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Abstract 

Background:  Trypanosoma brucei exhibits a complex life-cycle alternating between tsetse flies and mammalian 
hosts. When parasites infect the fly, cells differentiate to adapt to life in various tissues, which is accompanied by 
drastic morphological and biochemical modifications especially in the proventriculus. This key step represents a bot-
tleneck for salivary gland infection.

Methods:  Here, we monitored flagellum assembly in trypanosomes during differentiation from the trypomastigote 
to the epimastigote stage, i.e. when the nucleus migrates to the posterior end of the cell, by using three-dimensional 
electron microscopy (focused ion beam scanning electron microscopy, FIB-SEM) and immunofluorescence assays.

Results:  The combination of light and electron microscopy approaches provided structural and molecular evidence 
that the new flagellum is assembled while the nucleus migrates towards the posterior region of the body. Two major 
differences with well-known procyclic cells are reported. First, growth of the new flagellum begins when the associ-
ated basal body is found in a posterior position relative to the mature flagellum. Secondly, the new flagellum acquires 
its own flagellar pocket before rotating on the left side of the anterior-posterior axis. FIB-SEM revealed the presence of 
a structure connecting the new and mature flagellum and serial sectioning confirmed morphological similarities with 
the flagella connector of procyclic cells. We discuss the potential function of the flagella connector in trypanosomes 
from the proventriculus.

Conclusions:  These findings show that T. brucei finely modulates its cytoskeletal components to generate highly vari-
able morphologies.

Keywords:  Trypanosoma brucei, Differentiation, Tsetse fly, Proventriculus, Focused ion beam scanning electron 
microscopy
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Background
Trypanosoma brucei is a flagellated parasite respon-
sible for African trypanosomiasis that affects humans 
and cattle. This parasite is transmitted by the bite of a 
tsetse fly that itself was infected by ingesting trypano-
somes during a blood meal on an infected mammalian 

host. Trypanosoma brucei exhibits a complex life-cycle 
in which a series of duplication and differentiation pro-
cesses follow a very ordered progression along the diges-
tive tract of tsetse flies [1–6]. When the fly is feeding on 
an infected mammal, bloodstream trypanosomes are 
ingested and differentiate into the procyclic form that 
colonizes the posterior midgut [1]. Then, procyclic cells 
migrate from the posterior midgut to the proventriculus 
(PV, also known as cardia) where they undergo several 
modifications before reaching the salivary glands. This is 
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a critical step in parasite development and actually rep-
resents the major bottleneck for a successful life-cycle 
[7]. The only human-infective stage is called metacy-
clic. These trypanosomes are produced in the salivary 
glands to be released in the saliva [3–5, 8]. The succes-
sive trypanosome adaptations to these different environ-
ments include at least metabolic switching, expression 
of various stage-specific surface molecules and dramatic 
changes in morphology [1, 3, 5, 9–11].

The basic cell organization of T. brucei is characterized 
by the presence of a flagellum attached to the cell body, 
a nucleus, a single large and ramified mitochondrion 
whose genome is concentrated in a structure named 
kinetoplast [9], which is associated to the basal body of 
the flagellum through the tripartite attachment complex 
[12, 13]. Along their life-cycle, trypanosomes exhibit dif-
ferent morphologies classified according to the relative 
position of the nucleus and the kinetoplast along the 
antero-posterior axis of the cell. The posterior position of 
the kinetoplast in relation to the nucleus defines the try-
pomastigote morphology, whereas the anterior position 
defines the epimastigote morphology [14].

The flagellum is a cylindrical microtubule-based struc-
ture composed of the basal body made of nine microtu-
bule triplets followed by the transition zone (TZ) (nine 
microtubule doublets) and the axoneme that displays a 
classical 9 + 2 structure with nine microtubule doublets 
and two central singlets. An extra axonemal structure 
named the paraflagellar rod (PFR) is connected to dou-
blets 4–7 of the axoneme after flagellum emergence from 
the flagellar pocket [9]. The trypanosome cell shape is 
defined by a corset of subpellicular microtubules found 
underneath the plasma membrane with the exception 
of a single region of the body, the flagellar pocket from 
where the flagellum emerges [9, 15, 16]. The flagellar 
pocket is an invagination of the plasma membrane form-
ing a bulb-like structure. When trypanosomes enter 
the cell cycle, one of the morphological hallmarks is the 
assembly of a new flagellum [15]. In procyclic cells, fla-
gellum construction is characterized by the maturation of 
an existing pro-basal body followed by the elongation of 
a new TZ and axoneme. The new flagellum is assembled 
in an anterior position relative to the mature flagellum. 
It invades the existing flagellar pocket and its basal body 
rotates around the mature flagellum ensuring the division 
of the flagellar pocket [17]. The tip of the new flagellum 
is physically connected to the side of the mature flagel-
lum via a cytoskeletal structure termed flagella connec-
tor, a transmembrane junction only present during the 
formation of the new flagellum [18–21]. The connection 
ensures that the new flagellum follows the same helical 
path as the mature flagellum and the transmission of 
cell polarity [18]. The flagellum is involved in multiple 

important functions of the parasite during the tsetse 
infection cycle, such as migration from the midgut to the 
foregut, and adhesion to the salivary gland epithelium [1, 
5, 8, 22, 23]. Moreover, it plays a crucial role in cell mor-
phogenesis [24, 25]. Finally, it could act as potential envi-
ronmental sensor [5, 26, 27].

