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ABSTRACT  
 
The facultative intracellular pathogen Brucella abortus interacts with several organelles of the host cell to reach 
its replicative niche inside the endoplasmic reticulum. However, little is known about the interplay between the 
bacteria and the host cell mitochondria. Here, we showed that B. abortus triggers a strong mitochondrial network 
fragmentation accompanied by mitophagy and the formation of mitochondrial Brucella-containing vacuoles in 
the late steps of cellular infection. The expression of the mitophagy receptor BNIP3L induced by B. abortus is 
essential for these events and relies on the iron-dependent stabilization of the hypoxia-inducible factor 1 alpha. 
Functionally, BNIP3L-mediated mitophagy appears to be advantageous for bacterial exit of the host cell as 
BNIP3L depletion drastically reduced the number of reinfection events. Altogether, these findings highlight the 
intricate link between Brucella trafficking and the mitochondria during host cell infection. 
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INTRODUCTION  
 

Bacteria of the genus Brucella are Gram-negative, facultative, intracellular pathogens responsible for 
brucellosis, a worldwide zoonosis affecting various hosts including domestic animals (mainly cattle, sheep and 
goats) and humans (Atluri et al., 2011; González-Espinoza et al., 2021). Brucella spp. has evolved several 
strategies to enter, survive and proliferate inside host cells including professional phagocytes (macrophages 
and dendritic cells) as well as non-phagocytic cells (trophoblasts, fibroblasts and epithelial cells) (von Bargen 
et al., 2012). After its internalisation inside the host cell, Brucella is found within a membrane-bound vacuole, 
the Brucella-containing vacuole (BCV), which traffics along the endocytic pathway to reach an acidified 
compartment, the endocytic BCV (eBCV), around 8 h post-infection (pi) (Celli et al., 2003). This endocytic stage 
is necessary for the production of Brucella VirB Type IV secretion system (T4SS) (Boschiroli et al, 2002) which 
injects effector proteins inside the host cell (Starr et al., 2008). Most of the described Brucella effectors were 
shown to be required for the establishment of the replicative niche inside of the endoplasmic reticulum (ER) (Ke 
et al., 2015; Smith et al., 2020). Indeed, Brucella effectors coordinate the interaction between the eBCV and the 
ER exit sites (ERES) (Celli et al., 2005) as well as the manipulation of the Golgi vesicular trafficking (Miller et 
al., 2018; Borghesan et al., 2021) to generate a replicative BCV (rBCV), a compartment in continuity with the 
ER in which bacteria start a massive proliferation around 12 h pi (Celli et al., 2003; Sedzicki et al., 2018). In a 
third step, around 48 h pi, the rBCVs get engulfed inside LAMP-1-positive autophagic membranes, converting 
them into autophagic BCVs (aBCVs), in which Brucella subverts a part of the autophagy initiation complex 
machinery, such as ULK1, Beclin1 and ATG14L, to eventually promote bacterial egress and further reinfection 
of surrounding cells (Starr et al., 2012).  
 

Regarding its intracellular life cycle, Brucella affects the functions and/or morphology of most of the host 
cell organelles such as lysosomes, ER and the Golgi apparatus, leading to stress and adaptive responses in 
the host cell (Smith et al., 2013; Byndloss et al., 2019). However, the putative interplay between Brucella and 
the mitochondrial population of infected cells is still poorly studied.  The ER, lysosomes and mitochondria are 
able to physically and functionally interact with each other (Hamasaki et al., 2013; Boutry and Kim, 2021). As 
the central role of mitochondria in innate immunity is now well recognized (Mills et al., 2017; Missiroli et al., 
2020), we hypothesised that mitochondria might be affected and play a role during Brucella infection. Our 
previous work pointed out that BCVs might physically interact with mitochondria of host cells both in cellulo and 
in vivo (Lobet et al., 2018). In addition, we showed that B. abortus triggers the fragmentation of the mitochondrial 
network in myeloid and non-myeloid cells at 48 h pi (Lobet et al., 2018). Mitochondrial fission plays a major role 
in mitochondrial quality control as it allows the segregation of damaged mitochondria upon several stresses 
such as calcium-mediated apoptosis (Szabadkai et al., 2004), oxidative stress through reactive oxygen species 
(ROS) (Wang et al., 2012) or lipopolysaccharide (LPS)-induced inflammation (Shi et al., 2019). Eventually, 
damaged mitochondrial fragments can be cleared through mitophagy, a selective autophagy process targeting 
mitochondria for stress-induced degradation or basal recycling through the lysosomal compartments (Onishi 
and Okamoto, 2021).  
 

During mitophagy, targeted mitochondria interact with the autophagy protein LC3 inserted in autophagic 
phagophores, which are recruited around their cargo, leading to the formation of mitophagosomes (Kabeya et 
al., 2003; Zachari and Ktistakis, 2020). Mitophagy pathways are classified based on their dependency on 
ubiquitin or not. Canonical ubiquitin-dependent mitophagy mainly relies on the activity of PINK-1/Parkin. Upon 
loss of mitochondrial membrane potential (MMP), the PINK1 kinase is stabilised, recruits and activates the 
Parkin E3-ubiquitin ligase which ubiquitinates mitochondrial outer membrane proteins leading to the recruitment 
of receptor proteins (such as p62 or OPTN) that bind to LC3 (Agarwal and Muqit, 2022). On the other hand, 
ubiquitin-independent mitophagy is mediated by several mitophagy receptors such as FUNDC1, BNIP3 and 
BNIP3L (also called NIX), FKBP8 or Bcl2-L-13, which directly bind to LC3 (Onishi et al., 2021). 
 

Here, we show, for the first time, that the mitochondrial network fragmentation induced by B. abortus in 
host cells is accompanied by an induction of mitophagy in the late steps of infection. BNIP3L, whose gene 
expression is regulated by HIF-1a in an iron-dependent manner during infection, is responsible for B. abortus-
induced mitophagy. Moreover, BNIP3L-mediated mitophagy is necessary for proper B. abortus egress as 
BNIP3L depletion reduces aBCV formation and prevents reinfection. Furthermore, we also discovered a new 
type of BCV, that we called mitochondrial BCV (mBCV), characterised by the presence of B. abortus inside 
swollen mitochondria during the late steps of infection. Altogether, our discovery of a functional cross-talk taking 
place between Brucella and host cell mitochondria highlight what could be a crucial step for this bacterial 
infectious cycle. 
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RESULTS  
 
B. abortus triggers mitochondrial network fragmentation  
 
We previously showed that B. abortus induces the mitochondrial network fragmentation of myeloid (RAW264.7 
macrophages and bone marrow-derived macrophages) and non-myeloid cells (HeLa) at 48 h pi but not at 24 h 
pi (Lobet et al., 2018). However, the kinetics of mitochondrial fragmentation, especially between 24 and 72 h pi, 
was not studied. To determine the precise onset of mitochondrial fragmentation induced by B. abortus, we 
analysed the morphological changes of mitochondria by assessing the aspect ratio (AR) and end-
point/branched-point ratio (EBR) in infected HeLa cells displaying mitochondria immuno-stained for TOMM20 
(translocase of the outer mitochondrial membrane of 20 kDa) between 8 and 72 h pi (Fig. 1A-B). While the 
mitochondrial network is significantly fragmented at 48 h pi, this phenotype already appears progressively from 
32 h pi and is maintained until 72 h pi (Fig. 1C-D).  
 
B. abortus is observed inside swollen mitochondria in a fraction of infected cells  
 
Alongside the established mitochondrial network fragmentation triggered by B. abortus (Fig. 1), another change 
in mitochondrial morphology was observed between 48 and 72 h pi (Fig. 2A). Indeed, in about 10 % of infected 
HeLa cells, the TOMM20 signal was completely rearranged into large vesicles of a diameter of up to 5 µm. This 
phenotype was more frequently observed over time reaching 25 % of infected cells at 72 h pi (Fig. 2B). These 
TOMM20-positive structures were confirmed to be mitochondria since they colocalise with other mitochondrial 
markers such as the b-subunit of the ATP synthase (marker of the inner mitochondrial membrane, IMM) and 
the MitoTrackerTM Orange (MTO) fluorescent probe which labels mitochondria in a membrane potential-
dependent manner (Fig. 2C-D).  
 
Based on these observations, we wondered whether bacteria could be found inside of these swollen 
mitochondria. To address this question, we used a high resolution Airyscan microscopy and were able to detect 
one or few bacteria in some of these mitochondria at 48 and 72 h pi. (Fig. 2E and Movie 1). In rare cases, we 
even observed extreme phenotypes at 72 h pi where swollen mitochondria were full of bacteria, as depicted in 
stimulated emission depletion (STED) microscopy micrographs (Fig. S1). Counting of these new Brucella-
containing compartments, that we called mitochondrial BCVs (mBCVs), showed that they are more abundant 
at 72 h pi (Fig. 2F). In addition, focused ion beam / scanning electron microscopy (FIB/SEM) confirmed the 
presence of B. abortus inside the mitochondrial intermembrane space (MIS) of infected cells (Fig. 2G and Movie 
2). 
 
