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a Instituto de Investigación Sanitaria de Navarra (IdISNA) and Departamento de Microbiología y Parasitología, Universidad de Navarra, Pamplona, Spain 
b Institute for Integrative Systems Biology, Universidad de Valencia-CSIC, Valencia, Spain 
c Centre d'Immunologie de Marseille-Luminy, CNRS, INSERM, Aix-Marseille University, Marseille, France 
d Wellcome-Wolfson Institute for Experimental Medicine, Queen's University Belfast, Belfast, United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Pseudochrobactrum 
Brucella 
Ochrobactrum 
Virulence 
Evolution 

A B S T R A C T   

The genus Pseudochrobactrum encompasses free-living bacteria phylogenetically close to Ochrobactrum oppor-
tunistic pathogens and to Brucella, facultative intracellular parasites causing brucellosis, a worldwide-extended 
and grave zoonosis. Recently, Pseudochrobactrum strains were isolated from Brucella natural hosts on Brucella 
selective media, potentially causing diagnostic confusions. Strikingly, P. algeriensis was isolated from cattle 
lymph nodes, organs that are inimical to bacteria. Here, we analyse P. algeriensis potential virulence factors in 
comparison with Ochrobactrum and Brucella. Consistent with genomic analyses, Western-Blot analyses confirmed 
that P. algeriensis lacks the ability to synthesize the N-formylperosamine O-polysaccharide characteristic of the 
lipopolysaccharide (LPS) of smooth Brucella core species. However, unlike other Pseudochrobactrum but similar to 
some early diverging brucellae, P. algeriensis carries genes potentially synthetizing a rhamnose-based O-poly-
saccharide LPS. Lipid A analysis by MALDI-TOF demonstrated that P. algeriensis LPS bears a lipid A with a 
reduced pathogen-associated molecular pattern, a trait shared with Ochrobactrum and Brucella that is essential to 
generate a highly stable outer membrane and to delay immune activation. Also, although not able to multiply 
intracellularly in macrophages, the analysis of P. algeriensis cell lipid envelope revealed the presence of large 
amounts of cationic aminolipids, which may account for the extremely high resistance of P. algeriensis to 
bactericidal peptides and could favor colonization of mucosae and transient survival in Brucella hosts. However, 
two traits critical in Brucella pathogenicity are either significantly different (T4SS [VirB]) or absent (erythritol 
catabolic pathway) in P. algeriensis. This work shows that, while diverging in other characteristics, lipidic en-
velope features relevant in Brucella pathogenicity are conserved in Brucellaceae. The constant presence of these 
features strongly suggests that reinforcement of the envelope integrity as an adaptive advantage in soil was 
maintained in Brucella because of the similarity of some environmental challenges, such as the action of cationic 
peptide antibiotics and host defense peptides. This information adds knowledge about the evolution of Bru-
cellaceae, and also underlines the taxonomical differences of the three genera compared.   

1. Introduction 

The Brucellaceae family of the α-2 Proteobacteria currently comprises 
seven genera: Brucella, Daeguia, Falsochrobactrum, Mycoplana, Ochro-
bactrum, Paenochrobactrum and Pseudochrobactrum (Holmes et al., 1988; 
Kämpfer et al., 2014; Kämpfer et al., 2013; Kämpfer et al., 2006; 

Urakami and Segers, 2015; Velasco et al., 1998; Yoon et al., 2008), 
bacteria that display strikingly different lifestyles, from environmental 
inhabitants, some of which are occasionally opportunistic pathogens (i. 
e., Ochrobactrum), to facultative intracellular pathogens of vertebrates (i. 
e., Brucella). B. abortus, B. melitensis and B. suis, the classical and best- 
characterized brucellae, cause brucellosis, one of the most common 
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bacterial zoonosis affecting ruminants and other livestock (Ducrotoy 
et al., 2017; Perry et al., 2002). These pathogens lack classical virulence 
factors such as capsules, adhesins, toxins or virulence plasmids (Mar-
tirosyan et al., 2011), and their pathogenicity depends chiefly on a type 
IV secretion system (T4SS) (Celli, 2019), peculiar envelope free-lipids 
(Comerci et al., 2006; Conde-Álvarez et al., 2006; Palacios-Chaves 
et al., 2011) and lipopolysaccharide (LPS) (Conde-Álvarez et al., 2012; 
Gorvel and Moreno, 2002; Lapaque et al., 2006a; Velasco et al., 2000) 
and characteristic metabolic pathways (Barbier et al., 2018; Letesson 
et al., 2017). These classical species are phylogenetically intertwined 
with B. pinnipedialis, B. ceti, B. canis, B. ovis B. neotomae, B. microti and 
B. papionis (Foster et al., 2007; Scholz et al., 2008; Whatmore et al., 
2014) that together form a core brucellae group separated from the 
early-diverging B. vulpis and B. inopinata (Scholz et al., 2016; Scholz 
et al., 2010), which are closer to the free-living bacteria (occasionally 
opportunistic pathogens) of the α-2 Proteobacteria (Al Dahouk et al., 
2017; Soler-Lloréns et al., 2016; Alice R. Wattam et al., 2014). As sug-
gested by the lack of classical virulence factors in brucellae, it is 
conceivable that their environmental relatives display traits represent-
ing an exaptation favouring adaption to intracellular pathogenicity 
(Batut et al., 2004; Moreno, 1992; Suárez-Esquivel et al., 2020; What-
more and Foster, 2021). 

Described long ago, Ochrobactrum is a large and continuously 
expanding genus closely related to Brucella (Michael P. Ryan and Pem-
broke, 2020). Interestingly, while Ochrobactrum species are primarily 
environmental and rhizosphere inhabitants, O. anthropi and 
O. intermedium have been repeatedly isolated from immunocompro-
mised patients, and O. pecoris from farm animals (Berg et al., 2005; 
Berman et al., 1997; Gill et al., 1997; Greven and Nelson, 2001; Inoue 
et al., 1999; Kämpfer et al., 2011; Saeed Mahmood et al., 2000; Michael 
P. Ryan and Pembroke, 2020; Stiakaki et al., 2002). Another genus 
closely related to Brucella is Pseudochrobactrum. Several species of the 
latter genus have been isolated from vent covers in a seafood processing 
plant (Kämpfer et al., 2007), metal-working fluid (Kämpfer et al., 2009) 
and P. asaccharolyticum from a human knee (Kämpfer et al., 2006). 
Several species of the latter genus have been isolated from vent covers in 
a seafood processing plant (Kämpfer et al., 2007), metal-working fluid 
(Kämpfer et al., 2009) and P. asaccharolyticum from a human knee 
(Kämpfer et al., 2006). More recently, Pseudochobactrum has also been 
isolated from various Brucella natural hosts (Ashford et al., 2020; 
Loperena-Barber et al., 2022; Pereira et al., 2023). First, Ashford et al. 
isolated Pseudochobactrum sp. from sheep and cattle in the UK (Ashford 
et al., 2020). Then, Loperena-Barber et al. described the isolation of 
P. algeriensis from Brucella seropositive cattle on Brucella selective me-
dium (Loperena-Barber et al., 2022; Khames et al., 2017) and, more 
recently, Pereira et al. isolated P. saccharolyticum from a bovine sus-
pected of having brucellosis in Brazil causing diagnostic uncertainties 
(Pereira et al., 2023). P. algeriensis was isolated from bovine lymph 
nodes and, while transient presence of viable bacteria in these organs 
can be accidental, repeated isolation of P. algeriensis from the inimical 
environment within these organs is remarkable, particularly when 
considering the phylogenetically relatedness with opportunistic Ochro-
bactrum spp. (Michael P. Ryan and Pembroke, 2020) and Brucella 
(Martirosyan et al., 2011). Therefore, whereas the ability to grow on 
Brucella selective media needs attention when carrying out a bacterio-
logical diagnosis of brucellosis, from a basic standpoint the comparison 
of Brucella, Ochrobactrum and Pseudochrobactrum can provide new in-
formation to understand the evolution of some Brucellaceae towards 
pathogenicity (Aujoulat et al., 2014; Barquero-Calvo et al., 2009; 
Velasco et al., 1998; Alice R. Wattam et al., 2014). To this end, we 
analyzed the genome, molecular features and behaviour in laboratory 
infection models of P. algeriensis in comparison with Brucella and 
Ochrobactrum. Here we present data supporting the hypothesis that 
some envelope traits shared by the extant Brucellaceae represent the 
scaffold on which Brucella pathogenicity was built. 

