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Our understanding of protein and lipid trafficking in eukaryotic cells has been challenged by

the finding of different forms of compartmentalization and cargo processing in protozoan para-

sites. Here, we show that, in the absence of a Golgi compartment in Giardia, proteins destined

for secretion are directly sorted and packaged at specialized ER regions enriched in COPII coat-

omer complexes and ceramide. We also demonstrated that ER-resident proteins are retained at

the ER by the action of a KDEL receptor, which, in contrast to other eukaryotic KDEL recep-

tors, showed no interorganellar dynamic but instead acts specifically at the limit of the ER

membrane. Our study suggests that the ER-exit sites and the perinuclear ER-membranes are

capable of performing protein-sorting functions. In our view, the description presented here

suggests that Giardia adaptation represents an extreme example of reductive evolution without

loss of function.
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1 | INTRODUCTION

The pathways by which eukaryotic cells sort and transport pro-

teins to their final destinations are remarkably diverse. Many pro-

tozoan parasites constitute extreme examples of this diversity,

either because they have evolved specific organelles (eg, rhoptries,

glideosomes, etc.),1,2 partially utilize the host machinery for protein

secretion,3 or lack endomembrane compartments otherwise con-

served across the eukaryotic phylogeny. Once assumed simple

organisms, parasites are now considered models of highly special-

ized cellular systems. The quest for the evolutionary mechanisms

behind this diversity constitutes a fascinating endeavor that can

be approached by considering all possible evolutionary paths. Dur-

ing the past decades, many groups have focused on understanding

how protozoan parasites traffic proteins to specific compartments,

acknowledging the essentiality of this process in host colonization,

host-defense evasion and survival. The Giardia genus constitutes a

good example of unicellular organisms that have suffered profound

transformations in their endomembrane system to yield what is

now believed to be a highly specialized protein-trafficking system

(Figure 1A). However, the way in which this group of organisms

traffic proteins to specific compartments, either by using con-

served or differential structures, and the identity of the molecules

that determine target specificity are still open questions in the

field.4–7

In eukaryotic cells, proteins destined for secretion must pass

through a series of membranous compartments before reaching their

final destination. The consensus is that, after their synthesis, proteins

containing signal peptides are transferred to the endoplasmic reticu-

lum (ER) lumen and later, when they get the correct conformation,
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they are transported to the next membranous compartment, the

Golgi apparatus.

Easily recognized by its morphology, the Golgi complex is the

main station of posttranslational modification, protein maturation and

protein and membrane sorting and trafficking.8 Our current under-

standing of the ER-to-Golgi transport involves the sequential action of

the COPII and COPI coat complexes which connect these compart-

ments by a bidirectional membrane flux. In most eukaryotic cells,

COPII-coated vesicles bud from specific sites of the ER, called ER exit

sites (ERES), defined as structures of the transitional ER enriched in

COPII.9 The first step in the COPII coat assembly is the activation of

the GDP-bound form of the small GTPase Sar1 by its exchanging fac-

tor Sec12. Sar1-GTP exposes a hydrophobic N-terminus that mediates

the association of Sar1 to ER membranes.10 Once anchored to the ER,

Sar1 recruits the Sec23-Sec24 heterodimer, which in turns mediates

the interaction between the COPII coat and the cargo, leading to the

formation of a stable prebudding complex. The final step in the coat

assembly is the recruitment of the Sec13-Sec31 heterodimer to the

budding complex, inducing coat polymerization and membrane defor-

mation.11 Soon after budding, GTP hydrolysis on Sar1 triggers vesicle

uncoating.12 The equilibrium established between coat assembly and

disassembly has important implications for vesicle budding13 and

cargo selection. Transmembrane and soluble cargoes are included in

COPII vesicles either by directly interacting with Sec24 coat subunits

or indirectly through transmembrane cargo adaptors/receptors,

respectively.14 This selected binding involves specific export-signal

sequences in the cytoplasmic domains of cargo proteins that comprise

dihydrophobic, diacidic, C-terminal hydrophobic and aromatic

motifs.15,16 However, this simple capture mechanism has been chal-

lenged by the selection and packaging of cargoes larger than COPII-

coated vesicles.17 Further studies of the mechanism behind cargo

selection and export from the ER are necessary to provide key insight

into the control of the budding process that seems to be more com-

plex than previously thought. While COPII vesicles export proteins

from the ER, retrograde transport from the Golgi to the ER is mediated

by COPI coated vesicles.18 This complex can be defined at a molecular

level by their membrane origin and their coat proteins.19 The recruit-

ment of the COPI complex to the Golgi membranes requires the small

GTPase ARF1, which in its GTP-bound form promotes COPI coat

assembly and it is the target of the fungal metabolite brefeldin A

(BFA),20,21 widely used as a protein transport inhibitor in mammalian

cells and yeast.20,21 Initial analysis of COPI coated vesicles led to the

identification of 4 large protein subunits (α-, β-, γ- and δ-COP) but

additional components of the coatomer were later discovered and

identified as β0-COP, ε-COP and ζ-COP.22 Another member of the

COPI machinery is the KDEL receptor (KDELR), which recognizes a 4-

amino acid signal peptide present at the C-terminus of many ER-

resident proteins.23 Although these coat components are highly con-

served across the eukaryotic phylogeny, particular forms of protein

cargo, membrane recruitment, and sorting have been discovered in

many unicellular organisms. This suggests that ER-Golgi trafficking

pathways have been rewired during the evolution of eukaryotic cells.

In Giardia, the ER extends symmetrically from both nuclear mem-

branes throughout the cell body, constituting the largest organelle in

this cell. The very existence of a complex ER network became clear

at the time when the giardial ER-chaperone Hsp70/BiP was

described.24,25 The ER is recognized by the extensive perinuclear cis-

ternae but it also extends close to the plasma membrane of the

trophozoite being the main intracellular compartment outside of the

nuclei.26 Despite the great structural diversity of the Golgi complex

among eukaryotes, its basic molecular composition and function are

well conserved. Intriguingly, differential protein sorting takes place in

Giardia, even if it lacks a Golgi-like organelle and some of the con-

served secretory components.4–7 Perinuclear structures similar to

Golgi stacks have been seen, in growing and encysting

trophozoites,27,28 by using a fluorescent ceramide analog, NBD-C6

Ceramide, which specifically stains the Golgi membranes in eukary-

otic cells, such as mammalian cells, insect cells and fungi.28 Although

NBD-C6 Ceramide appears to preferentially accumulate on perinuc-

lear regions of the parasite, it has not yet been possible to establish a

link between the regions marked with the fluorescent analogue and

the cisternae-like structures observed by electron microscopy.29

Strikingly, treatment with BFA induced redistribution of fluorescent

ceramide from the perinuclear region to the ER in this parasite. As a

consequence, the perinuclear membrane structure was suggested to

play Golgi sorting functions during Giardia growth and encystation

for many years. Also, both the ARF protein and the COPI complex

were observed associated to small structures around the nuclei and

their locations were sensitive to BFA.30 Nevertheless, no colocaliza-

tion of these proteins with NBD-C6 ceramide was tested. The secre-

tory vesicles called ESVs (encystation-specific vesicles), which

originates de novo during the encystation process, were claimed to

be post-ER compartments with Golgi characteristics, although neither

sorting of excretory/secretory proteins nor biosynthetic functions are

particularly related to the neogenesis and maturation of the ESVs.31

In the presence of the stimuli that trigger encystation, the CWM (cyst

wall material), composed of a matrix containing CWP1-3 (cyst wall

proteins 1-3) is transported into the ESVs formed de novo. In this

sense, ESVs constitute a regulated secretory pathway that operates

in parallel with the transport of the other component of the fibrillary

cyst wall, the β-1,3-GalNAc homopolymers,32 the constitutive path-

way involved in the transport of variant-specific surface proteins

(VSPs) and lysosomal peripheral vacuoles (PVs)-resident proteins.33–35

The ESVs are heterogeneous in size and number and can be con-

nected to some extent by a tubular network.36 Very often, ESVs are

observed in the perinuclear region and sometimes in intimate rela-

tionship with the nuclear envelope. The morphology of the ESVs is

also very variable, may present elongated or geometric shapes.36 In

many eukaryotic cells, the genesis of secretory granules can be

decomposed into 3 stages37,38: (1) Selective condensation of secre-

tory proteins forming a dense core, (2) selection of the membranes

surrounding the protein aggregate and (3) generation and release of

the secretory granule. From the structural point of view, the ESVs

present many secretory granule characteristics.36 Because in most

eukaryotic cells secretory granules are generated at the TGN

(trans-Golgi Network),37,38 in the absence of an analogous organelle

in this parasite, we suggest that the ESVs are formed directly from

specific regions in the ER, that harbor trans-Golgi features. In a recent

paper Faso et al, reported that members of COPII complex, Sec23

and Sec24 (GlSec23 and GlSec24) were located at specific sites of
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ER, in which the initial accumulation of CWM and formation of ESVs

