trade.




Conclusion

Whole genome phylogenetic analysis of global B. abortus genomes suggests Africa as the origin of B. abortus. Subsequent movement out of Africa likely went in two directions, one into Western Europe and the other into Asia. Strains in the Americas appear to have originated from the introduction of a limited genetic stock of bacteria, likely originating in cattle from Europe during the period of European colonization of the North and South American continents.

The large number of isolates from the US serves to illustrate the potential usefulness of genome sequencing to further understand the dynamics of disease spread within territories. In particular, the observation that the Greater Yellowstone Area has been subject to at least five separate pathogen introductions affecting multiple animal hosts illustrates the power of this method to provide novel and meaningful epidemiological insights. With denser sampling of animals over longer time periods, there is the potential to gain even greater understanding of local epidemics using a phylodynamic approach such as has been illustrated before with a variety of human and animal pathogens (Volz et al., 2009; Biek et al., 2012; Harris et al., 2013).

Having a global phylogeny such as the one we present here is also of great potential use in determining likely infection sources for new outbreaks in an age of globalization and long-distance livestock transport. What we present herein is a foundation on which to build more detailed surveys of other locales to expand the usefulness of this resource. Increasing the collection of isolates and genomes so that future phylogenies are more representative of the global distribution of B. abortus is essential to our understanding the movement and evolution of these important bacteria as well as for taking One Health actions for animal and human health.
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ID Gene name

BMELI980 DNA starvation/ stationary phase protection protein Dps (common in all the species)
BMELI390 D-ribose-binding periplasmic protein precursor (detected in goat sera)

BMEIIS13 J domain-containing protein (detected in goat sera)

BMEI0063 Hypothetical protein (detected only in animal sera)

BMEI0856 Pyruvate dehydrogenase complex dihydrolipoamide acetyltransferase (common in all the species)
BMEI0916 Hypothetical protein (detected in human sera)

BMEIT048 Molecular chaperone GroEL (common in all the species)

BMEI0855 Pyruvate dehydrogenase subunit beta (detected in human and cattle sera)

BMEII0154 MotB family protein (detected in goat sera)

BMEI0748 508 ribosomal protein L7/L12 (detected in human sera and goat sera)
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Gene ID Primer sequence

BMELI980 F-5'CGCGGATCCGTGCGATCGCCATTT-3
R-5'CCGCTCGAGATTGCTTTCCTGCACA-Y
BMELI390 F-5'CGCGGATCCATGACGGCGGGCGCY
R5'CCGCTCGAGGAATGGAGAATCTGGGA-3'
L F-5'CGCGGATCCATGCGCGATCCCTAT-3
R-5'CCGCTCGAGCACAACCCTGCGTTT-3
BMEI0063 F-5'CGCGGATCCGTGGGGCAGGGG-3
R5'CCGCTCGAGTGTAAAATTAAAGTTTC-3'
BMEI056 F-5CGCGGATCCATGCCGATCAATATCACC-3'
R5'CCGCTCGAGGACCAGCATACCCATC-3
BMEI0916 F-5'CGCGGATCCATGCGCGACGGCGTA-3
R5'CCGCTCGAGGTCGACAATGTCATCG-3'
EMELOS: E-5'CGCGGATCCATGGCTGCAAAAGAC-Y
R-5'CCGCTCGAGGAAGTCCATGCCGCC3
BEI6SS: -5 ATTTGCGGCCGCATGCCCATAGAAAT-3
R-5'CCGCTCGAGAGCGGTATAGGTAACG-3'
I E-5ATTTGCGGCCGCATGAACATTGAG-3
R-5'CCGCTCGAGTGGCTTGGACTTGAT-
BMEI0748

F-5'CGCGGATCCATGGCTGATCTCGCA-Y
R-5'CCGCTCGAGCTTGAGTTCAACCTTGG-3
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Mean Median 95% HPD* interval
TMCRA 3727 BCE 3683 BCE 4657 BCE, 2871 BCE
Clade A 965 CE 972 CE 781 CE, 1142 CE
Clade B 164 BCE 150 BCE 516 BCE, 164 BCE
Clade C 941 CE 949 CE 766 CE, 1102 CE
Clade D 1464 CE 1468 CE 1367 CE, 1553 CE

*HPD, high posterior density, a Bayesian version of a confidence interval. Tree topology and

clade branching depicted in Figure 6.
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City County/district (no. No. of strains
Xining City Chengzhong District (2), Chengbei District (1), Huangzhong County (10), Datong County (3) 16
Haidong City Ledu District (2), Minhe County (2), Huzhu County (3), Hualong County (4) n
Haibei Prefecture Haiyan County (3), Gangcha County (1), Menyuan County (11) 15
Huangnan Prefecture Zeku County (1) 1
Hainan Prefecture Gonghe County (3) 3
Guoluo Prefecture Magin County (1), Dari County (1) 2
Yushu Prefecture Yushu City (1), Nanggian County (1) 2
Haixi Prefecture Delhi City (1), Walan County (2) 3

