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Mitochondrial fragmentation 
affects neither the sensitivity 
to TNFα-induced apoptosis of 
Brucella-infected cells nor the 
intracellular replication of the 
bacteria
Elodie Lobet1, Kevin Willemart2, Noëlle Ninane1, Catherine Demazy1, Jaroslaw Sedzicki3, 
Christophe Lelubre4, Xavier De Bolle2, Patricia Renard1, Martine Raes1, Christoph Dehio3, 
Jean-Jacques Letesson2 & Thierry Arnould1

Mitochondria are complex organelles that participate in many cellular functions, ranging from ATP 
production to immune responses against viruses and bacteria. This integration of a plethora of functions 
within a single organelle makes mitochondria a very attractive target to manipulate for intracellular 
pathogens. We characterised the crosstalk that exists between Brucella abortus, the causative agent 
of brucellosis, and the mitochondria of infected cells. Brucella replicates in a compartment derived 
from the endoplasmic reticulum (ER) and modulates ER functionality by activating the unfolded 
protein response. However, the impact of Brucella on the mitochondrial population of infected cells 
still requires a systematic study. We observed physical contacts between Brucella containing vacuoles 
and mitochondria. We also found that B. abortus replication is independent of mitochondrial oxidative 
phosphorylation and that mitochondrial reactive oxygen species do not participate to the control 
of B. abortus infection in vitro. We demonstrated that B. abortus and B. melitensis induce a drastic 
mitochondrial fragmentation at 48 hours post-infection in different cell types, including myeloid 
and non-myeloid cells. This fragmentation is DRP1-independent and might be caused by a deficit 
of mitochondrial fusion. However, mitochondrial fragmentation does not change neither Brucella 
replication efficiency, nor the susceptibility of infected cells to TNFα-induced apoptosis.

Mitochondria are essential organelles that evolved from an endosymbiotic α-proteobacterium of the Rickettsia 
genus1. Despite their subsequent evolution, mitochondria still share many similarities with prokaryotic cells, 
such as a double membrane, the capacity to produce ATP through oxidative phosphorylation (OXPHOS) and the 
presence of their own genome and bacterial-type ribosomes2. Mitochondria are highly dynamic organelles that 
continuously adapt their morphology and move to specific cellular sub-compartments, using different compo-
nents of the cytoskeleton, to respond to cellular needs3.

The mitochondrial morphology is controlled by the balance between mitochondrial fission and fusion and 
is mediated by large GTPases related to the dynamin superfamily. On the one hand, fusion occurs as a two-step 
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mechanism: a fusion of the outer mitochondrial membrane (OMM), mediated by the homo-/hetero-dimerisation 
of mitofusin1/2 (MFN1/2), is followed by the formation of homodimers of optic atrophy 1 (OPA1), which leads 
to fusion of the inner mitochondrial membrane (IMM)3. On the other hand, fission requires the recruitment 
of dynamin-related protein 1 (DRP1) to the OMM, where it assembles to form a constriction ring that leads to 
fission. Four different receptors for DRP1, located in the mitochondrial outer membrane, have been identified 
so far in mammalian cells: mitochondrial fission 1 (FIS1), mitochondrial fission factor (MFF) and mitochon-
drial dynamics protein of 49 and 51 kDa (MID49 and MID51). Fission occurs where the endoplasmic reticu-
lum (ER) marks the localization of DRP1 recruitment in collaboration with elements of the actin cytoskeleton3. 
Mitochondrial dynamics and the various functions and roles of this organelle are interconnected4. Indeed, 
according to the cell type and functional status, the organelle structure will vary from an interconnected and 
branched network that promotes exchanges between the mitochondrial fragments, to individual rounded entities 
that facilitate the movement, segregation and degradation of impaired mitochondria, thereby preventing the 
accumulation and propagation of mitochondrial dysfunction5,6.

In addition to being the main ATP producers of the cell, through OXPHOS, mitochondria also fulfil many 
other functions, such as contributing to lipid, amino acid and nucleotide syntheses and catabolism, integration of 
pro- and anti-apoptotic signals, control of calcium homeostasis and redox signalling. Mitochondria are also a cell 
signalling hub through sensing of Pathogen-Associated Molecular Patterns (PAMPs) and by initiating signalling 
pathways such as apoptosis and innate immune responses7–9. The concentration of these various functions in one 
single organelle makes mitochondria a target of choice for intracellular pathogens. Several bacteria (e.g. Listeria 
monocytogenes and Vibrio cholera) and viruses (e.g. Hepatitis C and Epstein-Barr) are reported to manipulate 
mitochondria during infection10–12. In the present study, we analysed the effect of Brucella abortus on the biology 
of mitochondria of myeloid (RAW 264.7 macrophage) and non-myeloid (HeLa) cells.

Brucella spp. are Gram-negative, facultative, intracellular bacteria responsible for brucellosis, a worldwide 
zoonosis. Brucellosis leads to abortion and sterility in animals, whereas Brucella infection in humans causes 
undulating fever and articular, cardiac and neurological complications during the chronic phase of the infec-
tion13. Once inside the infected cell, Brucella is contained in vacuoles (BCV, for Brucella-containing vacuoles) that 
interact with and acquire the markers of different components of the endosomal pathway14. In most cell types, 
the BCV transiently interact with the lysosomes to reach, in fine, an ER-derived compartment where bacteria 
replicate massively14. The transition from the endosomal pathway to the ER is dependent on VirB, the type IV 
secretion system (T4SS) of Brucella14.

Considering the massive replication of Brucella in the ER, different groups have shown that the unfolded pro-
tein response (UPR), an ER stress response, is activated in Brucella-infected cells15–17. These observations suggest 
that the ER is under stress and that its functions are affected during Brucella infection. The ER and mitochondria 
are two organelles that interact both physically and functionally, and ER stress is known to modify mitochondrial 
functions18,19. It thus makes sense to analyse the impact of Brucella infection on the mitochondrial population of 
infected cells.

A very recent study demonstrated that B. abortus disrupts mitochondrial energy production by inducing a 
Warburg-like metabolic shift in human macrophages, which is associated with increased bacterial survival20. 
Furthermore, additional evidences suggest that other mitochondrial functions might be affected during Brucella 
infection. One transcriptomic study revealed the down-regulation of several nuclear genes encoding mitochon-
drial proteins in B. melitensis-infected RAW 264.7 macrophages at 4 h post-infection (PI)21. Mitochondrial ROS 
(mtROS) were also reported to participate in the production of interleukin-1β (IL-1β) in B. abortus-infected 
murine macrophages, in a process involving the NOD-Like Receptor family Pyrin domain containing 3 
(NLRP3)22. In addition, BCV fractions obtained by subcellular fractionation of B. abortus-infected BHK-21 cells, 
were systematically contaminated by mitochondria and the immune-precipitation of mitochondria in those frac-
tions lead to the loss of most of the BCVs23, suggesting the possibility of a physical interaction between the mito-
chondria and BCV.

In the present study, we highlighted the presence of intimate contacts between BCV and mitochondria, sug-
gesting that these structures might physically interact. We show that B. abortus replication does not rely on mito-
chondrial OXPHOS and that mtROS do not participate in the control of B. abortus infection in vitro. However, 
we demonstrate that Brucella infection induces a strong fragmentation of the mitochondrial network in infected 
cells in a process that does not involve DRP1. This mitochondrial fragmentation might be caused by a deficit of 
fusion. Indeed, the abundance of MFN1 and MFN2 is dramatically reduced in mitochondria-enriched fractions 
prepared from infected cells, while the levels OPA1 remain unchanged. We further showed that Brucella-induced 
mitochondrial fragmentation does not affect the sensitivity of Brucella-infected cells to Tumour-Necrosis Factor 
α (TNFα)-induced apoptosis, nor does it impair replication of the bacteria in the host cells.

