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ABSTRACT

The mitochondrion is crucial for ATP generation by oxidative phosphorylation,

among other processes. Cristae are invaginations of the mitochondrial inner

membrane that house nearly all the macromolecular complexes that perform

oxidative phosphorylation. The unicellular parasite Trypanosoma brucei under-

goes during its life cycle extensive remodeling of its single mitochondrion,

which reflects major changes in its energy metabolism. While the bloodstream

form (BSF) generates ATP exclusively by substrate-level phosphorylation and

has a morphologically highly reduced mitochondrion, the insect-dwelling pro-

cyclic form (PCF) performs oxidative phosphorylation and has an expanded and

reticulated organelle. Here, we have performed high-resolution 3D reconstruc-

tion of BSF and PCF mitochondria, with a particular focus on their cristae. By

measuring the volumes and surface areas of these structures in complete or

nearly complete cells, we have found that mitochondrial cristae are more

prominent in BSF than previously thought and their biogenesis seems to be

maintained during the cell cycle. Furthermore, PCF cristae exhibit a surprising

range of volumes in situ, implying that each crista is acting as an independent

bioenergetic unit. Cristae appear to be particularly enriched in the region of the

organelle between the nucleus and kinetoplast, the mitochondrial genome,

suggesting this part has distinctive properties.

TRYPANOSOMA brucei is the causative agent of human

African trypanosomiasis and the veterinarian disease

nagana (Barrett et al. 2003). This flagellated eukaryote

undergoes a complex life cycle involving differentiation

into specifically adapted stages as it alternates between

the tsetse fly vector and the mammalian host (Vickerman

1985), allowing it to occupy various ecological niches. The

single mitochondrion of T. brucei is drastically remodeled

to meet the different bioenergetic requirements of each

life cycle stage (Dole�zelov�a et al. 2020).

The T. brucei life cycle stage residing in the tsetse fly

midgut is called the procyclic form (PCF) and contains a

reticulated mitochondrion replete with disk-like cristae

(Verner et al. 2015). In all aerobic eukaryotes, these promi-

nent invaginations of the inner mitochondrial membrane

house the respiratory chain protein complexes responsible

for oxidative phosphorylation (Mannella 2020; P�anek et al.

2020). Thus, the organelle’s ultrastructure is a manifesta-

tion of its active role in coupling catabolism of proline, the

main carbon source for the citric acid cycle, with the pro-

duction of cellular ATP.

In contrast, the T. brucei long slender bloodstream form

(BSF), which proliferates preferentially in the mammalian

blood, has a morphologically reduced mitochondrion com-

pared to that of the PCF (Vickerman 1985). In the BSF,

the organelle assumes a tubular shape that extends along

the side of the cell opposite to the attached flagellum and

has only few extensions and loops (Barrett et al. 2003;

Hughes et al. 2017; Jakob et al. 2016), distinguishing it

from the elaborately reticulated mitochondrion of the PCF.
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Moreover, the rarely observed small cristae of the BSF

mitochondrion (Brown et al. 1973) assume the

tubulovesicular morphotype, whereas the prominent and

abundant cristae in the PCF have a characteristic disk-like

shape (P�anek et al. 2020). The ultrastructure of the BSF

mitochondrion reflects that oxidative phosphorylation is

suppressed in this life stage, with cellular ATP being pro-

duced exclusively by aerobic glycolysis (Verner et al.

2015). However, the mitochondrial DNA of T. brucei,

which is a network composed of mutually interlocked cir-

cles, here termed the kinetoplast (k) DNA, assumes in the

BSF and PCF identical morphology of a disk-shaped struc-

ture (Jensen and Englund 2012).

By using focused ion beam–scanning electron micro-

scopy (FIB-SEM), we reconstructed the three-dimensional

(3D) structure of the entire mitochondrion in the in vitro

cultured monomorphic BSF (i.e. cells that have lost the

capacity to differentiate into true PCF due to prolonged

culturing) and PCF cells, of which other morphological fea-

tures have already been analyzed using this approach (Ber-

tiaux et al. 2018; Fontaine et al. 2017). Moreover, in both

life cycle stages, we have analyzed in detail their cristae

and kDNA, as well as the volume and surface area of

these structures and have performed their comparative

analysis.