B. abortus triggers Parkin-independent mitophagy 
 
As mitochondrial network fragmentation is a major hallmark of subsequent mitophagy, we analysed whether 
mitophagy was initiated in B. abortus-infected cells by monitoring the recruitment of phagophores at the 
mitochondria. To address this question, we quantified the co-localisation between LC3 and the b-subunit of the 
ATP synthase in infected HeLa cells (Fig. 3A and S2). A significant increase in the frequency of co-localisation 
events between the two proteins was observed at 48 and 72 h pi when compared to non-infected cells, while 
no significant difference was found at 24 h pi (Fig. 3B). In order to assess the mitophagy at a functional level, 
we used a FIS1-GFP-mCherry reporter construct consisting of the FIS1 (Fission 1 mitochondrial receptor) gene 
sequence which is tandem-tagged with the GFP and mCherry sequences. This tool allows the discrimination of 
acidified mitochondria (which are FIS1-mCherry-positive and GFP-negative when GFP fluorescence is 
quenched below pH 6 as inside of lysosomes) from neutral mitochondria (which are FIS1-GFP and -mCherry-
positive) (Allen et al., 2013). The number of FIS1-mCherry-positive and GFP-negative structures is significantly 
higher in B. abortus-infected cells when compared to non-infected cells (Fig. 3C-D). These results confirm that 
B. abortus triggers mitophagy in infected cells. 
 
Mechanisms leading to mitophagy pathways can be either ubiquitin-dependent (PINK1/Parkin pathway in 
response to a drop in MMP) or receptor-mediated. To identify whether the PINK1/Parkin pathway is triggered 
in B. abortus-infected cells, we analysed the MMP in infected HeLa cells using the MTO fluorescent probe, as 
well as the localisation of Parkin expressed in cells transfected with a Parkin-mCherry construct. B. abortus-
infected cells did not show any loss of MMP nor Parkin co-localisation with TOMM20, as observed by confocal 
microscopy and flow cytometry (Fig. S3A-C). FCCP treatment was used here as a positive control since it is 
well-known to induce a drop in MMP, stabilise PINK1 and recruit Parkin at the surface of mitochondria which 
initiates mitophagy (Narendra et al., 2008) (Fig. S3A-C). Altogether, these observations strongly suggest that 
B. abortus-mediated mitophagy is Parkin-independent. 
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B. abortus induces HIF-1a stabilisation and BNIP3L expression in a hypoxia-independent manner 
 
The occurrence of some receptor-mediated mitophagy was then investigated. Since B. abortus is an aerobic 
pathogen and regarding the massive load of bacteria observed in host cells at 48 and 72 h pi, we first tested 
whether a hypoxic environment was generated in infected cells, by monitoring the activation of the HIF-
1a/BNIP3L axis. HIF-1a is the a subunit of the HIF-1 (hypoxia inducible factor 1) transcription factor which is 
the master regulator of the cell response to hypoxia (Lee et al., 2020). BNIP3L (BCL2/adenovirus E1B 19 kDa 
protein-interacting protein 3-like) is a mitophagy receptor found at the OMM and the gene encoding this protein 
is directly regulated by HIF-1 (Daskalaki et al., 2018). B. abortus-infected cells show a nuclear localisation of 
HIF-1a starting at 24 h pi and reaching almost all the infected cell population at 48 and 72 h pi (Fig. 4A and B). 
In parallel, the abundance of BNIP3L is significantly increased in infected cells at 48 h pi when compared to 
non-infected cells and the protein is localised at the mitochondria as expected (Fig. 4C and D), suggesting that 
the HIF-1a/BNIP3L axis is activated by B. abortus. However, using the EF5 compound known upon hypoxic 
stress to form adducts which can be detected by specific antibodies (Conway et al., 2018), we could not detect 
the occurrence of hypoxic environment in infected cells, no matter the time point (Fig. S4A-C), while the EF5 
compound could be abundantly detected in cells exposed to mild or severe hypoxia (Fig. S4D). These results 
suggest that B. abortus triggers HIF-1a stabilisation by a hypoxia-independent mechanism. 
 
Iron prevents B. abortus-induced HIF-1a/BNIP3L pathway activation 
 
Regulation of HIF-1a is mainly controlled by the activity of the prolyl hydroxylase dioxygenases (PHDs) which 
use molecular oxygen, Fe2+ and alpha-ketoglutarate (aKG) to catalyse the hydroxylation of HIF-1α, leading to 
its proteasome-mediated degradation in normoxic conditions (Schofield and Ratcliffe, 2004). Hence, in addition 
to a decrease in oxygen concentration, other factors including ROS (Bell et al., 2007) and iron chelators such 
as deferoxamine (Guo et al., 2015) are also known to inhibit PHDs and therefore provoke HIF-1a stabilisation. 
As mitochondrial-derived ROS (mtROS) production is often associated with mitochondrial dysfunction, we first 
tested whether mtROS production is triggered upon B. abortus infection by using the MitoSOXTM fluorescent 
probe that can be oxidised by the superoxide anion radical (O2.-) (Mukhopadhyay et al., 2007). In our 
experimental conditions, no increase in the MitoSOXTM fluorescence intensity was observed in B. abortus-
infected cells when compared to non-infected cells (Fig. S5A). Moreover, neither MitoTEMPOL (a mitochondrial 
antioxidant) nor N-acetyl-L-cysteine (NAC, a cytosolic antioxidant) could prevent B. abortus-induced HIF-1a 
stabilisation and nuclear localisation (Fig. S5B-D), suggesting that HIF-1a stabilisation is not mediated by ROS.  
 
Iron is essential for Brucella virulence (Roop II, 2012). A proteomic study showed that once inside the host cell, 
B. abortus remodels its iron-associated proteome through upregulation of different iron import systems, 
indicating that B. abortus faces iron starvation in the intracellular environment (Roset et al., 2017). We therefore 
tested the hypothesis that iron depletion could be responsible for B. abortus-induced HIF-1a stabilisation. 
Interestingly, iron supplementation (in the form of FeCl2 in the culture media) totally prevents HIF-1a nuclear 
localisation (Fig. 5A and B) and suppresses its stabilization (Fig. 5C), as well as the expression of BNIP3L at 
the mitochondria (Fig. 5D and E). These results suggest that B. abortus mediates HIF-1a/BNIP3L pathway 
activation through an iron starvation response in the host cell. 
 
BNIP3L depletion prevents B. abortus-mediated mitophagy 
 
To validate the putative role of BNIP3L as a mitophagy receptor induced by B. abortus, a gene expression 
silencing approach was used to knock-down the BNIP3L gene. The efficiency of BNIP3L depletion in cells 
transfected with a siRNA SMARTpool targeting BNIP3L mRNA on whole cell population, treated or not with 
CoCl2, known to stabilise and activate HIF-1a (Dai et al., 2012), was assessed by western blot analysis. The 
results showed that BNIP3L knock-down was very efficient at least until 72 h post-transfection when compared 
to cells transfected with a non-targeting control siRNA (Fig. S6). Mitochondrial network morphology was first 
monitored in response to BNIP3L depletion in B. abortus-infected cells (Fig. 6A). BNIP3L depletion significantly 
prevents B. abortus-induced mitochondrial network fragmentation. (Fig. 6B and C). Furthermore, using the 
FIS1-GFP-mCherry reporter construct, infected cells depleted for BNIP3L had significantly fewer FIS1-mCherry-
positive and GFP-negative structures compared to infected cells transfected with a non-targeting siRNA, 
maintaining the number close to that of non-infected control cells (Fig. 6D and E). Altogether, these results 
demonstrate that BNIP3L receptor is an important actor that controls the activation of mitophagy in B. abortus-
infected HeLa cells. 
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BNIP3L depletion limits aBCV formation and prevents reinfection events 
 
Given the importance of mitochondrial function and dynamics upon bacterial infections (Spier et al., 2019), we 
next addressed the functional role of the BNIP3L-mediated mitophagy in B. abortus infectious cycle. Despite 
the fact that BNIP3L depletion does not seem to affect B. abortus intracellular replication (Fig. S7), an intriguing 
hypothesis could be that B. abortus egress is controlled by a BNIP3L-mediated mitophagy. Indeed, in 
reinfection-permissive conditions, the formation of reinfection foci is significantly decreased upon BNIP3L 
depletion in infected cells at 72 h pi (Fig. 7A and B). Consistent with these results, and in the same reinfection-
permissive conditions, the number of bacteria found in the supernatant at 72 h pi was significantly reduced by 
2-fold in BNIP3L depleted infected cells (Fig. 7C). As bacterial egress was associated with aBCV formation 
(Starr et al., 2012), we next counted the number of LAMP1-positive BCVs in infected HeLa cells depleted or not 
for BNIP3L. We found that the number of LAMP-1-positive BCVs is significantly reduced in cells depleted for 
BNIP3L to a similar extend (Fig. 7D and E). Altogether, these results indicate that BNIP3L depletion severely 
impairs B. abortus exit from the host cell by a mechanism that involves an alteration of aBCV formation.  
 