takes place.39 In addition, Faso et al showed that the acquisition of

the ESV characteristic and morphology depends on the small GTPase

Sar1 (GlSar1).39 The same group, have shown that the β-COP subunit

of COPI localized in the ESVs later on encystation.39

In this work, we showed that the protein and lipid sorting func-

tion is achieved by the ER in this parasite. We found that both, the

perinuclear ER membranes (PNM) and the ERES are involved in the

sorting and selection of the ESVs proteins and membranes via COPII

and I complexes. We described a novel mechanism for ER-resident

FIGURE 1 BODIPY FL C5-ceramide reveals trans Golgi network properties of the giardial ER. A, Scheme of G. lamblia trophozoite and cyst. The

trophozoite possesses 2 nuclei with 2 copies of the genome, a ventral disc, 8 basal bodies and their corresponding pairs of flagella (AF, anterior
flagella; PLF, post-lateral flagella, VF, ventral flagella; and CF, caudal flagella), peripheral vacuoles (PVs), medium body and mitosomes. The
mature cyst contains 4 nuclei, with 4 copies of the genome each [modified from105]. B, At 0 h.p.i. (non-encysting cells) ceramide exhibits a shift
in its emission from 488 (green) to 546 nm (showed in magenta) only in the PNMs (top row). Pr 0.779, M1 1.000, M2 0.884. At 3 h.p.i. the
magenta labelling was concentrated at the ERES besides PNMs (middle row). Pr 0.617, M1 0.646, M2 1.000. At 6 h.p.i. the green stained
structures similar to ESVs seems to arise from the magenta labelled ERES (bottom row). Pr 0.701, M1 0.996, M2 0.992. Each selected inset is
observed on the right. Bars, 2.0 μm. C, Transmission electron microscopic localization of BODIPY FL C5-ceramide after DAB photooxidation
shows the staining of ER membranes. Panels on the left show in detail the electron-dense accumulation is observed at the PNMs, in non-
encysting trophozoites (0 h.p.i.) (a, white arrows). At 3 h.p.i., enlarged electron-dense PNMs are observed (b, white arrows). Detailed selection of
an electron-dense dilated ER membrane (cleft) is showed at 6 h.p.i. (c, red arrow). Treatment with BFA disturbed the staining and membrane
arrangement of the ER in all cases (d, e, f ). Bars, 0.5 μm. When image of each full cell are observed, a significant increase in the number of ER
cisternae dilated forming clefts are noticed (g, h, i). No cleft formation is observed in cells treated with BFA (j, k, l). Bars, 1.0 μm. Nuclei are
artificially depicted in yellow. f, flagella. vc, ventral disc
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proteins retention by the giardia KDELR, which suggests that the

COPI components may not act through canonical mechanisms in this

parasite. Although our knowledge of this specific secretory pathway

is continuously in progress, the dynamic of this process have not

been explored. Here, we have further characterized it by using quan-

titative time-lapse imaging, FRET and electron microscopy. Our data

demonstrate that the mechanisms underlying ESVs de novo biogene-

sis is orchestrated by multiple regions of the ER.

2 | RESULTS

2.1 | Specific regions of the ER contain TGN
characteristics in growing and encysting trophozoites

Fluorescent ceramide analogues have been used for specific labeling

of Golgi membranes in many cell types and were shown to be targeted

into perinuclear ER membranes (PNM) in growth and encysting Giardia

trophozoites.28,30,40,41 In addition, it was suggested that Giardia

depends on exogenous ceramide to synthesize complex ceramide/

sphingolipid, which make up the enveloping membranes of ESVs.42

More recently, it was shown that COPII complex proteins, GlSec23

and GlSec24, localized at specific sites of the ER, later defined as

ERES.39 Without a post-ER compartment in charge of protein sorting

and glycosylation, we questioned whether some of its functions could

be carried out by these particular ER membranes in this parasite.

Although no O-glycosylation takes place in Giardia, specific protein

sorting does occur,43 a function performed by the TGN in most eukar-

yotic cells. To test our hypothesis we questioned whether there may

be common biophysical features between giardial ERES and the last

portions of typical Golgi complexes. We began by addressing the

localization of BODIPY FL C5-ceramide in non-encysting and encyst-

ing trophozoites by confocal and electron microscopy (Figure 1B-C). It

has been shown that BODIPY FL C5-ceramide accumulates specifi-

cally at the TGN in mammalian cells, leading to the formation of

excited-state dimers (or excimers) that exhibit a second emission peak

red-shifted from the one corresponding to the excited monomer.41,44

By spinning disk confocal microscopy we determined that the fluores-

cent analog of ceramide localized at the PNMs of growing tropho-

zoites (0 hour post-induction [h.p.i.]), something that was consistent

with previous results.28 Moreover, a red shift was observed at the

PNM, indicating that a specific accumulation of BODIPY FL C5-

ceramide occur at these sites (Figure 1B, top row). At 3 h.p.i. of the

encystation process, the green emission displayed an ER distribution

while the red emission was observed at places that resembled giardial

ERES besides the PNMs (Figure 1B, middle row). Finally, At 6 h.p.i.,

green and red emission sites at the ER were enlarged and it was possi-

ble to distinguish structures similar to mature ESVs (Figure 1B, bottom

row). Interestingly, excimers seemed to be only formed at putative

ERES but not at the ESVs surface, suggesting that the TGN membrane

properties were lost after ESVs formation. Spatial relationships of the

detected signals were quantitatively measured using Pearson correla-

tion coefficient (Pr) and the Mander's overlap coefficients (M) (see

Material and Methods). To achieve a better definition of the regions

stained with Bodipy FL C5-ceramide, we converted the light from the

fluorescent signal into a stable, electron-dense Diaminobenzidine

(DAB) signal by a photooxidation reaction. In this method, the free

oxygen radicals that form upon illumination of the fluorescent dyes

lead to the oxidation of DAB in situ, appearing as granular precipitates

at the sites of the former fluorescent signals. Non-encysting and

encysting cells were pulse labeled with Bodipy FL C5-ceramide for

15 minutes at 4�C, warmed to 37�C and incubated for various lengths

of time. Data were registered first in the fluorescent microscope and,

after photooxidation, the same cells were investigated by transmission

electron microscopy (TEM). In this way, a detailed identification of cel-

lular compartments at high resolution was performed. In the case of

non-encysting trophozoites, electron-dense DAB was observed in

PNM structures (Figure 1C, a). In line with the proposed hypothesis in

which the PNMs might function as a rudimentary Golgi,28,30 we

observed that this tubular arrangement was disrupted after treatment

with BFA (Figure 1C, d). Notice that the nuclear envelope (NE) itself is

not black stained at any analyzed point. The NEs were artificially

stained in yellow to differentiate them from the PNMs with ER origin.

Moreover, at 3 h.p.i., PNMs were enlarged, suggesting an increase in

the complexity of membranes surrounding the NE (Figure 1C, b).