The effective success of T. brucei transmission to a new 
vertebrate host relies solely on the metacyclic form, the 
last developmental stage in the vector that is released 
together with the insect saliva during the blood meal 
[5, 8]. To produce metacyclic trypanosomes, parasites 
need to colonize the salivary glands. This is presumably 
ensured by the short epimastigote form that is issued 
from an asymmetric division taking place in the PV [3, 
10, 28]. The PV is an organ that separates the midgut 
from the foregut and produces the peritrophic matrix, a 
structure composed of chitin and glycoproteins acting as 
a physical and biochemical barrier that protects the epi-
thelium from the potentially toxic effects of blood meal 
and pathogens [29, 30].

Drastic morphological modifications are taking place 
in the PV. Parasites first exhibit the trypomastigote mor-
phology and the nucleus changes from an oval to an elon-
gated shape, the body length increases and the distance 
between the nucleus and the kinetoplast decreases until 
the nucleus occupies a more posterior position assum-
ing an epimastigote morphology [10]. The epimastigote 
form enters in a single duplication cycle where a mother 
cell gives rise to two different daughter cells: a short and 
a long epimastigote [3, 10]. In this asymmetric division, 
the long epimastigote inherits the long mature flagel-
lum, while the short epimastigote possesses the newly 
assembled, but much shorter flagellum, around 10-fold 
[4, 10]. The ultrastructural characterization of the asym-
metrically dividing trypanosomes by scanning electron 
microscopy (SEM) suggests that a short new flagellum 
emerges from the same flagellar pocket as the mature 
flagellum. The flagella are linked via a flagella connec-
tor-like structure as demonstrated by a single image of 
transmission electron microscopy (TEM) [10]. However, 
these approaches faced some limitations: SEM shows 
the cell topography but the kinetoplast and the nucleus 
are not visible hence preventing morphotype identifica-
tion. Furthermore, the new flagellum is detected only 
when it is visible outside of the flagellar pocket. In the 
case of TEM, single thin sections rarely show the rela-
tive position of the nucleus and the kinetoplast, as well 
as the presence of the mature and new flagellum. To 
circumvent these issues, we revisited T. brucei differen-
tiation in the PV using immunofluorescence assays to 
monitor flagellum markers, TEM serial sectioning and a 
3D electron microscopy approached called focused ion 
beam scanning electron microscopy (FIB-SEM) based 
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on the use of the slice-and-view method to have a more 
global vision of flagellum assembly. Here we show that 
the assembly of the new flagellum is initiated earlier than 
previously reported in PV trypanosomes committed to 
the asymmetric division. Formation of a transition zone 
and elongation of the flagellum can already be detected 
in trypomastigote cells. In contrast to procyclic trypano-
somes, flagellum construction is characterized by an early 
basal body segregation and the rapid acquisition of an 
independent flagellar pocket, followed by a late flagellum 
rotation when compared with procyclic cells. The flagella 
connector structure that links the new flagellum to the 
mature flagellum is present from the early stages of fla-
gellum construction.

Methods
Trypanosoma brucei strain and tsetse infection
The AnTat 1.1E is a pleomorphic clone of T. brucei origi-
nated from a bushbuck in Uganda in 1966 [31]. Procy-
clic trypanosomes expressing a cytoplasmic reporter 
composed of the red-shifted luciferase (PpyRE9H) fused 
to the TdTomato red fluorescent protein and a Ty1 tag 
(PpyRE9H/TY1/TdTomato) [32] were grown at 27 °C in 
SDM-79 medium [33] supplemented with 10% (v/v) heat-
inactivated foetal calf serum (FCS) and 8 mM glycerol. 
Glossina morsitans morsitans teneral males were fed on 
medium SDMG enriched with 10 mM glutathione con-
taining 5 × 106 trypanosomes/ml. Flies were starved 
for at least 24 h before dissection performed at 14 or 
21 days after infection. Tsetse were scrutinized under a 
M165FC stereo microscope (Leica, Nanterre, France) for 
fluorescent parasites emitted by the TdTomato protein 
that is visible through the tsetse fly cuticle [32]. A total 
of 33 flies were dissected and the whole alimentary tract 
removed and placed on a glass slide containing a drop of 
PBS for immunofluorescence or in cold cacodylate buffer 
for electron microscopy (EM) experiments.