2. Results 

2.1. P. algeriensis genome 

The ASM1843624v1 P. algeriensis C130915_07T genomic sequence 
was composed by 1 chromosome (3,436,934 bp) and 4 plasmids (total 
564,058 bp) with a 51.56% of GC (Fig. 1A). The annotation using 
RASTtk algorithm (Brettin et al., 2015) predicted 3892 protein coding 
sequences, 59 transfer RNA genes, and 15 ribosomal RNA genes, cor-
responding to 1091 hypothetical proteins plus 2801 proteins with 
functional assignments. The vast majority of the genes were related to 
metabolic processes, energy obtention and protein processing (Fig. 1B). 
Many other genes were putatively assigned to membrane transport, 
stress response or antibiotic resistances. It is significant (see Discussion) 
that compared to Brucella and Ochrobactrum genomes, P. algeriensis 
contains just one chromosome and a variable number of plasmids (from 
none to four). 

2.2. P. algeriensis grew on gluconeogenic substrates but lacked the 
erythritol, rhamnose and ectoine metabolism operons 

In silico analyses suggested that, like Brucella, P. algeriensis had the 
ability to grow on gluconeogenic media (Table A.1). Consistent with 
this, it grew in Gerhardt's medium (Gerhardt, 1958), a gluconeogenic 
medium containing lactate, glutamate and glycerol. Noteworthy, it grew 
faster than B. abortus or O. intermedium (Fig. 2A). 

The catabolic pathway for erythritol, a preferential carbon source for 
Brucella, is driven by the ery operon (Barbier et al., 2017; Barbier et al., 
2014; Smith et al., 1962). However, most of the homologous genes were 
not found in P. algeriensis (Table A.1). Consistent with this, and in 
contrast to Brucella and Ochrobactrum, P. algeriensis did not grow on 
erythritol as the sole carbon source (Fig. 2B). Ochrobactrum and some 
early diverging Brucella strains grow on rhamnose (a sugar with an 
important role in nodule formation in rhizobia (Ding et al., 2012)) and 
ectoine (an organic compound involved in osmoadaptation (Oren, 
2008)) as the only carbon sources, and carry the respective transport and 
degradation operons (Soler-Lloréns et al., 2016). However, classical 
brucellae lack both groups of traits. P. algeriensis neither grew on ectoine 
(Fig. 2C) or L-rhamnose (Fig. 2D), nor carried the corresponding genes 
(Table A.1), being in both aspects like the classical Brucella spp. (Soler- 
Lloréns et al., 2016). Finally, P. algeriensis lacked the nar, nir and nor 
operons (Table A.1), involved in nitrate, nitrite and nitric oxide reduc-
tion, respectively, but was able to grow in microaerophilic conditions 
(data not shown). 

2.3. P. algeriensis did not affect the survival of Galleria mellonella 

In this model, larva survival is considered a good indicator of viru-
lence (Barnoy et al., 2017; Elizalde-Bielsa et al., 2023; Harding et al., 
2013; Insua et al., 2013). Accordingly, we compared the survival of 
larvae infected with K. pneumoniae 52,145 (from 103 to 106 CFU/larva), 
which contains a canonical LPS readily detected by innate immunity 
(Insua et al., 2013), B. abortus (103–106 CFU/larva), whose LPS is not 
readily detected by innate immunity (Conde-Álvarez et al., 2012; 
Lapaque et al., 2006a; Velasco et al., 2000), and P. algeriensis (103–106 

CFU/larva). A time- and dose-dependent effect on survival was observed 
for B. abortus and K. pneumoniae and the mortality induced by 
K. pneumoniae was noticeably higher (Fig. 3 A and 3B), as reported 
before (Elizalde-Bielsa et al., 2023; Insua et al., 2013). In contrast, the 
mortality caused by P. algeriensis was markedly low with a survival rate 
above 90% at the highest dose (Fig. 3C). 

2.4. P. algeriensis did not multiply in mouse spleen or in bovine peritoneal 
macrophages 

The ability of P. algeriensis to multiply or persist in the spleen of mice 
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was evaluated in BALB/c mice intraperitoneally infected with doses 
ranging from 105 to 109 CFU/mouse. Mice were euthanized at 1 and 6 
weeks after infection to determine the number of CFU/spleen (Fig. 4 A) 

and spleen enlargement (Fig. 4B). Controls were mice inoculated with 
B. abortus or O. anthropi. As expected, (Barquero-Calvo et al., 2009), B. 
abortus at 105 CFU/mouse reached high CFU numbers 1 week after 

Fig. 1. (A) Circular graphical display of the distribution of P. algeriensis genome, including from outer to inner rings: the five contigs, CDS on the forward strand, CDS 
on the reverse strand, RNA genes, CDS with homology to known antimicrobial resistance genes, CDS with homology to know virulence factors, GC content and GC 
skew. The colour of the CDS on the forward and reverse strands indicate the subsystem to which these genes belong. (B) Subsystem analysis of P. algeriensis genome; 
each colour represents a set of proteins that together implement a specific biological process or structural complex. In parenthesis the number of subsystems and 
genes belonging to each category are pointed. 

Fig. 2. (A) P. algeriensis is able to grow on gluconeogenic substrates (glutamate 1.5 g/L, lactate, 5 g/L and glycerol, 30 g/L), but not on (B) erythritol (2 g/L), (C) 
ectoine (20 mM) or (D) L-rhamnose (1 g/L), as the only carbon sources. Each line represents the mean ± standard error (error bars are filled with colour) of technical 
triplicates. The experiment was repeated twice with similar results. 
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infection and maintained those values throughout the experiment 
(Fig. 4 A) accompanied by enlargement of the spleen (Fig. 4B). 
O. anthropi at 108 CFU/mouse was not able to establish an infection and 

P. algeriensis was not able to multiply in mouse spleens or cause 
splenomegaly even at the highest dose (109 CFU/mouse). 

To investigate whether P. algeriensis can multiply within cells, BoMac 

Fig. 3. P. algeriensis does not affect the survival of Galleria mellonella. Larvae (n = 10) were inoculated with doses ranging from 103 to 106 CFU/larva of (A) 
K. pneumoniae 52,145, (B) B. abortus, and (C) P. algeriensis (PBS injected larvae were used as a control). Kaplan Meyer survival curves significance was analyzed by the 
Log-rank Mantel-Cox test; differences between values of each sample versus the PBS control were considered significant at p < 0.05 (*), p < 0.005 (**) and p <
0.0005 (***). 