Again, the organization of the stained membranes was disturbed after

BFA treatment (Figure 1C, e). At 6 h.p.i., we were able to observe that

precipitated DAB was staining the dilated ER membranes forming

clefts that, eventually, enlarged into ESVs (Figure 1C, c).36 The forma-

tion of these clefts was observed close to the NE but also at specific

points in the ER (Figure 1C, g-i), in accordance with the enlargement

of ceramide structures observed at this time point by confocal micros-

copy. As in the previous cases, the organization of these membranes

was sensitive to BFA (Figure 1C, f, j, k, l). Altogether, these results

showed that both the PNM structures surrounding the NE along with

the ER regions resembling ERES were enriched in ceramide analogs in

a specific manner, suggesting the existence of a resemblance in the

lipid composition between these portions of the giardial ER and the

TGN of mammalian cells. Moreover, the sensitivity of these mem-

branes to BFA reinforces the Golgi-like properties of these structures

(see discussion).

2.2 | Ceramide is recruited to ESVs membranes
from ERES

To analyze whether the ER regions previously observed by the stain-

ing with Bodipy FL C5-ceramide corresponded to ERES, we used

NBD-C6 ceramide, a vital stain for the Golgi apparatus that possess a

fluorescence emission maxima at 515 nm (green) with no emission in

the red spectrum. This allowed double staining of glsec23ha trans-

genic trophozoites for both Golgi-like membranes and HA-tagged

GlSec23. At 6 h.p.i, an accumulation of NBD-C6 ceramide that par-

tially colocalized with GlSec23-HA was observed in live trophozoites

(Figure 2A). Less ERES were observed because of the differential per-

meabilization performed on these live trophozoites (see Material and

Methods). Similar to what was reported by Faso et al.,39 the expres-

sion of GlSec23-HA did not affect trophozoite growth or viability

(data not shown).

Previous work has shown that Bodipy-TR ceramide, a fluorescent

analog equivalent NBD-C6 Ceramide, was associated specifically to
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nascent ESVs located at the periphery of the nuclei.40 However, it

was not possible at that time to determine if fluorescent ceramide

was a component of ESVs membranes. To gain a better insight on

the ceramide-ESVs relationship, cwp2-mcherry transgenic tropho-

zoites, constitutively expressing CWP2 fused to a red fluorescent

protein were set to encyst for 12 h.p.i. At 12 h.p.i. numerous imma-

ture ESVs containing CWP2 were distinguished. When these cells

were stained with NBD-C6 Ceramide, a partial colocalization

between the fluorescent ceramide and CWP2 was observed around

the nuclei and in a punctate distribution throughout the ER

(Figure 2B, −BFA). In accordance with previous experiments, the

association between the ceramide and CWP2 at the ERES disap-

peared when encysting trophozoites were treated with 50 μM of

BFA for 30 minutes (Figure 2B, +BFA). As a result, CWP2 was reab-

sorbed almost completely into the ER, being virtually impossible to

distinguish ESVs in these cells. This resorption process was accompa-

nied by the disappearance of any accumulation of NBD-C6 Ceramide.

When BFA was washed from the culture medium, CWP2 was rapidly

recruited to particular ER regions together with NBD-C6 ceramide

(Figure 2B, +BFA + Wash).

To exclude any effect related to CWP2 overexpression, we per-

formed the same experiments on wild-type encysting trophozoites

using FITC-labeled anti-CWP1 mAb and Bodipy TR ceramide

(in magenta). The results obtained are depicted in Figure 2C. Similar

to what was obtained with transgenic trophozoites, TR ceramide was

recruited to the periphery of mature ESVs.

We then performed a live time course analysis of the recruitment

of CWP2 and NBD-C6 ceramide to describe the temporal dynamics

of the membrane sorting during ESV formation. For this, cwp2-

mcherry trophozoites were induced to encyst and stained with NBD-

C6 Ceramide. At 0 and 3 h.p.i., an accumulation of NBD-C6 ceramide

and CWP2-mCherry close to the NE was observed (Figure 2D, 0 and

3 h.p.i.). After 6 h.p.i., CWP2-mCherry began to accumulate along the

ER forming immature ESVs (Figure 2D, 6 h.p.i.). Moreover, NBD-C6

ceramide was also recruited to these particular ER spots colocalizing

with CWP2-mCherry. At 12 h.p.i., it was possible to observe ESVs at

different stages of maturation, many of which were surrounded by

NBD-C6 Ceramide (Figure 2D, 12 h.p.i.). Finally, at 24 h.p.i, most of

the ESVs observed were fully matured and all of them seemed to

contain NBD-C6 ceramide (Figure 2D, 24 h.p.i.). Altogether, our

results showed that NBD-C6 ceramide is first recruited to specific

regions alongside the ER, and then, upon ESV formation, CWP and

the ceramide analogue accumulate in a coordinated manner, to give

rise to ceramide-contained ESVs.

2.3 | COPII members interact with CWP1 at the
ERES and promote ESVs biogenesis

Past and recent reports suggest that ESVs are generated either from

tubular-vesicular membranes close to the NE or from ERES from

COPII vesicles in charge of CWP nucleation.30,39 Based on our previ-

ous results, we hypothesized that both the ER membranes close to

the NE and the ERES are involved in ESV genesis. To test our

hypothesis, we analyzed the physical and functional interaction

between components of the COPII complex and the vesicle cargo

CWP1. In mammalian and fungi cells, the Sec23/Sec24 COPII sub-

complex recruits cargo proteins by directly interacting with them or

through protein adapters.45 In the case of Giardia, it was shown that

GlSec23 and GlSec24 were spatially associated with CWP1 during

the genesis of ESVs, but it was unclear whether this association

implied a physical interaction between the scaffold proteins and the

cargo.39 To address the nature of this relationship we study the

encystation process in glsec23ha transgenic trophozoites. Immuno-

fluorescence assays showed that GlSec23-HA and CWP1 partially

overlapped at the ERES at 6 h.p.i. (Figure 3A). In contrast with previ-

ous reports suggesting that the interaction between CWP1 and

COPII components specifically occurs very early in the biogenesis of

ESVs,39 we observed a close association even at 12 h.p.i (Figure 3A).

Interestingly, a minor association between these proteins was

observed in mature “ring-like” ESVs at 24 h.p.i. (Figure 3A). To prove

that GlSec23 and CWP1 are in close association even once ESVs are

completely formed, we decided to perform a quantitative colocaliza-

tion analysis using FRET. As shown in panel B of Figure 3, the FRET

map revealed that while GlSec23 and CWP1 colocalized in all ESVs,

the amount of colocalization was higher during the first steps of ESV

genesis (immature ESVs) (Figure 3B, red arrow on the inset 1), than in

bigger vesicles with a “ring-like” distribution of CWP1 (mature ESVs)

(Figure 3B, white arrow on the inset 2).

To finally determine if the overlap observed between GlSec23

and CWP1 is the manifestation of a physical interaction between

both proteins, we performed an immunoprecipitation (IPP) assay

using 12 h.p.i. glsec23ha trophozoites. When an anti-HA mAb was

used to immunoprecipitate GlSec23-HA, a coIPP of the 26 kDa

CWP1 band was observed, suggesting the existence of a physical

interaction between the Sec23/Sec24 complex and the cargo CWP1

(Figure 3C). This last observation lead us to hypothesize that if the

Sec23/Sec24 complex acts as a scaffold during CWP recruitment, the

overexpression of its components should have an effect in the num-

ber of ESVs formed. We therefore performed an immunofluorescence

assay on encysting glsec24ha and glsec23ha trophozoites and quanti-

fied the number of ESVs at different time points during the encysta-

tion process. As can be seen in Figure 3D, transgenic trophozoites

reach a peak in the number of ESVs faster than wild-type tropho-

zoites, while significant differences in the number of vesicles

between wild-type and transgenic parasites were not observed.

