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ABSTRACT

Programmed cell death (PCD) is a mechanism implicated in many physiological and
pathological processes. Until recently, apoptosis (self killing) was the most largely studied
mechanism of PCD but a growing number of laboratories is now interested in autophagy (self
eating). Since a few years data showing a tight link between both pathways accumulate. Until
now our laboratory used Ciona intestinalis, a chordate model in which in vivo experiments are
possible, to study apoptosis. Recently, we showed that autophagy also occurs in the
development of Ciona intestinalis and that the specific markers of both types of death are
found in the same tissues and/or in the same cells. These results drove us to postulate that
Ciona intestinalis can be a good model to study the link between apoptosis and autophagy. In
this article, we conducted an in silico study of autophagy genes. We explored the genomes of
Ciona intestinalis, of the second ascidian Ciona savignyi, and those of the classical biological
models (Saccharomyces cerevisiae, Drosophila melanogaster, Caenorhabditis elegans and
Homo sapiens) to extract and compare autophagy gene sequences. This genomic study was
completed by an analysis of: (i) mRNA profile expression during development and (ii) the
localisation of Beclin protein by immunofluorescent staining in the Ciona intestinalis larvae.
Taken together, results allowed us to conclude that a complex autophagic machinery is
present in Ciona intestinalis. Actually, the number of autophagy genes in Ciona intestinalis is

comparable to the number of autophagy genes in human.
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Phylogeny.



INTRODUCTION

Programmed cell death (PCD) study represents an important field of research. PCD is
implicated in physiological processes (i.e. tissue homeostasis, development, and dangerous
cell elimination) and its deregulation is observed in many pathologies (e.g. cancer,
neurodegenerative diseases, HIV infection). Two main pathways have been described.
Apoptosis (Type I PCD) is a degradation of cells whose principal characteristics are: nucleus
condensation, compaction of the cytoplasm, chromatin fragmentation and formation of
apoptotic bodies (simple membrane vesicles) which are degraded by phagocytes or
neighbouring cells." Autophagy (Type II PCD) is a bulk degradation process whereby
organelles and cytoplasm are engulfed in a double membrane network that is targeted to
lysosomes.” The fusion between those two membrane networks leads to the formation of a
new specific proteolytic compartment, the autophagosome. Even if autophagy was first
studied for its role in cell survival (intracellular protein and organelle clearance), it is now
well established that autophagy can lead to cell death and it has been implicated in different
physiological processes like starvation adaptation, development, anti-aging, elimination of
microorganisms and tumor suppression.” In mammals, autophagy has been also implicated in
either the pathogenesis or response to a wide variety of diseases, including neurodegenerative
diseases, chronic bacterial and viral infections, atherosclerosis, and cancer (for a review see
ref.4). An important step in the study of autophagy was the discovery of ATG (AuTophaGy
related) proteins in Saccharomyces cerevisiae in the middle of 1990’s (for a review see ref.5).
This discovery allowed the molecular dissection of the process and the understanding of its
physiological importance.

The autophagy proteins were divided into 4 functional groups: (i) a protein kinase

autophagy regulatory complex that responds to upstream signals (including nutrient



limitation); (ii) a lipid kinase signalling complex that mediates vesicle nucleation; (iii) an
ubiquitin-like protein conjugation pathway that is required for vesicle expansion and
completion; and (iv) a retrieval pathway required for the disassembly of autophagy protein
complexes from matured autophagosomes (Figure 2A) 27 The most studied negative regulator
of ATG genes, TOR (Target Of Rapamycin), acts upstream of the autophagy pathways.

Until now, two approaches, one based on cell biology and biochemistry studies and
the other based on classic or reverse genetics have been proven fruitful in studying cell deaths
(type I and type II). Both approaches possess complementary advantages. The first one is
achieved principally in cultured cells and not in a whole organism but allows the direct study
of human cells. The second shows the advantage of an in vivo experimental study but is
mainly pursued in organisms evolutionary far from human and mouse, like Caenorhabditis
elegans and Drosophila melanogaster. Our laboratory chose to use the ascidian Ciona
intestinalis (Chordata, Tunicata, Ascidiacea), an emergent model organism in cell and
developmental biology, that appears an interesting compromise allowing the in vivo
experimental study of cell death in a representative of tunicates, the phylum the most closely
related to vertebrates.*” Actually, among chordates, tunicates are more closely related to
vertebrates than to the amphioxus (Cephalochordates).lo