No, number of strains in each region.
*The location of one strain is unknown.
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¢ %% B £ 8. 3 5 5 §EKy O weSNPsclades  Species Year Host  Location

Xum3s 1 42 106 B melitensis 2020 Human Huangzhong county
Xum$ 1 42 116 B melitensis 2021 Human  Chengbe distict
F— xmis 2 4 16 B melitensis 2021 Human Huangzhong county
f— xm2s 3 42 116 B melitensis 2019 Marmot. Zeku county
- Xmds 4 42 116 B melitensis 2020 Human Ledu distrit
A L—xmn s «ue B meliensis 2021 Human Minhe county
Xum67 6 42 116 B melitensis 2021 Human  Walan county
Xum26 7 42 116 B.melitensis 2021 Human Menyuan county
Xum30 7 42 116 CILSCS  Bomeliensis 2020 Human Haiyan county
Xm2s 7 42 116 B.melitensis 2020 Human Huangzhong county
Xm34 7 42 116 B melitensis 2020 Human Menyuan county
Xum36 7 42 116 B.melitensis 2020 Human Menyuan county
Xums3 7 42 116 B melitensis 2013 Sheep  Haiyan county
Xhmsé 7 42 16 CIESCS  Bmeliensis 2021 Human Menyuan county
Xmss 7 42 116 CILSCS  Bomeliensis 2021 Human Menyuan county
Xum6 7 42 116  CIFSCS  Bomeliensis 2021 Human Menyuan county
— Xm60 7 42 116 CILSCS  Bomeliensis 2021 Human Datong county
Xum6l 7 42 116 CIESCS  Bomeliensis 2021 Human Datong county
Xm62 7 42 116 CISCS  Bomeliensis 2021 Human Menyuan county
X7 7 42 16 CIESCS  Bomeliensis 2021 Human Menyuan county
X9 7 42 16 CISCS B omeliensis 2021 Human Huangzhong county
L Xun20 8 42 116 CISCS  Bomeliensis 2021 Human Humngzhong county
Xumd4 9 42 116 CISC4  Bomeliensis 2020 Human Hungzhong county
L—— Xmmsl 10 114 201 CISC4  Bomeliensis 2013 Human Dari county
Xm69 11 42 116 CISC3  Bomeliensis 2021 Human Chengzhong distict
Xun72 1l 42 16 CILSC4  Bomeliensis 2021 Human Mishe county
Xum3l 12 42 16 CISCS  Bomeliensis 2020 Human Huzhu county
e Xn37 12 42 16 CIESC4  B.meliensis 2020 Human Gonghe county
Xum38 12 42 116 CILSC4  Bomeliensis 2020 Human Gonghe county
Xmdl 12 42 16 CILSC4 B meliensis. 2020 Human Gonghe county
Xml4 13 42 16 CISCS  Bomeliensis 2021 Human Huangzhong county
XmS7 13 42 116 CISC4 B meliensis 2021 Human Huangzhong county
Xm0 14 42 116 CISC4  Bomelitensis 2021 Human Huslong county

Xtm33 15 42 116 CISC4 B meliensis 2020 Human Hualong county
Xtmd3 16 42 297  CISC4 B meltensis 2020 Human Menyuan county
Xtm0 16 42 297  CISC4 B meliensis 2020 Human Menyuan county
XtmS9 17 42 116 CISC4 B meliensis 2021 Human Hualong county
Xtm6s 18 42 116  CISCS B meliensis 202 Human Menyuan county
Xtml6 19 42 116  CISC4 B meliensis 2021 Human Hualong county
Xtmd 19 42 116  CISC4 B meliensis 2020 Human Magin county
Xtm&2 19 42 116 CISC4 B meliensis 2020 Human Datong cou
Xtml 20 42 116 CISC4 B meliensis 2019 Human unknown
XtmS6 21 42 116 CUSC-1 B meliensis 2021 Human Yushucity
Xhm6$ 22 42 116  CUSC  Bomeliensis 2021 Human Huzhu county
Xtm70 23 42 116 CISC4 B meliensis 2021 Human Huangzhong county
Xtm63 23 42 116  CISC2 B meliensis 2021 Human Ledu distrit
Xtm2s 24 42 N1 Cl B. melitensis 2020 Human Delhi city