2.4 | The GlBiP chaperone protein is recruited to
the ERES during encystation but is excluded from
mature ESVs

In Giardia, the ER symmetrically surrounds the nuclei, being in close

association with the NE and occupying almost all the cytoplasm of

the cell.46,47 Nonetheless, the giardial ER was not properly character-

ized until 1996, when the ER-chaperone BiP was described in this

parasite.24 GlBiP is a homologue of the Hsp70 family, an ER lumen

resident protein family involved in the folding process of newly

synthesized proteins. GlBiP possesses a signal peptide at its N-

terminal and a classical KDEL retention signal at its C-terminal. In

growing trophozoites, GlBiP is located in the lumen of the ER
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network and as a consequence it has been used as a specific marker

for the ER.24,47

Previous work suggested that GlBiP can be transported inside

the ESVs, raising questions about GlBiP function during encysta-

tion.24,48 Later, it was pointed out that GlBiP was exported within

ESVs, but retrieved back to the ER via its C-terminal KDEL signal.

However, this hypothesis was only supported by experiments using

a GlBiP variant in which the KDEL retrieval signal was replaced by a

NDDL sequence, which lacked the capacity to maintain its ER

localization.49 Taking all the available information together, we envi-

sioned 2 scenarios: (1) GlBiP “escapes” the ER during encystation

and is returned back by the action of a GlKDELR (Giardia lamblia

KDEL receptor), which in other eukaryotic cells works in association

with the COPI machinery to return ER-resident proteins from the

Golgi to the ER or (2) given the absence of Golgi in Giardia, it is

possible that GlKDELR and the COPI system retain GlBiP at the ER

rather than recycling it back from the ESVs. To address these 2 pos-

sibilities, we first investigated the localization of GlBiP ate different

FIGURE 2 ESVs are formed from ER

ceramide-enriched membranes. A, Confocal
live microscopy shows that NBD-C6
ceramide partially colocalizes with
GlSec23-HA at the ERES at 6 h.p.i. The
inset shows examples of close association
(right, white arrows). Pr 0.503, M1 0.716,
M2 0.868. B, mCherry-CWP2 is observed
in close association with NBD-C6 ceramide
in encysting live trophozoites (12 h.p.i.)
(−BFA). Pr 0.408, M1 0.433, M2 1.000.
Reabsorption of the ESVs and ceramide-
stained membranes can be observed after
BFA treatment (−BFA) (Pr 0.732, M1
0.910, M2 1.000) but original localization is
restored after washing (+BFA + Wash). Pr
0.553, M1 0.765, M2 0.993. Detailed
mCherry-CWP2 and NBD-C6 ceramide
localization is presented on the insets (right
column). White arrows denote
colocalization. C, The membrane of nascent
ESV containing CWP1 is enriched in
ceramide (arrow). Insets show the ESV in
detail. DIC, differential interference
contrast. Pr 0.338, M1 0.955, M2 0.987. D,
Dynamic of the recruitment of mCherry-
CWP2 and NBD-C6 ceramide during ESV
formation shows an enrichment of both
molecules surrounding the nuclei at

0 (Pr 0.872, M1 0.949, M2 0.997) and 3 h.
p.i. (Pr 0.838, M1 0.988, M2 0.990). At 6 h.
p.i., mCherry-CWP2 began to accumulate
at the ceramide-enriched ERES forming
immature ESVs. Pr 0.518, M1 0.802, M2
1.000. At 12 h.p.i., ESVs at different stages
of maturation and ceramide association are
observed. Pr 0.222, M1 0.982, M2 0.989.
The membranes of mature ESVs are
enriched in ceramide (24 h.p.i.). Pr 0.689,
M1 0.378, M2 0.988. Bars, 2.0 μm. On the
right, fluorescence intensity profiles along
yellow lines (A to B in insets) are shown.
Images are representative of
3 independent experiments with n = 10
cells
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time point during encystation and also its relation with the COPII

machinery at the ERES during this process. Figure 4A (top panels)

depicts an optical section of 3 h.p.i. wild-type trophozoites showing

colocalization between CWP1 and GlBiP. However, at 24 h.p.i., the

colocalization was significantly reduced showing that GlBiP is no

longer present in the ESVs but retained in the ER (Figure 4A,

bottom panels). This localization correlated with the pattern of

GlSec23 localization at 24 h.p.i. (Figure 3A). This observation

prompted us to analyze whether GlBiP colocalized with GlSec23-HA

and GlSec24 in the ER at the time they are excluded from the core

of mature ESVs. The results suggested that although GlBiP showed

a close association with the CWM and COPII at the site of

FIGURE 3 COPII members interact with the cargo during ESV formation. A, IFA and confocal microscopy show partial colocalization of

GlSec23-HA and CWP1 at the ERES at 6 h.p.i. (Pr 0.738, M1 0.918, M2 0.985) but also at 12 h.p.i. (Pr 0.557, M1 0.890, M2 0.840). At 24 h.p.i.
no positive correlation between green and magenta channels was detected. Expression of CWP1 was not distinguished from the background in
non-encysting trophozoites (0 h.p.i). B, FRET map supports the colocalization of GlSec23-HA and CWP1, which is higher in immature ESVs
(inset, 1, red arrow) than in mature ESVs (inset, 2, white arrow). Bars, 2.0 μm. C, Immunoblot shows coimmunoprecipitation of CWP1 (26 kDa)
and GlSec23-HA in glsec23ha trophozoites encysting for 12 h.p.i. WT, wild-type trophozoites used as negative IPP control. Anti-αcMyc mAb was
used as unrelated Ab control. D, Encysting glsec24ha and glsec23ha trophozoites showed a faster production of ESVs when compared with wild-
type trophozoites. Data represent the mean � SD for n = 20 in 3 independent experiments
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immature ESV formation, it was somehow excluded from mature

ESVs, preventing its released to the extracellular space together

with the CWM (Figure 4B,C). Because these results appeared to

contradict those reported in the literature,48,50 we decided to go

further and investigate the function of the putative giardial KDEL

receptor (GlKDELR) and its role in preventing GlBiP to escape the

ER during encystation.

2.5 | The giardial KDEL receptor possesses unusual
features

Two main functions have been described for KDEL receptors:

(1) the recycling of chaperone proteins that escape the ER and

reach the Golgi51 and (2) the anterograde trafficking of proteins and

membranes within the Golgi apparatus.51,52 Typically, KDELRs dis-

play 7 transmembrane (TM) segments, with a luminal N-terminus

and a cytoplasmic C-terminus.53 There is only a single Giardia KDEL

receptor gene (ORF), unlike in vertebrates where as many as

3 receptors have been identified. The Giardia KDEL receptor shows

high levels of sequence conservation with many well-characterized

KDELR homologues (Figure 5A). Phylogenetic analysis of KDEL

receptor homologues from more than 200 different eukaryotic

organisms showed that GlKDELR sequences, corresponding to

3 different Giardia strains (WB, P15 and GS), cluster with sequences

from other protists at the base of a large group of plant sequences

(Figure S1A and Table S1, Supporting Information). Sequence analy-

sis of GlKDELR suggested conserved TMs but different transmem-

brane prediction sites54–56 showed dissimilar amount of predicted

TM for GlKDELR. To resolve the topology of the GlKDELR, we con-

structed an N- and a C-tagged-GlKDELR and performed proteinase

K (PK) protection assay in IFA and confocal microscopy. This assay

revealed the intramembrane orientation of the receptor by a

restricted proteolytic digestibility.57 Thus, GlKDELR-HA or eGFP-

GlKDELR were stable expressed yielding glkdelr-ha or egfp-glkdelr

trophozoites, respectively, and utilized in the PK assay. The results

showed that both the GFP of eGFP-GlKDELR and the ER-luminal

GlBiP (control) were protected by ER-microsomal membranes when

treated with digitonin (which selectively permeabilized the plasma

membrane) and PK (Figure S1B), while the HA epitope of GlKDELR-

HA was not (Figure S2C, line 3, upper panel). As expected, no sig-

nals were detected when PK was used after Triton X-100 permea-

bilization (Figure S1B). Control of glkdelr-ha or egfp-glkdelr

trophozoites permeabilized by 1% Triton X-100 without PK showed

the presence of both proteins (Figure S1B). Addition of PK alone

did not present proteolytic digestibility (not shown). These results

confirmed a bitopic Nlumenal/Ccytoplasmic topology of GlKDELR.