MATERIALS AND METHODS

Focused ion beam–scanning electron microscope
imaging and culturing of bloodstream form
Trypanosoma brucei

Monomorphic bloodstream stage T. brucei strain 328–114
was grown in HMI9 supplemented with 10% fetal bovine

serum, 10% Serum Plus at 37 °C in 5% CO2. Try-

panosomes in suspension in culture medium were quickly

mixed in fixative (2% PFA, Applichem, Darmstadt, Ger-

many), 2.5% glutaraldehyde (Electron Microscopy

Sciences, EMS, Hatfield, PA) in 0.15 M sodium cacodylate

(Sigma-Aldrich, St. Louis, MO) buffer, pH 7.4 at room tem-

perature for 30 min. Fixative was removed by washing

5 9 3 min in 0.15 M cacodylate buffer, and samples were

incubated in 1% osmium (OsO4, EMS), 1.5% potassium

ferrocyanide (Sigma-Aldrich) in 0.15 M cacodylate buffer

for 40 min at room temperature. This was immediately fol-

lowed by a second incubation in OsO4 (1% osmium in

double distilled H2O (dd H2O)) for 40 min at room temper-

ature. After washing in dd H2O for 5 9 3 min, samples

were incubated overnight at 4 °C in 1% uranyl acetate

(EMS). Uranyl acetate was removed by washing in dd

H2O for 5 9 3 min, serially dehydrated in increasing etha-

nol concentrations, embedded in agar 100 (Agar Scientific

Ltd, Stansted, UK), and left to polymerize for 2 days at

60 °C. Embedded samples were then mounted on alu-

minum s.e.m. stubs (diameter 12 mm) and coated with

B8 nm of platinum (Quorum Q150T ES). Focused ion

beam–scanning electron microscope imaging was per-

formed using a Zeiss Auriga Crossbeam system with

Atlas3D software. The focused ion beam was set to

remove 5-nm sections by propelling gallium ions at the

surface after deposition of a protective Pt° layer. Imaging

was done at 1.5 kV using an ESB (back-scattered electron)

detector. 2516 slices were collected, representing a vol-

ume of 20.44 (width) 9 12.8250 (height) 9 12.58 (depth)

µm, at 200 pixels/µm and voxel size:

0.005 9 0.005 9 0.005 µm3. Alignments were automati-

cally performed by the Atlas3D software.

Focused ion beam–scanning electron microscope
imaging of procyclic form Trypanosoma brucei

For EM sample preparation, procyclic T. brucei strain 427

cells were fixed directly in SDM-79 medium at 27 °C with

a final concentration of 2.5% glutaraldehyde (Sigma-

Aldrich). Fixed samples were washed three times by the

addition of 0.1 M cacodylate buffer (pH 7.2) buffer and

postfixed in 1% osmium (EMS) in 0.1 M cacodylate buffer

(pH 7.2) enriched with 1.5% potassium ferrocyanide

(Sigma-Aldrich) for 1 h. After 3 washes in water, samples

were incubated for 1 h in 1% tannic acid and postfixed a

second time in 1% osmium. Samples were gradually

dehydrated in acetone (Sigma-Aldrich) series from 50% to

100%. Cells were embedded in PolyBed812 resin (EMS)

followed by polymerization for 48 h at 60 °C. For FIB-SEM
analysis, the resin embedded cells were mounted on alu-

minum stubs, with the pyramidal surface of the resin

block pointing upwards. The block surface was coated

with a 20 nm thick layer gold–palladium in a Gatan Ion

Beam Coater 681 sputtering device and in additional 2 nm

platinum layer using the gas injection system placed inside

the Field Emission Scanning Electron Microscope (FESEM)

Crossbeam Auriga (Carl Zeiss, Iena, Germany) workstation

microscope chamber. The specimen stage was tilted at

54° with 5 mm working distance of the pole piece, at the

coincidence point of the electron and the gallium beams.

The milling conditions for the trench that allowed the view

of the cross section were 10 nA at accelerating voltage of

30 kV. The fine polishing of the surface block was per-

formed with 5 nA at 30 kV. For the slice series, 1 nA

milling current was applied removing a 10 nm layer from

the specimen block surface. Scanning EM images were

recorded with an aperture of 60 lm in the high-current

mode at 1.5 or 2 kV of the in-lens EsB detector with the

EsB grid set to �500 V. The voxel size was 10 nm in x, y,

and z. Back-scattered electron images were acquired

using ATLAS 5 software (Carl Zeiss).