Fig. 4. P. algeriensis is not able to multiply in mouse spleen and does not cause splenomegaly. BALB/c mice (n = 5) were inoculated intraperitoneally with the 
indicated doses of P. algeriensis, B. abortus or O. anthropi. The plots show the mean ± standard error of (A) CFU/spleen determined by plating on TSA and (B) the 
spleen weight. 
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bovine peritoneal macrophages (Stabel and Stabel, 1995) were infected 
with virulent B. abortus, a highly attenuated B. abortus ΔvirB mutant 
(Lacerda et al., 2013; Sieira et al., 2000). As expected, virulent B. abortus 
multiplied extensively and the virB mutant invaded but did not multiply 
within the BoMac cells, highlighting the crucial role of this T4SS (Fig. 5; 
Fig. A.2). Remarkably, although P. algeriensis was not able to achieve 
sustained replication, the CFU did not decrease significantly at the end 
of the experiment, being in this regard similar to the Brucella VirB T4SS 
mutant. P. algeriensis genome analyses revealed a chromosomal region 
coding for a Trb-like T4SS and plasmidic VirB-like T4SS. The parallelism 
between ΔvirB and P. algeriensis in intracellular behaviour (Fig. 5) sup-
ports the prediction that the P. algeriensis systems are dedicated to DNA 
transfer (Fig. A.2; Table A.2), as it occurs in Ochrobactrum (Alice R 
Wattam et al., 2014). 

2.5. P. algeriensis was extremely resistant to polymyxin B and its cell 
envelope displayed a variety of aminolipids larger than those of Brucella or 
Ochrobactrum 

A prominent characteristic of Brucella is its resistance to many 
bactericidal cationic peptides and lipopeptides, including polymyxins 
(Barquero-Calvo et al., 2007; Freer et al., 1996; Manterola et al., 2007; 
Martínez de Tejada et al., 1995). Since P. algeriensis was isolated on CITA 
Brucella selective medium (De Miguel et al., 2011), which contains 7.5 
mg/L of colistin (polymyxin E), it shows at least some resistance to these 
substances. Strikingly, the minimal inhibitory concentration (MIC) of 
P. algeriensis to polymyxin B was extremely high (>1024 μg/mL), far 
higher than that of O. anthropi (0.75 μg/mL) or even B. abortus (2 μg/mL) 
(Fig. A.3). Also, the MIC values for other antimicrobials determined 
using the VITEK System (Table A.3) showed an extreme resistance to 
colistin and the cyclic lipopeptide daptomycin. Since Brucella resistance 
to cationic peptides is largely accounted for by the envelope lipids and 
LPS, these components of P. algeriensis were investigated. 

The analysis of P. algeriensis genome predicted the existence of the 
main pathways involved in the synthesis of Brucella envelope lipids, 
including phosphatidylethanolamine (PE), phosphatidylglycerol (PG), 
cardiolipin (CL), ornithine lipids (OL) and phosphatidylcholine (PC) 
(Aragón-Aranda et al., 2021; Comerci et al., 2006; Conde-Álvarez et al., 
2006; Palacios-Chaves et al., 2011) (Table A.4). These predictions were 
validated by bidimensional high-performance thin layer chromatog-
raphy (HPTLC). In addition to the characteristic lipids of Brucellaceae (i. 
e., PE, OL, PG, CL and PC; Fig. 6 A), P. algeriensis whole lipid extract 
displayed several unidentified lipids (ULs; dashed lines in Fig. 6 A). 
Ninhydrin staining revealed that most of the ULs were aminolipids 
(Fig. 6FB) and confirmed the identity of PE and OL, the main 

aminolipids of Brucellaceae. 

2.6. Genomic analyses of P. algeriensis LPS putative genes suggested a 
rhamnose-based O-polysaccharide and core oligosaccharide features 
common to Brucella and Ochrobactrum 

Most genes involved in the synthesis of the classical Brucella LPS N- 
formylperosamine O-chain are in the wbk region (Fig. 7A). In 
P. algeriensis (and other Pseudochrobactrum), wbk homologues were ab-
sent with the exception of wbkF and wbkD (Fig. 7A). Interestingly, some 
early-diverging Brucella, such as B. inopinata BO2, also lack most wbk 
genes and do not synthesize N-formylperosamine (Al Dahouk et al., 
2017; Scholz et al., 2023; Soler-Lloréns et al., 2016; Wattam et al., 
2012). Instead, they contain an operon of four genes (rmlA-D) shown to 
be involved in synthesis of a rhamnose-based O-chain in Rhizobium 
(Marie et al., 2004; Reuhs et al., 2005). Strikingly, one of the 
P. algeriensis plasmids contained homologues of the rmlA-D genes and, 
upstream of them, genes putatively encoding a rhamnosyl transferase 
and the rfbB/rfbD O-chain transporters, suggesting that P. algeriensis 
carries an S-type LPS with a rhamnose-based O-chain. 

The above-data were consistent with the SDS-PAGE and Western- 
Blot analyses performed with P. algeriensis, B. abortus, O. anthropi (S- 
LPS) and O. intermedium (rough [R]-LPS). Both the migration pattern 
(Fig. 7B) and the reactivity of P. algeriensis LPS with the serum of a rabbit 
immunized with homologous whole cells were typical of an O-chain- 
containing (i.e., S-type) LPS (Fig. 7B). Also, this serum did not cross- 
react with Brucella or O. anthropi LPS, showing that P. algeriensis 
carries a different O-chain. We confirmed this using an antiserum to 
Yersinia enterocolitica O:9, a bacterium that shares the O-chain with 
Brucella but not proteins eliciting antibodies cross-reacting with Bru-
cellaceae that could interfere in Western blot analysis of whole bacteria. 
As can be seen in Fig. 7B, only the B. abortus S LPS reacted with the anti- 
Y. enterocolitica O:9 serum. On the other hand, an anti-S Brucella serum 
did not show cross-reactivity with P. algeriensis or O. intermedium 
(Fig. 7B). 

In Brucella LPS core, a lateral branch with four glucosamine units 
counterbalances the negatively charged Kdo increasing cationic peptide 
resistance and reducing recognition by innate immunity (Conde-Álvarez 
et al., 2012). The synthesis of this branch requires glycosyltransferase 
genes wadB, wadC and wadD (Conde-Álvarez et al., 2012; Gil-Ramírez 
et al., 2014; Goldman and Kohlbrenner, 1985; Iriarte et al., 2004; 
Monreal et al., 2003; Salvador-Bescós et al., 2018). P. algeriensis presents 
homologues of wadC and wadB but not of wadD (Table A.5). However, 
P. algeriensis genome did not contain homologues of manBcore and 
manCcore, both involved in the synthesis of mannose (Monreal et al., 
2003), the sugar incorporated by wadC. This suggests that either wadC 
incorporates a sugar other than mannose or that P. algeriensis has a 
hitherto unknown mannose synthesis pathway. Unexpectedly, we did 
not find a wadA homologue. This absence is striking because WadA is 
responsible for linking KdoII and the glucose bridging the Brucella core 
to the O-chain, and has also been proposed to be a bifunctional enzyme 
acting also as an O-chain ligase (Servais et al., 2023). Moreover, we did 
not find waaL, the other known O-chain ligase. This leaves the binding of 
the O-chain to the LPS core in P. algeriensis unresolved. 