FIGURE 4 GlBiP appears to be excluded

from mature ESVs. A, Top panels: IFA and
confocal microscopy analysis on wild-type
trophozoites at 3 h.p.i. showing
colocalization of CWP1 and GlBiP in
immature ESVs. Pr 0.798, M1 0.996, M2
1.000. Bottom panels: IFA and confocal
microscopy analysis on wild-type
trophozoites at 24 h.p.i. revealing the “ring-
like” distribution of CWP1 and the
exclusion of GlBiP from mature ESVs. Pr
0.476, M1 1.000, M2 0.993. Selected
insets 1 and 2 showing these events are
depicted on the right. Bars, 10.0 μm. (B) At
24 h of encystation, GlSec23-HA and
GlBiP colocalize outside mature ESVs. Pr
0.953, M1 0.993, M2 0.928. (C) At 24 h of
encystation, GlSec24-HA and GlBiP are
excluded from mature ESVs. Pr 0.976, M1
0.995, M2 0.996. Selected inset are
showed on the right: red arrows point to
specific sites, similar to ERES, while white
arrows point to a larger structure, possibly
maturing ESV. Bars, 2.0 μm
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FIGURE 5 Distribution and dynamics of the giardial KDEL receptor. A, Multiple sequence alignment of KDELR amino acid sequences from

G. lamblia (GL_4502) and other species. Box shading indicates amino acid similarity, where darker means more similar. Species are denoted as
follows: HS, Homo sapiens; Mm, Mus musculus; Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster; SC, Saccharomyces cerevisiae; At,
Arabidopsis thaliana; Tc, Trypanosoma cruzi. Transmembrane segments are shown in doted blue lines and KDEL binding residues are highlighted
in pink. B, Top panel: Live imaging of egfp-glkdelr trophozoites shows that eGFP-GlKDELR (green) is in particular ER spots, in close association
with Bodipy-BFA (magenta). Pr 0.598, M1 0.373, M2 0.946. Bottom panel: Similar results were observed in glkdelr-ha trophozoites. Pr 0.598,
M1 0.405, M2 1.000. Selected insets are shown on the right. Bars, 2.0 μm. C, IFA and confocal microscopy analysis on glkdelr-ha transgenic
trophozoites coexpressing GlSec23-HA shows partial colocalization of GlKDELR-HA and GlSec23. Pr 0.765, M1 0.950, M2 0.957. The insets
1 and 2 reveal that these proteins either partially colocalize or are closed, respectively, in the ERES. Bar, 2.0 μm. D, TIRF microscopy analysis on
non-encysting (0 h.p.i) and encysting (12 h.p.i) egfp-glkdelr encysting trophozoites shows that the receptor remains associated with the ER. Bars,
2.0 μm. Set of all twenty x-t kymographs shown on the right indicates the static behavior of the eGFP-GlKDELR selected by the magenta lines.
The length of the downward arrow corresponds to 30 seconds. In these kymographs, each vertical pixel (frame) corresponds to 0.5 seconds of a
total of 3 minutes that the video lasts (=360 pixels high)
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In mammalian and yeast cells, KDELRs are located in the interme-

diate compartment separating the ER and the Golgi complex (ERGIC)

as well as in the Golgi apparatus, where they recognize ER resident

proteins containing specific ER-retention signals and transport then

back to the ER. The mechanism of receptor-cargo interaction and

release appears to be mediated by pH differences between orga-

nelles.58 Thus, defining the KDEL receptor dynamics in Giardia is criti-

cal to understand the arrangement of membrane compartments and

the organization of protein transport systems in this parasite. To

observe the behavior of the GlKDELR in living trophozoites, we ana-

lyzed the localization of eGFP-GlKDELR in egfp-glkdelr trophozoites

that were labelled with Bodipy-BFA, a fluorescent inactive metabolite

used as marker of the ERGIC in other cells59 but an ER marker in

Giardia (see Figure S2A). The results demonstrated that eGFP-

GlKDELR accumulated in specific spots in the ER, similar to ERES,

and in close association with the tubule-vesicular ER structure

stained with Bodipy-BFA (Figure 5B, top panel and Figure S2A). Simi-

lar results were obtained when fixed glkdelr-ha transgenic tropho-

zoites expressing GlKDELR-HA were analyzed (Figure 5B, bottom

panel). To corroborate whether the GlKDELR is located at protein

sorting sites, we performed a coexpression studies of GlKDELR and

GlSec23 in egfp-glkdelr trophozoites. The results revealed that both

proteins are in close association at some ERES (Figure 5C), suggesting

that the intermediate ER-Golgi compartment is replaced in this para-

site by a big multifunctional ER compartment. To determine the

dynamics of the GlKDELR, in vivo total internal reflection fluores-

cence microscopy (TIRFM) was performed. The results showed that

the distribution of eGFP-GlKDELR was stable in time, showing no

apparent changes in its localization either in non-encysting (0 h.p.i.)

or 12 h.p.i.-encysting trophozoites (Figure 5D). In addition, when we

examined the localization of the eGFP-GlKDELR after treatment with

BFA, we observed that it was disseminated from the ERES to the ER

(Figure S2B), in a similar pattern of GlBiP expression and clearly dif-

ferent to the cytoplasmic distribution of GlSec23-HA observed in

GlSar1-inactive mutant cells.60 Altogether, these results point to an

internal movement of GlKDELR through the ER membranes reaching

a stable distribution at the ERES of growing and encysting

trophozoites.

2.6 | GlKDELR interacts with GlBiP during
encystation

To disclose whether GlKDELR plays a role in ER-protein retrieval dur-

ing ESV formation, we tested if the receptor was able to physically

interact with GlBiP. We first analyzed the colocalization between

GlKDELR-HA and GlBiP in encysting trophozoites and, as can be seen

in the Panel A of Figure 6, there was a high degree of colocalization

between both proteins in glkdelr-ha encysting parasites. We went fur-

ther and quantified the amount of interaction between GlBiP and

eGFP-GlKDELR at different times during the encystation process.

FRET maps revealed that there was a difference in the quantity of

GlBiP/eGFP-GlKDELR interaction between non-encysting and

encysting parasites (Figure 6B). Interestingly, no significant differ-

ences were observed between different encystation time points, sug-

gesting that receptor-cargo interaction was equally distributed during

secretory protein trafficking and ESV formation. Accordingly, FRET

intensity diminished upon protein trafficking disruption in response

to BFA treatment. These findings proved a direct interaction between

GlKDELR and GlBiP and proposed the existence of a retention func-

tion for the receptor during encystation.

Given the fixed location of GlKDELR and the observation that

GlBiP was present within immature but not mature ESVs, we decided

to analyze in detail the relationship between GlKDELR and ESVs in

encysting egfp-glkdelr trophozoites. Panel C of Figure 6 depicts the

localization of eGFP-KDELR in 12-hour encysting trophozoites. As

can be seen, eGFP-GlKDELR surrounded all mature ESVs, something

that was in accordance with the localization described for GlBiP in

late encysting trophozoites (Figure 6C). This result, together with pre-

vious data showing the absence of receptor transport between mem-

brane compartments, strongly suggests that GlKDELR plays its role at

the edge between ER and ESVs, retaining GlBiP into the ER lumen.

3 | DISCUSSION

Eukaryotic cells display a high degree of conserved features. How-

ever, it is now clear that nonclassical characteristics pervade the biol-

ogy of many divergent eukaryotic unicellular organisms. Regarding

secretory protein trafficking, new ways of cargo delivering, beyond

classical ER-Golgi-target organelle pathway have been described.