Focused ion beam–scanning electron microscopy and
3D structure analysis

Conditions and parameters for culturing and preparation of

T. brucei BSF and PCF were described elsewhere (Berti-

aux et al. 2018; Vanwalleghem et al. 2015). Tomograms

were scanned at the isotropic resolution of 10 and 5 nm

for PCF and BSF, respectively. All tomograms were fil-

tered with 2D median filter by using ImageJ (Schneider

et al. 2012) and analyzed in the Amira software package

(ThermoFischer, Waltham, MA). The 3D-models of cristae
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were made by manual masking, while other organelles

were masked utilizing semi-automatic tools. Mitochondrial

and cristae volumes were calculated from 3D models and

statistically evaluated.

Mapping of cristae and mitochondria volumes was done

along the longitudinal axis of the trypanosome cell.

Twisted trypanosome cells were either straightened with

flatten volume tool in IMOD (Kremer et al. 1996) software

package and analyzed, or were divided into small parts

that had one side almost parallel to the longitudinal cell

axis and analyzed in this direction individually. Finally, the

dependency of cristae and mitochondria volumes on the

longitudinal position of trypanosome bodies was plotted

and rolling averages with five data point window were ren-

dered in Fig. 4.

RESULTS

Mitochondrial structure in bloodstream and procyclic
forms

In order to render the 3D structure of the single mitochon-

drion, the BSF and PCF cells were subjected to FIB-SEM

(Vanwalleghem et al. 2015). In the generated series of

sequential electron micrographs (Z-stack images), we have

focused on obtaining whole or nearly whole cells. Due to

the stochastic nature of trypanosome orientation and lim-

ited area of milling that is an integral feature of the FIB-

SEM technology, we were only able to find one complete

and one almost complete cell for each life cycle stage

(Fig. 1 and 2; Videos S1–S8). An almost complete cell is

defined here as sampling from the anterior end to the

(partially captured) kDNA in the extended region of the

mitochondrion, which is located adjacent to the flagellar

pocket. In total, we were able to capture one complete

BSF (Fig. 1A, B and 2A) and PCF cell (Fig. 1D and 2D), ter-

med BSF1 and PCF1, respectively. Also, of note is that

BSF2, in which the kDNA has been sectioned only par-

tially, also has two nucleoli (Fig. 1C, Video S3), a sign that

this cell has been captured during early mitosis (Mart�ınez-
Calvillo et al. 2019; Nepomuceno-Mej�ıa et al., 2018). Like

BSF2, the rendered PCF2 mitochondrion also lacks a ren-

dered kDNA (Fig. 1D and 2D); however, it only has a sin-

gle nucleolus.

Our primary intention to analyze in detail 3D reconstruc-

tions of the dynamic mitochondrion of T. brucei BSF and

PCF is somewhat mitigated by the small sample size, pre-

cluding any statistical validation, since we were only able

to capture two complete/almost complete organelles for

each life cycle stage. Therefore, we recognize that it is

especially important to validate our data in comparison to

other studies. Therefore, we measured kDNA volume and

compared our findings with previous studies (Table 1).

However, only one study we know of has used a 3D SEM

method to reconstruct the organellar volume of whole

BSF cells during the cell cycle utilizing the conceptually

similar serial block-face scanning electron microscopy

(SBEM) (Hughes et al. 2017). Our results agree with those

from this study in terms of both mitochondrial and kDNA

volumes (Table 1), strengthening our data. Thus, we are

able to proceed with other measurements with a degree

confidence that this small sample of cells is likely to be

representative.

Differences in mitochondrial and crista characteristics
between life cycle stages

The obtained 3D models of mitochondria allowed us to

measure the volume and surface area of mitochondrial

sub-compartments and reveal any quantifiable differences

in the organelle between BSF and PCF (Table 2 and 3).

The total mitochondrial volume in BSF is lower than in

PCF, since in the former cells the value ranges between

0.9 and 1.5 µm3, whereas the mitochondrion in the latter

cells occupy 2.5–3 µm3 (Table 2). This is in agreement

with previous observations that the BSF mitochondrion is

reduced (Brown et al. 1973), while the larger and reticu-

lated mitochondrion in the PCF reflects the upregulation of

the Krebs cycle and oxidative phosphorylation (Verner

et al. 2015).