Results
Brucella and mitochondria might physically interact. First, we studied the potential interactions 
between Brucella and mitochondria by performing a transmission electron microscopy analysis of the ultrastruc-
ture of the infected cells. We observed, in many cases, close contacts between BCVs and mitochondria, both in 
vitro, in B. abortus-infected HeLa cells (24 h PI) (Fig. 1a), and in vivo, in trophoblasts from BALB/c mice intra-
peritoneally infected with B. melitensis (5 d PI) (Fig. 1b). These observations suggest that BCV might physically 
interact with mitochondria.

Inhibition of mitochondrial respiration and modulation of mtROS content in host cells does 
not prevent B. abortus replication. Given the possible interaction between BCVs and mitochondria, we 
addressed the question of the role of mitochondrial bioenergetics during Brucella infection by comparing the 
infection efficiency in two models of mitochondrial respiration dysfunction. The first model consists of RAW 
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264.7 macrophages incubated with inhibitors of complex 3 of the electron transport chain (ETC C3): antimycin 
A and myxothiazol. RAW 264.7 cells were pre-incubated with or without 10 nM myxothiazol or 100 nM anti-
mycin A for 6 h to induce ATP depletion (a decrease of approximately 80 %) (Supp. Fig. S1a). Cells were then 
infected with B. abortus 2308, with or without inhibitors. Colony forming units (CFU) were analysed at several 
times post-infection (PI) to monitor Brucella replication. Inhibition of ETC C3 did not affect Brucella replication 
(Fig. 2a). Under the same conditions, we also used confocal microscopy to assess the percentages of cells infected 
by B. abortus 2308 mCherry and we did not observe any difference in the proportion of infected cells between the 
treated and untreated cells with ETC C3 (Supp. Fig. S1b).

We further investigated the relative importance of OXPHOS in Brucella infection using cells depleted in mito-
chondrial DNA (mtDNA) as host cells. The depletion of mtDNA triggers a complete loss of ATP production by 
OXPHOS24. HeLa rho0 cells, depleted in mtDNA by an ethidium bromide treatment, were compared with EB1 
cells (cells generated from HeLa rho0 cells and recolonised with WT mtDNA)24. As shown in Supp. Fig. S1c, rho0 
cells are completely depleted of mitochondrial genome-encoded mitochondrial proteins (such as the subunit I 
of the Cytochrome c Oxidase, COX I) but not of nuclear genome-encoded mitochondrial proteins (such as COX 
IV). Rho0 and EB1 HeLa cells were infected with B. abortus 2308 and CFU were counted at several time points 
PI. In this experiment, the number of CFU was normalised for protein content to account for the differences in 
the doubling time observed between these two cell lines24. As shown in Fig. 2b, Brucella replication was compa-
rable in both cell lines, even if we detect a significant difference at 24 h PI. Brucella replication was comparable 
in both cell lines, even if we detect a significant difference at 24 h PI. This could suggest a difference in kinetics of 
replication but, at the end time point analysed (48 h PI), this effect is not observed anymore. Therefore, even if we 
cannot completely rule out that Brucella replication might be partially supported by mitochondrion-dependent 
ATP production, mitochondrial respiration is not required for B. abortus replication.

The mtROS are also crucial for elicitation of the immune response, by taking part in cell signalling and by a 
direct bactericidal effect25. We therefore analysed the putative impact of the mtROS content on B. abortus replica-
tion. Antimycin A inhibits the ETC C3, but it also triggers mtROS production26, as confirmed using flow cytom-
etry. Our analysis of the superoxide anion radicals content in RAW 264.7 macrophages incubated with 100 nM 
antimycin A for different incubation times and then loaded with the MitoSOX probe (Supp. Fig. S1d) revealed a 
higher ROS production in cells incubated with antimycin A (48 h post-treatment). The presence of antimycin A 
did not change the numbers of CFU recovered from RAW 264.7 macrophages following infection with B. abortus 
(Fig. 2a), so we concluded that bacterial replication is not affected by mtROS production.

To support this conclusion, the effect of Mito-TEMPO, a specific mitochondrial-targeted superoxide scav-
enger27, was tested on bacterial replication (Fig. 2c). We used a protocol previously reported to lower mtROS 
content22, namely a 1 h pre-incubation of RAW 264.7 macrophages with 500 µM Mito-TEMPO, and then infected 
the cells with B. abortus 2308 in the presence or not of the antioxidant. At several time points PI, the number of 
CFU was analysed, but we did not observe any effect of Mito-TEMPO on B. abortus replication (Fig. 2c). Taken 

Figure 1. Mitochondria and BCV seem to interact physically during Brucella abortus infection (a). Electron 
microscopy analyses of B. abortus 2308 RFP-infected HeLa cells – 24 h PI. Scale bars represent 600 nm (b). 
Electron microscopy analyses of trophoblasts from B. melitensis 16M-infected BALB/c mice (105 bacteria/
mouse – intraperitoneal infection) – 5 d PI. Scale bars represent 600 nm.
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together, these results suggest that mtROS do not participate in the control of Brucella infection, as neither an 
increase nor a decrease in the mtROS content affects Brucella replication.

Brucella induces mitochondrial fragmentation in infected cells. While the inhibition of the mito-
chondrial respiration did not affect Brucella replication, we wondered whether the intracellular bacteria could 

Figure 2. Mitochondrial dysfunction does not modulate Brucella abortus replication (a). CFU/well of RAW 
264.7 macrophages preincubated for 6 h with or without (Ctl) 10 nM myxothiazol (Myxo) or 100 nM antimycin 
A (AA) and infected with B. abortus 2308 with or without the inhibitors. Results represent means ± SD for three 
independent experiments (n = 3). Statistical analysis: two-way ANOVA (b). CFU/µg of proteins of HeLa EB1 
(Ctl) and rho0 infected with B. abortus 2308. Results represent means ± SD for three independent experiments 
(n = 3). Statistical analysis: two-way ANOVA. (*P < 0.05) (c). CFU/well of RAW 264.7 macrophages pre-
incubated for 1 h with or without (Ctl) 500 µM Mito-TEMPO and infected with B. abortus 2308 with or without 
Mito-TEMPO. Results represent means ± SD for two independent experiments (n = 2). Statistical analysis: two-
way ANOVA on ranks.
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affect the mitochondrial network. To do so, we immunostained the infected cells with an antibody targeting the 
Translocase of the Outer Membrane 20 (TOM20), a protein located in the mitochondrial outer membrane that 
acts as a receptor for mitochondrial protein import28. We first analysed, by confocal microscopy, the mitochon-
drial morphology in HeLa cells infected with B. abortus 2308 mCherry at several PI time points ranging from 2 to 
48 h (Supp. Fig. S2a). We then used the ImageJ software to analyse the morphology of the mitochondrial network, 
determining the “aspect ratio” to estimate the level of the network elongation and the “end point/branch point” 
ratio to evaluate the level of network connectivity29 (Supp. Fig. S2b). This analysis revealed a shortening of the 
of mitochondrial fragments, detected at 24 h PI and enhanced at 48 h PI, while the fragmentation of the mito-
chondrial network was clearly detected only at 48 h PI (Supp. Fig. S2c and d). This fragmentation was exclusively 
observed in cells that contained bacteria. These experiments were repeated (n = 14) in B. abortus-infected HeLa 
cells at 48 h PI, confirming our previous data (Fig. 3a–c).