Immunofluorescence assay
Proventriculi of 12 infected flies dissected 14 days post-
infection were placed in a single 100 µl drop of PBS 
(pH 7.6) on poly-l-lysine coated slides (J2800AMMZ; 
Thermo Fisher Scientific, Les Ullis, France). The PVs 
were dilacerated using two 26 gauge needles to release 
trypanosomes. Cells were left for 5 min to settle before 
fixation in cold methanol for 10 s followed by a rehydra-
tion step in PBS for 15 min. For immunodetection, slides 
were incubated for 1 h at 37 °C in 0.1% BSA in PBS with 
anti-FTZC 1:500 (rabbit polyclonal), which recognizes 
a protein termed flagellum transition zone component 
localized in the transition zone [34] and with mAb25 
1:10 (IgG2a) a mouse monoclonal antibody, which rec-
ognizes the axonemal protein TbSAXO1 [35, 36]. After 

three 5-min washes in PBS, slides were incubated for 1 
h at 37 °C with anti-mouse antibodies coupled to Cy5 
(Jackson Immunoresearch, West Grove, USA) and with 
anti-rabbit antibodies coupled to Alexafluor-488 (Inv-
itrogen, Villebon sur Yvette, France) diluted 1:500 in 
PBS. Slides were washed three times for 5 min in PBS 
and DNA was labeled with DAPI (10 µg/ml). Slides were 
mounted in ProLong antifade (Invitrogen) and analyzed 
with a DMI4000 microscope (Leica), objective 100× 1.4 
NA and images were acquired with an ORCA-03G cam-
era (Hamamatsu, Massy, France). Image acquisition was 
performed using Micromanager software.

Electron microscopy
For EM sample preparation, the entire digestive tracts of 
11 flies of 21 days post-infection were placed in a drop 
of 0.1 M cacodylate buffer (pH 7.2) and fixed in 2.5% 
glutaraldehyde (Sigma-Aldrich, Saint-Quentin Fallavier, 
France), 4% paraformaldehyde. Entire proventriculi were 
then separated from the digestive tract and transferred 
to 1.5 ml Eppendorf tubes containing 500 µl of 2.5% glu-
taraldehyde, 4% paraformaldehyde in 0.1 M cacodylate 
buffer (pH 7.2) for 1 or 2 h at 4 °C. Fixed samples were 
washed three times by the addition of fresh 0.1 M caco-
dylate buffer (pH 7.2) buffer and post-fixed in 1% osmium 
(EMS) in 0.1 M cacodylate buffer (pH 7.2) enriched with 
1.5% potassium ferrocyanide (Sigma-Aldrich) for 50 min 
in the dark under agitation. Samples were gradually dehy-
drated in an acetone (Sigma-Aldrich) series from 50% 
to 100%. Proventriculi were oriented along longitudinal 
or transversal axes and embedded in PolyBed812 resin 
(EMS) hard protocol [37], followed by polymerization for 
48 h at 60 °C. For TEM analysis, 80 nm-thick serial sec-
tions were post-stained with 10% uranyl acetate followed 
by 3% lead citrate, and observed in a FEI Tecnai T12 120 
kV (Thermo Fisher Scientific). For FIB-SEM analysis, the 
resin embedded PVs were mounted on aluminum 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) worksta-
tion 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 galion 
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 performed 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 
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were recorded with an aperture of 60 μm in the high-cur-
rent mode at 1.5 kV of the in-lens EsB detector with the 
EsB grid set to − 300 to − 500 V. The voxel size was 10 
nm in x, y, and z. The contrast of back-scattered electron 
images was inverted and acquired using ATLAS 5 soft-
ware (Carl Zeiss).

Data processing, 3D reconstruction and flagellum 
measurement
Alignment of stacks was performed with the open source 
software ImageJ (National Institutes of Health) [38] and 
the Amira software was used for visualization (v6.0.1; 
FEI; Thermo Fisher Scientific). Segmentation and 3D 
reconstructions were performed manually using Amira 
software and a color code was attributed as follows: the 
new flagellum in orange; the mature flagellum in red; the 
kinetoplast in purple; and the nucleus in blue. The new 
flagellum of trypanosomes was measured by segmenting 
the first slice of the basal plate up to the tip of the flagel-
lum including the flagellar membrane.