Because Giardia does not possess a Golgi complex, the question of

how this parasite is able to sort and deliver proteins to specific com-

partments has received much attention in the past. It has been sug-

gested that some of the Golgi functions can be performed by the ER

in this parasite because Giardia is capable of trafficking proteins and

lipids in a highly regulated manner. During growth, Giardia constantly

transports VSPs and lysosomal proteins to the plasma membrane and

the PVs, respectively.35,61 Besides these transport mechanisms, Giar-

dia possesses a regulated secretory pathway only active during its dif-

ferentiation into cyst. This secretory pathway involves the synthesis,

packaging and transport to the plasma membrane of CWM into the

ESVs to ultimately form the cyst wall. Here, we provide evidence that

specific portions of the Giardia ER possess TGN features. Although,

exogenous fluorescent ceramide was observed in the contractile vac-

uole in Paramecium62 and the contractile vacuole besides the Golgi of

T. cruzi,63 this exogenous lipid was extensively observed as a marker

of the Golgi complex in many diverse cell types.41,64–66 Our report

showed that, similar to what has been observed in the TGN of mam-

malian cells, excimers of Bodipy FL C5-ceramide are formed in these

regions during encystation. Also, the same ER regions are involved in

secretory vesicles formation, acting as core centers where ceramide

and CWM are condensed in nascent ESVs. When we assayed the

expression of CWM along the encystation process, we observed that

the neogenesis of the ESVs was first associated to PNMs and later

with ERES, as the encystation process moves forward. If the biogene-

sis of the ESVs begins by active budding at these TGN-like mem-

branes, then the process should involve: (1) the sorting of cargo and

membrane components, (2) the initiation of the membrane curvature

and (3) the recruitment of coatomers, tether and docking molecules.

Although many of these aspects were partially addressed in the past,
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the identity of the membranes surrounding the ESVs was never

determined until this work. Using photooxidation and TEM, we were

able to reveal that ceramide is a structural component of the ESVs,

showing that these post-ER compartments contain similar lipid com-

position as the one found at the ERES and PNMs. Further cellular lipi-

domic approaches, like mass spectrometry, will disclose the lipid

composition of the ESVs.

In mammalian cells, vesicles that traffic proteins from the ER to

the Golgi complex are coated by COPII coatomer complex proteins,

which assembly is regulated by the small GTPase Sar1.67,68 It was

suggested many years ago that ESVs, the only recognizable post-ER

compartment during encystation, constituted Golgi-like organelles.31

Since then, data pulling in favor and against this claim have come to

light.28,36,48,49,69–71 On one side, it was shown that ERES were the

sites where the initial accumulation of CWM took place during ESV

neogenesis and from where, once formed, the ESVs were enriched in

COPI coat proteins and clathrin.39 In accordance with these results, it

was also demonstrated that CWM, together with some of the pro-

teins described, redistributed into the ER after treatment with

BFA.30,40 On the other hand, neither glycosylation nor protein sort-

ing took place in the ESVs. As Giardia exhibit many distinctive fea-

tures, it would be not surprising that protein sorting and trafficking

are performed in a way that differs from classical pathways. Here,

we showed that the COPII component GlSec23 is placed at the

ceramide-enriched site of ESVs genesis and physically interacted

(directly or indirectly) with the cargo CWP1. We observed that, at

3 h.p.i., GlSec23 was located at the PNMs and ERES and, as the

process went along; GlSec23 colocalized with CWP1 but later was

found surrounded the already formed ESVs. It has been shown that

nascent ESVs are dissociated from the ERES early in the encystation

process.70 However, we observed that GlSec23 and CWP1 remain

associated with mature ESVs. This difference could be explained by

the fact that WB-C6 clone (strain ATCC 50803/WB clone C6)39

and WB1267 clone (strain ATCC 50582/WB clone 1267) (this work)

FIGURE 6 The giardial KDEL receptor

interacts with BiP and is partially
associated with ESVs. A, IFA and confocal
microscopy analysis on glkdelr-ha
transgenic trophozoites at 12 h.p.i. shows
partial colocalization of GlKDELR-HA and
GlBiP. Pr 0.764, M1 0.545, M2 0.998. The
insets 1 to 3 reveal that these proteins
partially colocalize close but outside of a
mature ESV. B, FRET analysis on egfp-
glkdelr trophozoites labeled with an anti-
GlBiP mAb during encystation. Examples of
FRET maps corresponding to trophozoites
at different encysting times and
quantification of the maps are shown. Pixel
intensity is indicated by the color bar. The
interaction between GlKDELR and GlBiP
increases during the encystation, evidenced
in the increase of FRET intensity. The
increase in intensity is abolished after
treatment with BFA. Images are
representative of 3 independent
experiments with n = 30 cells. C, Confocal
video-microscopy (DSU) analysis of egfp-
glkdelr trophozoites at 12 h.p.i. show that
once the ESVs are formed the GlKDELR
(white arrows) is observed at the periphery
of the vesicles. Details can be observed in
the corresponding 1 to 3 insets.
Bars, 2.0 μm
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possess differential growth and encystation rates (Touz et al.,

unpublished results), with the latter being the slower one. As

observed in other protozoa, intra-assemblage genetic diversity of

Giardia isolates, independent of the assemblage-specific sequence

heterogeneity,72,73 needs to be taken into consideration at the time

we define species-specific characteristics. Altogether, our results

showed that ESVs are formed from specific ceramide-enriched

points at the PNMs and the ERES, that their biogenesis is associ-

ated with the COPII complex machinery through its interaction with

the cargo and that, later during encystation, the CWM is enclosed

into a ceramide-enriched ESVs, which are separated but surrounded

by ER membranes. This data might be anticipated by recent reports

showing that many proteins destined to the lytic vacuole in plants

bypass the Golgi complex and are sorted directly from the ER by un

still undefined mechanism (reviewed by Ref. 74). However, this traf-

ficking is not affected by BFA or monensin and is independent of

COPII coatomer complexes, suggesting that particular vacuolar

transport route in higher plants is different to the one performed by

Giardia.

It is well known that the Arf and the Arf-like protein families are

involved in the COPI coat recruitment to Golgi membranes.75 All but

one subunit of the COPI complex and one Arf1 homologue are pres-

ent in the Giardia genome and have been suggested to participate in

ESV maturation.70 The finding that the ESVs redistribute into the ER

after the addition of BFA points out to the role of the protein compo-

sition of these membranes. In the absence of a Golgi complex, it is

possible that the maintenance of PNM and ERES structures depends

on GlArf1 in Giardia. This is supported by evidence of recruitment of

COPI components to the PNM and ERES and the key role of GlArf1

in ESV formation.30,69,70 However, molecules involved in the COPII

coatomer function were shown to be also important in the mainte-

nance of these structures, evidencing the versatility of the giardial ER

(including the PNM and ERES) in the absence of a bona fide Golgi

complex60 (this work). In this sense, it is now accepted that other

components of the vesicle membranes such as tether proteins and v-

SNARE (vesicle-soluble N-ethylmaleimide-sensitive factor attachment

protein receptors) play an essential role in the vesicle docking and

fusion to acceptor membranes. In fact, accumulating proofs indicate

that when COPI vesicle formation is blocked by BFA, the population

of v-SNAREs in the Golgi membranes cause the fusion of neighboring

Golgi and ER membranes76 leading to the adsorption of the Golgi by

the ER. In Giardia, both constitutive and regulated protein trafficking

were shown to be affected by BFA,30,34 suggesting that vesicle

tethering factors and v-SNAREs might play critical roles in vesicle

trafficking in the parasite. Unfortunately, although some tethering

factors and SNARE proteins homologues have been described, the

lack of functional studies limits our knowledge to the involvement of

these proteins in the trafficking processes of this parasite. For

instance, only the ER-Golgi-associated tethering protein TRAPPI

(transport protein particle) is present in the Giardia genome and few

of many v- and t-SNARE, homologous to Golgi SNAREs from other

organisms, showed ER and ERES-like localization in either growing

and encysting trophozoites.71 Our findings leave open the question

of which of these proteins might be involved in the ESVs targeting

and fusion.