C. intestinalis is a solitary ascidian, hermaphrodite and cosmopolitan which
propagates through sexual reproduction. Fertilization takes place in sea water from all over
the world after gametes are released. The tadpole larva which develops from fertilized egg
consists of approximately 2600 cells forming a small number of organs. The life cycle of C.
intestinalis presents two phases: a mobile larval phase during which the organization plan
presents a very strong homology with that of vertebrates and, after metamorphosis, a sessile
adult phase, during which the organism is permanently fixed to a substratum where nutrition
is ensured by filtration."" Interestingly, embryogenesis of C. intestinalis is rapid (18 hours at

18°C) and all stages can be reproduced experimentally in a controlled laboratory environment

4



after in vitro fertilization. C. intestinalis presents major interests: like for C. elegans, the
lineage of embryonic cells is invariant and has been well described.'” Its genome is fully
sequenced and largely annotated (15852 protein-coding genes suggested)13 and numerous
mammalian tools like human or mouse antibodies can be used in C. infestinalis."""'*'" In
addition, the morphogenesis of chordate structures (e.g. notochord and dorsal nerve cord) at
tadpole stage was conserved, and it was recently shown that tunicates, to which ascidians
belong, represent the closest living relatives to vertebrates.”'" Thus, the simplicity of the
organism conjugated to complexity of its development and the particular phylogenetic place
of ascidians in the evolutionary shift between non-vertebrates (e.g. nematode, fruit fly) and
vertebrates give a special meaning to the study of cell death pathways in an ascidian.

Terajima et al. have yet identified the apoptotic machinery in C. intestinalis.'°
Moreover, it has been pointed out that the core components of the apoptotic machinery are
present in the C. intestinalis genome and that this biochemical equipment appears as complex
as in mammals.'"*'®!" It opened the way and gave all the tools for studying apoptosis in C.
intestinalis. Here, we analysed in the same way the status of autophagic regulators from the
four classes previously described. Most yeast ATG proteins possess known orthologs in
higher eukaryotes but nothing was known in C. infestinalis. We also enlarged the study to
some genes absent from yeast genome.

For this study, we took advantage of the three official sites (JGI, Ghost and Aniseed)
reporting C. intestinalis genomic resources. The in silico approach was completed by kinetics
of RT-PCR of different messengers to confirm the existence of specific mRNAs and to
characterize their temporal expression. Last, we did immunofluorescent staining to detect the
protein Beclin (homolog of yeast ATG6) and describe its localisation during development of

Ciona intestinalis.



RESULTS

Genomic study of Ciona intestinalis and Ciona savignyi

We previously reported the existence of ATG8 / MAP-LC3 homologs in Ciona
intestinalis."' Here we completed the analysis of autophagy gene family by an exhaustive
study of C. intestinalis databases: Ghost, JGI and Aniseed. More precisely, ATGs, Vpsl5,
Vps34 and TOR sequences from S. cerevisiae, D. melanogaster, C. elegans and H. sapiens
found on NCBI were used to conduct TBLASTN searches in C. intestinalis databases. Results
are presented in Table 1 and the Aniseed access numbers of found genes are listed in table 2.
We show that ATG, Vps15, Vps34 and TOR genes are present in C. intestinalis like in other
model organisms here considered. The number of ATG genes in C. infestinalis is the same
than in humans. Interestingly, there are more ATG genes in the unicellular S. cerevisiae than
in all other models studied. More precisely, 26 ATG genes are observed in S. cerevisiae,'
whereas only 15 ATG genes are present in C. intestinalis and in other species. Those 15 genes
are the same in all studied model organisms (i.e. ATG1 to 10, 12 to 14, 16 and 18). Indeed,
ATG11, 15, 17 and 19 to 29 seem specific of S. cerevisiae. We did not find them in Ciona
intestinalis. Conversely, the number of isoforms of every gene is less important in yeast than
in other model organisms (i.e. only one isoform for each gene is present). In general, the
number of isoforms in C. infestinalis genome is comparable to the number of isoforms in
human genome and greater than the number in C. elegans and/or D. melanogaster (i.e. ATG1,
8 and 18). This correlates with the phylogenetic position of urochordates in evolutionary
trees.”"”