Results
Flagellum construction is initiated in trypomastigote 
parasites in the proventriculus
Infected tsetse flies were dissected and trypanosomes 
found in the proventriculus were inspected by using 
different approaches such as immunofluorescence 
assays (IFA), classical transmission electron microscopy 
(TEM) and 3D FIB-SEM. As IFA markers, we used an 
antibody against the flagellum transition zone compo-
nent FTZC [34] and the monoclonal antibody mAb25 
to detect an axoneme microtubule associated protein 
called TbSAXO1 [35, 36] (Fig.  1). In the PV, cell types 
were defined by their nucleus/kinetoplast DNA content 

[10] and subcategories were discriminated according to 
the nucleus morphology visualized by DAPI staining and 
ranging from round to oval (Fig. 1a, b, f ). This is the first 
morphological modification related to the cell progres-
sion in the differentiation process, followed by elongation 

Fig. 1  Flagellum assembly is an early event during T. brucei 
differentiation in the PV. a–e Immunofluorescence assay using 
anti-FTZC (magenta) and mAb25 (green) antibodies as markers for TZ 
and Axoneme, respectively. DAPI was used for DNA staining (blue). a, 
b Trypomastigote cell with an oval nucleus, possessing either a single 
transition zone (TZ) and axoneme (a) or a second TZ (arrowhead) 
located laterally to the other one (b). c, d Trypomastigote cells with an 
elongated nucleus possessing either a single TZ and axoneme (c) or 
with a second axoneme (arrow) being assembled from the second TZ 
(arrowhead). e Late transition form, the kinetoplast is laterally disposed 
and located at the anterior half of the nucleus whereas the TZ of the 
new flagellum (arrowhead) is more distant from the TZ of the mature 
flagellum and the axoneme is being extended. f Graph showing 
the duplication of the TZ and the axoneme in the trypomastigote 
population from the PV. A total of 200 parasites were analysed, the 
percentages were calculated for trypomastigotes and transition 
forms. Flies were dissected 14 days post-infection. Abbreviations: Axo, 
axoneme; TZ, transition zone. Note: Anterior and posterior regions of 
the cell are indicated on panel a. Scale-bar: 5 µm

▸
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[10] (Fig.  1c, d, f ). Cells with positive signal for both 
FTZC and mAb25 in different morphotypes have been 
quantified (Fig. 1f ). Figure 1a shows a trypanosome con-
taining an oval nucleus and a single flagellum with one 
TZ (magenta) and one axoneme (green). However, 24% 
(n = 66) of trypomastigotes with an oval nucleus pos-
sessed a second spot for FTZC (Fig.  1b, f ) which is lat-
eral and in close proximity to spot corresponding to the 
mature TZ (Fig.  1b). A trypomastigote containing an 
elongated nucleus and a flagellum with one TZ and one 
axoneme is shown in Fig. 1c and f. A second fluorescent 
signal for FTZC was also observed in trypomastigotes 
with elongated nucleus (Fig. 1d). Cells containing a sec-
ond fluorescent signal for FTZC represented 54% of this 
population (n = 111) (Fig. 1d, f ). In 21% of these trypano-
somes, a tiny mAb25 signal was observed following the 
FTZC signal (Fig. 1d, f ). The increase in distance between 
the two signals for FTZC and a more posterior position 
of the new flagellum in relation to the mature flagellum 
is presumably due to migration of the basal body of the 
new flagellum (Fig.  1d). The length of the mAb25 sig-
nal increased in trypanosomes where the nucleus was 
migrating towards the posterior end during the differ-
entiation process from trypomastigote to epimastigote 
(Fig.  1e). When the nucleus was positioned at the level 
of the kinetoplast, cells could no longer be defined as 
trypomastigote or epimastigote, hence they have been 
termed “transition forms”. In 100% of transition form 
cells (n = 23), a second signal for the TZ and for mAb25 
were observed.

These results suggest that a new TZ and a new axo-
neme are already assembled in a significant proportion 
of cells displaying the trypomastigote morphology in the 
PV. Nevertheless, the signal intensity presumably associ-
ated to the new flagellum turned out to be weaker com-
pared with the mature flagellum (Fig.  1d, e). Although 
IFA demonstrates the presence of FTZC and TbSAXO1 
proteins, it does not formally prove that the structures 
are fully assembled. Considering the differences in inten-
sity of the fluorescent signals, it was crucial to verify the 
ultrastructural organization by electron microscopy 
techniques.

The 3D organization of flagellum assembly 
in trypomastigotes and transition forms 
from the proventriculus
FIB-SEM combines ion and electron  beams for achiev-
ing a slice-and-view technique. The ion beam promotes 
micro abrasions on the sample surface exposing a fresh 
new layer and the electron beam scans over the block 
surface generating the image. This process is repeated for 
several micrometers and the collected images generate 
3D stacks with a 10 nm resolution in Z-axis. Two stacks 
of 15.2 µm and 9.7 µm from the same block were ana-
lyzed and representative cells were chosen for segmenta-
tion and 3D reconstruction.