The KDELR plays an important role in COPI function, by partici-

pating in the recycling of ER-resident proteins back from the Golgi

in most eukaryotic cells.51 In the absence of a Golgi complex, it

seemed easy to assume that either there is no need for retrograde

protein transport or that the ER-resident protein recovery worked

only under specific circumstances, for example during ESV forma-

tion. Giardial PDIs and BiP homologues contain ER retention signals

in their C-terminus24 and indirect evidence have suggested the

existence of a GlBiP retrieval process from the ESVs to the ER by a

putative KDELR protein.49 Although these findings constitute the

“tip of the iceberg” of the COPI pathway, our results clearly show

that GlKDELR retains proteins rather than recycling them. First, we

demonstrated that the giardial receptor is located in the ER surface

and displays a punctate distribution along this organelle, together

with COPII complex components. The static behavior of GlKDELR

at the ERES is coincident with the observation of a constant recruit-

ment of COPII coatomer subunits to the long-lived ERES struc-

tures.39 It was shown that in trophozoites overexpressing the

inactive-GlSar1 mutant39 or under BFA treatment,30 GlSec23 and

GlArf1 are redistributed from the ER to the cytoplasm, respectively,

suggesting that the incorporation of the COPI complex to the ER

membrane is ARF1 dependent. Conversely, GlKDELR is distributed

to the ER after BFA treatment, strongly suggesting that there is no

post-ER compartment in this parasite and, thus, cycling of the

GlKDELR and its associated proteins are not likely. Thus, what is

the function of a KDELR that lacks retrograde transport dynamics?

In previous works, GlBiP was observed in ESVs during encystation24

and a possible function on CWM stabilization was proposed for this

protein.48 Later, Steffanic et al showed that a recombinant GlBiP-

HA stayed associated with the ER and do not overlap with CWM,

but its mutant NDDL-BiP-HA (which KDEL motif was exchanged to

an NDDL motif ) scape from ER to the ESVs.49 In this work, we

showed that GlBiP is essentially excluded from the ESVs localizing

primarily in the ER, together with the KDELR, in close association

with the ESVs. This is consistent with the finding that the PDIs are

exclusively localized at the ER and excluded from other compart-

ments like the ESVs.49 Our results suggest a novel, nonclassical

function for the GlKDELR in this parasite, retaining ER-resident pro-

teins within the ER and preventing the incorporation of these pro-

teins as cargoes in nascent ESVs. Because GlBiP expression

increases during encystation, probably to manage the high synthesis

and folding of the CWM, is not surprising that some of GlBiP scape

the check point at the ERES. Besides, because the ERES have been

suggested as the site in which all secretory proteins are sorted, it is

reasonable to think that a small amount of GlBiP leaks to post-ER

compartments in the absence of its retention signal.49 At this point,

we suggest a classical chaperone function of PDIs and GlBiP during

growth and encystation.

The results obtained in this work allow us to propose a

framework for integrating the current data about the secretory

transport system in Giardia. The main novelty point out to the

PNMs and ERES as platforms from which ESVs arise. Contribut-

ing to the knowledge of how protein regulated trafficking

occurred in this parasite, we suggest the following model

(Figure 7):
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1. Specific portions of the ER, namely the PNMs and the ERES,

enriched in ceramide, constitute the platform from where the

ESVs membranes are formed.

2. The physical interaction between COPII and CWM favors cargo

recruitment and concentration at the PNMs and ERES.

3. COPII and the KDELR participate in the sequential sorting of pro-

teins to their final destination, ESVs or ER, respectively.

4. The CWM is transported inside ceramide-enriched ESVs while

GlBiP is retained at the ER, neighboring the nascent ESVs.

The endomembrane system is a distinctive feature of the eukary-

otic organization and has played an essential role in the adaptation to

parasitism in many protozoan organisms. Our work highlights the ver-

satility of the Giardia ER acting as a core facility in the absence of a

Golgi complex. More importantly, we have shown how reductive evo-

lution can reorganize preexistent cellular structures to give rise to

novel functions.

4 | MATERIALS AND METHODS

4.1 | Antibodies and other reagents

Fluorescein (FITC) conjugated anti-CWP1 monoclonal antibody and

biotin-conjugated anti-CWP1 were purchased from Waterborne Inc.

Anti-HA, HRP-labelled anti-HA, and FITC-labelled anti-HA mAbs

were purchased from Sigma; 9C9 mAb was employed to detect the

GlBiP protein.24

4.2 | Giardia cell lines and vectors

Trophozoites of the isolate WB, clone 1267,77 were cultured in TYI-

S-33 medium supplemented with 10% adult bovine serum and

0.5 mg/mL bovine bile, as previously described.78 These trophozoites

were used as hosts for the expression of transgenic genes and as

non-transfected controls. The glsec23, glsec24, glcwp2 and glkdelr

open reading frames were amplified from genomic DNA using the oli-

gonucleotides described in Table S2, cloned into the plasmid pTub-

HAc-pac35 or the peGFP-pac or pmCherry-pac generated from the

pTubHApac N-terminal vector.25 All vectors contained a puromycin

cassette under the control of the endogenous non-regulated gluta-

mate dehydrogenase promoter for cell selection. Stable trophozoite

transfection was performed as previously described.79–83 Drug-

resistant trophozoites were usually apparent by 7 to 10 days post-

transfection.

4.3 | Labelling membranes with fluorescent
ceramides

NBD-C6 Ceramide, Bodipy FL C5-ceramide and Bodipy TR ceramide

(Molecular Probes, Invitrogen) were used as markers for Golgi-like

FIGURE 7 Schematic representation of a

suggested model for regulated protein
trafficking in Giardia. An encysting
trophozoite draw showing the cytosol, the
nuclei, the endoplasmic reticulum (ER), the
ER exit sites (ERES), the peripheral vacuoles
(PV) and the encystation-specific vesicles
(ESVs) is depicted at the center of the
model. (a) PNMs and the ERES, enriched in
ceramide, constitute the platform from
where the ESVs membranes are formed;
(b) physical interaction between COPII and
CWM favors cargo recruitment and
concentration at the PNMs and ERES;
(c) COPII and the KDELR participate in the
sequential sorting of proteins to the ER or
ESVs; (d) the CWM is transported inside
ceramide-enriched ESVs while GlBiP is
retained at the ER. Insets magnify the
process of ESV genesis and maturation with
each color indicating each step (a to d). The
known participants of the process are listed
in the bottom
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structures65,84 while Bodipy-BFA (Molecular Probes, Invitrogen) was

employed to label ER membranes in Giardia59 (Table 1); glsec23-ha or

glcwp2-mcherry transgenic trophozoites were cultured until the loga-

rithmic phase, harvested and suspended in labelling buffer (50 mM

glucose, 10 mM cysteine, 2 mM ascorbic acid in PBS, pH 7.1) con-

taining 5 μg of the fluorescent analog. Cells were incubated at 4�C

for 30 minutes to inhibit the endocytosis, washed with PBSm and

incubated in slides at 37�C for 15 to 30 minutes to restore endocyto-

sis. Sample montage and visualization were performed as described

above for video microscopy.

4.4 | Brefeldin A cell treatment

A of 10 mg/mL Brefeldin A solution in dimethyl sulfoxide (DMSO)

(Sigma-Aldrich) was prepared. The trophozoites were treated with a

solution of 50 μM in growing medium for 30 minutes, washed and

observed as described for each case.

4.5 | Photoconversion of diaminobenzidine

Non-encysting (0 hours) and encysting (3 and 6 hours) wild-type tro-

phozoites were labeled with BODIPY FL C5-ceramide as described

above. The cells were then fixed with 4% formaldehyde solution for

40 minutes at room temperature. The fixed samples were washed

3 times with 0.1 M sodium cacodylate buffer (pH 7.4) and incubated

in a cold solution of 1.5 mg/mL DAB in 0.1 M sodium cacodylate

buffer for 15 minutes in the dark. The samples were then irradiated

with an argon-ion laser for 30 minutes using a ×10 objective. Follow-

ing irradiation, a brown staining could be observed, indicative of a

DAB reaction. The DAB solution was removed and the cells were

washed 5 times with cold 0.1 M sodium cacodylate buffer (pH 7.4).

Finally, samples were processed for electron microscopy.

4.6 | Transmission electron microscopy

TEM was performed as described85 except that photoconverted cells

were used. Coverslips with adsorbed treated wild-type trophozoites

were washed 3 times with cold 0.1 M sodium cacodylate (pH 7.4)

and postfixed at room temperature with 1% OsO4, 0.8% K3Fe(CN)6,

0.1 M cacodylate for 30 minutes. Subsequently, the cells were

washed in buffer, dehydrated in acetone, and embedded in Epon.