Finally, based on the role of mitophagy in aBCV formation and the observation that the morphologies of mBCVs 
and aBCVs are very similar, we explored whether both structures might actually be one same type of BCV. To 
test this hypothesis, we performed co-immunostainings of TOMM20 and LAMP-1 in infected cells. Strikingly, 
our observations clearly demonstrate that TOMM20-positive BCVs are negative for LAMP-1 (Fig. 7F), which 
confirms that mBCVs and aBCVs are distinct organelles.  
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DISCUSSION  
 

In this study, we highlight a new mechanism demonstrating the evidence of an interplay between 
Brucella and the mitochondrial population of infected cells. We found that B. abortus triggers a BNIP3L-mediated 
mitophagy pathway which we identified to be required for the completion of its intracellular cycle up to egress 
and secondary infection of neighbouring cells (Fig 8). Given their function in energy production and metabolism, 
as well as in the regulation of inflammatory processes and programmed cell death, mitochondria are a target of 
choice for invading pathogens, whether they are bacteria (Lobet et al., 2015; Spier et al., 2019), viruses (Li et 
al., 2021) or protozoa (Medeiros et al., 2021). Even if bacteria such as Chlamydiae spp. inhibit mitochondrial 
fission to preserve the host cell ATP synthesis energy for survival and replication (Chowdhury et al., 2017), 
other pathogens such as Listeria monocytogenes (Carvalho et al., 2020), Shigella flexneri, (Sirianni et al., 2016), 
Legionella pneumophila (Escoll et al., 2017), and Mycobacterium tuberculosis (Fine-Coulson et al., 2015) trigger 
the disruption of the mitochondrial network to beneficially induce either a glycolytic shift or the host cell death. 
As we have shown during B. abortus infection, mitophagy is triggered by some of these pathogens to manipulate 
the host cell environment to their advantage. On the one hand, upon L. monocytogenes infection, a newly 
discovered mitophagy receptor, the NOD-like receptor NLRX1, induces mitophagy to limit mtROS production 
and therefore bacteria avoid to be killed by oxidant molecules (Zhang et al., 2019). On the other hand, in the 
case of M. tuberculosis and M. bovis, a transcriptomic study pointed an upregulation of BNIP3L expression in 
response to infection, leading to mitophagy, necessary for macrophage inflammatory function and resolution of 
the infection (Mahla et al., 2021). These two recent studies demonstrate that mitophagy can be either beneficial 
for the pathogen, or deleterious as part of the host cell defence.  
 

In the case of B. abortus, the induced BNIP3L-mediated mitophagy seems beneficial for the bacteria. 
Indeed, as BNIP3L depletion reduces the number of aBCVs in host cells, the number of bacteria in the 
supernatant, as well as the number of reinfected cells at 72 h pi, we demonstrated that BNIP3L is required for 
proper aBCV formation and bacterial egress. Our findings bring novel insights in the importance of autophagy 
mechanisms during the late steps of Brucella intracellular cycle. BNIP3L is thus a new and key actor in the list 
of autophagy markers such as ULK1, Beclin1 and ATG14L that are already described for aBCV formation and 
bacterial egress (Starr et al., 2012). As several organelles, including mitochondria (Hailey et al., 2010), have 
been proposed to provide membranes for autophagosome formation (Dikic and Elazar, 2018), a tempting 
hypothesis would be that mitochondrial turnover through mitophagy could supply membranes for aBCV 
formation. In addition, since mitophagy is able to protect from apoptosis through the elimination of damaged 
mitochondria (Szabadkai et al., 2004), a complementary hypothesis could be that B. abortus induces mitophagy 
to impair apoptosis of its host cell, thus keeping its replicative niche intact. This would be in agreement with the 
fact that Brucella is known to inhibit apoptosis in host cells (Ma et al., 2020; Ma et al., 2022). 
 

Mechanistically, we showed that the induction of BNIP3L expression by B. abortus is dependent on the 
hypoxia-induced transcription factor HIF-1a (Fig. 8). The HIF-1a/BNIP3L axis has already been widely 
described in other mitophagy processes such as mitochondria clearance during erythrocyte maturation 
(Sandoval et al., 2008). Although mtROS-dependent HIF-1a activation has been recently reported in a 
macrophage model of B. abortus infection to be at the basis of the metabolic reprogramming induced in host 
cells (Gomes et al., 2021), no mitochondria-related HIF-1a downstream signaling was analysed. Our results 
strongly support that HIF-1a stabilisation and BNIP3L expression are not mediated by mtROS nor by an 
intracellular hypoxic environment but are dependent on iron availability. Indeed, we showed that iron 
supplementation was sufficient to prevent HIF-1a stabilisation and BNIP3L expression induced by B. abortus. 
These results are in line with previously reported data suggesting that a drop in iron concentrations upon B. 
abortus infection is responsible for a major rewiring of the gene expression program leading to the upregulation 
of different iron uptake processes, such as Irr (Iron-responsive regulator protein, BAB1_2175), a sensor of iron 
concentration variations, as well as entC (isochorismate synthase, BAB2_0015), one of the enzymes required 
for siderophore biosynthesis (Roset et al., 2017). Further research will be necessary to confirm the origin of iron 
starvation and whether it is responsible for the initiation of mitophagy. Interestingly, siderophores from the 
pathogenic bacteria Pseudomonas aeruginosa have been described to induce the stabilisation of HIF-1a, 
mitochondrial stress and mitophagy in C. elegans (Kang et al., 2018). Our hypothesis is that Brucella could 
consume the host cell iron through the subversion of the mitochondrial siderophore 2,5-DHBA (2,5-
dihydroxybenzoic acid), a molecule with similar structure as the bacterial siderophore 2,3-DHBA (Liu et al., 
2014), a precursor for siderophore synthesis in Brucella spp. (Parent et al., 2002), which could lead to 
mitochondrial stress and subsequent mitophagy.  
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Finally, by investigating the changes in mitochondrial morphology caused by B. abortus infection, we 
discovered a new type of BCV, the mitochondrial BCV (mBCV). Indeed, high resolution confocal and electron 
microscopy approaches revealed the existence of mitochondrial structures and ultra-structures – positive for 
several mitochondrial markers (TOMM20 and the b-subunit of the ATP synthase) – which harbour few bacteria 
inside the MIS between 48 and 72 h pi. The presence of bacteria inside mitochondria of host cells was also 
reported in the case of Midichloria mitochondrii, which is able to invade and colonise the MIS of oocytes in the 
Ixodes ricinus tick (Sassera et al., 2006; Stavru et al., 2020). So far, no clear underlying mechanism explaining 
the mitochondrial colonisation of M. mitochondrii has been identified yet. The authors speculate about putative 
fusion between M. mitochondrii containing vacuole and the OMM. Considering we confirmed that mBCV (LAMP-
1-negative) are distinct from aBCV (LAMP-1-positive) at 72 h pi, the discovery of this new BCV highlights the 
diversity of potential fates of intracellular bacteria at late stages of a cellular infection. 
 

In conclusion, our exciting findings pave the way to a better understanding of Brucella infection 
mechanisms, strengthening the intricate links existing between mitochondria of host cells and Brucella 
intracellular trafficking. Our study also emphasises that mitochondria are a central hub for invading pathogens 
that need to survive, proliferate and disseminate throughout the host. 
 
  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 31, 2022. ; https://doi.org/10.1101/2022.08.31.505824doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.31.505824
http://creativecommons.org/licenses/by-nc-nd/4.0/


METHODS  
 
Reagents and antibodies  
 
When necessary and for the indicated times, culture media were supplemented with: 20 µM carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone (FCCP; Sigma-Aldrich, C2920), 100 nM MitoTrackerTM Orange CMTMRos 
fluorescent probe (MTO; Invitrogen, M7510), 150 µM (2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-
pentafluoropropyl) acetamide (EF5 compound; Sigma-Aldrich, EF5014), 0.5 µM MitoSOXTM fluorescent probe 
(Invitrogen, M36008), 10 µM MitoTEMPOL (MTEMPOL; Abcam ab144644), 5 mM N-acetyl-L-cysteine (NAC; 
Sigma-Aldrich, A9165), 500 µM iron (II) chloride tetrahydrate (FeCl2, Sigma-Aldrich, 44939), 100 µM cobalt 
chloride (CoCl2; Sigma-Aldrich, 15862), according to the manufacturer’s instructions. 
 