Entire PVs were immediately fixed after dissection 
maintaining the location of trypanosomes in their micro-
environment and avoiding any contamination with para-
sites from the midgut and foregut. The processed PVs 
were oriented along longitudinal or transversal axes dur-
ing embedding for better accessibility to the lumen where 
higher concentrations of trypanosomes were found. The 
assembly of the new flagellum was investigated in these 
cells. The earliest stage of flagellum duplication was 
observed in trypomastigotes with an elongated nucleus 
(Fig. 2 and Additional file 1: Video S1). Figure 2a shows 
the ultrastructural organization of a trypomastigote cell 
containing a short new flagellum closely associated to 
the mature flagellum. New and mature flagella were seg-
mented including the flagellar membrane. This parasite 
was selected for 3D reconstruction (Fig. 2b–d). The new 
flagellum (orange) is closely located to the kinetoplast 
(purple) (Fig.  2a, b), and is composed of a TZ, a 9 + 0 
microtubule doublet structure in continuity with the 
basal body (Fig.  2c, white arrowhead), and a short axo-
neme of 968 nm in length (from the basal plate of the 
TZ to the tip), which is entirely enclosed by the flagel-
lar pocket (Fig. 2a, b). The basal bodies are close to each 
other and separated by only 440 nm. The bottom view of 
the cell allows the visualization of the entire elongated 
nucleus (blue) that is 6.8 µm long and occupies a large 
portion of the cell body (Fig. 2c). The most posterior end 
of the nucleus is separated from the kinetoplast center by 
1.8 µm. Figure 2d shows the top surface view of the cell 

Fig. 2  The short new flagellum is inside the flagellar pocket at an early stage of elongation. Images were collected by FIB-SEM and segmented 
to generate the 3D model. The full stack is shown at Additional file 1: Video S1. a Slice view of a trypomastigote cell, the short new flagellum is 
laterally connected to the mature flagellum. b Top view of segmented kinetoplast (purple), new flagellum (orange) basal body (indicated by a white 
arrowhead), mature flagellum (red), and nucleus (blue). The new flagellum is located in a more posterior region in relation to the mature flagellum. 
The diameter of the flagellum looks larger than that of the basal body because the membrane was used for segmentation. c Top view of the 3D 
model showing internal architecture of the cell including the position of the new basal body (white arrowhead) and the mature basal body (black 
arrowhead) and the entire elongated nucleus. d The new flagellum is inside the flagellar pocket and it is not visualized at the cell surface. The cell 
body is in grey and the mature flagellum is in red. Abbreviations: NF, new flagellum; MF, mature flagellum; K, kinetoplast; N, nucleus. Notes: White and 
black arrowheads indicate the new and the mature basal bodies, respectively. Anterior and posterior regions of the cell are indicated on panel a. 
Scale-bars: 2 µm

(See figure on next page.)
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body and confirms that only the mature flagellum (red) 
emerges from the flagellar pocket (Fig. 2d).

Figure 3a shows a section of a trypomastigote cell with 
the basal body (Fig. 3c, white arrowhead) of the new fla-
gellum, which is found in a posterior position relative to 
the mature flagellum (Fig. 3c, black arrowhead). The basal 
bodies are separated by 700 nm. The axoneme reaches 1.2 
µm and emerges from the flagellar pocket in a posterior 
position relative to the mature flagellum (Fig. 3b, d). The 
nucleus is closer to the kinetoplast, as they are separated 
by only 819 nm (Fig. 3c and Additional file 2: Video S2).

For transition forms, parasites were subdivided into 
early transition form (Fig. 4a–d) and late transition form 
according to the relative nucleus-kinetoplast position 
(Fig. 4e–g). In an early transition form, the kinetoplast is 
enlarged (Fig. 4a) possibly reflecting the duplication of the 
mitochondrial genome [10]. The basal body of the new 
flagellum is located close to the posterior tip of the kine-
toplast (Fig.  4b) and the axoneme measures 2.8 µm. The 
nucleus and the kinetoplast are occupying the same plane 
reflecting the moment when the nucleus reaches the pos-
terior tip of the kinetoplast (Fig. 4b, c). This is accompa-
nied by an obvious nucleus deformation (Fig. 4c). Figure 4d 
shows the top view of the cell with the new flagellum posi-
tioned to the left side relative to the antero-posterior axis 
of the cell body. A trypanosome in a late transition form 
is shown in Fig.  4e–g. The slice view shows the kineto-
plast, the nucleus, the new flagellum and the mature flagel-
lum (Fig. 4e). The nucleus migrates towards the posterior 
region and the kinetoplast is positioned at the anterior 
half of the nucleus region (Fig. 4e, f ). The basal body of the 
new flagellum (Fig.  4f, white arrowhead) is positioned at 
the posterior tip of the kinetoplast, in a similar position as 
observed in the early transition form (Fig. 4a–d). However, 
the new flagellum is laterally positioned to the right side 
of the antero-posterior axis of the cell body. This is in con-
trast with all previous stages where the new flagellum is 
positioned on the left side when looked from the anterior 
to posterior region of the cell body. The basal bodies are 
separated by 2.3 µm and the length of the axoneme of the 
new flagellum reaches 3.7 µm (Fig. 4f, g).