We next turned our attention to mitochondrial sub-com-

partments. The kDNA volume was not significantly differ-

ent between the analyzed life cycle stages as expected

(Jensen and Englund 2012) (Table 2). Closer inspection of

the BSF mitochondria revealed the presence of numerous

structures resembling cristae (Fig. 1B, C and 2A, B).

These BSF cristae are reduced in size compared to those

observed in PCF, with the former occupying about 10

times less volume than the latter (Table 2 and Fig. 3).

Again, this is in agreement with the notion that the PCF

mitochondria are replete with electron transport chain

complexes III and IV (Verner et al. 2015; Z�ıkov�a et al.

2017), which occur in cristae membranes (Mannella 2020;

P�anek et al. 2020).

We next calculated the portion of mitochondrial volume

occupied by cristae in two BSF and PCF trypanosomes

(Table 2). Cristae volume in BSF1 and BSF2 was 1 and

2%, respectively. Given that BSF2 was captured during

mitosis, it likely explains why it has a more voluminous

mitochondrion with double the number of cristae as com-

pared to BSF1. By contrast, PCF1 and PCF2 cristae occu-

pied ~2–13% of the mitochondrial volume. These results

were surprising for two reasons. Firstly, the crista-luminal

volume of BSF2 and PCF1 represented 2.2% and 2.65%

of the mitochondrial volume, respectively, which were

unexpectedly similar values for the two life cycle stages.

Secondly, the range of cristae volumes is strikingly differ-

ent between PCF1 and PCF2, which is 2.65% and

12.96%, respectively, indicating that the PCF try-

panosomes exhibit a wide range of cristae-luminal volume

(Fig. 3).

Due to the significant difference between the cristae

volumes in PCF1 and PCF2, we decided to further explore

the variability of cristae in this life stage. To that end, we

obtained volumetric data from sections of mitochondria in

the proximity to the nucleus from 10 additional PCF cells

(Table 4). We chose this region because it exhibits a con-

sistent ratio of crista vs. mitochondrion volume, as
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Figure 1 3D structure of mitochondrion from BSF and PCF Trypanosoma brucei whole or nearly complete cells. 3D architecture of mitochondrion

and cristae in T. brucei visualized by FIB-SEM. The position of kinetoplast and nucleus is also depicted. Color key for rendered cellular structures

given in key on bottom right, which includes color coding of cristae of different size classes. (A) BSF1 with plasma membrane; (B) BSF1 mito-

chondria and nucleus; (C) BSF2 mitochondria and nucleus (note two nucleoli in dark brown and lack of kDNA and the presence of a mitochondrial

loop in anterior part of the cell as indicated by red arrow); (D) PCF1 mitochondria and nucleus; (E) PCF2 mitochondria and nucleus but missing

complete kDNA. Yellow arrows in B and C point to branches extruding from mitochondrial region between kDNA and nucleus. Bottom left,

2,000 nm scale bar for all 3D structures.
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compared to other regions of the organelle (Fig. 4). This

analysis revealed that cristae volume ranges from ~3% to

13% of total mitochondrial volume, well corresponding to

the data from PCF1 and PCF2. Thus, it appears that the

PCF trypanosomes exhibit a relatively wide range of crista

volumes. Indeed, the standard deviation of crista volumes

Figure 2 Representative sections of BSF and PCF Trypanosoma brucei whose mitochondria are reconstructed in Fig. 1. (A) BSF1; (B) BSF2; (C)

PCF1; (D) PCF2. Top row shows 3D model and coordinates of each numbered slice 1–4 (indicated on left of each row). m, mitochondrion; c,

crista. Scale bar for 3D model images is 2 lm and for tomogram virtual slices is 200 nm.
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obtained in the whole cells is consistent with this notion.

The populations of crista volumes measured in PCF1 and

PCF2 exhibit a higher standard deviation in their volume

compared to BSF1 and BSF2 (Fig. 3). This is also seen

when the coefficient of variation (CV), a measure of dis-

persion of a population, is calculated for all the cells. PCF1

and PCF2 have CV > 1 whereas BSF1 and BSF2 have

CV < 1, confirming that PCF cristae volumes exhibit a

wider distribution. Interestingly, total cristae volume of

PCF does not necessarily correlate with cristae number,

as PCF2 has less but more voluminous cristae as com-

pared to PCF1 (Table 2). In contrast, the BSF cristae vol-

ume and number are correlated with mitochondrial

volume.

