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Abstract

Background: The presence of mitochondria is a distinguishing feature between prokaryotic and eukaryotic cells. It
is currently accepted that the evolutionary origin of mitochondria coincided with the formation of eukaryotes and
from that point control of mitochondrial inheritance was required. Yet, the way the mitochondrial presence has
been maintained throughout the eukaryotic cell cycle remains a matter of study. Eukaryotes control mitochondrial
inheritance mainly due to the presence of the genetic component; still only little is known about the segregation
of mitochondria to daughter cells during cell division. Additionally, anaerobic eukaryotic microbes evolved a variety
of genomeless mitochondria-related organelles (MROs), which could be theoretically assembled de novo, providing
a distinct mechanistic basis for maintenance of stable mitochondrial numbers. Here, we approach this problem by
studying the structure and inheritance of the protist Giardia intestinalis MROs known as mitosomes.

Results: We combined 2D stimulated emission depletion (STED) microscopy and focused ion beam scanning
electron microscopy (FIB/SEM) to show that mitosomes exhibit internal segmentation and conserved asymmetric
structure. From a total of about forty mitosomes, a small, privileged population is harnessed to the flagellar
apparatus, and their life cycle is coordinated with the maturation cycle of G. intestinalis flagella. The orchestration of
mitosomal inheritance with the flagellar maturation cycle is mediated by a microtubular connecting fiber, which
physically links the privileged mitosomes to both axonemes of the oldest flagella pair and guarantees faithful
segregation of the mitosomes into the daughter cells.

Conclusion: Inheritance of privileged Giardia mitosomes is coupled to the flagellar maturation cycle. We propose
that the flagellar system controls segregation of mitochondrial organelles also in other members of this supergroup
(Metamonada) of eukaryotes and perhaps reflects the original strategy of early eukaryotic cells to maintain this key
organelle before mitochondrial fusion-fission dynamics cycle as observed in Metazoa was established.
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Introduction
Mitochondria are indispensable for producing most cel-
lular ATP and providing other metabolites such as
amino acids, lipids, and iron-containing prosthetic
groups like heme and iron-sulfur (FeS) clusters [1].
Upon changing cellular conditions, their morphology
undergoes constant re-arrangements known as mito-
chondrial dynamics, through which the cell controls
metabolic capacity and the health of its key organelles
[2]. Mitochondria either fuse to generate intricate net-
works throughout the cytoplasm or divide to form
discrete organelles which more resemble their bacterial
ancestors [3]. At the center of molecular machinery me-
diating the mitochondrial dynamics are dynamin-related
proteins (DRPs) [4], but imperfect mitochondria are re-
moved from the fusion-division cycle via specialized au-
tophagy pathway [5]. Typical animal cells carry one to
two thousand mitochondria which are stochastically seg-
regated into two daughter cells during the cell division
[6].
Studies on mitochondrial dynamics across different su-

pergroups of eukaryotes showed that the extensive on-
going cycles of division and fusion are rather derived
behavior of mitochondria not seen outside animal and
fungal cellular models. This specifically concerns mito-
chondrial fusion which is either absent [7] or rely on un-
known molecular machinery [8].
From the evolutionary perspective, it is likely that the

early eukaryote contained a single mitochondrion that
divided in synchrony with the cell as often observed for
the bacterial endosymbionts of current eukaryotes [9].
Some eukaryotes have preserved this original blueprint
of a single mitochondrion [10–13] which divides in syn-
chrony with the entire cell. However, only in case of
kinetoplastids, the fundamentals of the synchrony were
uncovered to some molecular detail [14–18]. Herein, so-
called Tripartite Attachment Complex (TAC) physically
connects basal body to the mitochondrial (mt) genome
organized into a structure known as kinetoplast [17].
Specific TAC components were characterized across the
complex from the basal body side (e.g., BBA4) [19], over
the mitochondrial membranes (e.g., TAC40, TAC60)
[20, 21] to the mitochondrial matrix (TAC102) [22], and
their function is to coordinate the segregation of the
replicated mt genomes/kinetoplast.
Giardia intestinalis is an anaerobic unicellular

eukaryote (protist) from the Metamonada group which
encompasses only organisms adapted to anoxic environ-
ments [23]. Accordingly, their mitochondria have been
highly reduced to hydrogenosomes or mitosomes which
are still cordoned by a double membrane but lost most
of the other mitochondrial attributes such as the genome
and respiratory chain [24]. Giardia mitosomes are the
most reduced form of mitochondria as they are about

50–200 nm in size, do not produce ATP, and harbor
only single metabolic pathway of FeS cluster formation
[25]. Interphase mitosomes are very steady organelles,
which do not fuse. Strikingly, their division seems to
occur only during mitosis [26–28]. Of about the total 40
mitosomes per cell, several organelles can be, without
exception, found between the two Giardia nuclei [25,
29–31]. These observations indicated specific attach-
ment of the mitosomes to the nuclei or basal bodies of
eight Giardia flagella. However, the molecular and struc-
tural basis for the recruitment of the organelles to this
particular region of the cell and its actual function
remained unknown.
Here, we tried to elucidate the nature of the associ-

ation and its biological consequences towards the mi-
tosis and cytokinesis of Giardia. Regarding the minute
character of mitosomes, we used STED and FIB/SEM
tomography to demonstrate that mitosomes are, via spe-
cialized microtubular fiber, bound to the axonemes of
the oldest pair of Giardia flagella. We show that mitoso-
mal inheritance is controlled by flagellar maturation and
segregation. Comparisons with other Metamonada spe-
cies suggest that the connecting fiber is a more common
structure and perhaps one of the ancestral mechanisms
to control mitochondrial segregation. Altogether, we
demonstrate that the inheritance of the minimalist and
genomeless mitochondrial organelles is under a careful
control of the eukaryotic cell.

Results
Pre-existing central mitosomes segregate during
prophase towards the poles of the mitotic spindle
All active cells of Giardia (trophozoites) contain two dif-
ferent populations of mitosomes, described as central
and peripheral, which occur between two Giardia nuclei
or are distributed all over the cytoplasm, respectively
(Fig. 1A) [28, 29, 32]. While the latter predominantly as-
sociate with the tubules of the endoplasmic reticulum
(ER) [28], the central mitosomes form a short array of
several adjacent organelles between two Giardia nuclei
which stay extremely steady until the initiation of mi-
tosis [25, 31, 33]. Both the central and the peripheral
mitosomes seem to be functionally identical as all mito-
somal proteins detected by specific antibodies or by
overexpression of the tagged proteins localize to both
populations. All mitosomes, central and peripheral, div-
ide during mitosis [28]. During early prophase, a rod-
like array of mitosomes develops into a transient V-
shape assembly which indicates a division or segregation
of the organelles towards the opposite sides of the mi-
totic spindle [28]. To test if two sets of central mito-
somes are formed during mitosis, we followed their
behavior in live. To this aim, we took advantage of re-
cently developed enzymatic Yellow Fluorescence-
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Activating and absorption-Shifting (Y-FAST) tag which
outperforms GFP and related fluorescent proteins in an-
oxic environments [34]. The culture of Giardia cells ex-
pressing the fusion of mitosomal targeting presequence

of GrpE with Y-FAST was enriched with the mitotic
cells (see the “Methods” section). The cells were
mounted to 0.5% agarose and observed in live in the
presence of HMBR substrate. Upon focusing on the

Fig. 1 Partitioning of Giardia central mitosomes during mitosis. A The schematic drawing of Giardia trophozoite depicts central and peripheral
mitosomes (red). The first are found between two nuclei, where also basal bodies and axonemes of Giardia flagella are localized. The latter are
scattered across cytoplasm. There are four pairs of flagella called according to their position in the cell as anterolateral (light blue), posterolateral
(dark green), ventral (light green), and caudal (dark blue). Additionally, the helical sheet of microtubules forms the adhesive disc of Giardia (gray).
Immunofluorescence microscopy image of mitosomes labeled by anti- GL50803_9296 antibody (red), anti-β-tubulin. Merged image on the right
includes nuclei stained with DAPI. The inlet is DIC image of the cell. B Giardia expressing the fusion of targeting presequence of mitosomal GrpE
and Y-FAST were enriched for mitotic cells using albendazole treatment and incubated with 4-hydroxy-3-methylbenzylidene-rhodanine (HMBR)
substrate. The reversible binding of Y-FAST to the fluorogenic substrate induces its green fluorescence (530–540 nm) upon excitation at 470–480
nm. The observed plane was focused on the central mitosomes. The series of images demonstrates fast partitioning of the fluorescence
corresponding to central mitosomes. Red arrowheads highlight the position of central mitosomes. C The size of the fluorescent signal
corresponding to the central mitosomes in the interphase and mitotic cells (the averaged values of 30 cells are shown). The scale bars 2 μm.
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plane of the central mitosomes, we were able to detect
rare events of the partitioning of the fluorescent signal
corresponding to central mitosomes (Fig. 1B, Additional
file 1: Movie S1). We estimated that the partitioning oc-
curred during a 12-s window. As an alternate approach,
we compared the size of the fluorescent signal of the
central mitosomes in the fixed interphase cells and mi-
totic cells undergoing early prophase (Fig. 1C). The cal-
culated values were 1.47 ± 0.25 μm and 0.90 ± 0.22 μm
for the interphase and the mitotic cells (each n = 50), re-
spectively. This supported the split of the fluorescent
signal corresponding to the central mitosomes and fur-
ther suggested that either the segregation of pre-existing
mitosomes or the actual division of the organelles occurs
during mitosis.

Mitosomes associate with the axonemes of Giardia
flagella
The stable position of the central mitosomes between
two Giardia nuclei together with the segregation of two
mitosome populations during the onset of mitosis indi-
cated some sort of physical association with the intracy-
toplasmic axonemes or basal bodies of flagella. Giardia
basal bodies were suggested to act as microtubule organ-
izing centers (MTOCs) of the mitotic spindle as they be-
come a part of the spindle poles during the re-
orientation of two nuclei [35–37]. To experimentally test
the presence of the physical linkage between mitosomes
and flagellar cytoskeleton, the cells were gently lysed by
the passage through a hypodermic 33G needle (see the
“Methods” section). The lysed cells were fixed and mito-
somes and microtubules labeled by specific antibodies
(Fig. 2A). Indeed, the lysed cells showed an intact associ-
ation of the central mitosomes with the axonemes, even
when the rest of the cell cytoplasm was removed during
the sample preparation. In contrast, there were no per-
ipheral mitosomes observed. Furthermore, the samples
were prepared for 2D stimulated emission depletion
(STED) microscopy (Fig. 2B) which revealed that in the
partially disturbed bundle of the axonemes, mitosomes
can be found associated only with some of the axo-
nemes. Alternate 3D-DyMIN STED approach [38] was
used to image the region on more intact samples from
the transverse plane (Fig. 2C, D). Here, the central mito-
somes were found surrounded by axonemes, right at the
center of their bundle (Fig. 2E, Additional file 2: Movie
S2 and Additional file 3: Movie S3). These results sug-
gested that an unknown connector between the axo-
nemes and the central mitosomes is responsible for the
organelle segregation during cell division.