Thin sections were observed in a Zeiss 109 electron microscope.

4.7 | Video microscopy

For experiments video microscopy 35 mm special glasses treated

with poly-L-lysine were placed in specific video microscopy cham-

bers, treated with fluorescent ceramide or BFA and placed to a

microincubador. To prevent trophozoite natural movement during

protein fluorescence maturation, a layer of 0.8% low-melting agarose

gel prepared with ×1 PBS plus 1% growth medium (PBSm) was

placed over the attached trophozoites. For detection of GlSec23-HA,

0.01% of saponin was used to minimize the loss of fluorescent cera-

mide labelling. The chamber was mounted on a motorized gantry of

an IX81 Olympus inverted microscope, equipped with a rotating disk

module (DSU), lighting epifluorescence (150 W Xenon lamp). A 100X

objective PlanApo Olympus 1.4 NA, a R2 CCD ORCA (Hamamatsu)

camera and the OSIS (Olympus) software were used.

4.8 | Immunofluorescence assay

IFA of fixed cells was performed basically as described.86 Briefly, tro-

phozoites or encysting cells were cultured in growth medium or

encysting medium, respectively, harvested and allowed to attach to

slides, pretreated with poly-L-lysine (Sigma). After fixation with 4%

formaldehyde (Sigma) in PBS, the cells were washed and blocked with

10% normal goat serum (Invitrogen) in 0.1% Triton-X100 in PBS.

Cells were then incubated with the primary Ab diluted in PBS con-

taining 3% normal goat serum and 0.1% Triton-X100 at 37�C

(Table S2), followed by incubation with Alexa 488, Alexa 555, FITC o

Texas red anti-mouse (dilution 1:500) secondary antibody at 37�C

(Table S2). Finally, preparations were washed with PBS and mounted

in Vectashield mounting medium (Vector Laboratories). Fluorescence

staining was visualized with a motorized FV1000 Olympus confocal

microscope (Olympus UK Ltd), using ×63 or ×100 oil immersion

objectives (NA 1.32). The fluorochromes were excited using an argon

laser at 488 nm and a helio-neon laser at 543 nm. Detector slits were

configured to minimize any cross-talk between the channels. Differ-

ential interference contrast images were collected simultaneously

with the fluorescence images, by the use of a transmitted light detec-

tor. Images were processed using Fiji software.87

TABLE 1 Fluorescent lipid utilized in this work

Probe Company Organelle Species Reference

NBD-C6 ceramide Molecular probe-invitrogen Golgi Mammalian 64,97,98

CV S. cerevisiae 99

CV + Golgi T. vaginalis 100

ER/Golgi-like Paramecium 62

T. cruzi 63

G. lamblia 28,30

BODIPY FL C5-ceramide Molecular Probe-Invitrogen Golgi + TGN Mammals 65,101,102

Bodipy TR ceramide Molecular Probe-Invitrogen Golgi Mammals 103

ER/Golgi-like G. lamblia 40

Bodipy-BFA Molecular Probe-Invitrogen ERGIC Mammalian 59

ER P. tinctorius 104
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4.9 | Quantitative colocalization analysis

Quantitative colocalization analyses were performed using the JACoP

plug-in88 of the Fiji image processing package (http://fiji.sc/wiki/

index.php/Fiji) over raw images of selected ROIs. Each ROI was

selected based on the inset showed in each figure to avoid the

under-representation of the degree of correlation.89 The Pearson's

correlation coefficient (Pr) and the Mander's overlap coefficient (M)90

were examined. M1 evaluates the proportion of the green signal

coincident with a signal in the magenta channel over its total inten-

sity. M2 is defined conversely for magenta. M1 and M2 apply even if

the intensities in both channels are different from one another. Pr

values indicating colocalization range from 0.5 to 1.0 while for the M

colocalization it is considered in the range from 0.6 to 1.0.

4.10 | Förster resonance energy transfer

To either quantify the colocalization of 2 proteins or the interaction

between 2 proteins the acceptor-photobleaching FRET technique

was used. For colocalization, IFA was performed as described above,

using twice the concentration of the secondary antibody to the

acceptor molecule (red channel, Tx-Red or AlexaFluor-555). First, an

image in the donor channel (green) was taken (PRE) and then a sec-

ond image in the donor channel (green) was taken (POST). Immedi-

ately after the acceptor was photobleached with 150 W Xenon lamp

illumination (red). If the donor fluorescence now gets brighter, one

can infer that it had been in sufficiently close proximity to the accep-

tor to undergo FRET. Colocalization intensity was calculated as 1—

PRE/POST. For protein-protein interaction, a fused (eGFP) fluores-

cent protein (donor) and a labeled Ab (acceptor) were used. In these

experiments, positive FRET during encystation was measured as an

amplification signal when compared with growing trophozoites under

the same conditions. The measure of the FRET intensity was per-

formed as described above.

4.11 | Immunoprecipitation assay

IPP assay was performed basically as described.91 Briefly, wild-type or

glsec23-ha transgenic trophozoites lysate was centrifuged at 2000 ×g

for 10 minutes at 4�C, and the supernatant mixed with anti-HA and

incubated overnight at 4�C. Protein A-G-agarose beads (30 μl; Qia-

gen) were added to each sample and incubated for 4 hours at 4�C.

Beads were pelleted at 2000 ×g for 5 minutes and washed. Beads

were resuspended in sample buffer and boiled for 10 minutes before

immunoblot analysis using Biotin-labeled anti-CWP1 mAb

(Waterborne Inc.) and streptavidin-HRP conjugate (Thermo Scientific)

to reveal the presence of native CWP1.

4.12 | Proteinase K protection assay

The digitonin or Triton X-100 Cell Permeabilization Followed by

Digestion with PK was basically performed as described.92 Briefly,

glkdelr-ha, egfp-glkdelr and wild-type trophozoites were fixed with 4%

formaldehyde, permeabilized by addition of 0.1% digitonin or 0.1% of

Triton X-100 (control) in PBS and treated (or not, for control) with

50 μg/mL of PK at 37�C. To terminate the PK reaction, 5 mM PMSF

was added to all samples. Fluorescence was detected as described

above for IFA using anti-HA mAb or by direct observation of the

eGFP emission.

4.13 | Video microscopy

For experiments video microscopy 35 mm special glasses treated

with poly-L-lysine were placed in specific video microscopy chambers

and placed to a microincubador, mounted on a motorized gantry of a

IX81 Olympus inverted microscope, equipped with a rotating disk

module (DSU), lighting epifluorescence (150 W Xenon lamp). A ×100

objective PlanApo Olympus 1.4 NA, a R2 CCD ORCA (Hamamatsu)

camera and the OSIS (Olympus) software were used. To prevent

trophozoite natural movement during protein fluorescence matura-

tion, a layer of 0.8% low-melting agarose gel prepared with ×1 PBS

plus 1% growth medium (PBSm) was placed over the attached

trophozoites.

4.14 | Bioinformatics

Proteomes from 223 different eukaryotic organisms were down-

loaded from JGI, BROAD and ENSEMBL and scanned using the KDEL

receptor Pfam profile (PF00810) using HMMER.93 Proteins obtained

were aligned with PROMALS3D94 and the resultant MSA (Multiple

Sequence Alignment) was manually curated. BMGE was used to trim

the MSA to minimize phylogeny reconstruction artefacts95 The best

model for phylogenetic inference was selected using ProtTest and

the phylogeny was built using PhyML (model: LG + I + G4).95,96

4.15 | TIRF microscopy

Live trophozoites were observed using a ×100 1.4 numerical aperture

objective equipped for through the objective TIRF illumination using a

488-nm argon laser on a PlanApo Olympus microscope with filter

cubes optimized for fluorescein/GFP (Chroma Technology). Images

were captured with a R2 CCD ORCA II-ER (Hamamatsu) camera and

OSIS (Olympus) software. The images were taken at the rate of 1 frame

per 5 seconds. These experiments were performed in triplicate.
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