Next, we measured the surface area of cristae and “mi-

tochondrial boundary membranes” (Table 3). We make

the latter distinction to reflect that FIB-SEM requires

membranes to be heavily stained to achieve high contrast,

thus mingling the closely apposed outer and inner mem-

branes in our images (Kizilyaprak et al. 2014; Steyer et al.

2020). Generally, the PCF mitochondrion has a greater sur-

face area than the BSF organelle, which is in good correla-

tion with it being reticulated as compared to the generally

sausage-shaped mitochondrion of the BSF. However,

PCF1 has a greater mitochondrial surface area of the two

(near) complete cells despite having a smaller mitochon-

drial volume (Table 2 and 3), which may reflect more

extensive reticulation (Fig. 1D, E). The surface area and

volume of the two complete BSF mitochondria correlate,

due to the simpler shape of the organelle and the bigger

of the two (BSF2) being captured during early mitosis.

The surface area and volume of cristae correlate in all

four (near) complete cells (Table 2 and 3). Furthermore,

the mean surface area of the PCF1 and PCF2 cristae is six

times higher than that of BSF1 and BSF2. This reflects a

significant difference in the cristae shape between both

forms, namely their disk-like shape in PCF versus the

tubulovesicular one in BSF (Table 3). When considering

the proportion of the inner mitochondrial membrane sur-

face area (using the whole mitochondrial surface area as a

proxy, since we were not able to fully delineate the inner

and outer mitochondrial membranes), we observe that

PCF generally has a higher proportion compared to BSF

(36.45 � 21.83 % vs. 10.98 � 4.36 %).

Distinct features of the mitochondrial region between
the nucleus and kDNA in procyclic form and evidence
for crista biogenesis in bloodstream form

Finally, we have measured the crista-luminal and mito-

chondrial volumes, as well as the proportions of cristae

along the anterior–posterior axis in the BSF and PCF cells

with (almost) complete 3D reconstruction of their mito-

chondrion. The rolling averages (Fig. 4) show that in PCF,

the mitochondrial region between the nucleus and the

kDNA is particularly enriched in cristae volume (Fig. 4B).

Indeed, the more voluminous cristae classes are concen-

trated in the region roughly between nucleus and kDNA.

Such voluminous cristae occur infrequently in other

regions of the organelle (Fig. 1D, E). Such a pattern was

not observed in the BSF flagellates (Fig. 4A). However, in

the analyzed BSF cells, isolated loops and branches ema-

nating from the generally sausage-shaped mitochondrion

were observed (Fig. 1B, C) that account for some of the

locally increased volume of the mitochondrion (Fig. 4A).

Interestingly, in BSF2, which is captured during early mito-

sis, an elaborate loop is observed in the part of the mito-

chondrion located in the anterior of the cell (Fig. 1C). Both

BSF1 and BSF2 have additional branching of the mitochon-

drion in between the kDNA and nucleus (Fig. 1B, C). Fur-

thermore, we note that cristae decorate the main tubule

as well as these offshoots of in the BSF mitochondrion.

Table 1. Comparison of BSF mitochondrial and kDNA volume from

our study with previous studies

Jakob et al.

(2016)

Hughes et al.

(2017) Our study

Methods of

mitochondria

measurement

3D STED SBF-SEM FIB-SEM

Mitochondria

volume (lm3) �
standard deviation

2.828 � 0.824 1.400 � 0.490 1.200 � 0.371

Methods of kDNA

measurement

Not measured SBF-SEM FIB-SEM

kDNA volume

(lm3)

Not measured 0.050 � 0.008 0.049

Standard deviations are provided when these data were available.

Table 2. Mitochondrial, crista, and kDNA volumes from BSF and PCF Trypanosoma brucei

Cell type BSF1 BSF2 PCF1 PCF2

Mitochondrion (lm3) 0.938 1.463 2.478 3.005

Cristae (lm3) 1.150 9 10�2 3.272 9 10�2 6.757 9 10�2 4.473 9 10�1

[%] cristae/mitochondria volume 1.21 2.20 2.65 12.96

Mean 1.797 9 105 1.620 9 105 3.342 9 105 2.458 9 106

Standard deviation 8.577 9 104 1.108 9 105 4.980 9 105 5.564 9 106

Minimum (nm3) 8.750 9 102 1.100 9 104 2.800 9 104 2.700 9 104

Maximum (nm3) 4.565 9 105 8.287 9 104 6.502 9 106 4.074 9 107

Cristae number 64 202 214 182

kDNA volume (lm3) 4.943 9 10�2 Not doable 6.216 9 10�2 Not doable
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DISCUSSION

We have built upon the classical study by Brown et al.