Imaging of the mitosomes using FIB/SEM tomography
While the confocal and superresolution microscopy pro-
vided experimental support for the presence of a

molecular bridge or a cytoskeletal connector between
the central mitosomes and the axonemes, the nature and
the architecture of the connection remained entirely un-
known. Hence, the high-resolution imaging of the entire
Giardia cells by electron microscopy seemed essential to
obtain such structural details. Specifically, focused ion
beam scanning electron microscopy (FIB/SEM) was
employed as it enables to reconstruct spatial arrange-
ment of cell structures upon rendering the information
of sequential data sets. To this aim, Giardia cells were
flat embedded (Additional file 4: Fig. S1) [39] and, using
the correlative approach, the interphase and mitotic cells
were selected for FIB/SEM analysis (Additional file 4:
Fig. S1, see the “Methods” section). The cells were proc-
essed by customized rOTO protocol and analyzed by
fine milling (voxel size 3 × 3 × 8 nm) [39, 40] (Fig. 3A,
B, Additional file 5: Fig. S2). The 3D reconstruction of
the mitosomes throughout the entire cell volume
showed that in addition to the axonemes, approximately
one half of the mitosomes (central and peripheral) is in
connection to other cellular structures such as the ER,
the adhesive disc, and lysosome-like compartments
known as peripheral vacuoles [41–43] (Fig. 3C, D).
Regularly, there was only one contact with other com-
partments detected per mitosome. Finally, clusters of
several (peripheral) mitosomes could be found in the
cytosol (Fig. 3C). In general, the association of mito-
somes with cellular compartments was comparable be-
tween interphase and mitotic cells (Fig. 3D). The
inspection of the mitosomal interior revealed further
compartmentalization/segmentation (Fig. 4A, C), sug-
gesting that the two mitosomal membranes do not align
entirely and the inner membrane establishes tiny mito-
somal subcompartments. The previous EM images of
the mitosomes revealed non-spherical prolonged shape
of the organelles [25, 32]. In addition, we noticed that
mitosomes share one flattened side, i.e., contain flat re-
gions of double membrane (Fig. 3A–C, Fig. 4C). This
shape was common to mitosomes from all parts of the
cell with different orientation to the cell axis concluding
that the flattening is an intrinsic property of the organ-
elles not caused by sample preparation or neighboring
cell structures.
In order to describe this shape quantitatively, the lon-

gest dimension (length) and the dimension perpendicu-
lar to it (width) were measured and plotted (Fig. 4B).
The both dimensions averaging around 150 nm and 75
nm, respectively, were found to be very conserved across
mitosomes, hence suggesting that the mitosomal size
and shape are defined by the intrinsic protein and lipid
composition. In addition, vast majority of the organelles
contained membrane indentations forming possible add-
itional subcompartments (Fig. 4C, E). Finally, we used
3D reconstructions of 17 mitosomes to estimate that the
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Fig. 2 Central mitosomes associate with the flagellar axonemes. A Giardia cells were gently lysed by the passage through 33G needle, and the
ruptured cells were analyzed by immunofluorescence microscopy. The immunolabeling of β-tubulin (green) and mitosomal marker
GL50803_9296 (red) revealed that the intact mastigonts bear attached central mitosomes, while the cytoplasmic membrane and rest of
cytoplasm was removed during lysis, scale bar 2 μm. Upper and bottom panels represent two examples of the same situation. B 2D STED
superresolution microscopy of the mastigonts with associated mitosomes (primary antibodies as in A), scale bar 0.2 μm (0.1 μm in the insets), 30
nm resolution in XY axes. Upper and bottom panels represent two examples of the same situation. C The central mitosomes imaged in the
frontal plane, scale bar 2 μm, and in D the transverse plane by 3D STED superresolution microscopy (primary antibodies as in A). Four optical
sections are shown, scale bar 0.4 μm; the resolution was 100 nm in Z-axis and 120 nm in XY plane. E The reconstruction of 3D STED by Imaris
illustrates the position of mitosomes (red) among eight axonemes (green), sections shown in D are indicated. C, A, P – caudal, anterolateral and
posterolateral flagella, respectively.
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average mitosomal volume is around 0.0011μm3 (Fig.
4D). In the context of the estimated volume of the entire
Giardia trophozoite to be 440 μm3, all (forty) mitosomes
represent only a fraction of 0.00025% of the whole cell
volume.

Central mitosomes are connected to only the eldest
(caudal) pair of flagella via a microtubular connector
The examination of the region of interest between two
Giardia nuclei by FIB/SEM tomography was facilitated
by the characteristic pattern of axonemes of the eight

Fig. 3 FIB/SEM imaging of mitosomes reveals contacts with other cellular compartments. A The SEM imaging was optimized to enable
visualization of the mitosomes. The examples of central and peripheral organelles are shown. They all share asymmetric, semi-oval shape with
one flattened side of the organelle. B The volume rendering (volren) of several SEM layers increases the resolution of the imaging of the cell
interior. N-nucleus, white arrowhead-mitosome, red star-axoneme, white star-basal body. C The mitosomes were found to associate with several
cellular compartments, i.e., the axonemes (AXO), endoplasmic reticulum (ER), adhesive disc (disc), other mitosomes (mito-mito), and the peripheral
vacuoles (PV). The red arrowheads point to visible connection. D The distribution of the contacts of mitosomes with other cellular compartments
in the interphase and the mitotic Giardia (n = 48 and n = 106 organelles, respectively)
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Giardia flagella (Fig. 5A). There are four distinct pairs of
flagella named according to positions at which they
emerge from the cell as ventral, posterolateral, anterolat-
eral and caudal (Fig. 1A). Importantly, during each cellu-
lar division, the flagella undergo a flagellar maturation
cycle in which two caudal flagella represent the eldest
pair of the flagellar cycle [36].
In the FIB/SEM micrographs of the region of tightly

packed axonemes between Giardia nuclei, a population
of several central mitosomes could be seen, showing a
typical array of the organelles as observed by fluores-
cence microscopy (Fig. 5A). The number of central
mitosomes was slightly variable with the average number
to be eight in the interphase cells (n = 5). Detailed ana-
lysis of the individual micrographs revealed a direct lin-
ear connection between each of the central mitosomes

and always one of the two neighboring axonemes (Fig.
5A, B). Interestingly, only two of eight axonemes were
involved in mitosome binding and the overall recon-
struction revealed that these correspond to the pair of
caudal flagella (Fig. 5C). However, it could not be re-
solved, if a specific microtubule doublet is involved in
the binding. The length of the connector (distance be-
tween the mitosome and the axoneme) was estimated to
be around 90 nm (Fig. 5D), while the actual mitosome-
binding region of the connector in the anteroposterior
axis was approx. 1.1 μm (Fig. 5D. The connector itself
accompanied the whole length of the intracytoplasmatic
portion of caudal flagella (Fig. 5C).
To get higher resolution of the connector, Giardia

cells were examined by transmission electron micros-
copy (TEM). While TEM was not optimal for mitosome

Fig. 4 The mitosomes are segmented and share the asymmetric shape with one flattened side. A Mitosomes show internal
compartmentalization. The examples of different size and architecture of the organelles are shown. B Statistics of the mitosomal dimensions
show conserved organelle shape (n = 30 and n = 70 organelles in the interphase and mitotic cells, respectively). C Almost all mitosomes have
flattened shape and segmented interior (n = 48 and n = 106 organelles in the interphase and mitotic cells, respectively). D The estimated
mitosomal volume (n = 17 organelles)
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Fig. 5 (See legend on next page.)
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investigation, it nicely exposed the structural features of
the connector as a sheet of microtubules—a microtubu-
lar fiber (Fig. 5E). Hence, we could conclude that the
central mitosomes are specifically linked via microtubu-
lar fiber to the axonemes of the caudal flagella. Further
microscopic examination revealed that the mitosomal
connector is integrated into the upper part of the so-
called funis system of Giardia, which represents the
cytoplasmic microtubular skeleton alongside the two
caudal flagella (Additional file 6: Fig. S3) [44, 45].

Coordination of mitosomal inheritance and the flagellar
cycle
The data presented above demonstrated that mitosomes
segregate during mitosis to the opposite ends of the mi-
totic spindle probably via the link to caudal flagella. This
has raised a fundamental question on the coordination
of mitochondrial inheritance and the flagellar cycle, dur-
ing which a new caudal flagellum is established by the
transformation of one (mitosome-free) anterolateral fla-
gellum. Of particular importance was (i) at what stage
the connecting microtubular fiber develops on the axo-
neme of new caudal flagellum, (ii) when the central
mitosomes are acquired, and (iii) whether the new cen-
tral mitosomes are derived from the pre-existing organ-
elles linked to the old caudal flagellum.
To get appropriate answers, different stages of mitotic

Giardia were examined by FIB/SEM tomography. The
flagellar re-arrangement starts at prophase when basal
bodies/axonemes of caudal flagella deflect to the left and
right side to set up the future sites of daughter cells
morphogenesis. This is accompanied by a profound re-
orientation of anterolateral flagella axonemes (Fig. 6),
which migrate to the opposite direction and each join
the other/one caudal flagellum at the opposite side of
the cell [36]. At that time the central mitosomes split
into two populations, each alongside one caudal flagel-
lum (Fig. 6). At the re-oriented anterolateral flagellum, a
new tiny connecting fiber (150–300 nm in length) is be-
ing formed, however, at this stage, without attached
mitosomes (Fig. 6).
During metaphase and anaphase, the fibers at caudal

flagella acquire a new extended vaulted microtubular
part with the distal curled end (Fig. 7). The

accompanying mitosomes, however, remain associated at
the end of the linear part of the fiber as seen in inter-
phase and prophase. The number of mitosomes attached
to caudal flagellum varies at this stage from 1 up to 6
with typically 4 organelles (n = 6). The re-oriented an-
terolateral flagellum which joined the caudal flagellum
transforms into a new caudal flagellum. The transform-
ation is characterized by an apparent growth of the ac-
companying microtubular fiber, to which mitosomes are
recruited (Fig. 6). At this stage, the shape of the fiber
fully resembles the one of the old caudal flagellum.
During telophase, both old and new caudal (i.e., trans-

formed anterolateral) axonemes have already reached
their positions at the anterior of the future daughter cell.
The elongation of the microtubular fiber reaches up to
3 μm in length. Interestingly, the vaulted extension of
the fiber is oriented towards the newly assembled flagel-
lar axonemes of daughter ventral and posterolateral fla-
gella and may provide morphogenetic signals for
oriented intracytoplasmic flagellar growth (Fig. 7). Strik-
ingly, at this stage, the mitosomal populations at the old
and new caudal flagella are of similar size (4–6 mito-
somes), strongly indicating that the new caudal flagellum
might recruit its mitosomes from the surrounding per-
ipheral organelles (Additional file 7: Fig. S4). Finally, the
closer pairing of the axonemes of two caudal flagella
guides the two mitosome populations together (Fig. 6,
Additional file 8: Movie S4). The two microtubular fibers
accompanying caudal flagella become each a ventral and
a dorsal part, respectively of the daughter cell funis
(Additional file 5: Fig. S2).