The same analysis was performed in B. abortus-infected bone marrow-derived macrophages (BMDMs) used 
as ex vivo host cells, confirming that mitochondrial fragmentation was not restricted to infected HeLa cells, but 
was also observed in BMDMs (Fig. 3d–f). However, in the latter, there was no statistically significant difference in 
the aspect ratio between the control and infected cells. One potential explanation might be that the high nucleus/
cytoplasm ratio of the macrophages limits the length of mitochondrial fragments even when the mitochondrial 
network is connected/elongated.

We further confirmed that the Brucella-induced mitochondrial fragmentation also occurred in other cell 
types, such as RAW 264.7 macrophages (Supp. Fig. S3a) and BeWo trophoblasts (Supp. Fig. S3b), two additional 
cell models relevant to the study of Brucella infection14. We also determined whether mitochondrial fragmenta-
tion is specific to B. abortus by examining the mitochondrial morphology in Brucella melitensis-infected HeLa 
and RAW 264.7 cells (Supp. Fig. S4a–c). We found that B. melitensis also induces mitochondrial fragmentation, 
but to a lesser extent than B. abortus (Supp. Fig. S4c). Taken together, these results demonstrate that Brucella spp. 
infection induces mitochondrial fragmentation in various human and murine host cells by 48 h PI.

Search for possible mechanisms responsible for Brucella-induced mitochondrial fragmentation.  
Given the mitochondrial fragmentation induced by Brucella infection, we sought to delineate the mechanisms 
involved, by studying different cell components known to regulate mitochondrial morphology; namely, the 
cytoskeleton organisation, mitochondrial calcium uptake and the ER stress response.

Cytoskeleton organisation. Mitochondria organisation and distribution in the cell depend on the interactions 
of the mitochondria with the cytoskeleton30. Cytoskeleton elements also actively participate in the mitochondria 
fission process, as microtubules are involved in the mitochondrial recruitment of DRP131, most likely through 
the promotion of ER–mitochondria interactions32. In addition, microfilaments take part in mitochondrial fission 
by recruiting DRP1 at the fission site, in collaboration with the ER33. Recently, a requirement for F-actin has also 
been postulated for the DRP1-independent mitochondrial fragmentation that occurs during Listeria monocy-
togenes infection34.

Interestingly, the cytoskeleton is known to be affected during Brucella infection. Actin polymerisa-
tion is involved in Brucella uptake in both macrophages and epithelial cells35–38. Brucella also secretes TIR 
domain-containing protein (TcpB), an effector that modulates microtubule dynamics by acting as a stabilisation 
factor, although this activity has only been studied in vitro39.

That is why we studied the actin and tubulin cytoskeletons in Brucella-infected cells by performing co-(im-
muno)staining of β-actin or α-tubulin and TOM20 in HeLa cells infected with B. abortus 2308 mCherry (48 h 
PI) (Supp. Fig. S5a and b). We did not observe any major modification in the organisation of microfilaments or 
microtubules in the infected cells when compared to the organisation found in control non-infected cells.

Mitochondrial calcium uptake. Elevation of the cytoplasmic calcium concentration ([Ca2+]c) can lead to 
mitochondrial fragmentation40 in a DRP1-dependent41 or, as demonstrated in L. monocytogenes infection, in 
a DRP1-independent manner34. Infection with B. abortus has been described to induce an increase in [Ca2+]c 
in infected macrophages42. Therefore, we analysed the effect of inhibiting the mitochondrial calcium influx on 
Brucella-induced mitochondrial fragmentation. HeLa cells were pre-incubated for 30 min with or without 1 or 
10 µM ruthenium red (RuRed) to inhibit the mitochondrial calcium uniporter (MCU)43–45. The cells were then 
infected or not with B. abortus 2308 mCherry in the presence or in the absence of the inhibitor. Mitochondrial 
morphology was assessed at 48 h PI as already described (Fig. 4a–c). Under these conditions, we did not observe 
any effect of RuRed on Brucella-induced mitochondrial fragmentation, suggesting that mitochondrial calcium 
uptake might not be responsible for the mitochondrial morphology alteration observed during Brucella infection.

ER stress. The replication of Brucella has been shown to lead to the activation of one or several UPR pathways 
in infected macrophages and epithelial cells15–17. As shown by the co-immunostaining of PDI (an ER marker) 
and TOM20 (a mitochondrial marker), we also observed alterations of the ER distribution in B. abortus-infected 
HeLa cells at 48 h PI (Fig. 4d). ER stress is known to affect mitochondrial morphology and functions18,19, so we 
studied the potential involvement of the UPR on Brucella-induced mitochondrial fragmentation.

We characterised UPR activation in our infection model by assessing the phosphorylation status of IRE1. 
RAW 264.7 macrophages were infected with B. abortus 2308 mCherry and at 48 h PI the abundance of phospho-
rylated and total forms of IRE1 was assessed by western blotting. Cells treated with tunicamycin, an inhibitor of 
N-glycosylation, were used, as a positive control16. As shown in Fig. 4e, we observed no phosphorylation of IRE 
in response to Brucella infection. These results were confirmed in HeLa cells (Supp. Fig. S6a) and were consistent 
with the absence of activation of other UPR markers, such as the increase in the abundance of the binding immu-
noglobulin protein (Bip/GRP78) and the phosphorylated form of the eukaryotic translation initiation factor 2 
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Figure 3. Brucella abortus infection induces mitochondrial fragmentation in infected HeLa and BMDM 
cells (a). TOM20 immunostaining in HeLa cells infected or not (control) with B. abortus 2308 mCherry - 
48 h PI. (Representative of n = 14) Green: TOM20 (Alexa488)/Red: B. abortus 2308 (mCherry)/Turquoise: 
Nuclei (Hoechst) (b,c). Aspect ratio (b) and end point/branch point ratio (c) determined in HeLa cells 
infected or not (control) with B. abortus 2308 mCherry - 48 h PI. Results represent means ± SD for fourteen 
independent experiments (n = 14). Statistical analysis: Rank sum test (Mann-Whitney). (***P < 0.001). 
The numbers indicated in the columns represent the number of cells analysed for each condition. (d) 
TOM20 immunostaining in BMDM cells infected or not (control) with B. abortus 2308 mCherry - 48 h PI 
(Representative of n = 3). Green: TOM20 (Alexa488)/Red: B. abortus 2308 (mCherry)/Turquoise: Nuclei 
(Hoechst) (e,f) Aspect ratio (e) and end point/branch point ratio (f) of BMDM cells infected or not (control) 
with B. abortus 2308 mCherry - 48 h PI. Results represent means ± SD for three independent experiments 
(n = 3). Statistical analysis: Rank sum test (Mann-Whitney). (**P < 0.01) The numbers indicated in the 
columns represent the number of cells analysed for each condition.



www.nature.com/scientificreports/

7SCIENTIFIC REPORTS |  (2018) 8:5173  | DOI:10.1038/s41598-018-23483-3

alpha (P-eIF2α) (unpublished data). These results suggest that the UPR is not induced in our experimental model 
of B. abortus infection. However, only a small proportion of cells contain replicating bacteria (around 5 % at 
48 h PI for RAW 264.7 macrophages); therefore, we cannot rule out that if phosphorylation occurs only in cells 
containing the bacteria, the signal for phosphorylated IRE1 might be difficult to detect using a global test like 
western blotting.

Brucella-induced mitochondrial fragmentation is DRP1-independent. We further explored the 
mechanisms by which Brucella could induce mitochondrial fragmentation by examining the protein abundance 
of some key factors that regulate and control mitochondrial morphology/dynamics in B. abortus-infected cells.