(1973), which followed ultrastructural changes of the mito-

chondrion during the differentiation of T. brucei from the

long slender BSF into PCF by employing conventional

transmission electron microscopy. Here, we took advan-

tage of the technological advance represented by FIB-

SEM to compare how the BSF and PCF mitochondria dif-

fer from each other at high resolution, which allowed us

to make 3D reconstructions of whole/nearly whole orga-

nelles and their sub-compartments.

Our primary intention to image whole organelles by FIB-

SEM was complicated by the stochastic nature of data

acquisition (Kizilyaprak et al. 2014). First of all, a very small

area of the resin block (20–1,600 lm2) containing the sam-

ple is defined by trenches and milled by the focus ion

beam to image a depth in the 20–40 lm range. This

results in a very small sampling volume in which the likeli-

hood of capturing whole/nearly whole cells is considerably

reduced. This problem is compounded by the cells assum-

ing random orientations within the resin; as far as we

know, there is no current technology and/or method that

would somehow orient cell suspensions. Finally, while

there is effort into choosing an appropriate region of inter-

est (ROI) to mill, it is impossible to predict how the ROI

will appear in subsequent deeper sections. However, the

trade off this stochasticity is the superior resolution of the

images. In contrast to other methods such as serial elec-

tron tomography, FIB-SEM has isotropic resolution and its

automatic scanning eliminates artifacts and handling errors

for a large number of sections. Thus, while our data lack

statistical significance due to a small sample size, its high-

resolution reconstruction of whole/nearly whole mitochon-

dria does yield some qualitative insights.

The BSF mitochondrial volume has been previously

measured via imaging indirect immunofluorescence of

heat shock protein 70, an abundant matrix component, by

super-resolution stimulated emission depletion microscopy

(Jakob et al. 2016). As seen in Table 1, their measured

volumes are larger than the volume derived from SEM

studies. This is likely due to technical differences of the

two methods, which each have their own advantages and

trade-offs. Indirect immunofluorescence employs two IgG

molecules to observe an antigen, adding a maximal

theoretical distance of 17 nm (2 9 8.5 nm) length of an

IgG (Tan et al. 2008) between the epitope and fluo-

rophore. Among other factors, this would result in an

increased volume measurement, which is indeed what

was observed. On the other hand, this allows measuring

whole cells on the slide, lending statistical power to the

data. FIB-SEM allows high-resolution observation of the

mitochondrion, yet due to the stochastic orientation of

cells within the relatively small sectioned block fails to

capture multiple whole cells. It should be noted that dehy-

dration and resin polymerization steps during sample pro-

cessing for electron microscopy may lead to some

shrinkage, which further exacerbates differences in mea-

sured volumes listed in Table 1.

Unlike the aforementioned studies, we have measured

the mitochondrial volume, surface area, and the parame-

ters of cristae in both examined life cycle stages. While

our results are in agreement with the general view regard-

ing the structural remodeling and hence extensive plastic-

ity of the organelle during differentiation from BSF to PCF

(B€ohringer and Hecker 1975; Brown et al. 1973; Ghiotto

et al. 1979), our 3D reconstructions revealed several novel

features. Although the presence of more elaborate cristae

in PCF as compared to BSF was expected, we were sur-

prised to see the wide distribution of cristae volumes

recorded in two (nearly) whole PCF cells and 10 additional

nucleus-proximal mitochondrial regions. This phenomenon

can be explained by the previous observations that cristae

from isolated mitochondria can expand and contract due

to their bioenergetic state in vitro (Hackenbrock 1966;

Mannella 2020). When respiration is artificially boosted by

molar excess of ADP and inorganic phosphate, isolated

mitochondria assume a “condensed” appearance with

swollen crista lumina. Moreover, when these substrates

are depleted, respiration switches into a resting state in

which mitochondria assume an “orthodox” appearance

where cristae look normal. This type of remodeling of cris-

tae as a function of metabolic state has also been

observed in human hepatocytes (Dlaskov�a et al., 2019).