2.7. P. algeriensis displayed lipid A modifications consistent with a poor 
mononuclear cell LPS activating effect 

The lipid A of some pathogens displays a modified structure that 
favors the evasion of the immune system, an some of them have been 
well-documented in Brucella (Conde-Álvarez et al., 2018). The lipid A 
backbone of Brucella and other Brucellaceae is made of diaminoglucose, 
while in most Gram-negative bacteria it is made of glucosamine. GnnA 
and gnnB genes are involved in the synthesis of this molecule in Lep-
tospira interrogans (Sweet et al., 2004) and Campylobacter (Mourik et al., 
2010). Recently, two gnnA and gnnB homologues have been found in 

Fig. 5. P. algeriensis is not able to effectively multiply in BoMac bovine mac-
rophages. BoMac were infected with GFP-expressing bacterial strains at a MOI 
of 100 and extracellular bacteria were killed with 100 or 500 μg/mL of gen-
tamycin. For each strain, statistical comparisons between time-points were 
made with unpaired t-test, and comparisons between strains at each time-point 
were made by one-way ANOVA followed by Tukey's multiple comparisons post- 
hoc test. 
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Brucella (Salvador-Bescós M. unpublished results; Mourik et al., 2010), 
and the genomic search showed two genes in P. algeriensis with a sig-
nificant similarity to them (Table A.5), supporting the presence of a 
diaminoglucose backbone. Also, a feature of Brucella lipid A relevant in 
pathogenicity are the very long chain fatty acids (VLCFA) that prevent 
the recognition of the LPS by the Toll-like receptors (TLR) and increase 
the stability of the cell envelope. LpxXL and AcpXL proteins have been 
related to this characteristic (Basu et al., 2002; Conde-Álvarez et al., 
2018; Iriarte et al., 2004). In P. algeriensis, there were three genes with a 
high percentage of similarity (Table A.5) to the three Brucella ORFs 
putatively coding for these proteins (one for LpxXL and two for AcpXL). 
In some bacteria, a lptA encoded enzyme links ethanolamine to the 
phosphate of the C1 of the backbone (Needham and Trent, 2013). and a 
phosphatase encoded by lpxE removes C1 and C4́ phosphate. These 
modifications reduce the net negative charge and increase the resistance 
to cationic peptides (Conde-Álvarez et al., 2018; Needham and Trent, 
2013; Raetz et al., 2009). LptA is present in at least in B. melitensis and 
there is indirect evidence suggesting that lpxE is active in Brucella 
(Conde-Álvarez et al., 2018). In P. algeriensis lptA was present but lpxE 
was absent (Table A.5). 

Consistent with this, the analysis of P. algeriensis lipid A by MALDI- 
TOF (Fig. 8 A) showed two predominant clusters of ions around m/z 
2019 (species A) and 2093 (species B). The m/z 2019 was compatible 
with the isotopic mass of a molecule (C102H196N4O25P2) formed by an 
hexaacylated and bisphosphorylated diaminoglucose disaccharide car-
rying hydroxylated long and very long chain acyl groups, and signals 
differing in a mass of 14 or 28 units (i.e., 1991 and 2047 m/z) should 
result from the heterogeneity in acyl chain length (mass of 14 for CH2-) 
typical of lipid A. Although a signal corresponding to the addition of a 

phosphoethanolamine (an increase of 125 m/z corresponding to 
CH3NCH2-CH2-HPO3,) was not observed, this might be due to the lack of 
expression of lptA under the experimental conditions used. On the other 
hand, the signal m/z 2066 could correspond to a monophosphorylated 
lipid A species substituted with phosphoethanolamine suggestive of a 
not yet identified phosphatase that might be acting on P. algeriensis lipid 
A. Interestingly, the signal at 2093 m/z (species B), previously observed 
in Brucella lipid A analyses (Conde-Álvarez et al., 2018), is consistent 
with a monophosphorylated lipid A (C120H232N4O25P). 

Brucella lipid A causes only a very low stimulation of cells (Lapaque 
et al., 2006b). Thus, we next compared human peripheral blood 
mononuclear cells (PBMC) activation by purified LPS from E. coli, 
B. abortus, O. anthropi and P. algeriensis. Upon incubation for 24 h 
monocyte activation markers were evaluated by flow cytometry. At 10 
μg/mL, P. algeriensis LPS barely or not at all induced CD80 expression, a 
result similar to those obtained with B. abortus and O. anthropi LPS at the 
same dose (Fig. 8B). In contrast, even a 100-fold less E. coli LPS dose 
induced significant CD80 expression as compared with mock-treated 
cells. Analogous results were obtained when other activation markers 
were measured (PD-L1, SLAMF7 and SLAMF8) or when analysing non- 
classical or intermediate monocytes (Fig. A.5). All these results 
strongly support the hypothesis that, like Brucella and Ochrobactrum, 
Pseudochrobactrum conserves a modified lipid A that delays immune 
activation. 

3. Discussion 

The Brucellaceae is an expanding family with members that have 
evolved to occupy a diversity of environmental niches and to establish 

Fig. 6. P. algeriensis contains the characteristic Brucella lipids plus several unidentified aminolipids. Bidimensional HPTLC analysis of the free lipids of B. abortus 
2308, O. intermedium 3301 and P. algeriensis (A) developed with copper (II) sulphate for total lipid detection, or (B) ninhydrin, for aminolipid detection. OL, ornithine 
lipids; OL-OH, hydroxylated ornithine lipids; PG, phosphatidylglycerol; PE, phosphatidylethanolamine; PC, phosphatidylcholine; UL, unidentified lipids; UL, un-
identified aminolipids. 
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parasitic associations with vertebrates (Whatmore and Foster, 2021). 
Pseudochrobactrum bacteria are phylogenetically close to the facultative 
intracellular pathogen Brucella that have been isolated from soil, bovine 
lymph nodes, and a human knee aspirate (Kämpfer et al., 2009; Kämpfer 
et al., 2007; Kämpfer et al., 2006; Loperena-Barber et al., 2022; Pereira 
et al., 2023)., some of which have been studied for biotechnological 
purposes (Long et al., 2019; Long et al., 2013; Mao et al., 2015; Mengke- 
Li et al., 2019; Siddique et al., 2021; Yusuf et al., 2020). However, only a 
P. saccharolyticum strain isolated from the lymph node of a cow has been 
genomically characterized (Pereira et al., 2023), and there are no 
comparative genomic and phenotypic analysis with Brucella that could 
complement those performed before with Ochrobactrum for a better 
understanding of the adaptation to pathogenicity of bacteria lacking 

classical virulence factors (Aujoulat et al., 2014; Barquero-Calvo et al., 
2009; Velasco et al., 1998; Alice R. Wattam et al., 2014). In this work, we 
took advantage of the recent isolation of P. algeriensis from cows 
(Loperena-Barber et al., 2022) to carry out these kind of studies. 