We first compared the percentages of DRP1, a key effector of mitochondrial fission3, located at the mito-
chondria in cells with or without Brucella infection. HeLa cells were infected with B. abortus 2308 WT, followed 
by co-immunostaining for DRP1 and MFF or FIS1 (two known DRP1 receptors)3 and acquisition of confocal 
micrographs at 24 and 48 h PI. The percentages of DRP1 that co-localised with the above-mentioned receptors 
were quantified using the ImageJ software (Figs 5a–d and S7 and S8). A decrease in the proportion of DRP1 that 
co-localised with the mitochondria in infected cells, when compared to the control, suggests that DRP1 is not 
recruited to the mitochondria in Brucella-infected cells and therefore might not be involved in the fragmentation 
of the organelle triggered by the bacteria.

We confirmed this hypothesis by analysing the capacity of Brucella to induce mitochondrial fragmentation in 
the absence of DRP1. DRP1+/+ and DRP1−/− mouse embryonic fibroblasts (MEFs) were infected with B. abortus  
2308 mCherry. The distribution of the mitochondrial network immunostained for TOM20 was observed by 

Figure 4. Search for potential mechanisms involved in Brucella abortus-induced mitochondrial fragmentation 
(a). TOM20 immunostaining in HeLa cells pre-incubated for 30 min with the indicated concentration 
of ruthenium red and infected with B. abortus 2308 mCherry with or without the inhibitor - 48 h PI 
(Representative of n = 3). Green: TOM20 (Alexa488)/Red: B. abortus 2308 (mCherry)/Turquoise: Nuclei 
(Hoechst) (b,c). Aspect ratio (b) and end point/branch point ratio (c) of HeLa cells pre-incubated for 30 min 
with the indicated concentration of ruthenium red and infected (white) or not (black) with B. abortus 2308 
mCherry with or without the inhibitor – 48 h PI. Results represent means ± SD for three independent 
experiments (n = 3). Statistical analysis: two-way ANOVA on Box Cox transformed data. P value for interaction: 
0.446 and 0.051 respectively. The numbers indicated in the columns represent the number of cells analysed for 
each condition. (d) PDI and TOM20 co-immunostaining in HeLa cells infected or not (control) with B. abortus 
2308 mCherry - 48 h PI (Representative of n = 3). Green: PDI (Alexa488)/Blue: TOM20 (Alexa633)/Red: B. 
abortus 2308 (mCherry)/Turquoise: Nuclei (Hoechst). (e) Western blot analysis of P-IRE1 and IRE1 abundance 
in RAW 264.7 macrophages infected or not with B. abortus 2308 mCherry - 48 h PI (Representative of n = 3 in 
different conditions). RAW 264.7 cells treated for 6 h with 10 µM tunicamycin and then left for 18 h for recovery 
were used as a positive control. Actin abundance was assessed on the same blot as a loading control. These full-
length blots are presented in Supp. Fig. S10a and b.
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Figure 5. Molecular actors involved in Brucella abortus-induced mitochondrial fragmentation (a,c) FIS1 (a)/
MFF (b) and DRP1 co-immunostaining in HeLa cells infected or not (control) with B. abortus 2308–24 and 48 h PI 
(Representative of n = 3). Green: DRP1 (Alexa488)/Red: FIS1/MFF (Alexa563)/Turquoise: Nuclei and B. abortus 
2308 (Hoechst) (b,d) Quantification of the percentages of DRP1 co-localising with FIS1 (b)/MFF (d) in HeLa 
cells infected (white) or not (black) with B. abortus 2308. Results represent means ± SD for three independent 
experiments (n = 3). Statistical analysis: Rank sum test (Mann-Whitney) (**P < 0.01, ***P < 0.001). The numbers 
indicated in the columns represent the number of cells analysed for each condition (e). TOM20 immunostaining 
in DRP1+/+ or DRP1−/− MEFs infected or not (control) with B. abortus 2308–48 h PI (Representative of n = 3). 
Green: TOM20 (Alexa488)/Red: B. abortus 2308 (mCherry)/Turquoise: Nuclei (Hoechst) (f,g) Aspect ratio (f) and 
end point/branch point ratio (g) of DRP1+/+ or DRP1−/− MEFs infected (white) or not (black) with B. abortus 2308 
mCherry - 48 h PI. Results represent means ± SD for three independent experiments (n = 3). Statistical analysis: 
two-way ANOVA on Box Cox transformed data. P value for interaction: 0.004 and 0.692 respectively. The numbers 
indicated in the columns represent the number of cells analysed for each condition. (h) Western blot analysis of 
MFN1, MFN2 and OPA1 abundance in mitochondrial enriched fractions (Mito) or total proteins from total cell 
lysates of RAW 264.7 cells infected (Inf) or not (Ctl) with B. abortus 2308 mCherry - 48 h PI. TOM20 abundance 
was assessed on the same blot as the loading control. These full-length blots are presented in Supp. Fig. S10c,e.
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confocal microscopy at 48 h PI (Fig. 5e–g). As expected, the mitochondrial network was more elongated for 
DRP1−/− cells than for DRP1+/+ cells (p value < 0.001). However, Brucella induced a fragmentation of the orga-
nelle in both cell lines, confirming that DRP1 is not required for Brucella-induced mitochondrial fragmentation. 
Nevertheless, the absence of DRP1 has a significant effect on modifications of the network morphology induced 
by the bacteria (aspect ratio - P value for interaction: 0.004) (Fig. 5f), so we cannot completely rule out a partial 
participation of DRP1 in the fragmentation process.

We next analysed the mitochondrial abundance of the fusion effectors in Brucella-infected cells. RAW 264.7 
macrophages were infected with B. abortus 2308 mCherry. At 48 h PI, mitochondrion-enriched fractions were 
prepared and the abundance of MFN1, MFN2 and OPA1 was analysed by western blotting. TOM20 abundance 
was used as a loading control (Fig. 5 h). The abundance of MFN1 and MFN2, but not OPA1, is dramatically and 
exclusively reduced in the mitochondrial fractions of Brucella infected cells, suggesting a change in the location 
of the protein during Brucella infection rather than a reduction of their global expression. These results suggest 
that the fragmentation of mitochondria induced by Brucella might result from a deficit of mitochondrial fusion, 
rather than an increase in mitochondrial fission.

Mitochondrial fragmentation does not affect Brucella replication. We next wondered whether the 
fragmentation of mitochondria in the host cells was part of a cell defence mechanism or part of a bacterial inva-
sion strategy. We analysed the effect of the mitochondrial fragmentation on Brucella replication by inducing mod-
ifications of the mitochondrial morphology using siRNA against different effectors that regulate mitochondrial 
dynamics. As expected, the silencing of DRP1 in HeLa cells led to an elongation of the mitochondrial network, 
whereas siRNAs directed against MFN1, MFN2 or both resulted in a fragmented network (Supp. Fig. S9). HeLa 
cells were then transfected with specific siRNAs against mRNAs encoding these proteins or non-target siRNA 
and infected with B. abortus 2308. Brucella replication was assessed under the different conditions by counting 
the CFU at 3, 24 or 48 h PI, but we found no significant differences between the CFU obtained for the different 
conditions affecting the mitochondrial morphology and the CFU for cells transfected with non-target siRNA 
(Fig. 6). A slight difference was noted between the CFU recovered from transfected and untransfected cells, most 
likely due the stress caused by transfection. These results demonstrate that the entry and replication of B. abortus 
are not affected by changes in mitochondrial morphology at the onset of the infection.