Currently, some genes not present in yeast are described to be important for autophagy
in mammalians. As previously mentionned, we scanned Ciona intestinalis genome to find
some of these genes. Ambral, Bif-1 and UVRAG interact with Beclin to activate the lipid

kinase Vps34.19 DRAM (Damage-Regulated Autophagy Modulator), like TOR, is a regulator



of autophagy.” FIP200 and ATGI101 mediate mTOR signalling.*'** Interestingly, results
show that all these selected genes are present in Ciona intestinalis which is not always true for
C. elegans and/or D. melanogaster (Table 3). The Aniseed number of these non-yeast genes
are presented in table 4. Here again, results correlate with the phylogenetical position of
urochordates in evolutionary trees and confirm that C. intestinalis is a good model to study

autophagy.

This study of the C. intestinalis genome was completed by a similar study in another
tunicate with sequenced genome, C. savignyi (Tables 1 and 3). The “Ensembl” number of
each C. savignyi autophagy gene is presented in tables 2 and 4. Like for C. intestinalis, ATG,
Vpsl5, Vps34, TOR and all non-yeast tested genes are present in C. savignyi genome. The
number of ATG genes and the number of isoforms for every ATG gene are identical in both

tunicate genomes.

Relationships between autophagy proteins of ascidians and other species

In order to study relationships between autophagy proteins of ascidians and other
species, we constructed phylogenetic trees by the maximum likelihood method based on
multiple alignments of protein sequences (Figure 1). We did this study for most of autophagy
genes and show only the results obtained with ATG8 and TOR. These proteins are classically
studied in autophagy and are representative of a multi- and a monogenic family, respectively.
For a conservative interpretation of trees, we took in consideration only nodes with a
bootstrap value higher than 75% (represented with black discs). The bootstrap value is
proportional to the reliability of a node. Grey rectangles show branches of the trees to be
collapsed because of weak bootstrap support (< 75%).

Results obtained with the multigenic family ATGS8 show that three distinct groups are

identified: GABARAP, GABARAPL and MAPLC3 (Figure 1A). Interestingly, GABARAPL



proteins seem currently present only in chordates (H. sapiens and ascidians). ATG8a from C.
elegans and ATG8a and ATG8b from D. melanogaster seem then homologous to GABARAP
proteins. In the MAPLC3 group, we can observe the presence of two subgroups: MAPLC3a/b
and MAPLC3c. Human MAPLC3a and b are distinct whereas for C. intestinalis and C.
savignyi we observe the presence of only one protein, MAPLC3ab (as close to HsSMAPLC3a
than HsMAPLC3b). MAPLC3 seems homologous to ATGS8b in C. elegans but no equivalent
was currently identified in Drosophila.

Results obtained with the monogenic family TOR (Figure 1B) show that (i) C. elegans
is far from other species; a long branch attraction phenomenon is likely to have separated the
nematode from Drosophila, whereas these two taxa are expected to branch together in the
Ecdysozoa clade > and (ii) C. intestinalis and C. savignyi are orthologs, i.e., they originate
from a speciation event (Figure 1B) which is representative of the situation for most of the

trees obtained for other ATGs (data not shown).

mRNA level of selected autophagic genes during development of Ciona intestinalis

In order to verify if the sequences found in silico in C. intestinalis genome are actually
expressed, we have done RT-PCR experiments 0, 24, 48, 72 and 96 hours after fertilization to
evaluate the kinetics of RNA levels during larva and juvenile development (Figure 2B). We
chose to work only until 96h because after this stage, siphons are functional and the juvenile
becomes able to eat. As described in introduction, the autophagy proteins are divided into 4
functional groups (Figure 2A). We chose to test genes spread in all the four classes. We tested
ATG1b and TOR for the kinase regulatory complex; Beclin (ATG6) for the nucleation
complex; ATG3, 5, 12, 16 and ATG8 (MAPLC3ab) for the elongation complex, and ATGl1b,
9 and 18a for the retrieval complex. Results are compared to the mRNA level of the
ubiquitously expressed ribosomal S26 protein.24 Results show that all the genes tested are

expressed during all the development of C. intestinalis. Beclin, ATG3, ATG9, ATGI6,