Segregation of mitosomes occurs also when mitosis is
aborted
The discovery of the tight association of Giardia mito-
somes with the flagella and the orchestration of mito-
some segregation during mitosis prompted us to
investigate the impact of mitosis on mitosome dynamics.
Giardia cells were incubated with albendazole which is a
potent inhibitor of newly polymerized microtubules. The
affected Giardia cells retain functional microtubular
structures but are unable to assemble new microtubules
such as those composing the mitotic spindle [46]. Cells
visually undergoing cytokinesis were analyzed by

(See figure on previous page.)
Fig. 5 FIB/SEM analysis reveals connecting microtubular fiber between central mitosomes and the axonemes of caudal flagella. A The frontal
plane image of the central mitosomes of interphase Giardia between the longitudinally sectioned axonemes as reconstructed from the
transversal FIB/SEM images, AXO—axoneme, red arrowhead—microtubular fiber, N—nuclei. B The illustrative transversal section shows two fibers
(red arrowheads) connecting central mitosomes and axonemes of caudal flagella. M—mitosomes. C The reconstruction of the FIB/SEM analysis
depicting the overall architecture of the microtubular fiber (yellow) between central mitosomes (red) and axonemes of caudal flagella (dark blue).
Axonemes of anterolateral flagella are shown in light blue, N-nuclei. D The dimensions of the connecting fiber (n = 15 and n = 3 for the length
and of the connector and the binding region, respectively). E Transmission electron micrographs show the detailed structure of the connecting
microtubular fibers, which each consists of 3 to 4 microtubules. M-mitosomes

Tůmová et al. BMC Biology          (2021) 19:193 Page 9 of 20



Fig. 6 (See legend on next page.)
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fluorescence microscopy and compared to untreated
control (Fig. 8A, B). Immunolabeling of mitosomes and
microtubules along with DAPI staining showed several
distinguishable phenotypes (Fig. 8) [46], which were clas-
sified according to the number of nuclei (N) and the
number of the flagellar apparatuses with the associated
structures (M). While the untreated population con-
tained almost exclusively interphase stage trophozoites
with two nuclei and one flagellar apparatus (2N1M) and
a small number (less than 1%) of mitotic cells (4N2M)
(Fig. 8A, C), four different phenotypes could be distin-
guished in the albendazole treated cell culture (Fig. 8B).
The most cells had two (undivided) nuclei and two sepa-
rated flagellar apparatuses (2N2M), indicating that they
did not complete cytokinesis (Fig. 8B, C). Three other
phenotypes included cells with 0N1M and 2N1M ar-
rangements and the least abundant 1N1M arrangement
(Fig. 8B, C). There was also a small population of un-
affected interphase cells with two nuclei and one flagel-
lar apparatus (2N1M). In all cases, regardless of the
number of cell nuclei, each flagellar apparatus co-
localized with the fluorescent signal corresponding to
the central mitosomes (Fig. 8A, B). The inhibition of mi-
tosis hence did not impact the segregation of the central
mitosomes, which remained associated with the caudal
flagella by the existing microtubules. This result showed
that it is exclusively the flagella and not the nuclei that
have control over the segregation of central mitosomes
to the daughter cells.

Discussion
The eukaryotic cell requires its mitochondria to be faith-
fully inherited by the daughter cells during the cell div-
ision. Being semiautonomous organelles with their
genome and translation machinery, mitochondria propa-
gate only from the pre-existing organelles [2, 47, 48].
Our current understanding of the history of the
eukaryotic cell infers that its formation coincided with
the origin of its mitochondrion [24], and hence, the
mitochondrial inheritance has been an integral part of
eukaryotic cellular functions from its early days.
Mitochondria of Opisthokonta (animals and fungi)

have served as the principal models for studying mito-
chondrial dynamics and inheritance, e.g., [49–51]. More-
over, multiple health and developmental problems have
been related to the erroneous dynamics of human mito-
chondria [51–53]. Herein, hundreds of mitochondria

constantly fuse and divide to control the quality of the organ-
elle and its genome with the assistance of the ER [54] and
actin cytoskeleton [55]. The inheritance of the dynamic ani-
mal mitochondrial network thus occurs rather stochastically,
even though there seems to be also cell cycle-dependent as-
pects of mitochondrial dynamics [6, 56, 57].
In contrast, there are large groups of eukaryotes like

Kinetoplastida or Apicomplexa, which entirely harnessed
the mitochondrial inheritance with their cell cycle [14–
17, 58–60]. These unicellular eukaryotes carry only a
single mitochondrion, which thus must be carefully
propagated to the daughter cells. Kinetoplastida have
evolved a structure called tripartite attachment complex
(TAC), which physically connects the mitochondrial
genome with the basal body of its flagellum [17]. The
segregation of the basal body is thus necessary for the
partitioning of the duplicated mitochondrial genome
(kinetoplast), which is quickly followed by nuclear div-
ision and cytokinesis [14]. In addition, a prominent
microtubule quartet extending along the length of the
cell plays a key role in the coordinated biogenesis of dif-
ferent organelles during the cell cycle [61].
Apicomplexa evolved schizogony, a synchronized cell

division resembling intracellular budding, during which
mitochondrial filaments enter into the emerging daugh-
ter cells [60, 62].
Eukaryotes from the supergroup of Metamonada (Fig. 9)

[63] are all intriguingly adapted to inhabit anoxic or low
oxygen environments. This has dramatically impacted the
structure and function of their mitochondria. They all are
genomeless and lack many mitochondrial functions in-
cluding the respiratory chain and the coupled ATP syn-
thesis. Due to their variability, these organelles are often
referred to as mitochondria-related organelles (MROs)
[71–74]. Interestingly, MROs are always present in large
numbers (in tens to hundreds), and concerning their dy-
namics, they are very stable during the cell cycle [7]. Yet,
virtually nothing is known about how the organisms con-
trol their inheritance. Moreover, the genomeless organ-
elles could in principle assemble de novo like the Golgi
complex or the peroxisomes, e.g., [75].
We have thus studied the inheritance of mitosomes of

Giardia, which are one of the simplest and smallest
MROs known to date [25]. Mitosomes carry out only a
single metabolic role in the formation of iron-sulfur
clusters via the mitochondrial ISC pathway [25, 76].
Other metabolic hallmarks of mitochondria have been

(See figure on previous page.)
Fig. 6 The orchestrated mitosomal segregation and flagellar maturation during mitosis. 3D reconstructions of mitosomal and flagellar dynamics
during mitosis shows (i) separation of the caudal flagella with the connected mitosomes during prophase. Note also the formation of the new
connecting microtubular fiber on both anterolateral flagella. (ii) During meta/anaphase the mitosomes become associated with the new fiber on
the former anterolateral flagella. (iii) During telophase, two new pairs of caudal flagella (the coloring according to the original interphase cell) are
formed with more mitosomes (green) connected to the new caudal flagellum. AL1, AL2—anterolateral flagella; C1, C2—caudal flagella
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lost from mitosomes as expendable. However, despite
their minimalism, mitosomes are still bounded by two
membranes, which carry TOM and TIM complexes to
import proteins from the cytosol [30, 31, 77]. Our data
show that despite fulfilling the only fraction of the ori-
ginal mitochondrial functions, Giardia applies control
over their inheritance. It does so by connecting a small
subset of mitosomes to flagellar axonemes and specific-
ally to those of the caudal flagella [36, 78]. From the per-
spective of the flagellar maturation cycle of Giardia, the
caudal flagella represent the privileged flagellar pair.
They are the eldest of four flagellar pairs, in which the
left caudal flagellum (in dorsal view) being at the defini-
tive position is considered as truly mature [36]. It serves
as the organizing center for the assembly of the adhesive
disc [79], which is resorbed during mitosis and re-built
in daughter cells upon cytokinesis [80, 81] and for the
initiation of the cytokinesis [82].
The examination of Giardia mitotic stages revealed

that flagellar maturation involves the formation of
mitosome-connecting microtubular fiber on the intracy-
toplasmic axoneme of the newly establishing (formerly
anterolateral) caudal flagellum. During mitosis, the fiber
rapidly elongates and accompanies the neighboring
newly formed axoneme of ventral and posterolateral fla-
gella. Hence, it is possible that the fiber also coordinates
the architecture of daughter mastigonts before cytokin-
esis. The integration of mitosomal and flagellar inherit-
ance was further supported by the experiment on
albendazole-treated cells which were not able to undergo
karyokinesis but proceeded into divided mastigonts and
the central mitosomes.
At what stage do the central mitosomes associate with

the newly formed fiber? Our observations strongly indi-
cated that the central mitosomes become “central” only
via the association with the connecting fiber as they were
never found at this region of the cell just alone. It is
noteworthy that also no mitosomal protein has been
found exclusively in the central mitosomes [83]. More-
over, according to the most parsimonious scenario, new
central mitosomes should be derived from the pre-
existing central organelles, when the old caudal axoneme
meets the new one. However, surprisingly, we observed
mitosomes associated with the yet forming lamella on
newly establishing caudal flagellum, before the full estab-
lishment of the caudal pair. This indicates that periph-
eral mitosomes might be able to “hop on” the

Fig. 7 The development of connecting microtubular fiber during
mitosis. During the mitotic stages, the microtubular fiber extends
and points towards the newly built axoneme. New extended vaulted
microtubular part grows towards the newly assembled flagellar
axonemes of daughter ventral and posterolateral flagella (light gray
axoneme) and the fiber curls around a single microtubule (red)
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microtubular fiber at the new caudal flagellum. This
view is supported by observations of metaphase/ana-
phase cells with the already formed fiber at anterolateral
flagella, however yet without mitosomes.
The inspection of the fiber beyond the region of the

central mitosomes showed that it is likely a part of both
the old and of the newly forming microtubular system of
Giardia and other diplomonads known as funis, possibly
R2 root in nomenclature of eukaryotic cytoskeleton [68],
which runs in Giardia to the posterior end of the cell
perhaps to anchor and relax the movement of the eight
flagella [45, 69, 84].