One of the most significant features of Brucella organisms is the 
smaller genome size (3.1–3.4 Mbp) as compared to their closest Ochro-
bactrum relatives (4.7–8.3 Mbp), a trait in all likelihood reflects their 
contrasting lifestyles. The large and open genomes of free-living α-Pro-
teobacteria offer high genetic flexibility and exchange possibilities for a 
rapid adaptation to the quickly shifting and diverse niches of soil (Batut 
et al., 2004). On the other hand, intracellular α-Proteobacteria usually 
possess closed smaller genomes (diCenzo and Finan, 2017; Eberhard, 
1990; Moreno, 1998; Moreno et al., 2022). Some of these differences in 

Fig. 7. The O-chain structure of P. algeriensis S-LPS differs from those of O. anthropi, and the classical Brucella. (A) P. algeriensis, unlike P. saccharolyticum and 
P. asaccharolyticum type strains, presents the genomic capacity of producing a rhamnose-based O-polysaccharide LPS. The wbk operon search was carried out based 
on the RASTtk annotation results using the PATRIC genome browser visualization tool. B. inopinata BO2 data were obtained from Soler-Lloréns et al. (Soler-Lloréns 
et al., 2016). (B) SDS-PAGE electrophoresis and silver staining of proteinase K-extracted LPS of B. abortus and P. algeriensis (B1). Western-blot analysis of LPS extracts 
with the serum of a rabbit immunized with whole cells of P. algeriensis (B2), Yersinia enterocolitica O:9 (B3) or B. melitensis (B4). 
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genome size are associated with a variable number of plasmids in 
Ochrobactrum spp. (Teyssier et al., 2005), while in Brucella absence of 
plasmids is a constant trait (Moreno et al., 2022; Rouli et al., 2015). In 
the case of Pseudochrobactrum, the few assembled genomes available at 
the National Center for Biotechnology Information show intermediate- 
size genomes (3.47–4.64 Mbp) compared to Brucella and Ochrobac-
trum, and they contain just one chromosome and a variable number of 
plasmids (from none to four). 

Most Pseudochrobactrum strains appear to be mainly environmental 
inhabitants (Kämpfer et al., 2009; Kämpfer et al., 2007; Kämpfer et al., 
2006) and we cannot discard this origin for the bovine Pseudochrobac-
trum isolates. Although repeatedly isolated from the inimical environ-
ment within cattle lymph nodes (Ashford et al., 2020; Loperena-Barber 
et al., 2022; Pereira et al., 2023), this could be the result of transient 
bacteremia. Supporting the hypothesis that they are environmental 
bacteria, P. algeriensis was not able to effectively infect BALB/c mice and 
similar results were obtained in G. mellonella or bovine macrophages. 
Although none of these models fully replicate the natural host condi-
tions, our results strongly suggest that P. algeriensis has a lifestyle like 
that Ochrobactrum (Moreno et al., 2023; Moreno et al., 2022), lacking 
the adaption to the intracellular life of Brucella. Nevertheless, neutro-
phils have been proposed to act as “Trojan horses” for Brucella entrance 
and dispersion (Gutiérrez-Jiménez et al., 2019), and further analyses 
using these cells could reveal if this ability is an ancestral trait of Bru-
cellaceae, an investigation in which P. algeriensis could offer light. 

Intracellular survival and replication of Brucella depend on the virB 
operon and require the translocation of protein effectors (Celli, 2019; 
Lacerda et al., 2013; Sieira et al., 2000). The P. algeriensis chromosome 
presents a region coding for a Trb-like T4SS, and a VirB-like T4SS in a 
plasmid. Since P. algeriensis lacks the capacity to replicate efficiently in 
laboratory models, these two regions are likely involved in DNA transfer 
as it occurs in Ochrobactrum where this system is proposed to be dedi-
cated to plasmid transfer (de los Giusti et al., 2012; Wattam et al., 2014; 
Gohil et al., 2020; Yagel et al., 2020). In support of this hypothesis, the 
genomic conformation of the virB operon was closer to that in Ochro-
bactrum than that in Brucella. 

Another critical aspect for intracellular pathogens is the ability to 
adapt the metabolism to the conditions inside host cells (Barbier et al., 

2011; Brown et al., 2008; Lamontagne et al., 2009; Viadas et al., 2010; 
Zúñiga-Ripa et al., 2014). Erythritol is a preferential carbon source for 
Brucella strains and is involved in Brucella genital tropism in animals 
(Barbier et al., 2017). The fact that, contrary to Brucella and Ochrobac-
trum, P. algeriensis was not able to use this pathway opens the question 
about the origin of the ery operon in Brucellaceae. In addition, 
P. algeriensis lacks the nar, nir, and nor operons, involved in nitrate, ni-
trite, and nitric oxide reduction, reactions that have been suggested to be 
important for Brucella persistence in the oxygen-limited environment of 
host tissues and/or the ability to cope with the reactive nitrogen species 
(Loisel-Meyer et al., 2006). These results are consistent with the lack of 
intracellular multiplication of P. algeriensis. 

It has been proposed that Brucella have peculiar envelope structural 
features that represent a first barrier towards innate immunity recog-
nition (Barquero-Calvo et al., 2007; Lapaque et al., 2006a; Velasco et al., 
2000). The altered PAMP of Brucella lipid A highly contributes to their 
stealthy strategy and virulence (Barquero-Calvo et al., 2007; Conde- 
Álvarez et al., 2012; Lapaque et al., 2006a), and it has been hypothe-
sized that the ancestors of Brucella carried envelope molecules that, 
without extensive remodeling, resulted in features adequate to evade 
innate immunity (Barquero-Calvo et al., 2009; Barquero-Calvo et al., 
2007; Moriyón and Berman, 1982; Moriyón and López-Goñi, 1998). 
While the O-chain of P. algeriensis differs and may be akin to that of some 
early diverging brucellae, our analyses showed that, like Brucella and 
Ochrobactrum (Barquero-Calvo et al., 2009; Velasco et al., 1998), 
P. algeriensis conserved the modified lipid A (diaminoglucose backbone 
and unusual VLCFA) that hardly activates monocytes. Another molecule 
that seems at least partially conserved along the Brucellaceae is the core 
oligosaccharide, since P. algeriensis shares with Brucella part of the 
synthesis genes, and their core regions cross-react by Western Blot (data 
not shown). 

The evolution of the cell envelope towards pathogenicity could have 
involved lipids. P. algeriensis presented a wider variety of lipids than 
Brucella, most of them aminolipids, which could explain at least partially 
the extreme resistance of P. algeriensis to the bactericidal peptide sur-
rogate polymyxin B. It has been postulated that Brucella takes advantage 
of PC to gain eukaryotic-like features and to display structural and 
molecular mimicry at the membrane level (Comerci et al., 2006; Conde- 

Fig. 8. P. algeriensis displays lipid A modifications consistent with a poor stimulation of PBMC. (A) Negative ion MALDI-TOF mass spectrometry spectra of purified 
P. algeriensis lipid A shows the presence of high molecular weight fatty acids, consistently with genomic findings. Data represent the mass-to-charge (m/z) ratios; the 
two predominant clusters of ions around m/z 2019 (species A) and 2093 (species B) are detailed. (B) Classical monocytes (CD14+CD16− ) were stimulated with LPS 
from E. coli (0.1 μg/mL), B. abortus (10 μg/mL), O. anthropi (10 μg/mL) and P. algeriensis (10 μg/mL) for 24 h and monocyte activation marker CD80 was evaluated by 
flow cytometry (mean fluorescence intensity, MFI). Statistical comparisons were made by parametric one-way ANOVA and Dunnett's multiple comparison post-hoc 
test. All values are expressed as mean ± standard deviation (S.D.). Differences between values were considered significant at p < 0.05 (*). 
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Álvarez et al., 2006), and it has been demonstrated that PC-rich mem-
branes are more resistant to bactericidal peptides (Willumeit et al., 
2005). P. algeriensis have genome capability to produce PC through both 
the Pcs and the PmtA pathway. In some bacteria, the anionic glycer-
ophospholipids PG and CL are decorated with aminoacyl residues to 
lower the negative charge of their cellular envelope and increase resis-
tance to some antibacterial agents (Jones and Smith, 1979; Roy and 
Ibba, 2009). Based on migration pattern and genomic content, some of 
the ULs found in P. algeriensis could correspond to decorated PG. Thus 
far this kind of compounds have not been identified in the Brucella 
species investigated, indicating that more research is necessary on the 
cell envelope lipids of Brucellaceae to clarify their role in the different 
environments in which these bacteria thrive. Since these results might 
contribute to the current understanding of Brucellaceae resistance to 
cationic peptides, work is in progress to elucidate the identity of ami-
nolipids of the P. algeriensis lipid extract by mass spectrometry using 
untargeted and targeted lipidomics. 