Furthermore, each crista within a single human mitochon-

drion exhibits different membrane potential, a result of dif-

ferent energetic fluxes through respiratory chain

complexes (Wolf et al. 2019). Thus, we speculate that the

heterogeneity of cristae volumes in the PCF flagellates,

which respire even in the presence of glucose (Horvath

et al. 2005), is due to capturing individual crista in different

respiration states. Certainly, the relative homogeneity of

cristae volumes observed in BSF, which do not undergo

oxidative phosphorylation, is consistent with this hypothe-

sis. A substantial expansion of the inner mitochondrial sur-

face area in PCF likely accommodates respiratory chain

complexes that are expressed in this life cycle stage.

The enrichment of cristae volume in the region of the

mitochondrion between the nucleus and kDNA observed

in this study is potentially a novel feature. This observation

is not likely to be an artifact as the chemical fix was added

directly to the medium of PCF cells growing under stan-

dard culturing conditions (Bertiaux et al. 2018). We hypoth-

esize that this aggregation of cristae may be an adaptation

Table 3. Mitochondrial and crista surface areas from BSF and PCF

Trypanosoma brucei

Cell type BSF1 BSF2 PCF1 PCF2

Mitochondrion

surface area

(nm2)

1.93 9 107 2.35 9 107 4.74 9 107 3.85 9 107

Cristae surface

area (nm2)

1.28 9 106 3.61 9 106 6.94 9 106 2.24 9 107

[%] cristae/

mitochondria

surface area

6.62 15.34 14.62 58.27
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for meeting potentially higher energy demands in this

part of the organelle due to the kDNA maintenance and

expression (Jensen and Englund 2012; Verner et al.

2015) and/or the persistent active vesicular trafficking

that occurs in the vicinity of the flagellar pocket (Zoltner

et al. 2016). These explanations are consistent with our

observation that such aggregation is not observed in

BSF, whose mitochondria lack the oxidative phosphoryla-

tion pathway (Verner et al. 2015; Z�ıkov�a et al. 2017).

However, the region of the organelle between the

nucleus and kDNA is still notable in BSF because

branches emanating from here have been proposed to

be part of mitochondrial division during the BSF cell cycle

(Jakob et al. 2016). Furthermore, this part of the BSF

mitochondrion is susceptible to fenestration upon treat-

ment with trypanolytic factors (normal human serum or

the apolipoprotein ApoL1) or RNAi depletion of try-

panosome mitofusin-like protein (Fontaine et al. 2017;

Vanwalleghem et al. 2015), which may signify a defect in

mitochondrial division, as has been documented for the

mitofusin-related protein DNM1 in yeast (Bleazard et al.

1999). Thus, this part of the mitochondrion may play a

role in this process in PCF as well, possibly resulting in

the larger cristae observed here.

Another unexpected result was the number of

tubulovesicular cristae observed in the mitochondria of

in vitro cultured BSF cells. The widely held view postu-

lated that cristae are virtually absent from these organelles

(Vickerman 1985), although few reports on their observa-

tion are available (Brown et al. 1973). We anticipated

these structures to occur to a lesser extent than observed

in the FIB-SEM data, and we certainly did not expect them

to occupy up to 2% of the total mitochondrial volume and

up to 15% of the organelle’s total surface area. An artifact

of the culture conditions of the BSF cells prior to observa-

tion (Vanwalleghem et al. 2015) is unlikely, since cristae in

BSF have been observed in different strains and growing

conditions (Brown et al. 1973; Ghiotto et al. 1979). Thus,

we conclude that the observed diminished cristae are a

genuine yet underestimated feature of the BSF mitochon-

dria. This observation seems to correlate well with the

recently reported protein-richness of this organelle, which

is, against expectations, comparable to the 80% proteome

of the PCF mitochondrion (Z�ıkov�a et al. 2017).