To understand whether the microtubular fiber con-
necting MROs and the axonemes is a more universal
cellular feature, we searched the available data on other
Metamonada species outside the Giardia genus (Fig. 9).
Strikingly, highly similar microtubular structure con-
necting MROs with the axoneme could be observed in
the electron micrographs of Aduncisulcus palustris [68]
and Hicanonectes teleskopos [67] which are free-living
protists belonging to Carpediemonas-like organisms
(CLOs) [85]. Together with Diplomonada where Giardia
belongs, they constitute a larger Fornicata group within
Metamonada [23]. Analogously, more distant eukaryotes

Fig. 8 Segregation of mitosomes occurs also when mitosis is impaired. The inhibition of the microtubule assembly results into the formation of
aberrant cells with impaired nuclear segregation. A Vast majority of cells in untreated cell population are in the interphase stage containing two
nuclei (N) and one flagellar apparatus (M) (2N1M). Less than 1% of cells undergo mitosis that ends with a cell carrying 4 nuclei and 2 flagellar
apparatuses (4N2M). B Four cell types can be detected in the cell population classified according to the number of the nuclei and the flagellar
apparatuses. The cell type 2N2M is pre-cytokinesis; the other cell types represent cells which underwent cytokinesis. Examples of the aberrant
morphologies are shown. Immunolabeling by anti-β-tubulin antibody (green), mitosomes by anti-GL50803_9296 antibody (red). Nuclei are stained
with DAPI (blue). The central mitosomes highlighted by white arrowheads. C The quantification of morphologies in albendazole treated (n = 334
cells) and untreated (n = 350 cells) populations
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from Parabasalia group like Tritrichomonas foetus are
known to associate some of their MROs (hydrogeno-
somes) with the sheet of microtubules known as axostyle
[66]. Hence, it is tempting to speculate that Metamo-
nada at least partially control the inheritance of their
genomeless MROs via the association with the stable mi-
crotubular cytoskeleton.
Unexpectedly, Giardia mitosomes were found to ac-

commodate conserved asymmetric shape. The original
discovery of Giardia mitosomes already showed the
elongated central mitosomes [25]. While this could be
explained as a shape imposed on the mitosomes by the
neighboring axonemes, our FIB/SEM analysis has

revealed that such morphology is also common to the
peripheral organelles across the cytoplasm. The vast ma-
jority of mitosomes exhibit “bun” or a “bean” shape with
opposite oval and flat sides (Fig. 4E). What may be be-
hind such shape? It is well known that phospholipid bi-
layers spontaneously form spherical vesicles like many
endomembrane vesicles or even some double membrane
bounded MROs such as mitosomes of Entamoeba histo-
lytica [86] or hydrogenosomes of Trichomonas vaginalis
[87]. Other than the spherical shape of the membrane-
bounded compartments thus reflects the presence of
membrane proteins which affect the membrane flexibil-
ity [88]. In case of mitochondria, these can either be

Fig. 9 Connecting the mitochondrial organelles to the flagellum may be an ancestral strategy of controlling the mitochondrial inheritance in
Metamonada. The schematic tree of eukaryotic supergroups drawn according to [63] shows the position of Metamonada and within recently
questioned Excavata supergroup. Bellow, a subtree of selected Metamonada species according to [64, 65]—the parasitic lineages are shown in
red. Highlighted is the presence of the microtubular fiber or analogous structures (*) T. foetus [66], H. teleskopos [67], A. paluster [68], O. intestinalis
[69], and S. muris [70]. Note the secondary absence of mitochondrial organelle in Monocercomonoides sp. (#)
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proteins that are specifically dedicated to membrane
bending and folding such as OPA1/Mgm1 [89], proteins
of MICOS components [90] or membrane proteins,
whose primary role is unrelated to the compartment
morphology, but their sole presence affects the mem-
brane properties such as ATP synthase [91]. So far, no
homologs of the actual mitochondrial morphology effec-
tors have been identified in the Giardia genome, which
could specifically explain the prolonged shape with flat
double membrane arrangement. Thus, we can
hypothesize that it is perhaps the different content of
membrane proteins such as TOM and TIM complexes
or so far unknown transport machinery, which stiffen
the mitosomal membranes at certain regions. This in-
ternal organization occurs in one of the smallest mito-
chondrial compartments. Our measurements estimated
that an average mitosome occupies 0.001 μm3 and the
whole population of the mitosomes takes up only 0.01%
of the cell volume. This is in striking contrast to “clas-
sical” aerobic mitochondria of yeast or mammalian tis-
sues which occupy 7% or even 35% of the cell volume,
respectively [92–94], and nicely illustrates the overall re-
duction of the mitosomes and their relative contribution
to cellular metabolism. However, despite being such mi-
nute compartments, they are carefully watched over by
Giardia.

Conclusions
Our work demonstrates a unique type of mitochondrial
inheritance which evolved in the anaerobic eukaryotes
carrying highly reduced genomeless mitochondrial or-
ganelles. While we were able to describe the mechanism
underlying the partitioning of the central mitosomes of
Giardia, this work has raised other exciting questions on
the relationship between the central and peripheral
mitosomes and, more generally, on the evolutionary im-
portance of the mitochondrion-flagellum connection.
Does it represent the ancestral arrangement of the
eukaryotic cell or rather a derived trait of the Metamo-
nada group of protists? These questions will hopefully
be answered in future studies.

Methods
Giardia intestinalis cultivation
G. intestinalis cells (strains WB, ATCC 30957 and HP-
1- Prague line of Portland-1 isolate ATCC 3088) were
cultured in TYI-S-33 medium supplemented with 10%
heat-inactivated adult bovine serum (Sigma-Aldrich),
0.1% bovine bile, and appropriate antibiotics at 37 °C
[95]. The enrichment of mitotic cells was done accord-
ing to [36]. Trophozoites from late log phase were incu-
bated in growth medium supplemented with 100 ng/ml
of albendazole (Sigma-Aldrich) for 6 h at 37 °C [36].
After the incubation, the albendazole-affected detached

cells were discarded, and the unaffected adherent pre-
mitotic cells were washed twice with pre-warmed fresh
drug-free medium and then detached from the tube by
cooling on ice for 10 min. The cells were then allowed to
proliferate on slides in the drug-free conditions for 9–
20min and fixed by ice-cold methanol (see below) for
fluorescence microscopy or by 2.5% glutaraldehyde (see
below) for electron microscopy. For the analysis of cells
with blocked mitosis, the albendazole-affected (de-
tached) cells were fixed by 1% formaldehyde (see below).

Plasmid construction and cloning
The first 300 base pairs of the gene GL50803_1376 were
amplified from Giardia genomic DNA using specific
primers: forward 5′-CATGCATATGGCGCTTTCTGCA
CTT-3′ and reverse 5′-CATGACGCGTGATCTC
GTGGAGATGTTT-3′ containing NdeI and MluI re-
striction sites. After cleavage by NdeI and MluI restric-
tion enzymes, the fragment was cloned into NdeI/MluI-
linearized pTG plasmid [96]. The gene encoding Y-
FAST protein was amplified from pAG87 plasmid (a
kind gift from prof. Gautier, Sorbonne University,
France) by forward 5′-CATGACGCGTATGGAACATG
TTGCC-3′ and reverse 5′-CATGGGGCCCTTATACCC
TTTTGACAAACAC-3′ primers containing MluI and
ApaI restriction sites, respectively. After cleavage with
MluI and ApaI restriction enzymes, the fragment was
cloned into MluI/ApaI-linearized pTG plasmid contain-
ing GL50803_1376 leader sequence.

Preparation of cells for fluorescence microscopy
For the immunofluorescence microscopy of the adherent
cells, wild-type trophozoites were incubated on slides in
TYI-S-33 medium for 15min at 37 °C, fixed in ice-cold
methanol for 5 min, and permeabilized in ice-cold acet-
one for 5 min. The blocking and the immunolabeling
steps were all performed in a humid chamber using a so-
lution of 0.25% BSA, 0.25% fish gelatine, and 0.05%
Tween 20 in PBS for 1 h each. The cells were stained by
an anti-GL50803_9296 antibody produced in rabbit (1:
2000 dilution) [97]. The secondary antibody used was
Alexa Fluor 488-conjugated anti-rabbit antibody (Life
Technologies, 1:1000 dilution) or Alexa Fluor 594-
conjugated anti-rabbit antibody (Life Technologies, 1:
1000 dilution. After each immunolabeling step, the slides
were washed three times for 5 min by PBS supplemented
with 0.1% Tween20 (Sigma-Aldrich). Slides were
mounted in Vectashield containing DAPI (Vector
Laboratories).
In the case of detached cells that were affected by

albendazole treatment, the cells were fixed by 1% for-
maldehyde for 30 min at 37 °C. The cells were then cen-
trifuged at 900×g for 5 min at RT and washed in PEM
buffer (200 mM PIPES, 2 mM EGTA, 0.2 mM MgSO4,
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pH 6.9). The cells were then resuspended in PEM buffer
and transferred to poly-L-lysine-coated coverslips and
let to attach for 15 min. The cells were then perme-
abilized by 0.2% Triton X-100 in PEM buffer for 20 min
and washed three times with PEM buffer. Then, the cells
were incubated in blocking solution PEMBALG (PEM
supplemented with 1% BSA, 0.1% NaN3, 100 mM lysine
and 0.5% gelatin) for 30 min. All blocking and immuno-
labeling steps were performed in humid chamber at
room temperature. After blocking, the cells were incu-
bated in PEMBALG containing anti-acetylated tubulin
antibody produced in mouse (1:2000 dilution, Sigma-
Aldrich) and anti-GL50803_9296 antibody produced in
rabbit [97] (1:2000 dilution) for 1 h. The coverslips were
then washed three times 15 min in 0.1% Tween-20 in
PBS and incubated in PEMBALG containing anti-mouse
antibody conjugated with Alexa488 (1:1000 dilution, Life
Technologies) and anti-rabbit antibody conjugated with
Alexa594 (1:000 dilution, Life Technologies) for 1 h. The
coverslips were washed three times 15min in 0.1%
Tween-20 in PBS and mounted in Vectashield contain-
ing DAPI (Vector Laboratories).
For STED microscopy of gently lysed Giardia, the cells

were resuspended in SM buffer supplemented with pro-
tease inhibitors (Complete, EDTA free, Roche) and
passed 10 times through 33 × ½” needle (Cadence Inc.).
The cell lysate was then put on Piranha-treated high-
performance coverslip (Zeiss). After 15 min, the sample
was fixed using 2% formaldehyde for 15 min. The cells
were then permeabilized, blocked, and immunolabeled
as described above. Secondary antibodies used in this ex-
periment were as follows: anti-rabbit Abberior STAR
635p antibody (1:100 dilution, Abberior Instruments
GmbH) and anti-mouse Abberior STAR 580 antibody
(1:100 dilution, Abberior Instruments GmbH). Anti-fade
liquid Abberior Mount (Abberior Instruments GmbH)
was used for mounting the slides according to the man-
ufacturer’s protocol.
For live-cell imaging experiments, Giardia trophozoites

expressing GiDHFR fused with Y-FAST tag [34] were
enriched for mitotic cells as described above.
Albendazole-unaffected cells were collected and placed to
the 35mm glass bottom microscopy dish (In Vitro Scien-
tific). Cells were kept at 37 °C for 10min to attach. After
that, warm, fresh media supplemented with 1 μM HMBR
(a kind gift from prof. Gautier, Sorbonne University,
France) was added to the cells, and they were observed
using Leica SP8 confocal microscope in 37 °C-preheated
humid chamber (Okolab) under anaerobic conditions.