In summary, this research shows that P. algeriensis bear both simi-
larities and differences with the key metabolic pathways and VirB sys-
tem present in Brucella. P. algeriensis also bears cell envelope traits (lipid 
A and free lipids) that represent a first scaffold in the evolution towards 
intracellular parasitism, thus accounting for at least a transient coloni-
zation of vertebrate lymph nodes, and perhaps potential opportunistic 
pathogenicity. In Pseudochrobactrum and Ochrobactrum species it seems 
that these traits are primarily adaptations to some of the diverse envi-
ronmental challenges of soil. Thus, the homologous traits of Brucella 
represent an outstanding example of exaptive evolution in the microbial 
world, since originally evolved for extracellular survival in soil were 
later adapted to hamper innate immunity of vertebrates. 

4. Material and methods 

4.1. Comparative genomics 

We retrieved 23 genomic assemblies from Brucellaceae including: 10 
Brucella, 5 Ochrobactrum, 1 Paenochrobactrum, 2 Falsochrobactrum and 5 
Pseudochrobactrum from public repositories (Supplemental material 
Table A.6). We annotated all complete and incomplete assemblies with 
the software RASTtk (Brettin et al., 2015), to identify the coding se-
quences. After the genome annotation we visualized operon searches 
with the tool Genome Browser available in The PATRIC Bioinformatics 
Resource Center (https://www.bv-brc.org) (Davis et al., 2019). Once we 
annotated the coding sequences, we identified the homologous genes 
between genera and the unique genes of each group, using Proteome 
Comparison and Protein Family Sorter (available in Davis et al., 2019, 
09/2021). To compare specific biological processes between taxa we 
used Comprehensive Genome Analysis (available in Davis et al., 2019, 
09/2021). Additionally, we validated the presence/absence of relevant 
proteins using discontiguous megablast and tblastn of BLAST v2.13.0+
(Altschul et al., 1990) with the following thresholds: alignment identity 
>65%, and E-values <1⋅105. 

4.2. Bacterial strains and growth conditions 

The bacterial strains used in this work are listed in Table A.7. All 
bacteria were grown either on tryptic soy agar plates (European Bacte-
riological Agar, Condalab), in tryptic soy broth (TSB, Scharlau) or BAB2 
(Blood Agar Base N◦ 2, OXOID) at 37 ◦C. Where indicated, growth media 
were supplemented with kanamycin (50 μg/mL) or polymyxin (2 μg/ 
mL). All strains were stored in skim milk at − 80 ◦C. Work with Brucella 
was performed at the Biosafety Level 3 (BSL-3) laboratory facilities of 
the University of Navarra and “Centro de Investigación Médica Apli-
cada” (CIMA). For the construction of P. algeriensis strains expressing 
GFP (Green Fluorescent Protein), the E. coli S17λpir strain bearing the 
pBBR1MCS-2 GFP plasmid (Celli et al., 2005), resistant to kanamycin, 
was introduced by conjugation. The selection of clones containing the 

plasmid was done on TSA polymyxin (2 μg/mL)-kanamycin (50 μg/mL). 
BD GasPak™ EZ container systems were used for generating micro-
aerophilic conditions. 

4.3. Growth curves 

Growth rate studies were performed as previously described (Zúñiga- 
Ripa et al., 2018). Briefly, cells were inoculated into 10 mL of TSB in a 
50-mL flask and incubated at 37 ◦C with orbital agitation for 18 h. The 
number of bacteria was determined by optical density (O.D.) at 600 nm 
in a spectrophotometer. Bacteria were harvested by centrifugation at 
15,700 xg for 5 min and resuspended in 10 mL of the different studied 
media at an O.D. 600 nm of 0.1. Starting with this O.D., cells were 
cultivated in a Bioscreen C (Lab Systems) with continuous shaking in a 
working volume of 200 μL/well. Temperature was controlled at 37 ◦C 
and O.D. at 420–580 nm. Absorbance values of cell suspensions were 
automatically read at regular intervals of 0.5 h. All experiments were 
performed in triplicate. Tubes containing only the culture medium were 
used as sterility control. The media used for the different growth curves 
were Gerhardt's defined medium (glutamate [1.5 g/L], lactate [5 g/L], 
glycerol [30 g/L]) (Gerhardt, 1958) and the vitamin-salt mixture 
described by Plommet (Plommet, 1991), modified as described by 
Barbier et al. (Zúñiga-Ripa et al., 2014), and supplemented with filter- 
sterilized erythritol (2 g/L), glucose (2 g/L) ectoine (20 mM) or L- 
rhamnose (1 g/L). BAB2 was used as rich medium. 

4.4. Virulence in mice 

Eight-week-old female BALB/c mice (ENVIGO, Harlan) were lodged 
in cages with water and food ad libitum for 6 weeks. The animal handling 
and procedures were in accordance with the current European (directive 
86/609/EEC) and Spanish (RD 53/2013) legislations, supervised by the 
corresponding Ethical and Animal Welfare Committee of the Institution 
and authorized by “Gobierno de Navarra” (Protocol number R077–20). 
Groups of 5 mice each were inoculated with Brucella abortus 2308 (105 

colony forming units, CFU), Ochrobactrum anthropi 3331 (108 CFU) and 
Pseudochrobactrum algeriensis (105 - 109 CFU). Inocula were prepared in 
sterile PBS and each mouse was administered intraperitoneally with the 
corresponding dose in 0.1 mL. To assess the exact dose retrospectively, 
dilutions of each inoculum were plated by triplicate on TSA plates. 
Spleen CFUs in infected mice were counted at 1 and 6 weeks after 
inoculation. The spleens were weighed and homogenized in 9 volumes 
of PBS and serial ten-fold dilutions were plated by triplicate on TSA 
plates. The data were normalized by logarithmic transformation and the 
mean log CFU/spleen values and the standard deviations were 
calculated. 

4.5. Virulence in Galleria mellonella model 

G. mellonella larvae TruLarv™ were obtained from BioSystems 
Technology (Exeter, United Kingdom) and kept at 15 ◦C in dark and 
starvation prior use. For the experiments, larvae with homogeneous 
parameters of length (2–3 cm) and weight (180–250 mg) were selected. 
Bacterial inocula were prepared from bacteria grown on TSA or BAB2 
plates in sterile PBS (0.14 M NaCl, 0.0027 M KCl and 0.010 M Phosphate 
buffer pH 7.4) (Medicago). Bacterial concentrations were then adjusted 
by a visible light spectrophotometer (Genesis 20, Thermo Scientific) to 
an optical density at an O.D. 600 nm of 0.25, equivalent to approxi-
mately 109 CFU/mL. Finally, proper serial 10-fold dilutions were ob-
tained and the exact doses were retrospectively assessed by plating 
countable dilutions. Larvae inoculation was performed as follows. The 
Hamilton syringe (25 μL Microliter Syringe Model 802 N, Cemented 
Needle, 22 s gauge; Hamilton) was disinfected by taking and ejecting 
70% ethanol several times and cleaned with sterile PBS. Larvae were 
injected with 10 μL of inoculum, at the level of the posterior second pro- 
leg. Once injected, each 10 larvae experimental group was placed in a 
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Petri dish containing a circular filter paper and incubated at 37 ◦C in the 
dark. Larva survival was monitored every day by the observation of no 
movement of the larvae in response to being rolled over. 