Flagellum elongation in proventricular trypanosomes 
was measured in cells corresponding to the stages 
described above (Fig.  5) by taking the first slice of the 

basal plate up to the tip of the flagellum including the 
flagellar membrane. The new flagellum elongates pro-
gressively, consistent with the order suggested by IFA 
experiments. When the new flagellum is inside the flagel-
lar pocket, it measures in average 817 nm (n = 10). When 
this flagellum grows further and can be detected outside 
of the flagellar pocket in trypomastigote cells, its whole 
length is 1.5 µm (n = 12), a value that culminates at 2.9 
µm (n = 7) in transition forms.

We analyzed 79 trypanosomes during the formation of 
the new flagellum by using FIB-SEM. The tip of the new 
flagellum was not visible in 8 cells, but in the remain-
ing 71 cells an electron-dense structure was observed 
between the tip of the new flagellum and the side of the 
mature flagellum. This electron-dense structure seems 
to connect the new flagellum and the mature flagel-
lum, similar to the flagella connector observed in pro-
cyclics [18, 19, 21]. However, the resolution provided by 
FIB-SEM is not sufficient to analyze its ultrastructure in 
detail. Therefore, we carried out a TEM analysis of serial 
sections, an approach that provides more resolution for 
structural investigations.

The new and the mature flagella are associated via 
a flagella connector structure
Three 80 nm-thick serial sections of a trypomastigote 
cell with two flagella are shown at Fig.  6. In this cell, a 
tiny new flagellum is located inside the flagellar pocket, 
which is shared with the mature flagellum (Fig.  6a–d). 
This is the earliest stage of flagellum duplication in a try-
pomastigote cell that could be observed by TEM. The 
new flagellum consists of a TZ, a basal plate, and a short 
axoneme (Fig. 6e). A structure linking the new flagellum 
and the mature flagellum is present and exhibits an elec-
tron-dense trilaminate morphology connecting laterally 
the distal region of the new flagellum with the mature fla-
gellum (Fig.  6c, d; bordeaux arrowheads). Starting from 
the base of the new axoneme, a first electron-dense plate 
is facing the basal plate of the new flagellum and the TZ 
region of the mature flagellum (Fig.  6c–e). The second 
plate is facing the axoneme of the new flagellum and a 
portion of the basal plate of the mature flagellum. Finally, 
the last electron-dense plate is found between the two 
axonemes.

(See figure on next page.)
Fig. 3  The new flagellum emerges from its flagellar pocket during assembly. The full stack is shown at Additional file 2: Video S2. a Slice view 
of a trypomastigote cell with the basal body of the new flagellum, which is posterior in relation to the mature flagellum (MF). b Top view of the 
new flagellum emerging from its own flagellar pocket in a segmented cell. c Top view of internal organization of the segmented kinetoplast, new 
flagellum, mature flagellum and nucleus. The new flagellum is closely associated to the kinetoplast and is in a posterior position in relation with the 
mature flagellum. d Top view of the reconstructed cell body, the new flagellum is now observed at the cell surface. Abbreviations: NF, new flagellum; 
MF, mature flagellum; K, kinetoplast; N, nucleus. Notes: White and black arrowheads indicate the new and the mature basal bodies, respectively. 
Anterior region and posterior regions of the cell are indicated on panel a. Scale-bars: 1 µm
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Discussion
Trypanosome duplication is well documented in procy-
clic and bloodstream forms. Differentiation from one 
stage to the other has been well investigated for blood-
stream to procyclic conversion [39–41]. By contrast, 
trypanosome development in the tsetse PV is still poorly 
understood [28]. This is explained by the lack of in vitro 
culture for parasites from PV and therefore requires the 
dissection of a large number of flies which is time-con-
suming and demands experienced staff.