Antibodies used for immunofluorescence and flow cytometry include: mouse anti-b  subunit of  the ATP synthase 
(1:500 dilution; Invitrogen, A21-351); rabbit anti-BNIP3L/NIX (1:100 dilution; Cell Signaling Technology, 
12396S); mouse anti-Brucella smooth LPS (O-antigen) (A76/12G12 antibody produced as described previously 
in (Cloeckaert et al., 1990)); mouse anti-EF5-Cyanine 5 conjugate, clone ELK3-51 (1:100 dilution; Sigma-
Aldrich, EF5012); rabbit anti-FAM92A (1:100 dilution; Sigma-Aldrich, HPA034760); rabbit anti-HIF-1a (1:100 
dilution; Abcam, ab179483); rabbit anti-LC3B (1:100 dilution; Sigma-Aldrich, L7543); mouse anti-TOMM20 
(1:100 dilution; Abcam, ab56783); rabbit anti-TOMM20 (1:200 dilution; Abcam, ab186735); Alexa Fluor 
488/568/633/647 goat anti-rabbit and anti-mouse IgG conjugates (1:1000 dilution; Invitrogen); Abberior® STAR 
635 goat anti-rabbit IgG conjugates (1:1000 dilution; Sigma-Aldrich). DNA was stained with Hoechst 33258 
(1:5000 dilution; Invitrogen, H3569) 
 
Antibodies used for western blot analysis include: rabbit anti-BNIP3L/NIX (1:1000 dilution; Cell Signaling 
Technology, 12396S); mouse anti-b actin (1:10000 dilution; Sigma-Aldrich, A5441); Ir-Dye 680/800 goat anti-
rabbit and anti-mouse IgG conjugates (1:10000 dilution; Licor Biosciences). 
 
Mammalian cell culture  
 
Human HeLa cells (HeLa CCL-2; ATCC) were cultured in Minimum Essential Medium (MEM-Glutamax; Gibco) 
supplemented with 1 % non-essential amino acids (100X) (MEM NEAA; Gibco), 1 mM sodium pyruvate (Gibco) 
and 10 % foetal bovine serum (FBS; Gibco) at 37 °C in 5 % CO2.  
 
For hypoxia experiments, cells were incubated in serum-free CO2-independent MEM (Gibco) supplemented 
with 500 µM L-glutamine (Merck), and then incubated at 37 °C under either normal atmosphere (normoxia, 21 
% O2), hypoxia (1 % O2), or intermediate hypoxia (between 21 and 1 % O2) for 3 h. To expose cells to hypoxia, 
a homemade pressurized incubator was used wherein gaseous N2 was injected to blow out the air contained in 
the incubator, thereby creating a progressive hypoxic environment. Hypoxia (1 % O2) and intermediate hypoxia 
(between 21 and 1 % O2) were triggered by letting air flowing out of the device for 3 min and 90 s respectively.  
 
Cell transfection (Plasmids and siRNA) 
 
For Parkin localisation and mitophagy analyses respectively, a plasmid expressing Parkin-mCherry (mCherry-
parkin; Addgene plasmid #23956 from R. Youle (Narendra et al., 2008)) and a plasmid expressing FIS1-GFP-
mCherry (FIS1-GFP-mCherry; a generous gift from D. Pla-Martín  (Allen et al., 2013)) were transfected in HeLa 
cells 24 h before infection using X-tremeGENETM HP DNA Transfection Reagent (Roche, 6366244001), 
according to the manufacturer’s instructions. 
 
For siRNA-mediated silencing of BNIP3L, HeLa cells were transfected for 24 h before infection using 
DharmaFECT1 Transfection Reagent (Dharmacon, T-2001-01) with 40 nM of the ON-TARGETplus human 
BNIP3L siRNA SMARTpool (siBNIP3L; Dharmacon, L-011815-00-0005), according to the manufacturer’s 
instructions. ON-TARGETplus Non-targeting pool (siNT; Dharmacon, D-001810-10-20) was used as a control 
for non-specific effects. For infections with 72 h pi time points, cell transfections with siRNAs were performed 6 
h after infection for 24 h in order to maintain proper BNIP3L silencing which lasts up to 72 h post-transfection 
(pt) (Fig. S6). 
 
Bacterial strains and culture 
 
The strains used in this study were the smooth virulent Brucella abortus strain 544 NalR (spontaneous nalidixic 
acid resistant mutant strain) which is a B. abortus biovar 1 strain from J.-M. Verger (INRA, Tours, France) and 
a variant constitutively expressing the monomeric green fluorescent protein (mGFP) caused by the integration 
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of a plasmid containing the mGFP coding sequence under the control of the sojA promoter (plasmid pSK oriT 
kan PsojA-mgfp, where mGFP replaces DsRed in pSK oriT kan PsojA-dsRed (Copin et al., 2012)). All B. abortus 
strains were grown in Tryptic Soy Broth-rich medium (3 % BactoTM TSB, BD Biosciences) at 37 °C under 
constant agitation.  
 
All B. abortus strains were handled under Biosafety level 3 (BSL-3) containment according to the Council 
Directive 98/81/EC of 26 October 1998, adopted by the Walloon government (July 4th, 2002). 
 
Cell Infection 
 
For infections, HeLa cells were seeded either onto 13 mm glass coverslips (VWR) in 24-well plates (Corning) 
(for microscopy: 2x104 cells/well) or in 6-well plates (Corning) (for flow cytometry: 1x105 cells/well) 16 h before 
infection allowing cell adhesion and growth. In parallel, B. abortus cultures were incubated for 16 h in TSB 
medium from isolated colonies. The next day, bacterial cultures were washed twice in phosphate buffer saline 
(PBS, Lonza) and bacterial exponential growth was controlled by measuring culture optical density at 600 nm. 
B. abortus infection doses were prepared in complete HeLa culture medium at a multiplicity of infection (MOI) 
of 2000 and incubated with the HeLa cells. Infected cells were centrifuged at 400 g for 10 min to favour bacteria-
to-host cell contact and incubated for 1 h at 37 °C in 5 % CO2.  Cells were then incubated with 50 µg/ml of 
gentamycin (Gibco) for 1 h to kill the remaining extracellular bacteria and thereafter washed and incubated with 
10 µg/ml of gentamycin for the desired time points.  
 
For reinfection experiments, infected cells were incubated in so-called reinfection-permissive conditions at 48 h 
pi in culture media without gentamycin to allow the survival of released bacteria and reinfection of new host 
cells. Cells were washed once in PBS and incubated with gentamycin-free HeLa culture media until 72 h pi for 
further analysis. 
 
CFU assay  
 
To assess B. abortus intracellular replication at several time points (2 h, 6 h, 24 h and 48 h pi), infected cells 
were washed once in PBS then lysed with 0.1 % Triton-X-100 (Sigma-Aldrich) in PBS for 10 min at room 
temperature. Serial supernatant dilutions were then plated onto TSB agar plates, incubated at 37 °C for 5 days 
and colony-forming units (CFUs) were counted for each condition from three technical replicates (Roba et al., 
2022). 
 
To assess B. abortus egress at 72 h pi, serial dilutions of supernatant from infected cells previously incubated 
in reinfection-permissive conditions were plated onto TSB agar plates, incubated at 37°C for 5 days and colony-
forming units (CFU) were counted for each condition from three technical replicates. 
 
Immunofluorescence  
 
At the different time points indicated in figure legends, cells seeded on coverslips were washed once with PBS, 
fixed with 4 % paraformaldehyde (PFA; VWR) for 30 min at 37 °C, then washed three times with PBS and 
permeabilised with 1% Triton-X-100 (Carl Roth) in PBS for 10 min. For LC3 immunostainings, fixation and 
permeabilisation was performed using pure ice-cold methanol (-20 °C) for 15 min at 4 °C. Cells were then 
incubated with a blocking solution (2 % bovine serum albumin (BSA; VWR) diluted in PBS) for 30 min at room 
temperature, and then incubated with the primary antibodies in blocking solution for 2 h at room temperature. 
Afterwards, cells were washed three times with the blocking solution and incubated with the secondary 
antibodies in blocking solution for 1 h a room temperature. For LAMP-1 immunostainings, permeabilisation was 
performed using 0.2 % saponin (Sigma-Aldrich) diluted in PBS for 30 min, and the blocking solution was 
composed of 0.2 % saponin, 2 % BSA, 10 % horse serum (HS, Gibco) diluted in PBS. DNA staining using 
Hoechst 33258 was performed during the incubation with the secondary antibody. Finally, cells were washed 
twice with blocking buffer and twice with distilled water, then mounted on glass slides in Mowiol (Sigma-Aldrich) 
or Fluoromount-G (InvitrogenTM) as appropriate.  
 