Mitochondrial fragmentation does not protect Brucella-infected macrophages against 
TNFα-induced apoptosis. The morphological status of mitochondria is known to modulate apoptosis 
either by promoting apoptosis, as reviewed by Scorrano46, or by protecting against apoptosis, as demonstrated by 
Szabadkai6. In addition, Brucella may impact host cell apoptosis by inhibiting47–54 or inducing55–59 programmed 
cell death according to the cell type. One possibility is that mitochondrial fragmentation triggered by the bacteria 
might modulate the capacity of infected cells to respond to the extrinsic stresses encountered during the infection, 
such as exposure to pro-inflammatory cytokines. We examined the relative sensitivity of cells containing the bac-
teria to TNFα, an apoptosis inducer and pro-inflammatory cytokine, secreted by some Brucella-infected cells59–61.

RAW 264.7 macrophages were infected with B. abortus 2308 mCherry and at 48 h PI (when the mitochon-
drial network is highly fragmented), the cells were incubated for 2 h with or without 10 ng/ml TNFα and 10 µg/
ml cycloheximide (CHX) to induce apoptosis. CHX is an inhibitor of protein synthesis reported to inhibit the 
pro-survival NF-κB pathway that is activated by TNFα62. Apoptosis was assessed by confocal microscopy analysis 
of active caspase 3 (A-C3) immunostaining (Fig. 7a). We first assessed the percentages of total A-C3-positive cells 
under the different conditions and showed that Brucella seems to protect cells against TNFα-induced apopto-
sis. Brucella infection decreased the percentage of A-C3 positive cells induced by a TNFα/CHX treatment from 
7.82 % in uninfected cells to 1.91 % in the infected cells (Fig. 7b). However, when considering only the cell popu-
lation exposed to the bacteria (containing or not bacteria) and treated with TNFα/CHX, we observed no differ-
ence in the percentages of A-C3 positive cells between cells that contained replicating bacteria (2.71 %) and cells 
that did not contain replicating bacteria (1.87 %) (Fig. 7c). These results suggest that it is not the mitochondrial 
fragmentation triggered by the bacteria that explains the protective effect of Brucella in the TNFα-treated cells.

Discussion
This study of the crosstalk between Brucella and mitochondria in infected cells highlighted potential physical 
interactions between mitochondria and BCVs. We confirmed that Brucella does not rely on mitochondrial 
OXPHOS for its intracellular replication. We also showed that mtROS do not participate to the control of Brucella 
replication in vitro. Finally, we demonstrated that Brucella induces a DRP1-independent mitochondrial fragmen-
tation in infected cells and that this fragmentation does neither affect the bacterial replication nor the susceptibil-
ity of infected cells to TNFα-induced apoptosis.

First, electron microscopy examinations revealed the presence of very intimate contacts between mitochon-
dria and BCVs, suggesting a possible physical interaction between these two structures. Further analyses are 
needed to characterise the molecular nature of these putative interactions, but these results corroborate previous 
observations23. A previous attempt to characterise the protein content of BCVs in BHK21 cells by a proteomic 
approach was hampered by contamination of the BCV fraction with mitochondria during the cell fractionation 
procedure. Furthermore, attempts to eliminate the mitochondria from the BCV fractions by immunoprecipita-
tion of the organelle using Dynabeads coated with antibodies raised against VDAC1 led to a loss of most of the 
BCVs23, a finding that supports the hypothesis of a physical interaction between mitochondria and BCVs in the 
infected cells.

We showed that inhibition of the respiratory chain does not change the efficiency of Brucella infection and 
replication. One explanation for this result may involve the observation that we (unpublished) and others have 
made whereby B. abortus infection leads to the activation of glycolysis in infected macrophages63. This activation 
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is linked to M2 polarisation of infected macrophages, which are known to rely on glycolysis for their metabo-
lism63. Those results also corroborate the results obtained by Czyz and collaborators that demonstrate that B. 
abortus induces a Warburg-like metabolic shift in human macrophages. This shift promotes the bacterial survival, 
probably by providing amino acids and lactate that can be metabolised by the bacteria20. This process is not spe-
cific to Brucella as it is also described during Mycobacterium tuberculosis infection64.

We also highlighted that the increase in production of mtROS that results from the inhibition of mitochon-
drial electron transport chain in B. abortus-infected macrophages does not seem to control the intracellular rep-
lication of the bacteria. However, one interesting feature is that mtROS participate in the establishment of the 
immune response in vivo22. Indeed, infection with B. abortus triggers the production of mtROS in BMDM after 
17 h and contributes to the secretion of IL-1β in an NLRP3-dependent manner. NLRP3 or IL-1β KO mice are 
reportedly more susceptible to B. abortus infection22. Unfortunately, the use of the MitoSOX probe, which is typ-
ically used for the specific detection of O2

−, in the mitochondria, is restricted to unfixed cells and we were unable 
to measure mtROS production directly under our experimental conditions.

We demonstrated that B. abortus and B. melitensis replication is accompanied by mitochondrial fragmen-
tation at 48 h PI in several infected human and murine cell types. Although alterations of the mitochondrial 
distribution during Brucella infection were recently described, the mechanisms involved in the process were not 
analysed20,65. We thus explored several hypotheses to identify the potential mechanisms underlying the observed 
Brucella-induced mitochondrial network fragmentation.

First, we showed that Brucella infection does not modify the actin and tubulin cytoskeleton organisation 
at 48 h PI. Thus, changes in the organisation of these structures are unlikely to be connected to mitochondrial 
fragmentation. Additionally, the inhibition of actin or tubulin polymerization at the end of the infection (the 
only time compatible with the use of pharmacologically active concentrations that maintain cell viability) using 
cytochalasin D (24 h–400 ng/ml) or nocodazole (4 h–1 µg/ml), respectively, does not prevent Brucella-induced 

Figure 6. Alteration of mitochondrial morphology does not affect Brucella abortus replication. CFU/well of 
Hela cells transfected or not (Untransfected) with siRNA non-target (20 or 40 nM) or siRNAs against DRP1 
(20 nM), MFN1 (20 nM), MFN2 (20 nM) or MFN1/2 (20 nM + 20 nM) and infected with B. abortus 2308. 
Results represent means ± SD for three independent experiments (n = 3). Statistical analysis: two-way ANOVA.
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mitochondrial fragmentation (data not shown). Together, those results suggest that actin and tubulin cytoskele-
ton components do not take part in the modification of mitochondrial morphology observed in Brucella-infected 
cells. However, we cannot completely rule out that conditions allowing to prevent the actin/tubulin polymeriza-
tion during the entire post-infection time would not have affected Brucella-induced mitochondrial fragmentation.