Fluorescence microscopy and imaging
Static images were acquired on Leica SP8 FLIM inverted
confocal microscope equipped with 405 nm and white
light (470–670 nm) lasers and FOV SP8 scanner using

HC PL APO CS2 63x/1.4 NA oil-immersion objective.
Laser wavelengths and intensities were controlled by a
combination of AOTF and AOBS separately for each
channel. Emitting fluorescence was captured by internal
spectrally tunable HyD detectors. Imaging was con-
trolled by the Leica LAS-X software. Images were decon-
volved using SVI Huygens Professional software
(Scientific Volume Imaging) with the CMLE algorithm.
Maximum intensity projections and brightness/contrast
corrections were performed in FIJI ImageJ software.
Live imaging experiments were performed on the same

microscope as described above. Y-FAST fluorescence
was excited at approximately 480 nm, and emitted light
was approximately 540 nm as described in [34]. Fluores-
cence images were taken every 500ms.
STED and 3D-DyMIN STED [38] microscopy were

performed on a commercial Abberior STED 775 QUAD
Scanning microscope (Abberior Instruments GmbH)
equipped with Ti-E Nikon body, QUAD beam scanner,
Easy3D STED Optics Module, and Nikon CFI Plan Apo
60x oil-immersion objective (NA 1.40). Samples were il-
luminated by pulsed 561 nm and 640 nm lasers and de-
pleted by a pulsed 775 nm STED laser of 2D donut
shape (all lasers: 40MHz repetition rate). The fluores-
cence signal was detected with single-photon counting
modules (Excelitas Technologies). Line-interleaved ac-
quisition enabled separated detection of individual chan-
nels in the spectral range from 605 nm to 625 nm and
from 650 nm to 720 nm. The confocal pinhole was set to
1 AU.

LM and CLEM of Giardia
For FIB/SEM experiments, laser marked slides were used
(LASERMarking, Munich, Germany) and the cells in a
proliferative phase were allowed to attach to them in a
silicon anaerobic chamber at 37 °C. Slides were rinsed
with PBS, pH 7.2, and immediately fixed with 2.5% (v/v)
glutaraldehyde (Science Services GmbH, München) in
75mM cacodylate (Sigma-Aldrich), 75 mM NaCl, 2 mM
MgCl2 for 30 min, followed by 3 washing steps in caco-
dylate buffer. Cells were stained with DAPI, sealed with
a coverslip and Fixogum (Marabu GmbH & Co. KG,
Tamm, Germany) to prevent drying during LM investi-
gation on Zeiss Axiophot fluorescence light microscope.
The positions of cells in the desired stage of mitosis
(ROIs) were marked on a template, with the same coor-
dinates. For documentation, epifluorescence, phase con-
trast, and DIC images were taken in different
magnifications (objective × 5, × 10, × 40), and these
were sufficient to followingly retrieve the ROIs in SEM.

EM preparation
After removal of Fixogum and coverslip, cells were post-
fixed (customized rOTO-impregnation protocol [39]
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with 1% (v/v) OsO4 and 1% (w/v) K4Fe(CN)6 in cacody-
late buffer for 30 min, washed 3 times in ddH2O, incu-
bated with 1% (w/v) thiocarbohydrazide in ddH2O for
30 min, washed = with ddH2O 3 times, followed by post-
fixation with 1% OsO4 in ddH2O for 30 min. The sam-
ples were rinsed 3 times with ddH2O and dehydrated in
a graded series of acetone (20%, 40%, 60%, 80%, 100%,
100%, 100%), containing a 1% uranyl acetate step in 20%
acetone for 30 min, infiltrated and embedded on the
glass slide.
The ultrathin embedding was done according to [40]

as follows. Cells were infiltrated with 1:1 Hard-Plus
Resin-812 in acetone, 2:1 (resin/acetone) and 3:1 (resin/
acetone) always for 1 h. Finally, the cells were placed in
two changes of 100% resin, for 1 h and 2 h. A filter
paper, completely soaked with acetone, was placed at the
bottom of a Falcon® tube to provide an acetone saturated
atmosphere. A polypropylene cap was placed on top of
the filter paper to avoid direct contact with the slide.
The slide was placed upright into the Falcon® tube,
allowing the excessive resin to drain into filter paper at
the bottom of the Falcon tube for 2 min. Then, the slides
were centrifuged for 2 min, 268 g, Hettich, swing-out
rotor). The samples were polymerized for 72 h at 60 °C.
The size of the glass slides was reduced to appropriate
size by fracturing with aid of a diamond pen. The speci-
mens were mounted on an aluminum stubs with col-
loidal silver. A carbon coating by evaporation of
approximately 15 nm thickness was done on Balzers
BAE 080 T, Liechtenstein).

High-resolution FIB/SEM
Giardia interphase and mitotic trophozoites cells were
imaged in a Zeiss Auriga 40 FIB/SEM workstation oper-
ating under SmartSEM (Carl Zeiss Microscopy GmbH,
Oberkochen, Germany). FIB/SEM milling was started
right in front of the anterior part the cell. Ion beam cur-
rents of 50 pA were used. High-resolution images were
obtained with the EsB detector at 1.5 kV at a grid voltage
of − 500 V. Dependent on the desired resolution, image
pixel sizes between 2 and 10 nm in x/y were chosen. The
milling rate was set to 2 nm, which allows the adjust-
ment of the z resolution in 2 nm steps at any time dur-
ing the FIB/SEM run. The average voxel size achieved
was 3 × 3 × 8 nm.

3D-reconstruction and visualization
The datasets were aligned using Amira (Thermo Fisher
Scientific, USA) with the module align slices. The image
stacks from FIB/SEM were segmented and reconstructed
in Thermo Scientific Amira software or processed with a
direct volume rendering algorithm (volren) for immedi-
ate visualization.
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flagella both from ventral (A) and dorsal (B) sides. Individual microtubules
radiate laterally from the central funis, and also a particular microtubular
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Acknowledgements
We especially thank prof. Jaroslav Kulda for his lifelong mentoring on the
biology of Giardia intestinalis.

Authors’ contributions
Conceived and designed the experiments: PT, LV, AK, EN, GW, PD. Performed
the experiments: PT, LV, EN, GW. Analyzed the data: PT, LV, EN, AK, GW, PD.
Contributed reagents/materials/analysis tools: PT, LV, EN, AK, GW, PD. Wrote
the paper: PT, PD. All authors have read and approved the manuscript.

Funding
The project was supported by the Ministry of Education, Youth and Sports of
CR (MSMT-10251/2019, project ID: LTAB19004 to P.T., by Bayerisch-
Tschechische Hochschulagentur BTHA-JC2019-7 to A.K., by Czech Science
Foundation Grant 20-25417S and the PRIMUS grant PRIMUS/SCV34 from
Charles University to P.D., by PRIMUS/20/MED/008 from Charles University to
P.T., by the National Sustainability Program II (Project BIOCEV-FAR, LQ1604)
from the Ministry of Education, Youth and Sports of CR (MEYS), and by the
project “Centre for research of pathogenicity and virulence of parasites” (No.
CZ.02.1.01/0.0/0.0/16_019/0000759) funded by European Regional Develop-
ment Fund. We acknowledge Imaging Methods Core Facility at BIOCEV, insti-
tution supported by the MEYS CR (Large RI Project LM2018129 Czech-
BioImaging), and ERDF (project No. CZ.02.1.01/0.0/0.0/18_046/0016045) for
their support with obtaining imaging data presented in this paper. We also
acknowledge CMS-Biocev (“Biophysical techniques”) of CIISB, Instruct-CZ
Centre, supported by MEYS CR (LM2018127).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files. The raw
microscopy datasets are available from the corresponding authors on
request.

Tůmová et al. BMC Biology          (2021) 19:193 Page 17 of 20

https://doi.org/10.1186/s12915-021-01129-7
https://doi.org/10.1186/s12915-021-01129-7


Declarations

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details
1Institute of Immunology and Microbiology, First Faculty of Medicine, Charles
University, Prague, Czech Republic. 2Department of Parasitology, Faculty of
Science, Charles University, BIOCEV, Vestec, Czech Republic. 3Plant
Development and Electron Microscopy, Department of Biology I, Biocenter of
Ludwig-Maximilians University, Munich, Germany. 4Department of Biology I,
Biocenter of Ludwig-Maximilians University, Munich, Germany.

Received: 27 January 2021 Accepted: 20 August 2021

References
1. Spinelli JB, Haigis MC. The multifaceted contributions of mitochondria to

cellular metabolism. Nature Cell Biology. 2018;20(7):745–54. https://doi.org/1
0.1038/s41556-018-0124-1.

2. Youle RJ, van der Bliek AM. Mitochondrial fission, fusion, and stress. Science.
2012;337(6098):1062–5. https://doi.org/10.1126/science.1219855.

3. Friedman JR, Nunnari J. Mitochondrial form and function. Nature. 2014;
505(7483):335–43. https://doi.org/10.1038/nature12985.

4. Labbé K, Murley A, Nunnari J. Determinants and functions of mitochondrial
behavior. Annu Rev Cell Dev Biol. 2014;30(1):357–91. https://doi.org/10.114
6/annurev-cellbio-101011-155756.

5. Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat Rev Mol Cell Biol.
2011;12(1):9–14. https://doi.org/10.1038/nrm3028.

6. Mishra P, Chan DC. Mitochondrial dynamics and inheritance during cell
division, development and disease. Nat Rev Mol Cell Biol. 2014;15(10):634–
46. https://doi.org/10.1038/nrm3877.

7. Voleman L, Doležal P. Mitochondrial dynamics in parasitic protists. PLoS
Pathog. 2019;15(11):e1008008. https://doi.org/10.1371/journal.ppat.1008008.

8. Arimura SI. Fission and fusion of plant mitochondria, and genome
maintenance. Plant Physiology. 2018;176(1):152–61. https://doi.org/10.1104/
pp.17.01025.

9. Uchiumi Y, Ohtsuki H, Sasaki A. Evolution of self-limited cell division of
symbionts. Proc R Soc B Biol Sci. 2019;286(1895):20182238. https://doi.org/1
0.1098/rspb.2018.2238.

10. Atkinson AW, John PCL, Gunning BES. The growth and division of the single
mitochondrion and other organelles during the cell cycle of Chlorella,
studied by quantitative stereology and three dimensional reconstruction.
Protoplasma. 1974;81(1):77–109. https://doi.org/10.1007/BF02055775.

11. Vickerman K. DNA throughout the single mitochondrion of a kinetoplastid
flagellate: observations on the ultrastructure of Cryptobia vaginalis (Hesse,
1910). J Protozool. 1977;24(2):221–33. https://doi.org/10.1111/j.1550-7408.1
977.tb00970.x.

12. Seeber F, Limenitakis J, Soldati-Favre D. Apicomplexan mitochondrial
metabolism: a story of gains, losses and retentions. Trends in Parasitology.
2008;24(10):468–78. https://doi.org/10.1016/j.pt.2008.07.004.

13. Letcher PM, Powell MJ. Kappamyces, a new genus in the Chytridiales
(Chytridiomycota). Nov Hedwigia. 2005;80(1-2):115–33. https://doi.org/10.112
7/0029-5035/2005/0080-0115.