Light microscopy 
 
Fixed and immunostained cells were visualised with a Leica TCS SP5 II confocal laser-scanning microscope 
equipped with a HCX Plan Apo CS 40x numerical aperture (NA) 1.3 oil immersion objective. For observations 
requiring a super resolution, a Zeiss LSM 900 confocal laser-scanning microscope equipped with an Airyscan 
2 multiplex system and a Plan Apo 63x NA 1.4 oil immersion objective was used, in particular for the analysis 
of B. abortus localisation inside of mitochondria and mBCVs (Fig. 2E and S1), mitophagy (Fig. 3C and 6D), 
reinfection foci (Fig. 7A) and aBCVs (Fig. 7D and 7F). For experiments assessing reinfection foci, the same 
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microscope with a Plan Apo 40x NA 1.3 oil immersion objective was used instead). In addition, stimulated 
emission depletion (STED) microscopy analyses using an Abberior STEDycon attached to a Zeiss Axio Imager 
Z2 microscope were performed to better observe B. abortus localisation inside of mitochondria (Fig. S1) 
 
For live cell imaging, observations were made at 37 °C with a Nikon Eclipse Ti2 inverted epifluorescence 
microscope equipped with a Plan Apo l DM 100x K 1.45/0.13 PH3 phase-contrast objective to visualise the 
MitoSOXTM probe staining. Look-up tables (LUT) were adjusted to the best signal–background ratio. 
 
Quantitative analyses of fluorescence micrographs 
 
All fluorescence images were analysed using FIJI v.2.1.0, a distribution of ImageJ.  
 
Quantification of mitochondrial network morphology  
 
The length and branching status of mitochondrial network were determined by calculating the aspect ratio (AR) 
and the end-point/branched-point ratio (EBR) of mitochondrial particles in entire cell sections as previously 
described (De Vos and Sheetz, 2007; Lobet et al., 2018). The AR represents the mean of the ratio between the 
long axis and the short axis of each mitochondrial fragments of one cell. The AR is therefore proportional to the 
length of mitochondrial fragments. The EBR represents the mean of the ratio between the end-points and 
branched-points of each mitochondrial fragments of one cell. The EBR is therefore proportional to the 
disconnected status of the mitochondrial network. (Fig. 1B). The analyses were performed on samples from 5 
(n=5: Fig. 1) and 3 (n=3; Fig. 6) independent biological experiments. 
 
Quantification of the percentages of TOMM20-vesicles-positive infected cells 
 
The percentage of TOMM20-vesicles-positive infected cells was determined by calculating the ratio between 
the number of infected cells displaying large TOMM20-positive vesicles and the total number of infected cells 
from one experiment. The analyses were performed on samples from 3 independent biological experiments 
(n=3). 
 
Quantification of LC3 recruitment at the mitochondria proximity 
 
The quantification of LC3 recruitment at the proximity of mitochondria was determined by analysing the 
colocalisation between Alexa Fluor 568 (LC3) and Alexa Fluor 633 (b-subunit of ATP synthase) related 
fluorescence signals. A signal threshold was thus applied on Alexa Fluor 568 micrographs to dissociate LC3-
type II punctae structures from LC3-type I diffuse signal, as well as on Alexa Fluor 633 micrographs in order to 
delineate the mitochondrial network. The number of co-localisation events between LC3 punctae and 
mitochondria was performed by generating on overlay of both processed images and counting the number of 
LC3-b-subunit of ATP synthase-positive co-localised events in entire cell sections. The analyses were 
performed on samples from 3 independent biological experiments (n=3).  
  
Quantification of the number of mitochondrial fragments in acidified compartments 
 
The number of mitochondrial fragments in acidified structures was determined by counting the number of FIS1-
mCherry(magenta)-positive but GFP(green)-negative structures in entire cell sections as previously described 
(Allen et al., 2013). The analyses were performed on samples from 5 (n=5: Fig. 3) and 3 (n=3; Fig. 6) 
independent biological experiments. 
 
Quantification of the percentages of cells with a HIF-1a nuclear pattern 
 
The percentages of cells with a HIF-1a nuclear pattern were determined by calculating the ratio between the 
number of cells that display a nuclear localisation of HIF-1a and the total number of cells observed from one 
experiment. The analyses were performed on samples from 3 independent biological experiments (n=3: Fig. 4 
and Fig. 5). 
 
Quantification of the percentages of reinfection events 
 
The percentages of reinfection events were determined by calculating the percentages of reinfection foci as 
described previously (Starr et al., 2012). Reinfection foci were defined as a primary infected cell (containing a 
massive number of bacteria – 72 h pi) surrounded by at least 4 adjacent cells containing a small number of 
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bacteria (secondary infection – 24 h pi). The analyses were performed on samples from 3 independent biological 
experiments (n=3). 
 
Quantification of the number of aBCVs and mBCVs 
 
The number of aBCVs was determined by counting the number of LAMP-1-positive vesicles harbouring 1 or 
more GFP-positive B. abortus 544 bacteria in entire cell sections. The same procedure was applied to mBCVs 
by counting TOMM20-positive BCVs. The analyses were performed on samples from 3 independent biological 
experiments (n=3). 
 
Electron microscopy sample preparation 
 
HeLa cells were seeded onto 32 mm gridded glass coverslips (Ibidi, Martinsried, Germany) in a 6-well plate at 
150,000 cells per well and incubated for 16 h before infection. In parallel, B. abortus 2308 were grown overnight 
in TSB medium at 37 °C to an OD of 0.8-1.0. Bacteria were then diluted in DMEM / 10 % FCS and added to 
HeLa cells at a final MOI of 2000. Plates were centrifuged at 400 x g for 20 min at 4 °C to synchronize bacterial 
entry. After 2 h of incubation at 37 °C and 5 % CO2, extracellular bacteria were killed by exchanging the infection 
medium by DMEM / 10% FCS supplemented with 100 μg/ml gentamicin. After the total infection time, cells were 
fixed using PHEM fixation buffer (4 % formaldehyde, 0.2 % glutaraldehyde, 60 mM PIPES, 25 mM HEPES, 10 
mM EGTA, 4 mM MgCl2) for 90 min. at room temperature. Following fixation, the coverslips were washed in 
PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM MgCl2) and fixed in cacodylate fixation buffer 
(2.5 % glutaraldehyde, 150 mM sodium cacodylate, 2 mM MgCl2) at 4 °C overnight. Following overnight fixation, 
samples were washed 3 times with cacodylate buffer (150 mM sodium cacodylate, 2 mM MgCl2) at 4 °C; and 
then immersed in freshly prepared reduced osmium buffer (2 % osmium tetroxide, 150 mM sodium cacodylate, 
2 mM MgCl2, 40 mM potassium ferrocyanide) for 1 h at 4 °C. After this initial staining/fixation step, the samples 
were washed with deionized water at room temperature and immersed in 100 mM thiocarbohydrazide solution 
for 20 min at room temperature, and then washed with deionized water and incubated in 2 % osmium tetroxide 
for 30 min at room temperature. This was followed by overnight incubation in 1 % uranyl acetate at 4 °C. The 
following morning, the samples were washed in deionized water and incubated in freshly prepared 20mM lead 
aspartate solution for 30 min at 60°C. Samples were then dehydrated with ethanol and immersed in 50 % 
solution of durcupan in ethanol for 1 h. Afterwards, the samples were incubated 2 times in fresh durcupan and 
placed at 60 °C for 48 h for polymerization.  
 
Focused ion beam / scanning electron microscopy (FIB/SEM) 
 
The cells of interest were located in the polymerized resin block, trimmed and attached to pre-tilt 45° SEM stubs 
(Agar Scientific, Stansted, UK) using colloidal silver paint (Ted Pella, Redding, CA), sputter-coated with platinum 
and subjected to FIB/SEM tomography. The images were acquired with a Helios NanoLab 650 Dual Beam 
FIB/SEM using the Slice and View software (FEI, Hillsboro, OR). They had 3072 x 2048 or 2048 x 1780 pixel 
and were collected using an Elstar in-lens BSE detector at 1.5 kV with a horizontal field width of 15 μm at a 
working distance of 4.01 mm. The milling was performed with a FIB operating at 30 kV and 0.78 nA beam 
current. The thickness of the slices was between 10 and 20 nm. Image stacks were aligned using the TrackEM2 
plugin for ImageJ (Cardona et al., 2010).  
 
Flow cytometry 
 
At the different time points indicated in figure legends, cells were washed once with PBS, detached with Trypsin 
0.05 % - EDTA (Gibco) for 3 min at 37 °C and centrifuged at 400 g for 5 min at 4 °C. Collected cells were 
washed twice with an ice-cold Flow Cytometry buffer (0.5 % BSA, 2 mM EDTA diluted in PBS) and then fixed 
with the IC Intracellular Fixation Buffer (eBioscienceTM Invitrogen, 00-8222-49) for 30 min at room temperature. 
Fixed cells were permeabilised with the Permeabilisation Buffer 1X (eBioscienceTM Invitrogen, 00-8333-56) for 
5 min at room temperature, then incubated with the primary antibodies in Permeabilisation Buffer for 1 h at room 
temperature. Cells were next washed once with Permeabilisation Buffer and incubated with the secondary 
antibodies in Permeabilisation Buffer for 1 h a room temperature. Finally, cells were washed once with 
Permeabilisation Buffer and transferred into glass tubes with Flow Cytometry buffer before analysis with the BD 
Biosciences FACSVerseTM. Data analyses were performed using the FlowJoTM software (BD Biosciences). 
 