Xem32 25 42 N Cl B.meliensis 2020 Human Gangcha county
Xhmdg 26 42 N1 Cl B melitensis 2021 Human Wulan county
Xtm39 27 114 291 CISC2 B meliensis 2020 Human Chengzhong distrct
Xtm66 28 42 116  CISC2 B meliensis 2021 Human Haiyan county
Xtm6 29 63 11l CISCS B meliensis 2021 Human Huzhu county
XhmS$ 30 63 11l CISCS B meliensis 2021 Human Huangzhong county
XtmS2 31 184 N2  CISC4 B melitensis 2013 Human Nangqian county

c1
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Strains Growth Dye inhibition Monospecific Phage lysis test . Interpretation

test serum
BF BK; Wb
BA + + + - + - cL cL cL 1 BAbv. 1,544
BM - - + + - + NL cL NL 1 BMbv. 1 16M
BS - ++ - + + - NL cL cL 1 MS bv. 11,330
Test strains - - + + + + NL cL NL 54 BMbv. 3

BA, Brucella abortus; BM, B. melitensis; BS, Brucella suis; BF, basic fuchsin; TH, thionin; “+." positive; “~" negative; CL, confluent lysis; NL, no lysis.
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Contig Start Stop ze tRNA Genes

Contig20 193,697 199385 5688  Ves 10
Two Contigd9 247 18081 1783  No 19
Three Contigl6 18,004 = 21422 3418 No 7
Four Contigl2 109977 113,564 3,587  Yes 6
Five Contig2 196970 200851 3881 No 6
Six Contig7 211494 224602 13,108  Yes 15
Seven Contig2 52 12378 12326 Yes 16

Contig37 |~ 41518 53206 11688  Yes n

Eight Contig 15 65,238 72,094 6,856 No 11
Nine Contig 28 253 26,954 10,795 No 9
Ten Contig36 | 601007 628,634 26701  No 2%
Eleven Contig 36 89,967 91,628 1,661 Yes 5
Twelve Contig22 | 123,522 127,301 3,779 Yes 8
Thitteen  Contigd 205073 236,210 31137 No )
Fourteen Contig 9 236,212 270,742 34,530 Yes 52
Fifteen Contig 4 52 16,348 16,296 Yes 8
Sixteen | Contigd | 32067 63489 3142 No 31

Seventeen | Contig26 36035 = 45309 9274 No 10
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Category Number of

animals
Breed Jersey 1
Jersey x Arsi 1
Holstein Friesian x Arsi 15
Arsi 108
Age <3years 2
>3years 100
Number of pregnancies | <2 108
>2 17
Reproductive status Pregnant 50
Not pregnant 75
Breeding Natural 6
Artificial insemination 19

Number of abortions
One 63
recorded

Two 62
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Isolate  Sequence Animal Sample  Accession

) D D type #

F5/18-T8 1511001 1968 Mammary ERS5240204
gland LN

F5/18-T6 2521001 1678 Mammary | ERS5240211
gland LN

F5/18-T5 3831001 2016 Mammary ERS5240212
gland LN

FS8TI0 | 4541001 1966 Mammary ERS5240213
gland LN

F5/18-T7 5551001 2034 Mammary | ERS5240214
gland LN

F5/18-T4 6.56_1001 2079 Mammary ERS5240215
gland LN

F5/18-T3 7.57_1001 1681 Mammary ERS5240216
gland LN

F5/18:535 8581001 233 Vaginal swab | ERS5240217

F5/18-S14 9591001 1540 Vaginal swab  ERS5240218

F5/18TIS  10_S10_1001 s Uterine tissue | ERS5240205

F5/18-TIS | 11_S11_L001 2032 Mammary ERS5240206
gland LN

F5/18-T21 125121001 2108 Uterine tissue | ER$5240207

F518TI6  13_S13_L001 1672 Uterine tissue | ERS5240208

F5/18-536' | 14.514.1001 2144 Vaginal swab  ERS5240209

F5/18-TI2 155151001 2144 Mammary ERS5240210
gland LN

LN=lymph node. Isolates F5/18-536 and F5/18-T12 from vaginal swab and mammary
gland lymph node from the same animal.
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Strain or plasmid
Strains

Escherichia coli

BL21 DE3

TOP10

DH5a FIQ

S17.1 (1 pir)

Brucella abortus
Wild type 2,308
2308 (pfeypB)

2,308 (pfeypB™ ")
AcypAB mutant
AcypAB(peypAf
AcypAB(pfecypB)
AcypAB(pfeypB /1)
AcypAB(pfeypB“**)
Plasmids

PET-28a(+)
PET-28-cypA

PET-28-cypB

PET-28-cyph’

PET-28-cypB""*"

PET-28-cypB™"

PET-28-cypB(L2cypA)

PET-28-cypB(L3cypA)

PET-28-cypB(L2-L3cypA)