We also showed that MCU inhibition does not prevent mitochondrial fragmentation in Brucella-infected 
cells, which suggests that mitochondrial calcium uptake might not be responsible for this process. However, even 
if mitochondrial calcium influx is mainly mediated by MCU, other accessory channels and transporters might 
also participate in the process66. Additionally, cytosolic calcium-dependent signalling could still play a part in 
Brucella-induced mitochondrial fragmentation by a mechanism independent of mitochondrial calcium buffer-
ing. For example, high [Ca2+]c levels can activate signalling pathways that modulate the activity of effectors of 

Figure 7. Effect of mitochondrial morphology alteration on susceptibility of Brucella abortus-infected cells 
to apoptosis (a). Active caspase 3 immunostaining in RAW 264.7 macrophages infected or not (control) 
with B. abortus 2308 mCherry and stimulated with or without 10 ng/ml TNFα and 10 µg/ml CHX for 2 h 
(Representative of n = 4). Green: Active Caspase 3 (Alexa488)/Red: B. abortus 2308 (mCherry)/Turquoise: 
Nuclei (Hoechst) (b). Quantitative analysis of the percentages of cells positive for active caspase 3 staining 
in RAW 264.7 macrophages infected or not (control) with B. abortus 2308 mCherry and stimulated with 
or without 10 ng/ml TNFα and 10 µg/ml CHX for 2 h. Results represent means ± SD for four independent 
experiments (n = 4). Statistical analysis: two-way ANOVA on log transformed data. (***P < 0.001) (c). 
Quantitative analysis of the percentages of cells expressing the active caspase 3 in RAW 264.7 macrophages 
infected with B. abortus 2308 mCherry for 48 h and stimulated with 10 ng/ml TNFα and 10 µg/ml CHX for 
2 h, among cells containing or not replicating bacteria. Results represent means ± SD for four independent 
experiments (n = 4). Statistical analysis: Student’s t-test.
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mitochondrial morphology, such as the mitogen-activated protein kinase (MAPK) extracellular signal-regulated 
kinase 1/2 (ERK1/2) that can phosphorylate DRP1 and promote its recruitment to the mitochondrial surface 
in cells exposed to high glucose concentrations67. Therefore, we cannot completely rule out a possible role 
for changes in calcium homeostasis in Brucella-induced mitochondrial fragmentation.

The role of UPR also seems marginal in terms of the fragmentation of mitochondria observed in infected cells, 
as it was not activated under the infection conditions used in this study. We did not detect any phosphorylation of 
IRE1 in infected RAW 264.7 or HeLa cells, a result consistent with the absence of any activation of UPR markers 
in B. abortus-infected RAW 264.7 cells (unpublished data). However, alterations of the ER structure caused by the 
massive proliferation of B. abortus within the organelle could indirectly induce mitochondrial fragmentation by 
disturbing the physical contacts between ER and mitochondria.

Brucella-induced mitochondrial fragmentation is DRP1-independent and might be caused by a deficit of 
mitochondrial fusion. Calcium flux-dependent and DRP1-independent mitochondrial fragmentation was previ-
ously described in the context of L. monocytogenes following insertion of lysteriolysin O (LLO), a pore-forming 
toxin, in the plasma membrane, which triggered a transient mitochondrial fragmentation during bacterial 
entry34,68. Mitochondrial fragmentation caused by a fusion deficiency was also reported in several models, includ-
ing Alzheimer disease69, embryonic nicotine exposure70, extrahepatic cholestasis71 and neuroblastoma72, in which 
depletion of MFN1 and/or MFN2 was sufficient to trigger fragmentation of the mitochondrial network.

The potential involvement of bacterial components and/or effectors in active manipulation of mitochondrial 
morphology still needs more investigation. The poor characterisation of Brucella effectors73 and the fact that VirB 
is essential for Brucella replication14 complicate the elucidation of molecular mechanisms by which Brucella could 
induce mitochondrial fragmentation. However, a recently published conditional virB11 mutant could be very 
useful for studying the involvement of bacterial effector release in post-replication processes, such as mitochon-
drial fragmentation74.

Although our current set of data does not allow to exclude that Brucella-induced mitochondrial fragmentation 
is part of a global stress response caused by the bacteria engulfment or heavy bacterial load in the cytoplasm of 
infected cells, several reports in the literature suggest that it is unlikely that the bacterial entry, by itself, induces 
mitochondrial fragmentation. Indeed, in their study about L. monocytogenes-induced mitochondrial fragmenta-
tion in HeLa cells, Stavru and collaborators showed that this process is not a general response to bacterial entry as 
different bacterial species including extracellular bacteria (EPEC), intracellular bacteria evolving in a vacuole (E. 
coli(Inv) (model for Yersina pseudotuberculosis) and Salmonella) or in the cytoplasm (S. flexneri and L. innocua) 
do not induce mitochondrial fragmentation68. Additionally, there are examples of bacterial effectors inducing 
mitochondrial fragmentation such as LLO from L. monocytogenes68, VacA from H. pylori75 and MitF from L. 
pneumophila76.

Furthermore, it is important to emphasize that even if the mitochondrial fragmentation observed in 
Brucella-infected cells is caused by the stress of a massive infection, the phenotype is still physiological and thus 
interesting to study in details. Indeed, it is known that Brucella is a stealthy bacterium that can replicate massively 
inside the host cell without impacting its viability. In addition, such highly infected cells can be observed in vivo in 
different infection models such as alveolar macrophages of intranasally-infected mice77 or trophoblasts of infected 
pregnant mice78 or goats79.

Mitochondrial morphology might not control Brucella replication. Notably, even when the mitochondrial 
morphology is modified at the time of the infection, Brucella is still able to trigger the mitochondrial fragmenta-
tion during the course of the infection, as observed in DRP1−/− MEF cells, therefore limiting the analysis of the 
putative impact of altered mitochondrial morphology on bacterial replication. We found that the mitochondrial 
fragmentation observed in cells containing Brucella neither protects against nor amplifies TNFα-induced apopto-
sis, as monitored by caspase-3 activation. Indeed, even when Brucella infection seems to protect against apoptosis, 
this protection is observed across the entire cell population and not specifically in cells containing the bacteria. 
This protection is therefore probably mediated by soluble factors secreted by the bacteria or by the infected cells. 
Indeed, Brucella is known to prevent the activation of IFNγ or FasL-induced apoptosis both in infected and 
non-infected monocytes, suggesting the involvement of soluble factors49. Additionally, Brucella-infected cells 
are known to secrete TNFα50,56,58,59,80–82, a cytokine with a known dual effect. On the one hand, TNFα induces 
pro-survival NF-κB signalling and, on the other hand, in cases of excessive stimulation, it promotes apoptosis83. 
The hormesis effect predicts that exposure to an unlethal stress will enhance the capacity of a cell to deal with a 
more severe one84. Therefore, TNFα secreted by infected cells might improve cellular resistance to TNFα-induced 
apoptosis by promoting pro-survival pathways.

The benefit that the infected cell or Brucella obtains from this alteration in the mitochondrial morphology 
during the replication of the bacteria is unclear. In the context of infection, other bacteria, such as Helicobacter 
pylori75, L. monocytogenes68 or Vibrio cholerae85, are reported to modulate mitochondrial morphology in order 
to induce apoptosis, generate a metabolic slowdown of the host cell or interfere with the immune signalling, 
respectively. From a more global point of view, the importance of mitochondrial morphology has been illustrated 
in different human pathologies, such as Parkinson disease86, Alzheimer disease87 or diabetes88. The impact of 
mitochondrial dynamics on cell metabolism and mtROS production is the most documented89–92, but changes in 
the morphology of mitochondria now appear to modulate a variety of other cell functions by affecting signalling 
pathways, such as the MAVS or Nuclear factor erythroid-2-related factor 2 (NRF2)93 pathways, thereby affecting 
phenotype in various ways, including the cell inflammatory response or the differentiation status.

In conclusion, Brucella replication modifies the mitochondrial morphology of infected cells. More research 
efforts are now needed to fully characterise the mechanisms involved in this process and the consequences for 
either the host cells or the pathogen. The present study highlights a new aspect of the host-pathogen relationship 
occurring during Brucella infection.
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Methods
Ethics statement. The procedures used in this study and the handling of the mice complied with current 
European legislation (directive 86/609/EEC) and the corresponding Belgian law “Arrêté royal relatif à la protection 
des animaux d’expérience du 6 Avril 2010 publié le 14 Mai 2010.” The Animal Welfare Committee of the University 
of Namur (Namur, Belgium) reviewed and approved the complete protocol (Permit Numbers 13/199 and 16/277).