Western blot analysis 
 
At the different time points indicated in figure legend, cells were washed once with ice-cold PBS and lysed in 
radioimmunoprecipitated assay (RIPA) buffer (150 mM NaCl, 1 % NP40, 0.1 % SDS, 1 % sodium deoxycholate, 
25 mM Tris-HCL; pH 7.6) supplemented with complete Protease Inhibitor Cocktail (Roche, 11697498001) and 
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4 % Phosphatase Inhibitor Buffer (25 mM Na3VO4, 250 mM 4-nitrophenylphosphate, 250 mM b-
glycerophosphate, 125 mM NaF) for 10 min on ice. Cell lysates were centrifuged at 13000 g for 10 min at 4 °C. 
Clear cell lysates were then incubated for 1 h at 80 °C to kill remaining bacteria. Protein concentration was 
assessed with the Pierce 660 nm Protein Assay Reagent (Thermo Scientific, 22660). Samples of 10 µg of cell 
lysate proteins were resolved by gel electrophoresis using a 10 % acrylamide gel. Proteins were then electro-
transferred onto a polyvinylidene fluoride (PVDF) membrane (0.45 μm) (Merck by ice-cold liquid transfer for 2 
h at 70 V. Membranes were then incubated with Licor Intercept (PBS) Blocking buffer (LICOR Biosciences, 927-
70003) diluted twice in PBS for 1 h at room temperature, and then incubated with the primary antibody diluted 
in Intercept Blocking buffer supplemented with 0.1 % Tween20 (Carl Roth, 9127.1) and 0.2 % sodium dodecyl 
sulfate (SDS; VWR, A3942) for 16 h at 4° C. Membranes were then washed three times with 0.1 % Tween20 
diluted in PBS, and then incubated with the secondary antibody diluted in Intercept Blocking buffer 
supplemented with 0.1 % Tween20 and 0.2 % SDS for 1 h at room temperature. Membranes were then washed 
twice with 0.1 % Tween20 in PBS, once in PBS, and the fluorescence intensity of the bands corresponding to 
the proteins of interest were detected using the Odyssey ODY-1869 scanner (LICOR). The immunodetection of 
the b-actin was used as a loading control. 
 
Statistical analyses 
 
Statistical analyses were performed using GraphPad Prism 9 software. All data are presented as the means ± 
standard deviation (SD) of results from at least three biological independent experiments (n=3). Normality of 
the distribution was assessed using Shapiro-Wilk tests. Comparisons between two conditions were assessed 
using an unpaired two-tailed Student’s t-test, or a one sample t-test when normality failed. Comparisons 
between more than two groups involving one single factor were assessed using a one-way ANOVA followed by 
a Tukey’s multiple comparisons test. Comparisons between more than two groups involving two simultaneous 
factors were assessed using a two-way ANOVA followed by a Šidàk’s multiple comparisons test, or a multiple 
Mann-Whitney test followed by a Holm-Šidàk’s multiple comparisons test when normality failed. A p-value < 
0.05 was considered as statistically significant.  
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FIGURES  
 

 
 
Figure 1. B. abortus triggers mitochondrial network fragmentation during the late steps of infection in 
HeLa cells. 
 
A. Representative confocal micrographs of HeLa cells infected or not with B. abortus 544 for the indicated times, then fixed 
and immunostained for TOMM20 (Alexa Fluor 488 – Green) and B. abortus LPS (Alexa Fluor 568 – Magenta). DNA was 
stained with Hoechst 33258 (Blue). Scale bars: 20 µm. 
 
B. Schematic summary of the calculation of the aspect ratio (AR) and the end-point/branched-point ratio (EBR) of the 
mitochondrial network. See the “Quantification of mitochondrial network morphology” paragraph in the Methods section for 
further information.  
 
C., D. Quantification of the mitochondrial population morphology by assessing the AR (C) and EBR (D) of the mitochondria 
of HeLa cells infected or not (NI) with B. abortus 544 for the indicated times from micrographs shown in (A). Data are 
presented as mean ± SD from n=5 independent experiments (the numbers indicated in the columns represent the number 
of cells analysed per condition). Statistical analyses were performed using a multiple Mann-Whitney test followed by a Holm-
Šidàk’s multiple comparisons test; asterisks indicate significant differences compared to the control (NI); *: p <0.05. 
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Figure 2. B. abortus is found inside swollen mitochondria of a fraction of HeLa cells during the late 
steps of infection. 
 
A. Representative confocal micrographs of HeLa cells infected or not with B. abortus 544 for the indicated times, then fixed 
and immunostained for TOMM20 (Alexa Fluor 488 – Green) and B. abortus LPS (Alexa Fluor 568 – Magenta). DNA was 
stained with Hoechst 33258 (Blue). Scale bars: 20 µm. 
 
B. Quantification of the percentage of infected HeLa cells displaying TOMM20-positive enlarged vesicles at the indicated 
times, from micrographs shown in (A). Data are presented as mean ± SD from n=3 independent experiments (the numbers 
indicated in the columns represent the number of cells analysed per condition); Statistical analyses were performed using a 
one-way ANOVA followed by a Tukey’s multiple comparisons test; *: p <0.05; **: p <0.01. 
 
C. Representative confocal micrographs of HeLa cells infected or not with B. abortus 544 GFP (Blue) for 48 h, then fixed 
and immunostained for TOMM20 (Alexa Fluor 647 – Green) and the b-subunit of the ATP synthase (Alexa Fluor 568 – 
Magenta). Scale bars: 20 µm. 
 
D. Representative confocal micrographs of HeLa cells infected or not with B. abortus 544 GFP (Blue) for 48 h, stained with 
100 nM of MitoTrackerTM Orange (MTO) fluorescent probe (Magenta) for 30 min before analysis, then fixed and 
immunostained for TOMM20 (Alexa Fluor 647 – Green). Scale bars: 20 µm. 
 
E. Representative confocal micrographs of HeLa cells infected or not with B. abortus 544 GFP (Magenta) for 48 and 72 h, 
then fixed and immunostained for TOMM20 (Alexa Fluor 647 – Green). DNA was stained with Hoechst 33258 (Blue). Arrows 
indicate when B. abortus was found inside a mitochondrion. Scale bars: 20 µm. Inset scale bars: 5 µm. 
 
F. Quantification of the number of TOMM20-positive BCVs per infected HeLa cells from micrographs shown in (E). Data are 
presented as mean ± SD from n=3 independent experiments (the numbers indicated in the columns represent the number 
of cells analysed per condition). Statistical analyses were performed using an unpaired two-tailed Student’s t-test; *: p = 
0.05. 
 
G. FIB/SEM micrographs of HeLa cells infected with B. abortus 2308 RFP for 48 h. Scale bars: 600 nm.  
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Figure 3. B. abortus triggers mitophagy in HeLa cells. 
 
A. Representative confocal micrographs of HeLa cells infected or not with B. abortus 544 GFP for 48 h, then fixed and 
immunostained for the b-subunit of the ATP synthase (Alexa Fluor 633 – Magenta) and LC3 (Alexa Fluor 568 – Green). 
DNA was stained with Hoechst 33258 (Blue). Arrows indicate LC3-ATP synthase b-positive punctae. Scale bars: 20 µm. 
Inset scale bars: 5 µm. 
 
B. Quantification of the number of LC3-b-subunit of the ATP synthase-positive punctae per HeLa cell infected or not (NI) 
with B. abortus 544 GFP for 24, 48 and 72 h from micrographs shown in (A) and (Fig EV3A-C). Data are presented as mean 
± SD from n=3 independent experiments (the numbers indicated in the columns represent the number of cells analysed per 
condition). Statistical analyses were performed using a two-way ANOVA followed by a Šidàk’s multiple comparisons test; 
asterisks indicate significant differences compared to the control (NI); ns: not significant; ***: p <0.001; ****: p <0,0001; 
hashtags indicate significant differences between infected conditions throughout time; #: p <0.05; ##: p <0.01. 
 
C. Representative confocal micrographs of HeLa cells transfected with a FIS1-GFP(Green)-mCherry(Magenta) expression 
construct, infected or not with B. abortus 544 for 48 h, then fixed and immunostained for B. abortus LPS (Alexa Fluor 633 – 
Red). DNA was stained with Hoechst 33258 (Blue). Arrows indicate FIS1-mCherry-positive-GFP-negative punctae. Scale 
bars: 20 µm. Inset scale bars: 5 µm. 
 
D. Quantification of the number of FIS1-mCherry-positive-GFP-negative punctae per HeLa cell infected or not (NI) with B. 
abortus 544 for 48 h from micrographs shown in (C). Data are presented as mean ± SD from n=3 independent experiments 
(the numbers indicated in the columns represent the number of cells analysed per condition). Statistical analyses were 
performed using an unpaired two-tailed Student’s t-test; ***: p <0.001 (p = 0.0008).  
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Figure 4. B. abortus induces HIF-1a stabilisation and BNIP3L expression in HeLa cells. 
 