4.6. Cell infections and fluorescence processing 

The BoMac cell line, obtained from bovine peritoneal macrophages 
immortalized with a plasmid containing the SV40 genomic DNA (Stabel 
and Stabel, 1995), was used for the in vitro infection experiments. Cells 
were culture in IMDM (Iscove's Modified Dulbecco's Medium) Gluta-
MAX™ Supplement (Gibco, 31,980–022) + 10% FBS + MEM NEAA 1×
(Minimum Essential Medium, MEM, Non-Essential Amino Acids Solu-
tion [100×]; Gibco, 11,120–037) + MEM Vitamins 1× (MEM Vitamin 
Solution [100×]; Gibco, 11,120–037) + Pen Strep 1× + 2-Mercaptoe-
thanol 50 μM (2-Mercaptoethanol [50 mM]; Gibco, 31,350–010). The 
cell line was stored at − 146 ◦C in IMDM +10% FBS + 10% Dimethyl 
sulfoxide (DMSO) and negative-tested for Mycoplasma prior to each 
experimental assay employing the LooKOut® Mycoplasma PCR Detec-
tion Kit (Sigma, MP0035). Cells were maintained at 37 ◦C with 5% CO2 
atmosphere for one week prior to infection. They were seeded in 24 well- 
plates containing coverslips at 2 × 104 cells/well and infected 24 h later 
with a multiplicity of infection (MOI) of 100. Centrifugation was carried 
out at 400 g for 10 min at 4 ◦C, and then cells were incubated for 30 min 
at 37 ◦C with 5% CO2. After removing extracellular bacteria by washing 
with fresh medium, cells were incubated for 1 h with medium supple-
mented with 500 μg/mL gentamicin for P. algeriensis and 100 μg/mL for 
B. abortus strains, for removing remaining extracellular bacteria. Then, 
gentamicin concentrations were decreased to 100 μg/mL and 25 μg/mL, 
respectively, for maintenance. 

For CFU-counts, cells were washed three times with DPBS and 
incubated with 0.1% Triton X100 in DPBS for 5 min at room tempera-
ture. After the detergent treatment, the lysates were collected, 10-fold 
diluted in PBS and plated on BAB2 or TSA, and incubated at 37 ◦C for 
approximately 4–5 days to determine the number of intracellular bac-
teria. All experiments were performed in biological triplicate. In addi-
tion, after 2, 24 or 48 h cells were washed three times with Dulbecco's 
Phosphate Buffered Saline (DPBS) and fixed for 30 min with para-
formaldehyde (Merck) 3.7% in 0.2 M N-(2-Hydroxyethyl) piperazine-N′- 
(2-ethanesulfonic acid) (HEPES) at pH 7.4 at room temperature and 
washed again three times with DPBS. Then, cells were permeabilized 
with 0.1% Triton X-100 (Sigma) in DPBS for 5 min. After washing with 
DPBS the coverslips were incubated with tetramethylrhodamine 
(TRITC)-phalloidin (1 μg/mL in PBS) for 30 min at room temperature 
and washed three times with DPBS. Finally, coverslips were mounted on 
microscope slides using a DAPI-based mounting solution (Abbott Mo-
lecular). Fluorescence imaging was carried out by a LED epi- 
fluorescence Axiolab 5 microscope (Carl Zeiss, 430,037–9021-000) 
and the filters for 4′,6-diamidino-2-phenylindole (DAPI), GFP and 
TRITC. Images were processed with the program Zen 3.5 (blue edition) 
(Carl Zeiss Microscopy GmbH, 2011). 

4.7. Sensitivity to polymyxin B and other antibiotics 

The minimal inhibitory concentration (MIC) of polymyxin B was 
determined in cation-adjusted Mueller-Hinton agar (BioMérieux) using 
Sahm's method (Sahm and Washington, 1991). Exponentially growing 
bacteria were adjusted to an O.D. equivalent to 1 of the McFarland scale, 
and exposed to a gradient of polymyxin B concentrations on an E-test 
strip (BioMérieux). The MIC was determined after 3 days of incubation 
at 37 ◦C. The other antimicrobial susceptibility tests were performed 
using the VITEK 2 compact system (BioMérieux, USA) according to the 
manufacturer's instructions (BioMérieux, USA). 

4.8. Polar lipid extraction and analysis 

Free lipids were extracted as described by Bligh and Dyer (Bligh and 

Dyer, 1959) and analyzed on silica gel 60 high-performance thin layer 
chromatography (HPTLC) plates (Merck, Darmstadt, Germany). The 
samples were applied to the plate and chromatography was performed 
bidimensionally with chloroform-methanol-water (14:6:1) first and 
chloroform-methanol-acetic acid (13:5:2) for the second dimension. 
Plates were developed with ninhydrin in acetone (2 g/L) and warm air 
for aminolipid detection, or with copper (II) sulfate at 120 ◦C for the 
identification of total lipids. 

4.9. LPS extraction 

LPS was extracted by the proteinase-K sodium dodecyl sulphate 
(SDS) protocol (Dubray and Limet, 1987; Garin-Bastuji et al., 1990) with 
some modifications for WB-. Bacteria grown overnight in 10 mL of TSB 
were killed with 0.5% phenol during 3 days in agitation at 37 ◦C. After 
that, samples were weighed and pipetted into small polycarbonate cap 
tubes and then suspended by ultrasounds in 2% SDS-60 mM Tris-HCl 
buffer (pH 6.8) at a concentration of 0.5 g (wet weight) of bacteria 
per 10 mL of buffer. Samples were then heated at 100 ◦C for 10 min and 
lysates were cooled to 55 ◦C. This treatment was followed by digestion 
with 60 μL of proteinase-K at 2.5 mg/mL in HCl-Tris per mL of sample 
(Merck KGaA) for 3 h at 55 ◦C and overnight incubation at 20 ◦C. Af-
terwards, they were centrifuged at 20,000 xg for 30 min at room tem-
perature, and the LPS was precipitated from the supernatant by addition 
of 3 volumes of methanol containing 1% sodium acetate-saturated 
methanol at − 20 ◦C. After 12 h, the precipitate was harvested by 
centrifugation at 5000 xg for 15 min at 4 ◦C and resuspended by soni-
cation in 10 mL of distilled water. After a second methanol precipitation 
and centrifugation, the pellets were resuspended by sonication in 2–3 
mL of 60 mM HCl-Tris (pH 6.8) and left at 37 ◦C. Then samples were 
treated with 20 μg/mL of RNase and DNase stock solutions at 0.5 mg/mL 
in HCl-Tris (MP Biomedicals and Sigma-Aldrich, respectively) at 37 ◦C 
for 30 min. Subsequently, the LPS was treated again with 5 μL/mL of 
proteinase K at 2.5 mg/mL in HCl-Tris, at 55 ◦C for 3 h and then, at room 
temperature overnight. After a third methanol precipitation in the same 
conditions described above, the pellet containing LPS was recovered in 
1 mL of distilled water and frozen at − 20 ◦C. 