Cell culture. RAW 264.7 macrophages (ATCC, Manassas, VA, USA) were cultured in Dulbecco’s Modified 
Eagle Medium High Glucose (4.5 g/L) and NaHCO3 (1.5 g/L) (DHG-L1, Gibco-Life Technologies, Carlsbad, CA, 
USA), supplemented with 10 % heat-inactivated foetal bovine serum (FBS, Gibco). HeLa cells (ATCC) were 
cultured in Minimum Essential Medium (MEM, Gibco) supplemented with nonessential amino acids (Gibco), 
1 mM pyruvate (Gibco) and 10% FBS. DRP1+/+ and DRP1−/− MEFs (a generous gift from Prof. Ishihara, Kurume 
University, Japan) were kept in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10 % 
FBS and EB1 and rho0 HeLa cells (kind gift from Prof. Hayashi, University of Tsukuba, Japan) in DMEM high 
glucose (DHG, Gibco) supplemented with 1 mM pyruvate, 50 µg/ml uridine (Sigma-Aldrich, St. Louis, MO, USA) 
and 10% FBS. BMDMs were obtained from femurs and tibias of 6-to-8-week-old C57BL/6 mice, as previously 
described94. Cells were seeded and treated in culture plates (Corning-Costar, Lowell, MA, USA).

When indicated, myxothiazol (10 nM, Sigma-Aldrich), antimycin A (100 nM, Sigma-Aldrich), Mito-TEMPO 
(500 µM, Sigma-Aldrich), ruthenium red (1 or 10 µM, Sigma-Aldrich), tunicamycin (10 µM, Sigma-Aldrich), 
TNFα (10 ng/ml, Sigma-Aldrich) or cycloheximide (10 µg/ml, Sigma-Aldrich) were added to the culture media 
for the indicated times.

Bacterial strains. Brucella abortus 2308 is a CO2-independent, virulent, smooth strain. The B. abortus 2308 
mCherry strain constitutively expresses fluorescent mCherry due to the integration of a plasmid containing the 
mCherry coding sequence and a kanamycin resistance marker95. Cultures of Brucella were freshly inoculated 
from frozen stock into yeast extract and tryptone (2YT) medium [1 % yeast extract (Invitrogen, Carlsbad, CA, 
USA), 1.6 % bactotryptone (Invitrogen), 0.5 % NaCl (Invitrogen)) plates (supplemented with 10 µg/ml kanamycin 
(AppliChem Panreac) for the mCherry strain], before subcultures were grown in 2YT broth (aerobic condition, 
37 °C).

All Brucella were handled under BSL-3 containment according to the Council Directive 98/81/EC of 26 
October 1998, adopted by the Walloon Government (4 July 2002).

Cell infection. Bacterial growth was measured by monitoring the culture optical density at 600 nm. Bacterial 
cultures were pelleted and resuspended in phosphate-buffered saline (PBS) before adjusting the bacterial suspen-
sion to the appropriate multiplicity of infection (MOI) (HeLa: 1000, RAW 264.7: 300, BMDM: 300 and MEF: 300) 
in the corresponding medium supplemented with 10 % FBS. The infectious dose was monitored by plating bacte-
ria on 2YT plates and then counting CFUs. For host cell infections, bacteria were sedimented onto cells through 
a centrifugation at 400 g for 10 min at 4 °C to favour the cell-bacteria contacts and then incubated for 1 h at 37 °C 
in 5 % CO2. Thereafter, cells were washed twice with PBS and incubated for the different times PI with 50 µg/ml 
gentamycin (Invitrogen) to eliminate the remaining extracellular bacteria.

CFU counts. Brucella replication was assessed by CFU counting at several PI time points. Cells were washed 
three times with PBS and lysed for 10 min with PBS containing 0.1 % Triton X-100 (Sigma-Aldrich). Viable bac-
teria were quantified by plating serial dilutions of this lysate on 2YT plates.

Transmission Electron Microscopy. Cell infection. HeLa cells were seeded in 6-well plates on 35 mm cov-
erslips (Ibidi) (150,000 cells/well). On the next morning, cells were infected with B. abortus-RFP for 24 h. The cells 
were fixed overnight in 2.5 % glutaraldehyde in cacodylate buffer (150 mM sodium cacodylate, 2 mM MgCl2) at 4 °C.

Mouse infection and organ collection. Bacterial growth was measured through the culture optical density at 
600 nm. Bacterial cultures were pelleted, washed in RPMI and resuspended for injection in the same medium at a 
density of 2 × 105 bacteria/ml. The infectious dose was checked by plating bacteria on 2YT plates and by counting 
CFUs.

Oestrus of 8–14 weeks old BALB/c females was synchronised 3 days before mating and pairs were set up with 
3- to 4-month-old males. The following morning, the presence of a vaginal plug was checked and the potentially 
fertilised females were isolated. That day corresponded to day 0 post-fecundation (PF). At day 10 PF, pregnant 
females were infected intraperitoneally with 500 µl of bacterial suspension (105 bacteria). At day 15 PF, mice were 
anaesthetised with isoflurane and sacrificed by cervical dislocation, as previously described in Barbier et al.78. All 
infections were performed at an Animal Biosafety Level 3 facility. Conceptuses were removed from maternal uterine 
horns and incubated overnight at 4 °C in PBS supplemented with 2.5% glutaraldehyde for fixation. Tissue fragments 
were washed several times in cacodylate buffer (150 mM sodium cacodylate, 2 mM MgCl2) at 4 °C. The samples were 
then fixed overnight in 2.5 % glutaraldehyde in cacodylate buffer (150 mM sodium cacodylate, 2 mM MgCl2) at 4 °C.

Sample preparation. Following overnight fixation, samples were washed three times with cacodylate buffer 
(150 mM sodium cacodylate, 2 mM MgCl2) at 4 °C. The samples were then immersed in freshly prepared reduced 
osmium buffer (2 % osmium tetroxide, 40 mM potassium ferrocyanide, 150 mM sodium cacodylate, 2 mM 
MgCl2) for 1 h at 4 °C. The samples were subsequently washed three times with water at room temperature and 
immersed in 100 mM thiocarbohydrazide for 20 min. After three washes with deionised water, the samples were 
post fixed in 2 % osmium tetroxide for 30 min. at room temperature. The samples were then washed with water 
and incubated in 1 % uranyl acetate overnight at 4 °C. After three washes with water, the samples were incubated 
in freshly prepared 20 mM lead aspartate solution for 30 min. at 60 °C. The samples were then washed three times, 
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dehydrated with ethanol and immersed in 50% durcupan:ethanol solution for 1 hour. The samples were then 
embedded in 100 % durcupan. The resin was polymerised at 60 °C for 48 h.

Electron microscopy. Resin-embedded samples were trimmed and mounted to pre-tilt 45° SEM stubs (Agar 
Scientific AGG3020) using colloidal silver paint. Electron microscopy images were acquired using a Helios 
NanoLab DualBeam instrument (FEI). Regions of interest were polished using the focused ion beam (FIB) oper-
ating at 0.79 nA. Images (3072 by 2048 pixels) 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.