A. Representative confocal micrographs of HeLa cells infected or not with B. abortus 544 GFP (Red) for 24 h, 48 h, and 72 
h then fixed and immunostained for HIF-1a (Alexa 568 – Green). DNA was stained with Hoechst 33258 (Blue). Scale bars: 
20 µm. 
 
B. Quantification of the percentages of cells positive for a nuclear localisation of HIF-1a from HeLa cells infected or not (NI) 
with B. abortus 544 GFP for 24, 48 and 72 h from micrographs shown in (A.B.C). Data are presented as mean ± SD from 
n=3 independent experiments (the numbers indicated in the columns represent the number of cells analysed per condition). 
Statistical analyses were performed using a two-way ANOVA followed by a Šidàk’s multiple comparisons test; asterisks 
indicate significant differences compared to the control (NI); ****: p <0.0001. 
 
C. Representative confocal micrographs of HeLa cells infected or not with B. abortus 544 GFP (Red) for 48 h, then fixed 
and immunostained for BNIP3L (Alexa 568 – Green) and TOMM20 (Alexa 633 – Magenta). DNA was stained with Hoechst 
33258 (Blue). Scale bars: 20 µm. 
 
D. Relative median fluorescence intensity (MFI) of BNIP3L immunostaining from HeLa cells infected or not (NI) with B. 
abortus 544 GFP for 48 h as measured by flow cytometry. Data are presented as mean ± SD from n=4 independent 
experiments (8296 cells analysed in total per condition). Statistical analyses were performed using a one sample t-test; *: p 
<0.05 (p = 0.0351). 
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Figure 5. Iron supplementation prevents B. abortus-induced HIF-1a/BNIP3L pathway activation in HeLa 
cells. 
 
A. Representative confocal micrographs of HeLa cells infected or not with B. abortus 544 GFP (Red) treated or not (ctrl) 
with FeCl2 (500 µM) for 48 h, then fixed and immunostained for HIF-1a (Alexa 568 – Green). DNA was stained with Hoechst 
33258 (Blue). Scale bars: 20 µm. 
 
B. Quantification of the percentages of cells positive for a nuclear localisation of HIF-1a from HeLa cells infected or not (NI) 
with B. abortus 544 GFP (Red) and treated or not (ctrl) with 500 µM FeCl2 for 48 h from micrographs shown in (A). Data are 
presented as mean ± SD from n=3 independent experiments (the numbers indicated in the columns represent the number 
of cells analysed per condition). Statistical analyses were performed using a two-way ANOVA followed by a Šidàk’s multiple 
comparisons test; asterisks indicate significant differences compared to the control (NI); ***: p <0.001; ****: p <0.0001; 
hashtags indicate significant differences compared to the infected condition without FeCl2; ####: p <0.0001. 
 
C. Relative median fluorescence intensity (MFI) of HIF-1a immunostaining from HeLa cells infected or not (NI) with B. 
abortus 544 GFP treated or not (ctrl) with 500 µM FeCl2 for 48 h as measured by flow cytometry. Data are presented as 
mean ± SD from n=3 independent experiments (10093 cells analysed in total per condition). Statistical analyses were 
performed using a two-way ANOVA followed by a Šidàk’s multiple comparisons test; asterisks indicate significant differences 
compared to the control (NI); ns: not significant; ****: p <0.0001; hashtags indicate significant differences compared to the 
infected condition without FeCl2; ####: p <0.0001. 
 
D. Representative confocal micrographs of HeLa cells infected or not with B. abortus 544 GFP (Red) treated or not (ctrl) 
with 500 µM FeCl2 for 48 h, then fixed and immunostained for BNIP3L (Alexa 568 – Green). DNA was stained with Hoechst 
33258 (Blue). Scale bars: 20 µm. 
 
E. Relative median fluorescence intensity (MFI) of BNIP3L immunostaining from HeLa cells infected or not (NI) with B. 
abortus 544 GFP treated or not (ctrl) with 500 µM FeCl2 for 48 h as measured by flow cytometry. Data are presented as 
mean ± SD from n=3 independent experiments (10199 cells analysed in total per condition). Statistical analyses were 
performed using a two-way ANOVA followed by a Šidàk’s multiple comparisons test; asterisks indicate significant differences 
compared to the control (NI); ns: not significant; *: p <0,05; hashtags indicate significant differences compared to the infected 
condition without FeCl2; #: p <0.05. 
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Figure 6. BNIP3L depletion prevents B. abortus-induced mitochondrial network fragmentation and 
mitophagy in HeLa cells. 
 
A. Representative confocal micrographs of HeLa cells transfected with a non-targeting siRNA pool (siNT – 40 nM) or a 
BNIP3L siRNA SMARTpool (siBNIP3L – 40 nM), infected or not (NI) with B. abortus 544 GFP (Red) for 48 h, then fixed and 
immunostained for BNIP3L (Alexa Fluor 568 – Magenta) and TOMM20 (Alexa Fluor 633 – Green). DNA was stained with 
Hoechst 33258 (Blue). Scale bars: 20 µm. 
 
B.,C. Quantification of the mitochondrial population morphology by assessing the AR (B) and EBR (C) of the mitochondria 
of HeLa cells from micrographs shown in (A). Data are presented as mean ± SD from n=3 independent experiments (the 
numbers indicated in the columns represent the number of cells analysed per condition). Statistical analyses were performed 
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using a multiple Mann-Whitney test followed by a Holm-Šidàk’s multiple comparisons test; asterisks indicate significant 
differences compared to the control (NI); *: p <0.05; **: p <0.01; hashtags indicate significant differences compared to the 
infected condition transfected with a siNT; #: p <0.05. 
 
D. Representative confocal micrographs of HeLa cells transfected with a FIS1-GFP(Green)-mCherry(Magenta) expression 
construct, infected or not (NI) with B. abortus 544 for 48 h while being transfected with a non-targeting siRNA pool (siNT – 
40 nM) or a BNIP3L siRNA SMARTpool (siBNIP3L – 40 nM), then fixed and immunostained for B. abortus LPS (Alexa Fluor 
633 – Red). DNA was stained with Hoechst 33258 (Blue). Arrows indicate FIS1-mCherry-positive-GFP-negative punctae. 
Scale bars: 20 µm. Inset scale bars: 5 µm. 
 
E. Quantification of the number of FIS1-mCherry-positive-GFP-negative punctae per cell of HeLa cells from micrographs t 
shown in (D). Data are presented as mean ± SD from n=3 independent experiments (the numbers indicated in the columns 
represent the number of cells analysed per condition). Statistical analyses were performed using a two-way ANOVA followed 
by a Šidàk’s multiple comparisons test; asterisks indicate significant differences compared to the control (NI); ns: not 
significant; **: p <0.01; hashtags indicate significant differences compared to the infected condition transfected with a siNT; 
#: p <0.05. 
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Figure 7. BNIP3L depletion limits aBCV formation and prevents reinfection events in HeLa cells. 
 
A. Representative confocal micrographs of HeLa cells infected with B. abortus 544 GFP (Green) and transfected with a non-
targeting siRNA pool (siNT – 40 nM) or a BNIP3L siRNA SMARTpool (siBNIP3L – 40 nM), then incubated under reinfection-
permissive conditions for 24 h before analysis at 72 h pi. Cells were fixed and DNA was stained with Hoechst 33258 (Blue). 
Arrows indicate reinfected cells. Scale bars: 50 µm. 
 
B. Quantification of the percentages of reinfection foci per infected cell at 72 h pi of HeLa cells from micrographs shown in 
(A). Data are presented as mean ± SD from n=3 independent experiments (the numbers indicated in the columns represent 
the number of cells analysed per condition). Statistical analyses were performed using an unpaired two-tailed Student’s t-
test; **: p <0.01 (p = 0.0032). 
 
C. CFU assay expressing Log (CFU/ml) from the supernatant of HeLa cells infected with B. abortus 544 GFP (Green) and 
transfected with a non-targeting siRNA pool (siNT – 40 nM) or a BNIP3L siRNA SMARTpool (siBNIP3L – 40 nM), then 
incubated under reinfection-permissive conditions for 24 h before collecting the supernatant at 72 h pi for analysis. Data are 
presented as mean ± SD from n=5 independent experiments; Statistical analyses were performed using an unpaired two-
tailed Student’s t-test; (p = 0.0042). 
 
D. Representative confocal micrographs of HeLa cells infected with B. abortus 544 GFP (Red) and transfected with a non-
targeting siRNA pool (siNT – 40 nM) or a BNIP3L siRNA SMARTpool (siBNIP3L – 40 nM) before analysis at 72 h pi. Cells 
were fixed and immunostained for LAMP-1 (Alexa Fluor 568 – Green). DNA was stained with Hoechst 33258 (Blue). Arrows 
indicate LAMP-1-positive BCVs. Scale bars: 20 µm. Inset scale bars: 5 µm. 
 