14. Robinson DR, Gull K. Basal body movements as a mechanism for
mitochondrial genome segregation in the trypanosome cell cycle. Nature.
1991;352(6337):731–3. https://doi.org/10.1038/352731a0.

15. Schneider A, Ochsenreiter T. Failure is not an option – mitochondrial
genome segregation in trypanosomes. J Cell Sci. 2018;131:jcs221820. doi:
https://doi.org/10.1242/jcs.221820.

16. Zhao Z, Lindsay ME, Roy Chowdhury A, Robinson DR, Englund PT. p166, a
link between the trypanosome mitochondrial DNA and flagellum, mediates
genome segregation. EMBO J. 2008;27(1):143–54. https://doi.org/10.1038/sj.
emboj.7601956.

17. Ogbadoyi EO, Robinson DR, Gull K. A high-order trans-membrane structural
linkage is responsible for mitochondrial genome positioning and
segregation by flagellar basal bodies in trypanosomes. Mol Biol Cell. 2003;
14(5):1769–79. https://doi.org/10.1091/mbc.e02-08-0525.

18. Jakob M, Hoffmann A, Amodeo S, Peitsch C, Zuber B, Ochsenreiter T.
Mitochondrial growth during the cell cycle of Trypanosoma brucei
bloodstream forms. Sci Rep. 2016;6(1):36565. https://doi.org/10.1038/srep3
6565.

19. Hoffmann A, Käser S, Jakob M, Amodeo S, Peitsch C, Týc Í, et al. Molecular
model of the mitochondrial genome segregation machinery in
Trypanosoma brucei. Proc Natl Acad Sci. 2018;115(8):1–10. https://doi.org/1
0.1073/pnas.1716582115.

20. Schnarwiler F, Niemann M, Doiron N, Harsman A, Kaser S, Mani J, et al.
Trypanosomal TAC40 constitutes a novel subclass of mitochondrial β-barrel
proteins specialized in mitochondrial genome inheritance. Proc Natl Acad
Sci. 2014;111(21):7624–9. https://doi.org/10.1073/pnas.1404854111.

21. Käser S, Willemin M, Schnarwiler F, Schimanski B, Poveda-Huertes D,
Oeljeklaus S, et al. Biogenesis of the mitochondrial DNA inheritance
machinery in the mitochondrial outer membrane of Trypanosoma brucei.
PLoS Pathog. 2017;13(12):e1006808. https://doi.org/10.1371/journal.ppat.1
006808.

22. Trikin R, Doiron N, Hoffmann A, Haenni B, Jakob M, Schnaufer A, et al.
TAC102 is a novel component of the mitochondrial genome segregation
machinery in trypanosomes. PLoS Pathog. 2016;12(5):1005586. https://doi.
org/10.1371/journal.ppat.1005586.

23. Adl SM, Bass D, Lane CE, Lukeš J, Schoch CL, Smirnov A, et al. Revisions to
the classification, nomenclature, and diversity of eukaryotes. J Eukaryot
Microbiol. 2019;66(1):4–119. https://doi.org/10.1111/jeu.12691.

24. Roger AJ, Muñoz-Gómez SA, Kamikawa R. The origin and diversification of
mitochondria. Curr Biol. 2017;27(21):R1177–92. https://doi.org/10.1016/j.cub.2
017.09.015.

25. Tovar J, León-Avila G, Sánchez LB, Sutak R, Tachezy J, van der Giezen M,
et al. Mitochondrial remnant organelles of Giardia function in iron-sulphur
protein maturation. Nature. 2003;426(6963):172–6. https://doi.org/10.1038/na
ture01945.

26. Rout S, Zumthor JP, Schraner EM, Faso C, Hehl AB. An interactome-centered
protein discovery approach reveals novel components involved in
mitosome function and homeostasis in Giardia lamblia. PLOS Pathog. 2016;
12(12):e1006036. https://doi.org/10.1371/journal.ppat.1006036.

27. Martincová E, Voleman L, Najdrová V, De Napoli M, Eshar S, Gualdron M,
et al. Live imaging of mitosomes and hydrogenosomes by HaloTag
technology. PLoS One. 2012;7(4):e36314. https://doi.org/10.1371/journal.
pone.0036314.

28. Voleman L, Najdrová V, Ástvaldsson Á, Tůmová P, Einarsson E, Švindrych Z,
et al. Giardia intestinalis mitosomes undergo synchronized fission but not
fusion and are constitutively associated with the endoplasmic reticulum.
BMC Biol. 2017;15(1):27. https://doi.org/10.1186/s12915-017-0361-y.

29. Regoes A, Zourmpanou D, León-Avila G, van der Giezen M, Tovar J, Hehl AB.
Protein import, replication, and inheritance of a vestigial mitochondrion. J Biol
Chem. 2005;280(34):30557–63. https://doi.org/10.1074/jbc.M500787200.

30. Dagley MJ, Dolezal P, Likic VA, Smid O, Purcell AW, Buchanan SK, et al. The protein
import channel in the outer mitosomal membrane of Giardia intestinalis. Mol Biol
Evol. 2009;26(9):1941–7. https://doi.org/10.1093/molbev/msp117.

31. Pyrihová E, Motyčková A, Voleman L, Wandyszewska N, Fišer R, Seydlová G,
et al. A single Tim translocase in the mitosomes of Giardia intestinalis
illustrates convergence of protein import machines in anaerobic eukaryotes.
Genome Biol Evol. 2018;10(10):2813–22. https://doi.org/10.1093/gbe/evy215.

32. Midlej V, Penha L, Silva R, de Souza W, Benchimol M. Mitosomal chaperone
modulation during the life cycle of the pathogenic protist Giardia
intestinalis. Eur J Cell Biol. 2016;95(12):531–42. https://doi.org/10.1016/j.ejcb.2
016.08.005.

33. Hehl AB, Regos A, Schraner E, Schneider A. Bax function in the absence of
mitochondria in the primitive protozoan Giardia lamblia. PLoS One. 2007;
2(5):e488. https://doi.org/10.1371/journal.pone.0000488.

34. Plamont M-A, Billon-Denis E, Maurin S, Gauron C, Pimenta FM, Specht CG,
et al. Small fluorescence-activating and absorption-shifting tag for tunable
protein imaging in vivo. Proc Natl Acad Sci U S A. 2016;113(3):497–502.
https://doi.org/10.1073/pnas.1513094113.

35. Sagolla MS, Dawson SC, Mancuso JJ, Cande WZ. Three-dimensional analysis
of mitosis and cytokinesis in the binucleate parasite Giardia intestinalis. J Cell
Sci. 2006;119(Pt 23):4889–900. https://doi.org/10.1242/jcs.03276.

Tůmová et al. BMC Biology          (2021) 19:193 Page 18 of 20

https://doi.org/10.1038/s41556-018-0124-1
https://doi.org/10.1038/s41556-018-0124-1
https://doi.org/10.1126/science.1219855
https://doi.org/10.1038/nature12985
https://doi.org/10.1146/annurev-cellbio-101011-155756
https://doi.org/10.1146/annurev-cellbio-101011-155756
https://doi.org/10.1038/nrm3028
https://doi.org/10.1038/nrm3877
https://doi.org/10.1371/journal.ppat.1008008
https://doi.org/10.1104/pp.17.01025
https://doi.org/10.1104/pp.17.01025
https://doi.org/10.1098/rspb.2018.2238
https://doi.org/10.1098/rspb.2018.2238
https://doi.org/10.1007/BF02055775
https://doi.org/10.1111/j.1550-7408.1977.tb00970.x
https://doi.org/10.1111/j.1550-7408.1977.tb00970.x
https://doi.org/10.1016/j.pt.2008.07.004
https://doi.org/10.1127/0029-5035/2005/0080-0115
https://doi.org/10.1127/0029-5035/2005/0080-0115
https://doi.org/10.1038/352731a0
https://doi.org/10.1242/jcs.221820
https://doi.org/10.1038/sj.emboj.7601956
https://doi.org/10.1038/sj.emboj.7601956
https://doi.org/10.1091/mbc.e02-08-0525
https://doi.org/10.1038/srep36565
https://doi.org/10.1038/srep36565
https://doi.org/10.1073/pnas.1716582115
https://doi.org/10.1073/pnas.1716582115
https://doi.org/10.1073/pnas.1404854111
https://doi.org/10.1371/journal.ppat.1006808
https://doi.org/10.1371/journal.ppat.1006808
https://doi.org/10.1371/journal.ppat.1005586
https://doi.org/10.1371/journal.ppat.1005586
https://doi.org/10.1111/jeu.12691
https://doi.org/10.1016/j.cub.2017.09.015
https://doi.org/10.1016/j.cub.2017.09.015
https://doi.org/10.1038/nature01945
https://doi.org/10.1038/nature01945
https://doi.org/10.1371/journal.ppat.1006036
https://doi.org/10.1371/journal.pone.0036314
https://doi.org/10.1371/journal.pone.0036314
https://doi.org/10.1186/s12915-017-0361-y
https://doi.org/10.1074/jbc.M500787200
https://doi.org/10.1093/molbev/msp117
https://doi.org/10.1093/gbe/evy215
https://doi.org/10.1016/j.ejcb.2016.08.005
https://doi.org/10.1016/j.ejcb.2016.08.005
https://doi.org/10.1371/journal.pone.0000488
https://doi.org/10.1073/pnas.1513094113
https://doi.org/10.1242/jcs.03276


36. Nohynková E, Tumová P, Kulda J. Cell division of Giardia intestinalis: flagellar
developmental cycle involves transformation and exchange of flagella
between mastigonts of a diplomonad cell. Eukaryot Cell. 2006;5(4):753–61.
https://doi.org/10.1128/EC.5.4.753-761.2006.

37. Tůmová P, Hofštetrová K, Nohýnková E, Hovorka O, Král J. Cytogenetic
evidence for diversity of two nuclei within a single diplomonad cell of
Giardia. Chromosoma. 2007;116(1):65–78. https://doi.org/10.1007/s00412-
006-0082-4.

38. Heine J, Reuss M, Harke B, D’Este E, Sahl SJ, Hell SW. Adaptive-illumination
STED nanoscopy. Proc Natl Acad Sci U S A. 2017;114(37):9797–802. https://
doi.org/10.1073/pnas.1708304114.

39. Luckner M, Wanner G. Precise and economic FIB/SEM for CLEM: with 2 nm
voxels through mitosis. Histochem Cell Biol. 2018;150(2):149–70. https://doi.
org/10.1007/s00418-018-1681-x.

40. Tůmová P, Nohýnková E, Klingl A, Wanner G. A rapid workflow for the
characterization of small numbers of unicellular eukaryotes by using
correlative light and electron microscopy. J Microbiol Methods. 2020;172:
105888. https://doi.org/10.1016/j.mimet.2020.105888.

41. Faso C, Hehl AB. A cytonaut's guide to protein trafficking in Giardia lamblia.
In: A cytonaut’s guide to protein trafficking in Giardia lamblia. In: Advances
in Parasitology. Academic Press; 2019. p. 105–27. https://doi.org/10.1016/
bs.apar.2019.08.001.