In addition, purified LPS for PBMC stimulation was obtained by the 
method of with modifications. (Leong et al., 1970; Velasco et al., 2000). 
When applying this protocol to classical Brucella spp., the S-LPS is ob-
tained in the phenol phase, due to the solubility properties of the N- 
formyl-perosamine O-chain (Caroff et al., 1984; Perry and Bundle, 
1990). Remarkably, the LPS of P. algeriensis mainly partitions to the 
aqueous phase when performing phenol-water extraction (Fig. A.3). 
Noticeably, the LPS of the ancestral BO2 strain partitions almost equally 
into the water and the phenol (Wattam et al., 2012) and the rhamnose 
containing LPS of Rhizobium NGR234 partitions in the aqueous phase 
(Broughton et al., 2006). In the case of P. algeriensis it was evidenced by 
the KDO content of the aqueous and phenol phases (P. algeriensis 
aqueous phase 1.7%; P. algeriensis phenol phase 0.004%). Kdo was 
determined colorimetrically by the thiobarbituric acid method using 
pure Kdo and deoxyribose as the standards, with the modifications 
described previously (Diaz-Aparicio et al., 1993). Moreover, SDS-PAGE 
and WB (Fig. A.4) analyses with the anti-P. algeriensis serum confirmed 
that the S-LPS is enriched in the aqueous phase. This result also supports 
the different nature of P. algeriensis and classical Brucella spp. LPS O- 
chain. 

4.10. Lipid A extraction and mass spectrometry 

Lipid A was extracted using the ammonium hydroxide/isobutyric 
acid method (El Hamidi et al., 2005). Negative ion MALDI-TOF mass 
spectrometry analysis (Bruker Daltonics) of the samples was undertaken 
using an equal volume of dihydroxybenzoic acid matrix (Sigma-Aldrich) 
dissolved in (1:2) acetonitrile-0.1% trifluoroacetic acid. 
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4.11. Peripheral blood mononuclear cell stimulation 

Human peripheral blood mononuclear cells (PBMC) from healthy 
donors were isolated by centrifugation over Ficoll-Hypaque. Cells were 
suspended at 106 / mL in flat-bottom 48-well plates with RPMI 1640 
(Roswell Park Memorial Institute 1640 Medium; Gibco, 21,875–034) 
supplemented with L-Glutamine (2 mM, Sigma) and 10% FBS. PBMC 
were then stimulated with E. coli LPS (0.1 μg/mL), P. algeriensis LPS (10 
μg/mL), O. anthropi LPS (10 μg/mL) or B. abortus LPS (10 μg/mL) for 24 
h and monocyte activation markers were evaluated by flow cytometry. 
Briefly, cells were blocked in Fc-block solution for 15 min and then 
stained for surface expression with fluorophore-marked antibodies 
against CD80, PD-L1, SLAMF7 and SLAMF8 on classical monocytes 
(CD14+CD16− ), non-classical monocytes (CD14+CD16+) and interme-
diate monocytes (CD14lowCD16+). Viability was corroborated by 
staining with Live/Dead (ThermoFisher). Negative control samples were 
incubated with irrelevant isotype-matched monoclonal antibodies. 
Samples were analyzed on a BD LSRFortessa™ X-20 Cell Analyzer cy-
tometer (BD, San Jose, CA, USA). 

4.12. Antibodies for immunological tests and anti-P. algeriensis serum 
obtention 

The following polyclonal sera were used in this work: anti- 
B. melitensis (from rabbits infected with B. melitensis 16 M whole cells 
109 CFU, bled at day 45, and diluted 1:500; (Aragón et al., 1996), anti- 
Y. enterocolitica O:9 (from rabbits immunized with Y. enterocolitica O:9, 
diluted 1:500; (Díaz et al., 1984), and anti-P. algeriensis. To obtain the 
serum reacting with P. algeriensis, rabbits were inoculated intravenously 
with 1 mL of 1 mg/mL of phenol-inactivated whole cells. Then, the 
animals were bled 4 weeks later. The rabbits (2.5 Kg New-Zealand fe-
male rabbits; San Bernardo, Spain) were kept in cages with water and 
food ad libitum in the animal facilities of CIFA (“Centro de Investigación 
en Farmacobiología Aplicada”; University of Navarra). Rabbits were 
handled, bled and sacrificed according to the current European (direc-
tive 86/609/EEC) and Spanish (RD 53/2013) legislations, supervised by 
the corresponding Ethical and Animal Welfare Committee of the Insti-
tution and authorized by “Gobierno de Navarra” (Protocol number 
R113–19). 

4.13. SDS-PAGE and Western blots 

Samples were analyzed in Tris-HCl-glycine 12 or 15% poly-
acrylamide gels. 15 μL of each sample were run at 30 mA constant 
current for 140 min. Finally, LPS molecules were revealed by the 
periodate-alkaline silver method and whole cells with Coomassie Blue 
staining (Tsai and Frasch, 1982). For Western blot, gels were electro- 
transferred onto nitrocellulose sheets (0.2 μm pore size) in a transfer 
buffer (pH 8.3) containing 0.025 M Tris, 0.192 M glycine, and 20% (vol/ 
vol) methanol. Transfer was performed at a constant voltage of 8 V and 
200 mA for 30 min in a Trans-Blot Semi-Dry Transfer Cell (Bio-Rad). 
After transference, membranes were blocked overnight with 3% skim 
milk in PBS containing 0.05% Tween 20, and next washed with the same 
buffer. They were then incubated overnight at 4 ◦C with immune sera in 
the same solution. Membranes were washed again as described above 
and incubated for 4 h with peroxidase-conjugated G-protein. Bound 
immunoglobulins were detected using 4-chloro-1-naphthol. 

4.14. Statistical analysis 

Statistical analyses were done with the GraphPad Prism (version 8) 
software. Kaplan Meyer survival curves significance was analyzed by the 
Log-rank Mantel-Cox test. All values are expressed as mean ± standard 
deviation (S.D.). Statistical comparisons were made by non-parametric 
Kruskal-Wallis test or by parametric unpaired Student's t-test or one- 
way ANOVA and Dunnett's multiple comparison post-hoc test. All 

values are expressed as mean ± S.D. Differences between values were 
considered significant at p < 0.05 (*), p < 0.005 (**) and p < 0.0005 
(***). 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.meegid.2024.105625. 
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Kämpfer, P., Scholz, H., Huber, B., Thummes, K., Busse, H.-J., Maas, E.W., Falsen, E., 
2007. Description of Pseudochrobactrum kiredjianiae sp. nov. Int. J. Syst. Evol. 
Microbiol. 57, 755–760. https://doi.org/10.1099/ijs.0.64714-0. 
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Gorvel, V., Arenas-Gamboa, Á., Ariza, J., Barquero-Calvo, E., Battelli, G., Bertu, W.J., 
Blasco, J.M., Bosilkovski, M., Cadmus, S., Caswell, C.C., Celli, J., Chacón-Díaz, C., 
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M., Neubauer, H., O’Callaghan, D., Ocholi, R., Oñate, Á., Pandey, P., Pappas, G., 
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Minharro, S., Costa Custódio, D.A., Pickard, D.J., O’Callaghan, D., Foster, J.T., de 
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