E. Quantification of the number of LAMP-1-positive BCVs per infected HeLa cells from micrographs shown in (E). Data are 
presented as mean ± SD from n=3 independent experiments (the numbers indicated in the columns represent the number 
of cells analysed per condition). Statistical analyses were performed using an unpaired two-tailed Student’s t-test; *: p <0.05 
(p = 0.0117). 
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F. Representative confocal micrographs of HeLa cells infected with B. abortus 544 GFP (Red) and transfected with a non-
targeting siRNA pool (siNT – 40 nM) or a BNIP3L siRNA SMARTpool (siBNIP3L – 40 nM) before analysis at 72 h pi. Cells 
were fixed and immunostained for LAMP-1 (Alexa Fluor 568 – Green) and TOMM20 (Alexa Fluor 633 – Magenta). DNA was 
stained with Hoechst 33258 (Blue). Arrows indicate LAMP-1-positive BCVs. Scale bars: 20 µm. Inset scale bars: 5 µm. 
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Figure 8. Summary of the interactions between Brucella abortus and the mitochondria of the host cell. 
 
In this study, we showed that until 24 h pi (A), Brucella abortus affects neither the mitochondrial morphology nor the 
endogenous degradation of HIF-1a. However, at 48 h pi (B), B. abortus induces an iron starvation response that stabilises 
and activates HIF-1a which therefore translocates to the nucleus. There, HIF-1a upregulates the expression of the 
mitophagy receptor BNIP3L which mediates two phenotypes during the late stages of B. abortus intracellular trafficking. 
B.abortus-induced BNIP3L expression mediates mitochondrial network fragmentation, one hallmark of mitophagy that is 
characterised by the engulfment of mitochondrial fragments inside phagophores to specifically degrade and recycle them. 
Eventually, BNIP3L helps to fulfil B. abortus intracellular cycle as it is necessary for bacterial egress and reinfection of 
neighbouring cells.   
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MOVIE LEGENDS  
 
Movie 1. B. abortus is found inside of some mitochondria of HeLa cells at 48 h pi. 
 
Airyscan microscopy Z-stack from HeLa cells infected with B. abortus 544 GFP (Magenta) for 48 h, then fixed 
and immunostained for TOMM20 (Alexa Fluor 647 – Green). 
 
 
 
 
Movie 2. B. abortus is found in the MIS of several mitochondria of HeLa cells at 48 h pi. 
 
FIB/SEM stack from HeLa cells infected with B. abortus 2308 RFP for 48 h.  
  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 31, 2022. ; https://doi.org/10.1101/2022.08.31.505824doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.31.505824
http://creativecommons.org/licenses/by-nc-nd/4.0/


SUPPLEMENTARY FIGURES 
 
 

 
 
 
Figure S1. A massive load of B. abortus is found inside swollen mitochondria in a fraction of HeLa cells 
at 72 h pi. 
 
STED micrographs of a HeLa cell infected with B. abortus 544 GFP (Magenta) for 72 h, then fixed and immunostained for 
TOMM20 (Abberior® STAR 635 – Green). Scale bars: 5 µm.  
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Figure S2. Kinetics of mitophagy triggered by B. abortus in HeLa cells at 24 and 72 h pi. 
 
A., B. Representative confocal micrographs of HeLa cells infected or not with B. abortus 544 GFP for 24 h (A.) and 72 h 
(B.), then fixed and immunostained for the b-subunit of the ATP synthase (Alexa Fluor 633 – Magenta) and LC3 (Alexa Fluor 
568 – Green). DNA was stained with Hoechst 33258 (Blue). The Hoechst intensity was intentionally shown with overexposed 
signals to visualise bacterial DNA and confirm the infected cells status. Scale bars: 20 µm. Inset scale bars: 5 µm. 
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Figure S3. B. abortus triggers Parkin-independent mitophagy. 
 
A. Representative confocal micrographs of HeLa cells infected or not with B. abortus 544 GFP (Red) for 48 h, stained with 
100 nM of MTO fluorescent probe (Green) for 30 min before analysis, then fixed and immunostained for TOMM20 (Alexa 
Fluor 633 – Magenta). DNA was stained with Hoechst 33258 (Blue). HeLa cells treated with 20 µM FCCP for 30 min were 
used as a positive control. Scale bars: 20 µm. 
 
B. Relative median fluorescence intensity (MFI) of the MTO fluorescent probe of HeLa cells infected or not (NI) with B. 
abortus 544 GFP for 48 h as measured by flow cytometry. HeLa cells treated with 20 µM FCCP for 30 min were used as a 
positive control. Data are presented as mean ± SD from n=5 independent experiments (9718 cells analysed in total per 
condition). Statistical analyses were performed using a one-way ANOVA followed by a Tukey’s multiple comparisons test; 
asterisks indicate significant differences compared to the control (NI); *: p <0.05; ***: p <0.001. 
 
C. Representative confocal micrographs of HeLa cells transfected with a Parkin-mCherry (Green) expression construct, 
infected or not with B. abortus 544 GFP (Red) for 48 h, then fixed and immunostained for TOMM20 (Alexa Fluor 647 – 
Magenta). DNA was stained with Hoechst 33258 (Blue). HeLa cells treated with FCCP (20 µM for 30 min) were used as a 
positive control. Scale bars: 20 µm.  
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Figure S4. B. abortus induces HIF-1a stabilisation in a hypoxia-independent manner. 
 
A., B., C. Representative confocal micrographs of HeLa cells infected or not with B. abortus 544 GFP (Red) for 24 h (A), 48 
h (B), and 72 h (C), treated with 150 µM of the EF5 compound for 3 h before analysis, then fixed and immunostained for 
EF5 (Anti-EF5 Cy5 conjugate – Magenta) and HIF-1a (Alexa 568 – Green). DNA was stained with Hoechst 33258 (Blue). 
Scale bars: 20 µm. 
 
D. Representative confocal micrographs of HeLa cells treated with 150 µM of the EF5 compound, exposed to normoxia (21 
% O2), hypoxia (1 % O2) or an intermediate hypoxia (between 21 % and 1 % O2) for 3 h, then fixed and immunostained for 
EF5 (Anti-EF5 Cy5 conjugate – Green). DNA was stained with Hoechst 33258 (Blue). Scale bars: 20 µm. 
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Figure S5. B. abortus-induced HIF-1a stabilisation is not mediated by mitochondrial ROS in HeLa cells. 
 
A. Representative wide-field micrographs of HeLa cells infected or not (NI) with B. abortus 544 GFP (Green) for 48 h, treated 
or not (ctrl) with 10 µM MTEMPOL for 24 h before analysis, and then stained with 0.5 µM MitoSOXTM fluorescent probe 
(Red) for 30 min. Samples were observed under live-imaging conditions with the Nikon Eclipse Ti2 inverted epifluorescence 
microscope. Scale bars: 20 µm. 
 
B. Representative confocal micrographs of HeLa cells infected or not (NI) with B. abortus 544 GFP (Red) for 48 h, treated 
or not (ctrl) with 10 µM MTEMPOL for 24 h before analysis, and then fixed and immunostained for HIF-1a (Alexa 568 – 
Green). DNA was stained with Hoechst 33258 (Blue). Scale bars: 20 µm. 
 
C. Quantification of the percentages of cells positive for a nuclear localisation of HIF-1a from HeLa cells infected or not (NI) 
with B. abortus 544 GFP and treated or not (ctrl) with 10 µM MTEMPOL for 24 h before analysis from micrographs shown 
in (B). Data are presented as mean from n=1 experiment (the numbers indicated in the columns represent the number of 
cells analysed per condition). 
 
D. Representative confocal micrographs of HeLa cells infected or not (NI) with B. abortus 544 GFP (Red) for 48 h, treated 
or not (ctrl) with 5 mM NAC for 24 h before analysis, and then fixed and immunostained for HIF-1a (Alexa 568 – Green). 
DNA was stained with Hoechst 33258 (Blue). Scale bars: 20 µm. 
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Figure S6. BNIP3L depletion efficiency in HeLa cells using a siRNA SMARTpool approach. 
 
Western-blot analysis of BNIP3L abundance in HeLa cells transfected with a non-targeting siRNA pool (siNT – 40 nM) or a 
BNIP3L siRNA SMARTpool (siBNIP3L – 40 nM) for 24 h, then left for the indicated times post-transfection (p.t.) and treated 
(+) or not (-) with 100 µM CoCl2 for 16 h before analysis. The abundance of b-actin was used as a loading control. Black 
bars indicate a crop in the membrane. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure S7. BNIP3L depletion does not impair B. abortus intracellular replication in HeLa cells. 
 
CFU assay expressing Log (CFU/ml) from HeLa cells transfected with a non-targeting siRNA pool (siNT – 40 nM) or a 
BNIP3L siRNA SMARTpool (siBNIP3L – 40 nM), then infected with B. abortus 544 GFP for the indicated times. Data are 
presented as mean ± SD from n=3 independent experiments; Statistical analyses were performed using a two-way ANOVA 
followed by a Šidàk’s multiple comparisons test; no significant differences were found. 
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