PET-28-cypA(LIcypB)
—
PET-21-¢GFP.
pDCyar

poPAf

pfeypB

pfeypBETE

pfeypBst

Amp, ampicillin resistance; Nal', nalidi

Genotype or phenotype

E- ompT hsdSB (sBmB-) gal dem (DE3)
E-micrA A(mrr-hsdRMS-merBC) ®801acZAM15-A lacX74 recA1 araD139A (aralew)7697 gall galK rpsl. (StrR)
endAl nupG

F’ ®80dlacZAM15 AllacZYA-argF) U169 deoR recAl endA1 hsdR17(r’ my’) phoA* supE44 1= thi-1 gyrA96
1elAI/E’ proAB lacPZAMIS z2f:Tns (K

A lysogenic S17-1 derivative producing x protein for replication of plasmids carrying oriR6K, Nal*

Wild, smooth, virulent strain, Nal"
B. abortus 2,308 with plasmid pfcypB, Amp®

B. abortus 2,308 with plasmid pfcypB™** ™, Amp®

B. abortus 2,308 double mutant by deletion of the cypA and cypB genes
B. abortus AcypAB mutant with plasmid peypAf, Amp*

B. abortus AcypAB mutant with plasmid pfeypB, Amp*

B. abortus AcypAB mutant with plasmid pfeypB****', Amp*

B. abortus AcypAB mutant with plasmid pfeypB“**', Amp*

Bacterial cloning vector with T7lac promoter that carries in the N-terminal a His-Tag / thrombin / T7-Tag
configuration, an optional His-Tag sequence in the C-terminal and kanamycin resistance gene.

510 pb BamHI/Xhol fragment containing the B. abortus 2,308 cypA gene starting at position 82bp, cloned into
PET-28a(+), K’

492 pb BamH1/Xhol fragment containing the B. abortus 2,308 cypB gene starting at position 37 bp, cloned into
PET-28a(+), K’

492 pb BamH/Xhol fragment containing the B. abortus 2,308 cypB"****** mutant gene starting at position 37 bp,
cloned into pET-28a(+), K.

492 pb BamH1/Xhol fragment containing the B. abortus 2,308 cypB""** mutant gene starting at position 37 bp,
cloned into pET-28a(+), K"

492 pb BamH1/Xhol fragment containing the B. abortus 2,308 cypB“*" mutant gene starting at position 37 bp,
cloned into pET-28a(+), Knr.

534bp Nhel/Xhol fragment containing the B. abortus 2,308 cypB gene starting at position 37 bp, where loop-2
from cypB (289-294bp) was replaced by loop-2 of cypA (310-336bp), cloned into pET-28a(+), Ki'.

525bp Nhel/Xhol fragment containing the B. abortus 2,308 cypB gene starting at position 37bp, where loop-3
from cypB (478-489bp) was replaced by loop-3 of cypA (523-546bp), cloned into pET-28a(+), K’

534bp Nhel/Xhol fragment containing the B. abortus 2,308 cypB gene starting at position 37bp, where loop-2
(289-294bp) and loop-3 from cypB (478489 bp) were replaced by loop-2 (310-336bp) and loop-3 (523-546 bp)
of ¢ypA respectively, cloned into pET-28a(+), K"

552bp Nhel/Xhol fragment containing the B. abortus 2,308 cypA gene startingat position 82bp, where loop-1
76bp), cloned into pET-28a(+), Kin'.

from cypA (268297 bp) was replaced by loop-1 of cypB (22
B. abortus cypB““*** gene cloned into pDKS1, Amp
Derived from pET21b, expresses eGEP fusion protein, Km'.
Cloning vector for C-terminus fusion to CyaA under besp31 gene promoter, Amp’

657-bp BamHI/Sacll synthetic fragment containing full-length B. abortus cypA gene and 3flag, cloned into
PpDCyaA, Amp’

0.6-kb BamH1/Sacll synthetic fragment cont

3flag and the B. abortus 2,308 full-length cypB gene, cloned
into pDCyaA, Amp*

0.6-kb BamH1/Sacll synthetic fragment cont
Arg” and Phet* were replaced by Ala, cloned into pDCyaA, Amp*

3flag and the B. abortus 2,308 full-length cypB gene where

0.6-kb BamH1/Sacll synthetic fragment cont

3flagand the B. abortus 2,308 full-length cypB gene where
Cys'™ was replaced by Met, cloned into pDCyaA, Amp*

ic acid resistance; Kny', kanamycin resistance.

Reference or source

Stratagen

Invitrogen
Invitrogen

Herrero et al. (1990)
Laboratory stock
This study

This study
Rosetetal. (2013)
This study

“This study

“This study

“This study

EMD Biosciences
“This study

“This study

“This study

This study

‘This study

‘This study

“This study

“This study

“This study

Roset etal. (2013)

Fina Martin et al. (2019)
Marchesini et al. (2011)
“This study

“This study

“This study

“This study