Interestingly, we observe that the number of these cris-

tae appears to double during mitosis, as can be seen from

the comparison of BSF1 and BSF2 (Table 2). The biogene-

sis of cristae occurs in BSF. Supporting this idea is the

Figure 3 Crista volume distribution in BSF and PCF Trypanosoma brucei cells. Bean plot showing the cristae volume from individual BSF and

PCF cells rendered in Fig. 1. X-axis cell, BSF and PCF cell designations; y-axis cristae volume (nm3). Numbers on top of each cell are average vol-

ume of cristae � standard deviation. Number in the parenthesis below is the coefficient of variation (CV) of each population, which is the ratio of

the reported standard deviation and mean. The bold black lines in each bean plot indicate the mean. Thick black and white lines represent individ-

ual data points; longer lines show two or more data points with same value.
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observation of conspicuous cristae in an anterior loop

emanating from the main mitochondrial tubule of BSF2,

captured in early mitosis and posterior branches observed

in both BSF cells. Such structures have been previously

observed and were hypothesized to be needed for mito-

chondrial division during the cell cycle (Jakob et al. 2016).

This observation is consistent with the gross

morphological changes to the organelle observed during

the cell cycle in Crithidia fasciculata, a related, exclusively

insect-infecting trypanosomatid (DiMaio et al. 2018).

Indeed, in BSF2, the posterior branch and anterior loop

appear to be coming together, a fusion step proposed to

give rise to a second mitochondrial tubule needed for cell

division. We speculate that these cristae may represent

seeds for the formation of large disk-like cristae during dif-

ferentiation into PCF. The possibility that they are rem-

nants of the disk-like cristae from the previous insect

forms is nullified by the fact that the analyzed strain of

BSF T. brucei is monomorphic, incapable of complete dif-

ferentiation, most likely due to extended in vitro passaging

(Matthews and Gull 1994).

Above, we have disclosed the drawbacks of analyzing

whole cells in the FIB-SEM data; however, with this

method, we were able to measure cristae with high-reso-

lution and without any artifacts due to sample preparation.

Given the drawbacks of this method, sampling of a small

number of whole/nearly whole cells has allowed us to

reveal many interesting phenomena. The maintenance of

cristae during the cell cycle in BSF, the heterogeneity of

cristae volumes in PCF, especially their larger volumes

seen between the kDNA and nucleus, would be difficult

to observe in the random parts of incompletely rendered

Figure 4 Mitochondria and crista volumes along the anterior–posterior axis of BSF and PCF Trypanosoma brucei. Top blue graph depicts crista

mitochondrion volume in percentage for BSF (A) and PCF (B) cells along the anterior–posterior axis rendered in Fig. 1. Bottom graph shows mito-

chondrial volumes (yellow, scale on left) and crista volumes (orange, scale on right). Dots show data points recorded for every 200 nm section

whereas lines are 5 data point rolling averages. Red arrows indicate the largest cristae volumes at the part of the mitochondrion between the

nucleus (demarked in brown) and kDNA (dark green).

Table 4. Mitochondrial and crista volumes measured from 10 PCF

near the nucleus

Mitochondrial

volume (lm3) Crista volume (lm3)

Crista/mitochondrial

volume (%)

1.864 9 10�2 2.924 9 10�3 13.56

1.253 9 10�1 1.854 9 10�2 12.89

7.236 9 10�2 8.723 9 10�3 10.75

2.576 9 10�2 2.814 9 10�3 9.85

4.683 9 10�2 3.882 9 10�3 7.65

6.213 9 10�2 4.474 9 10�3 6.72

9.061 9 10�2 5.626 9 10�3 5.85

3.331 9 10�2 2.064 9 10�3 5.83

1.229 9 10�2 6.810 9 10�4 5.25

7.042 9 10�2 2.256 9 10�3 3.10

Average � standard

deviation

8.14 � 3.3
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cells. However, these observations should be considered

with a modicum of caution since the small sample size

precludes robust statistical analysis of these phenomena.

This study serves as a starting point for dissecting the

steps involved in the disk-like cristae formation during the

BSF to PCF differentiation. It also represents an interest-

ing high-resolution picture of mitochondrial architecture in

the two examined life cycle stages. The next step will be

to tackle how the cristae-shaping proteins, such as those

constituting the mitochondrial contact site and cristae

organizing system, which facilitates negative curvature at

the base of cristae (Dlaskov�a et al., 2019; Hashimi 2019;

Kaurov et al. 2018) and FOF1 ATP synthase dimers, which

promotes positive curvature at crista rims (M€uhleip et al.

2017), influence the formation of disk-like cristae.
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