In this paper, we revisited the process leading to the 
asymmetric division and the production of long and 
short epimastigotes in the tsetse proventriculus (Fig. 7). 
It was thought that the order of the events was first the 
differentiation of trypomastigotes into epimastigotes 
that was previously inferred to follow a series of cellular 
modifications according to a precise chronological plan: 
(i) nucleus migration to the posterior region of the body, 
followed by (ii) new flagellum assembly; (iii) duplication 
of the kinetoplast; and (iv) mitosis; and ending with (v) 
cytokinesis to produce one long and one short epimastig-
ote cell [3, 10, 28]. Here, we show that the assembly of the 
new flagellum is rather initiated before nucleus migration 
in trypomastigotes (Fig. 7; step 1). The presence of a short 
new flagellum was unambiguously demonstrated by using 
specific molecular markers of the TZ (FTZC) and of the 
axoneme (TbSAXO1) [34–36] combined with 3D FIB-
SEM data and TEM serial sections showing the structure 
of the basal body, the TZ and the axoneme of the new 
flagellum. First, the short new flagellum is assembled and 
invades the existing flagellar pocket (Fig. 7; step 1). This 
is supported by molecular evidence with a second FTZC 
signal which is localized in the TZ in trypomastigote 
parasites with an oval nucleus. Detection of TbSAXO1 
indicates that the new flagellum is in a more advanced 
stage of assembly and correlates with a morphological 
change in the nucleus from oval to elongated. Such cells 
types could not have been detected in previous studies 
because flagellum specific markers were not included [3, 
10]. By DAPI staining and by EM approaches, only one 
kinetoplast could be observed [10], hence leading to an 
underestimation of the number of cells that already have 
initiated assembly of a short new flagellum. Consistent 

with molecular data, integrated analyses of FIB-SEM 
results and TEM serial sections provided support for 
the following series of events (Fig. 7; steps 2–5): the new 
flagellum grows connected to the mature flagellum; the 
basal bodies segregate and the new flagellum rotates in 
relation to the mature flagellum. These events take place 
while the nucleus migrates towards the posterior region 
of the body (Fig. 7; steps 2–5). Although the construction 
of a new flagellum could be detected by routine EM tech-
niques, evidence for new flagellum assembly can only be 
obtained if the new flagellum emerges from the flagellar 
pocket in the case of SEM or when a second flagellum is 
detected in the same section as the mature flagellum in 
the case of TEM.

The early stages of flagellum construction in PV para-
sites exhibit differences in the sequence of events when 
compared to procyclic trypanosomes [17, 42]. The 
assembly of the new flagellum in procyclic trypanosomes 
is initiated in an anterior position relatively to the mature 
flagellum. The pro-basal body matures into a basal body 
from which the TZ is assembled. The nascent TZ is 
adjacent to the mature flagellum and the axoneme elon-
gates while it is still connected to the mature flagellum 
through the flagella connector [17, 19, 21, 34]. The new 
flagellum undergoes an anticlockwise rotation around 
the mature flagellum while the basal bodies are almost at 
the same plane in the antero-posterior axis of the body 
[17]. By contrast, in trypanosomes from the PV observed 
by FIB-SEM, the new flagellum was always located in a 
posterior position in relation to the mature basal body 
within its own flagellar pocket, a situation that is so not 
encountered in trypomastigote procyclic cells. The dis-
tance between the basal bodies increases from 90 nm up 
to 700 nm and the new flagellum is then observed in the 
right side of the mature flagellum, suggesting a rotational 
movement.

The difference in the sequence of events related to 
basal body segregation and rotation of the flagellum have 
implications on flagellar pocket morphogenesis. In pro-
cyclic trypanosomes, the rotational movement of the 
basal body facilitates flagellar pocket division [17]. In PV 
trypanosomes, the later rotational movement is observed 
when the new flagellum has already emerged from its 

Fig. 4  Transition forms where the nucleus migrates towards the posterior region of the body. a–d Early transition form. e–g Late transition form. 
a, e Slice view of trypanosomes showing the nucleus, the kinetoplast, the new flagellum and the mature flagellum. a The parasite possesses a 
large kinetoplast and the new flagellum is not in the plane of the image. b Lateral view of the internal organization of a partially reconstructed 
trypanosome showing that nucleus migration reached the same plane as the kinetoplast. c, f 3D model of an early transition form (c) showing 
nucleus deformation next to the mature flagellum and of a late transition form (f) where the deformation is seen in the region close to the 
kinetoplast. d, g Top view of partially reconstructed trypanosomes. d The new flagellum is located to the left side in relation to the mature flagellum. 
g The new flagellum is found at the left side of the posterior-anterior axis of the body. Abbreviations: NF, new flagellum; MF, mature flagellum; K, 
kinetoplast; N, nucleus. Notes: White and black arrowheads indicate the new and the mature basal bodies, respectively. Anterior region and posterior 
region of the cell are indicated on panel a and e. Scale-bars: 1 µm

(See figure on next page.)
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new flagellar pocket indicating that the separation of the 
flagellar pocket is probably not dependent of the rota-
tional movement of the flagellum.

In all trypanosomes that exhibited two flagella observed 
by FIB-SEM, an electron-dense structure located at the 
tip of the new flagellum connecting the lateral aspects of 
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both flagella was detected. TEM serial sections showed 
that this structure looks similar to the flagella connector 
described in procyclic trypanosomes [19, 21, 43]. The fla-
gella connector is a three-layered transmembrane junc-
tion that joins the tip of the new flagellum to the side 
of the mature flagellum and is only present during the 

duplication cell cycle in procyclic trypanosomes. How-
ever, it is absent in bloodstream trypomastigotes [18, 19, 
44]. A flagella connector structure has previously been 
observed in trypanosomes from PV by TEM [10]. How-
ever, the morphotype could not be determined because 
the nucleus and the kinetoplast were not in the plane of 
the section.