42. Touz MC. The Unique Endosomal/Lysosomal System of Giardia lamblia. In:
Molecular Regulation of Endocytosis. InTech; 2012. doi:https://doi.org/10.
5772/45786.

43. Abodeely M, Dubois KN, Hehl A, Stefanie S, Sajid M, Desouza W, et al. A
contiguous compartment functions as endoplasmic reticulum and
endosome/lysosome in Giardia lamblia. Eukaryot Cell. 2009;8(11):1665–76.
https://doi.org/10.1128/EC.00123-09.

44. Gadelha APR, Benchimol M, Souza W de. The cytoskeleton of Giardia
intestinalis. In: Current Topics in Giardiasis. InTech; 2017. doi:https://doi.org/1
0.5772/intechopen.70243, The Cytoskeleton of Giardia intestinalis.

45. Benchimol M, Piva B, Campanati L, De Souza W. Visualization of the funis of
Giardia lamblia by high-resolution field emission scanning electron
microscopy - New insights. J Struct Biol. 2004;147(2):102–15. https://doi.
org/10.1016/j.jsb.2004.01.017.

46. Markova K, Uzlikova M, Tumova P, Jirakova K, Hagen G, Kulda J, et al.
Absence of a conventional spindle mitotic checkpoint in the binucleated
single-celled parasite Giardia intestinalis. Eur J Cell Biol. 2016;95(10):355–67.
https://doi.org/10.1016/j.ejcb.2016.07.003.

47. Sagan L. On the origin of mitosing cells. J Theor Biol. 1967;14(3):255–74.
http://www.ncbi.nlm.nih.gov/pubmed/11541392. . https://doi.org/10.1016/
0022-5193(67)90079-3.

48. Schatz G, Haslbrunner E, Tuppy H. Deoxyribonucleic acid associated with
yeast mitochondria. Biochem Biophys Res Commun. 1964;15(2):127–32.
https://doi.org/10.1016/0006-291X(64)90311-0.

49. Dorn GW. Evolving concepts of mitochondrial dynamics. Annu Rev Physiol.
2019;81(1):1–17. https://doi.org/10.1146/annurev-physiol-020518-114358.

50. Okamoto K, Shaw JM. Mitochondrial morphology and dynamics in yeast
and multicellular eukaryotes. Annu Rev Genet. 2005;39(1):503–36. https://doi.
org/10.1146/annurev.genet.38.072902.093019.

51. Nunnari J, Suomalainen A. Mitochondria: in sickness and in health. Cell.
2012;148(6):1145–59. https://doi.org/10.1016/j.cell.2012.02.035.

52. Chan DC. Mitochondrial dynamics and its involvement in disease. Annu Rev
Pathol Mech Dis. 2020;15(1):235–59. https://doi.org/10.1146/annurev-pa
thmechdis-012419-032711.

53. Suárez-Rivero J, Villanueva-Paz M, de la Cruz-Ojeda P, de la Mata M, Cotán
D, Oropesa-Ávila M, et al. Mitochondrial dynamics in mitochondrial diseases.
Diseases. 2016;5(1):1. https://doi.org/10.3390/diseases5010001.

54. Lewis SC, Uchiyama LF, Nunnari J. ER-mitochondria contacts couple mtDNA
synthesis with mitochondrial division in human cells. Science. 2016;353:
af5549.

55. Korobova F, Ramabhadran V, Higgs HN. An actin-dependent step in
mitochondrial fission mediated by the ER-associated formin INF2. Science.
2013;339(6118):464–7. https://doi.org/10.1126/science.1228360.

56. Taguchi N, Ishihara N, Jofuku A, Oka T, Mihara K. Mitotic phosphorylation of
dynamin-related GTPase Drp1 participates in mitochondrial fission. J Biol
Chem. 2007;282(15):11521–9. https://doi.org/10.1074/jbc.M607279200.

57. Park YY, Cho H. Mitofusin 1 is degraded at G2/M phase through
ubiquitylation by MARCH5. Cell Div. 2012;7(1):25. https://doi.org/10.1186/174
7-1028-7-25.

58. Melo EJL, Attias M, De Souza W. The single mitochondrion of tachyzoites of
Toxoplasma gondii. J Struct Biol. 2000;130(1):27–33. https://doi.org/10.1006/
jsbi.2000.4228.

59. Kobayashi T, Sato S, Takamiya S, Komaki-Yasuda K, Yano K, Hirata A, et al.
Mitochondria and apicoplast of Plasmodium falciparum: behaviour on
subcellular fractionation and the implication. Mitochondrion. 2007;7(1-2):
125–32. https://doi.org/10.1016/j.mito.2006.11.021.

60. Frénal K, Jacot D, Hammoudi PM, Graindorge A, MacO B, Soldati-Favre D.
Myosin-dependent cell-cell communication controls synchronicity of
division in acute and chronic stages of Toxoplasma gondii. Nat Commun.
2017;8(1). https://doi.org/10.1038/ncomms15710.

61. Lacomble S, Vaughan S, Gadelha C, Morphew MK, Shaw MK, McIntosh JR,
et al. Three-dimensional cellular architecture of the flagellar pocket and
associated cytoskeleton in trypanosomes revealed by electron microscope
tomography. J Cell Sci. 2009;122(8):1081–90. https://doi.org/10.1242/jcs.04
5740.

62. Francia ME, Striepen B. Cell division in apicomplexan parasites. Nature
Reviews Microbiology. 2014;12(2):125–36. https://doi.org/10.1038/nrmicro31
84.

63. Burki F, Roger AJ, Brown MW, Simpson AGB. The new tree of eukaryotes.
Trends Ecol Evol. 2020;35(1):43–55. https://doi.org/10.1016/j.tree.2019.08.008.

64. Leger MM, Kolisko M, Kamikawa R, Stairs CW, Kume K, Čepička I, et al.
Organelles that illuminate the origins of Trichomonas hydrogenosomes and
Giardia mitosomes. Nat Ecol Evol. 2017;1(4):0092. https://doi.org/10.1038/s41
559-017-0092.

65. Xu F, Jerlström-Hultqvist J, Kolisko M, Simpson AGB, Roger AJ, Svärd SG,
et al. On the reversibility of parasitism: adaptation to a free-living lifestyle via
gene acquisitions in the diplomonad Trepomonas sp. PC1. BMC Biol. 2016;
14(1):62. https://doi.org/10.1186/s12915-016-0284-z.

66. Benchimol M, Engelke F. Hydrogenosome behavior during the cell cycle in
Tritrichomonas foetus. Biol Cell. 2003;95(5):283–93. https://doi.org/10.1016/
S0248-4900(03)00060-1.

67. Park JS, Kolisko M, Heiss AA, Simpson AGB. Light microscopic observations,
ultrastructure, and molecular phylogeny of Hicanonectes teleskopos n. g., n.
sp., a deep-branching relative of diplomonads. J Eukaryot Microbiol. 2009;
56(4):373–84. https://doi.org/10.1111/j.1550-7408.2009.00412.x.

68. Yubuki N, Huang SSC, Leander BS. Comparative ultrastructure of fornicate
excavates, including a novel free-living relative of diplomonads:
Aduncisulcus paluster gen. et sp. nov. Protist. 2016;167(6):584–96. https://doi.
org/10.1016/j.protis.2016.10.001.

69. Kulda J, Nohýnková E. Flagellates of the human intestine and of intestines
of other species. In: Kreier JP, editor. Parasitic Protozoa. Volume 2. Academ
Press; 1978. p. 2–139.

70. Brugerolle G, Joyon L, Oktem N. Contribution à l’étude cytologique et
phylétique des diplozoaires (Zoomastigophorea, Diplozoa, Dangeard 1910).
VI. Caractères généraux des. Protistologica. 1975;9:495–502. https://pascal-fra
ncis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCA
L7650006905. Accessed 17 Aug 2020.

71. Leger MM, Kolísko M, Stairs CW, Simpson AGB. Mitochondrion-related
organelles in free-living protists. In: Tachezy J, editor. Hydrogenosomes and
Mitosomes: Mitochondria of Anaerobic Eukaryotes. Microbiology
Monographs. 2019. p. 287–308.

72. Santos HJ, Makiuchi T, Nozaki T. Reinventing an organelle: the reduced
mitochondrion in parasitic protists. Trends Parasitol. 2018;34(12):1038–55.
https://doi.org/10.1016/j.pt.2018.08.008.

73. Dolezal P, Dancis A, Lesuisse E, Sutak R, Hrdý I, Embley TM, et al. Frataxin, a
conserved mitochondrial protein, in the hydrogenosome of Trichomonas
vaginalis. Eukaryot Cell. 2007;6(8):1431–8. https://doi.org/10.1128/EC.00027-
07.

74. Füssy Z, Vinopalová M, Treitli SC, Pánek T, Smejkalová P, Čepička I, et al.
Retortamonads from vertebrate hosts share features of anaerobic
metabolism and pre-adaptations to parasitism with diplomonads. Parasitol
Int. 2021;82:102308. https://doi.org/10.1016/j.parint.2021.102308.

75. Tängemo C, Ronchi P, Colombelli J, Haselmann U, Simpson JC, Antony C,
et al. A novel laser nanosurgery approach supports de novo Golgi
biogenesis in mammalian cells. J Cell Sci. 2011;124(6):978–87. https://doi.
org/10.1242/jcs.079640.

76. Tachezy J, Sánchez LB, Müller M. Mitochondrial type iron-sulfur cluster
assembly in the amitochondriate eukaryotes Trichomonas vaginalis and
Giardia intestinalis, as indicated by the phylogeny of IscS. Mol Biol Evol.
2001;18:1919–1928. http://www.ncbi.nlm.nih.gov/pubmed/11557797.