Immunostaining. Cells were seeded on glass coverslips in 12-well plates 24 h before Brucella infection 
(HeLa: 30,000 cells/well, BMDM: 100,000 cells/well, MEFs: 10,000 cells/well and RAW 264.7: 50,000 cells/well). 
At several times PI, cells were fixed with 4 % paraformaldehyde for 20 min, permeabilised for 5 min with PBS-1 % 
Triton X-100, and then incubated for 2 h at RT with the appropriate primary antibody (16 h at 4 °C for the active 
caspase-3 antibody) diluted in PBS-2 % BSA. Cells were then incubated for 1 h at RT with an Alexa-labelled sec-
ondary antibody diluted in PBS-2 % BSA. Cells were then incubated for 30 min with Hoechst FluoroPure grade 
(Invitrogen Molecular Probes) and phalloidin (Invitrogen Molecular Probes) diluted 1:5,000 and 1:50, respec-
tively, in PBS. Finally, the cells on coverslips were mounted in Mowiol (Sigma-Aldrich) and observed by confocal 
microscopy (TCS SP5 II, Leica Microsystems, Wetzlar, Germany).

Antibodies used included rabbit anti-active-caspase3 IgG (1:100 - G7481, Promega), mouse anti-DRP1 IgG 
(1:100–611113, BD BioSiences), rabbit anti-FIS1 IgG (1:100 - HPA017430, Sigma-Aldrich), mouse anti- MFF 
IgG (1:100 – WH0055669M4, Sigma-Aldrich), mouse anti-PDI IgG (1:100 - MA3-019, ThermoFisher) and rab-
bit anti-TOM20 IgG (1:200 - sc-11415, Santa Cruz Biotechnology); Alexa Fluor 488/563/633 goat anti-rabbit 
IgG (H+L) conjugate and Alexa Fluor 488/563/633 goat anti-mouse IgG (H+L) conjugate (1:1,000, Invitrogen 
Molecular Probes).

Quantitative analyses of confocal micrographs. The length and branching status of the mitochondrial 
network was determined by calculating the aspect ratio (AR) and end point/branch point ratio of mitochondrial 
particles in entire cell sections using the ImageJ 64 software according to De Vos and Sheetz29. The percentages 
of co-localisation between DRP1 and FIS1 or MFF in the entire cell sections were also assessed using ImageJ 64 
software. The number of cells analysed is indicated on each column.

Mitochondria enriched fraction preparation. RAW 264.7 cells were seeded in 6-well plates 24 h before 
Brucella infection (150,000 cells/well). At 48 h PI, cells were washed thrice with PBS and mitochondria-enriched 
fractions were prepared using the mammalian mitochondria isolation kit for tissue and cultured cells, according 
to the manufacturer’s protocol (BioVision, Milpitas, USA). These fractions were processed as described in the 
following section.

Western blot analysis. RAW 264.7 cells were seeded in 6-well plates 24 h before Brucella infection (150,000 
cells/well). At several PI time points, cells were washed three times with PBS [Tris-buffered saline (TBS) when 
the phosphorylated form of the protein was studied] and lysed in Radioimmunoprecipitation assay (RIPA) buffer 
(150 mM NaCl, 1 % NP40, 0.1 % SDS, 0.5 % DOC, 25 mM Tris; pH 7.4) supplemented with complete protease 
inhibitor cocktail (Roche Applied Science, Basel, Switzerland) and 4 % phosphatase inhibitor cocktail (25 mM 
Na3VO4, 250 mM 4-nitrophenylphosphate, 250 mM β-glycerophosphate, 125 mM NaF). After a 10 min incu-
bation on ice, cell lysates were centrifuged for 15 min at 14 000 g at 4 °C to sediment cell debris. Lysates were 
then incubated for 1 h at 80 °C to inactivate remaining bacteria. Protein concentration was determined using 
the Pierce BCA protein assay kit (Thermo Scientific, Waltham, MA, USA). A 15 µg sample of cell lysate (2.5 µg 
of mitochondria-enriched fractions) was resolved by gel electrophoresis using 4–12 % bis-tris precast gels (Novex, 
Life Technologies, Carlsbad, CA, USA). The proteins were then electro-transferred (semi-dry device) onto a pol-
yvinylidene fluoride (PVDF) membrane (0.45 µm) (Millipore, Billerica, MA, USA). Unspecific binding sites were 
blocked by incubating the membranes for 1 h at RT with the blocking solution (Li-Cor Odyssey Infrared Imaging 
System Blocking solution), diluted twice in PBS. Membranes were incubated overnight at 4 °C with the primary 
antibody and then 1 h at RT with the secondary antibody, both diluted in Li-Cor Blocking Solution supplemented 
with 0.1 % Tween 20. The antibodies used were the following: rabbit anti-P-IRE1 IgG (1:1,000 - ab124945, Abcam), 
rabbit anti-IRE1 IgG (1:1,000 - #3294, Cell Signaling), mouse anti-β-actin IgG (1:10,000 - A5441, Sigma Aldrich), 
mouse anti-MFN1 IgG (1:1,000 - ab57602, Abcam), mouse anti-MFN2 IgG (1:1,000 - sc-100560, Santa Cruz 
Biotechnology), mouse anti-OPA1 IgG (1:1,000 - BD612606, BD Biosciences), mouse anti-DRP1 IgG (1:1,000 - 
sc-271583, Santa Cruz Biotechnology), rabbit anti-VDAC IgG (1:1,000 - #4661, Cell Signaling), secondary antibod-
ies coupled to infrared dyes (1:10,000, Li-Cor Biosciences, Lincoln, NE, USA).

The fluorescence intensity (detected using the Odyssey scanner) of the bands corresponding to the protein of 
interest was quantified using the Odyssey V3.0 application software (Li-Cor Biosciences) and normalised by the fluo-
rescence intensity of the bands corresponding to the immunodetection of β-actin or VDAC used as loading controls.

siRNA transfection. Silencing of DRP1, MFN1 and MFN2 expression was achieved using ONTARGETplus 
SMARTpool DNM1L siRNA (Dharmacon, Lafayette, CO, USA; cat. no. L012092), ON-TARGETplus SMARTpool 
human MFN1 (Dharmacon, cat. no. L010670) and ON-TARGET plus SMARTpool human MFN2 (Dharmacon, 
cat. no. L012961). Non-target siRNA (Dharmacon) was used to control for non-specific effects.

HeLa cells were seeded in 24-well plates at a density of 20,000 cells/wells 8 h before transfection and incubated 
at 37 °C in 5 % CO2. Cells were then transfected for 12 h under standard culture conditions with 20 nM siRNA 
using the DharmaFECT1 (Dharmacon) transfection reagent, according to the manufacturer’s instructions. The 
transfection media were removed and replaced with culture media for 24 h before Brucella infection.
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Statistical analysis. Data are reported as mean ± SD. Normality of the distributions was assessed using  
Shapiro-Wilk tests. Comparisons between two independent groups were performed using t tests or 
Mann-Whitney tests as appropriate. Comparisons of more than two groups involving one single factor were 
performed using one-way analysis of variance (ANOVA) or Kruskal-Wallis tests as appropriate. Comparisons 
between more than two groups involving two simultaneous factors were performed using two-way ANOVAs, 
with interaction tests between the study factors. When normality or homoscedasticity failed, ANOVAs were per-
formed either after a Box Cox procedure96 correcting for heteroscedasticity (in order to facilitate interpretation, 
untransformed data are shown in the manuscript), or on ranked data. Pairwise comparisons after ANOVAs were 
performed using Holm-Sidak or Dunn’s methods. A p value < 0.05 was considered statistically significant. All 
calculations were performed using SigmaPlot 12.5 (Systat Software, Chicago, IL, USA) and Minitab 17.1 (Minitab 
Inc., State College, PA, USA) for Windows.

Data availability. The datasets generated during the current study are available from the corresponding 
author on reasonable request.
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