The flagella connector structure of PV trypanosomes 
is detected at the early stages of flagellum assembly and 
persists to the late transition forms. We hypothesize that 
the flagella connector could be involved in basal body 
segregation by anchoring the tip of the new flagellum to 
the mature flagellum in the early stages of flagellum elon-
gation when it is inside the flagellar pocket. The flagella 
connector is facing the region of the basal plate and the 
proximal region of the axoneme of the mature flagel-
lum and this location is maintained during elongation 
of the new flagellum until it emerges from the flagellar 
pocket, which coincides with basal body migration to the 
posterior region of the body. The stationary position of 
the flagella connector could prevent further movement 
towards the anterior region hence elongation of the new 
flagellum could contribute in moving its basal body to a 
more posterior position. Such a potential function is con-
sistent with the presence of the basal bodies at opposing 
poles of the kinetoplast. This is in contrast with procy-
clic cells where the flagella connector moves towards the 
mid portion of the old flagellum during elongation until it 
reaches a position at around 12 µm from the base. At this 
stage, no further movement of the connector is observed 
but basal bodies migrate apart, being separated by 6 µm 
instead of 2 µm [45, 46].

Fig. 5  Flagellum elongation in parasites during differentiation in the 
proventriculus. Measurements of the new flagellum (NF) were taken 
from the basal plate to the tip of the flagellar membrane in FIB-SEM 
stacks. Values are given as the mean and the standard errors (SE) are 
indicated. The numbers of parasites are shown in parentheses

Fig. 6  The new flagellum is attached to the mature flagellum via a flagella connector structure. a Low magnification of a trypomastigote cell in 
the PV. b–d TEM consecutive 80 nm-thick serial sections of the flagellar pocket region. e Image colorized highlighting different structures. a A 
trypomastigote cell with the kinetoplast in a posterior location in relation to the nucleus. b The new flagellum shares the flagellar pocket with 
the mature flagellum. c, d The short new flagellum is laterally attached to the mature flagellum via a flagella connector structure (bordeaux 
arrowheads). The flagella connector is an electron-dense plate structure organized into three distinct layers laterally connecting the distal region 
of the new flagellum to the mature flagellum. e Basal bodies are colorized in dark grey, transition zones in magenta and axonemes in green. 
Abbreviations: BB, basal body; TZ, transition zone; Axo, axoneme. Number 1 refers to the mature flagellum and number 2 to the new flagellum. 
Scale-bars: a 1 µm; b–e 500 nm
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(See figure on previous page.)
Fig. 7  Schematic illustration of flagellum assembly in trypomastigote cells and in transition forms from the PV. From left to right the first zoom 
with trypanosomes in dark grey represents the surface view of the posterior region, the emergence of the flagellum from the flagellar pocket 
whilst the second zoom with trypanosomes in light grey represents the internal view showing the full flagellum elongation process. At the top, a 
trypomastigote containing a round nucleus illustrates the stage that precedes flagellum assembly. The outside view shows a trypanosome where 
only the mature flagellum is visible outside of the cell body. At stage 1, the internal view represents the 24% of 2F1K1N trypomastigote cells with 
an oval nucleus and two signals for FTZC in IFA experiments. At stage 2, the short new flagellum is located inside the flagellar pocket whilst only 
the mature flagellum is visualized outside of the cell body. The internal view represents the 2F1K1N configuration of trypomastigote cells with an 
elongated nucleus, a new TZ and a new axoneme. The short new flagellum is linked by its tip to the side of the mature flagellum via the flagella 
connector as demonstrated by serial TEM sectioning. At stage 3, the new flagellum is associated to the mature flagellum via the flagella connector 
and elongates so that it is observed outside of the cell body. The internal view shows that the nucleus is closer to the kinetoplast indicating the 
migration towards the posterior region. Stage 4 are early transition form cells where the new flagellum is elongating as demonstrated in the outside 
view. In the internal view, the nucleus and the kinetoplast are at the same plane. Stage 5 corresponds to the late transition form. The outside view 
shows that the new flagellum has rotated in relation to the mature flagellum. The internal view shows nucleus migration is more advanced in a late 
transition form. At the bottom, a short and a long epimastigote cell are represented, resulting from the asymmetric division

Conclusions
These results show the remarkable adaptation of pro-
cesses driving flagellum assembly and cell morphology in 
trypanosomes using different tools such as cytoskeletal 
modifications, flagella connector positioning and flagellar 
pocket biogenesis to control and produce different mor-
phologies suited for a specific parasite environment.
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