Tůmová et al. BMC Biology          (2021) 19:193 Page 19 of 20

https://doi.org/10.1128/EC.5.4.753-761.2006
https://doi.org/10.1007/s00412-006-0082-4
https://doi.org/10.1007/s00412-006-0082-4
https://doi.org/10.1073/pnas.1708304114
https://doi.org/10.1073/pnas.1708304114
https://doi.org/10.1007/s00418-018-1681-x
https://doi.org/10.1007/s00418-018-1681-x
https://doi.org/10.1016/j.mimet.2020.105888
https://doi.org/10.1016/bs.apar.2019.08.001
https://doi.org/10.1016/bs.apar.2019.08.001
https://doi.org/10.5772/45786
https://doi.org/10.5772/45786
https://doi.org/10.1128/EC.00123-09
https://doi.org/10.5772/intechopen.70243
https://doi.org/10.5772/intechopen.70243
https://doi.org/10.1016/j.jsb.2004.01.017
https://doi.org/10.1016/j.jsb.2004.01.017
https://doi.org/10.1016/j.ejcb.2016.07.003
http://www.ncbi.nlm.nih.gov/pubmed/11541392
https://doi.org/10.1016/0022-5193(67)90079-3
https://doi.org/10.1016/0022-5193(67)90079-3
https://doi.org/10.1016/0006-291X(64)90311-0
https://doi.org/10.1146/annurev-physiol-020518-114358
https://doi.org/10.1146/annurev.genet.38.072902.093019
https://doi.org/10.1146/annurev.genet.38.072902.093019
https://doi.org/10.1016/j.cell.2012.02.035
https://doi.org/10.1146/annurev-pathmechdis-012419-032711
https://doi.org/10.1146/annurev-pathmechdis-012419-032711
https://doi.org/10.3390/diseases5010001
https://doi.org/10.1126/science.1228360
https://doi.org/10.1074/jbc.M607279200
https://doi.org/10.1186/1747-1028-7-25
https://doi.org/10.1186/1747-1028-7-25
https://doi.org/10.1006/jsbi.2000.4228
https://doi.org/10.1006/jsbi.2000.4228
https://doi.org/10.1016/j.mito.2006.11.021
https://doi.org/10.1038/ncomms15710
https://doi.org/10.1242/jcs.045740
https://doi.org/10.1242/jcs.045740
https://doi.org/10.1038/nrmicro3184
https://doi.org/10.1038/nrmicro3184
https://doi.org/10.1016/j.tree.2019.08.008
https://doi.org/10.1038/s41559-017-0092
https://doi.org/10.1038/s41559-017-0092
https://doi.org/10.1186/s12915-016-0284-z
https://doi.org/10.1016/S0248-4900(03)00060-1
https://doi.org/10.1016/S0248-4900(03)00060-1
https://doi.org/10.1111/j.1550-7408.2009.00412.x
https://doi.org/10.1016/j.protis.2016.10.001
https://doi.org/10.1016/j.protis.2016.10.001
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCAL7650006905
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCAL7650006905
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCAL7650006905
https://doi.org/10.1016/j.pt.2018.08.008
https://doi.org/10.1128/EC.00027-07
https://doi.org/10.1128/EC.00027-07
https://doi.org/10.1016/j.parint.2021.102308
https://doi.org/10.1242/jcs.079640
https://doi.org/10.1242/jcs.079640
http://www.ncbi.nlm.nih.gov/pubmed/11557797


Accessed 18 Dec 2014, 10, DOI: https://doi.org/10.1093/oxfordjournals.
molbev.a003732.

77. Dolezal P, Smíd O, Rada P, Zubácová Z, Bursać D, Suták R, et al. Giardia
mitosomes and trichomonad hydrogenosomes share a common mode of
protein targeting. Proc Natl Acad Sci U S A. 2005;102(31):10924–9. https://
doi.org/10.1073/pnas.0500349102.

78. Dawson SC, House SA. Life with eight flagella: flagellar assembly and
division in Giardia. Current Opinion in Microbiology. 2010;13(4):480–90.
https://doi.org/10.1016/j.mib.2010.05.014.

79. Feely DE, Holberton D V., Erlandsen SL. The biology of Giardia. Giardiasis.
1990;:11–49.

80. Nosala C, Hagen KD, Dawson SC. ‘Disc-o-fever’: getting down with
Giardia”</i>s groovy microtubule organelle. Trends Cell Biol. 2018;28:99–112.
doi:https://doi.org/10.1016/j.tcb.2017.10.007, 2.

81. Tůmová P, Kulda J, Nohýnková E. Cell division of Giardia intestinalis:
assembly and disassembly of the adhesive disc, and the cytokinesis. Cell
Motil Cytoskeleton. 2007;64(4):288–98. https://doi.org/10.1002/cm.20183.

82. Hardin WR, Li R, Xu J, Shelton AM, Alas GCM, Minin VN, et al. Myosin-
independent cytokinesis in Giardia utilizes flagella to coordinate force
generation and direct membrane trafficking. Proc Natl Acad Sci U S A. 2017;
114(29):E5854–63. https://doi.org/10.1073/pnas.1705096114.

83. Jedelský PL, Doležal P, Rada P, Pyrih J, Smíd O, Hrdý I, et al. The minimal
proteome in the reduced mitochondrion of the parasitic protist Giardia
intestinalis. PLoS One. 2011;6(2):e17285. https://doi.org/10.1371/journal.pone.
0017285.

84. Hennessey KM, Alas GCM, Rogiers I, Li R, Merritt EA, Paredez AR. Nek8445, a
protein kinase required for microtubule regulation and cytokinesis in Giardia
lamblia. Mol Biol Cell. 2020;31(15):1611–22. https://doi.org/10.1091/mbc.E19-
07-0406.

85. Kolisko M, Silberman JD, Cepicka I, Yubuki N, Takishita K, Yabuki A, et al. A
wide diversity of previously undetected free-living relatives of diplomonads
isolated from marine/saline habitats. Environ Microbiol. 2010;12:2700–10.
https://doi.org/10.1111/j.1462-2920.2010.02239.x.

86. Mai Z, Ghosh S, Frisardi M, Rosenthal B, Rogers R, Samuelson J. Hsp60 is
targeted to a cryptic mitochondrion-derived organelle in the
microaerophilic protozoan parasite Entamoeba histolytica. Mol Cell Biol.
1999;19:2198–2205. http://www.ncbi.nlm.nih.gov/pubmed/10022906.
Accessed 3 Aug 2018, 3, DOI: https://doi.org/10.1128/MCB.19.3.2198.

87. Benchimol M. Hydrogenosomes under microscopy. Tissue Cell. 2009;41(3):
151–68. https://doi.org/10.1016/j.tice.2009.01.001.

88. Voeltz GK, Prinz WA. Sheets, ribbons and tubules - how organelles get their
shape. Nat Rev Mol Cell Biol. 2007;8(3):258–64. https://doi.org/10.1038/
nrm2119.

89. Faelber K, Dietrich L, Noel JK, Wollweber F, Pfitzner AK, Mühleip A, et al.
Structure and assembly of the mitochondrial membrane remodelling
GTPase Mgm1. Nature. 2019;571(7765):429–33. https://doi.org/10.1038/s41
586-019-1372-3.

90. Kondadi AK, Anand R, Hänsch S, Urbach J, Zobel T, Wolf DM, et al. Cristae
undergo continuous cycles of membrane remodelling in a MICOS-
dependent manner. EMBO Rep. 2020;21. doi:https://doi.org/10.15252/embr.2
01949776.

91. Paumard P, Vaillier J, Coulary B, Schaeffer J, Soubannier V, Mueller DM, et al.
The ATP synthase is involved in generating mitochondrial cristae
morphology. EMBO J. 2002;21(3):221–30. https://doi.org/10.1093/
emboj/21.3.221.

92. Visser W, van Spronsen EA, Nanninga N, Pronk JT, Gijs Kuenen J, van Dijken
JP. Effects of growth conditions on mitochondrial morphology in
Saccharomyces cerevisiae. Antonie Van Leeuwenhoek. 1995;67(3):243–53.
https://doi.org/10.1007/bf00873688.

93. Posakony JW, England JM, Attardi G. Mitochondrial growth and division
during the cell cycle in HeLa cells. J Cell Biol. 1977;74(2):468–91. https://doi.
org/10.1083/jcb.74.2.468.

94. Anastacio MM, Kanter EM, Makepeace CM, Keith AD, Zhang H, Schuessler
RB, et al. Relationship between mitochondrial matrix volume and cellular
volume in response to stress and the role of atp-sensitive potassium
channel. Circulation. 2013;128 SUPPL.1.

95. Keister DB. Axenic culture of Giardia lamblia in TYI-S-33 medium
supplemented with bile. Trans R Soc Trop Med Hyg. 1983;77:487–488.
http://www.ncbi.nlm.nih.gov/pubmed/6636276. Accessed 21 Feb 2015, 4,
DOI: https://doi.org/10.1016/0035-9203(83)90120-7.

96. Lauwaet T, Davids BJ, Torres-Escobar A, Birkeland SR, Cipriano MJ, Preheim
SP, et al. Protein phosphatase 2A plays a crucial role in Giardia lamblia
differentiation. Mol Biochem Parasitol. 2007;152(1):80–9. https://doi.org/10.1
016/j.molbiopara.2006.12.001.

97. Martincová E, Voleman L, Pyrih J, Žárský V, Vondráčková P, Kolísko M, et al.
Probing the biology of Giardia intestinalis mitosomes using in vivo
enzymatic tagging. Mol Cell Biol. 2015;35(16):2864–74. https://doi.org/10.112
8/MCB.00448-15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Tůmová et al. BMC Biology          (2021) 19:193 Page 20 of 20

https://doi.org/10.1093/oxfordjournals.molbev.a003732
https://doi.org/10.1093/oxfordjournals.molbev.a003732
https://doi.org/10.1073/pnas.0500349102
https://doi.org/10.1073/pnas.0500349102
https://doi.org/10.1016/j.mib.2010.05.014
https://doi.org/10.1016/j.tcb.2017.10.007
https://doi.org/10.1002/cm.20183
https://doi.org/10.1073/pnas.1705096114
https://doi.org/10.1371/journal.pone.0017285
https://doi.org/10.1371/journal.pone.0017285
https://doi.org/10.1091/mbc.E19-07-0406
https://doi.org/10.1091/mbc.E19-07-0406
https://doi.org/10.1111/j.1462-2920.2010.02239.x
http://www.ncbi.nlm.nih.gov/pubmed/10022906
https://doi.org/10.1128/MCB.19.3.2198
https://doi.org/10.1016/j.tice.2009.01.001
https://doi.org/10.1038/nrm2119
https://doi.org/10.1038/nrm2119
https://doi.org/10.1038/s41586-019-1372-3
https://doi.org/10.1038/s41586-019-1372-3
https://doi.org/10.15252/embr.201949776
https://doi.org/10.15252/embr.201949776
https://doi.org/10.1093/emboj/21.3.221
https://doi.org/10.1093/emboj/21.3.221
https://doi.org/10.1007/bf00873688
https://doi.org/10.1083/jcb.74.2.468
https://doi.org/10.1083/jcb.74.2.468
http://www.ncbi.nlm.nih.gov/pubmed/6636276
https://doi.org/10.1016/0035-9203(83)90120-7
https://doi.org/10.1016/j.molbiopara.2006.12.001
https://doi.org/10.1016/j.molbiopara.2006.12.001
https://doi.org/10.1128/MCB.00448-15
https://doi.org/10.1128/MCB.00448-15

	Abstract
	Background
	Results
	Conclusion

	Introduction
	Results
	Pre-existing central mitosomes segregate during prophase towards the poles of the mitotic spindle
	Mitosomes associate with the axonemes of Giardia flagella
	Imaging of the mitosomes using FIB/SEM tomography
	Central mitosomes are connected to only the eldest (caudal) pair of flagella via a microtubular connector
	Coordination of mitosomal inheritance and the flagellar cycle
	Segregation of mitosomes occurs also when mitosis is aborted

	Discussion
	Conclusions
	Methods
	Giardia intestinalis cultivation
	Plasmid construction and cloning
	Preparation of cells for fluorescence microscopy
	Fluorescence microscopy and imaging
	LM and CLEM of Giardia
	EM preparation
	High-resolution FIB/SEM
	3D-reconstruction and visualization

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