MAPLC3ab and TOR mRNA levels decrease during time whereas ATGS and ATG18a levels
are stable. ATG1b and ATG12 seem to have a particular profile with a pick of mRNA at 72
hours after fertilization. Since the embryonic development is a lecithotrophic period
(alimentation only results from maternal reserves) with intensive metabolism and high level
of cell division, we decided to look more in details the period before hatching (18h). For this
purpose, we did a kinetic of mRNA every 2 hours from O to 20 hours after fertilization
(Figure 2C). We tested the same genes than in the previous kinetic. Results show that some
mRNA levels are constant before 20 hours (MAPLC3ab and ATG18a), some mRNA weakly
decrease (Beclin and ATG9) and some mRNA levels seem cyclic (ATG16 and TOR). Only
two representatives of each category are shown in Figure 2C.

Identical experiments were done for autophagy genes absent from yeast genome
(Figure 3) and all tested genes are expressed during development. More precisely, Bif-1 and
DRAM seem constant during development. Interestingly, Ambral and UVRAG mRNA levels
are more tightly regulated: Ambral mRNA level is cyclic during time (like ATG16 and TOR)
and UVRAG mRNA with the expected size decreases from O to 20h post fertilization and
disappears at 24h whereas a new form appears at 14h which increases until 96h. This form

seems correspond to a differential splicing.

Protein expression of Beclin during development of Ciona intestinalis

To strengthen results obtained on mRNA levels, we tested the presence of Beclin
proteins by immunofluorescence experiments with human antibodies. Antibodies chosen
raised against a peptide mapping the C-terminus of Beclin-1 of human origin. This part is well
conserved between human and C. intestinalis (see alignment in figure 4A). A negative control
with only the secondary antibody was done to confirm the specificity of the staining (data not
shown). This was combined with a TUNEL staining, a specific marker of apoptosis. Results

show that contrary to Beclin mRNA that are present throughout the development, the protein
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appears only 72 hours after fertilization (Figure 4D). The staining is cytoplasmic and
principally observed in cells positive for TUNEL. At 72h, around 50% of the TUNEL positive
cells are positive for Beclin staining. At 96h, the number of apoptotic cells decreases whereas

the number of autophagic cells is maintained (Figure 4E).
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DISCUSSION

Actors of autophagy in Ciona intestinalis

Autophagy machinery is present in C. intestinalis genome. More specifically, the
comparison of the number of ATG genes and the number of isoforms for each of these genes
suggests that the complexity of this process is comparable to the complexity in human. The
genome of the ascidian C. intestinalis is among the smallest of any experimentally accessible
chordate."> Comparison of C. intestinalis and vertebrate genomes showed that for most of the
crucial mechanisms (e.g. cell signalling, cell proliferation and differentiation), C. intestinalis
retains the ancestral vertebrate gene content, in the sense that paralogous families in
vertebrates are often represented by a single gene in C. intestinalis (e.g. Fgf, Erk or IxkBove
gene families)."”'5**2® However, more rarely, apparent lineage-specific duplications in
ascidians are also found.”’ Here we show that for most of autophagy members the number of
genes in C. intestinalis is comparable to the number in human. Interestingly, the same

observation was done for rclpoptosis,m’lﬁ’]7

emphasizing a common characteristic for both
programmed cell deaths. Interestingly, we show that CiMAPLC3ab is phylogenetically
related to two human proteins, HsSMAPLC3a and HsMAPLC3b (Figure 1A). Same situation
was observed for CiATG4ab and CiATG4cd. This observation was previously described in

MAPKinase and NF-kB pathways (i.e. Erk1/2 and IkBove, respectively) '*°

and in apoptosis
(i.e. Caspase 8/9)."7 This suggests that there has been no duplication in C. intestinalis,
whereas one duplication occurred along the lineage leading to humans.

The study of mRNA levels showed that autophagy genes are expressed in all tested
stages of development. This result suggested first that either autophagy was present

throughout the development or that the regulation of the mechanism was post-transcriptional.

The subsequent study of Beclin proteins by immunofluorescent staining and the results
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previously obtained on MAPLC3 protein staining ' showed that autophagy only appears at
48h or 72h after fertilization. It suggests that there is a post-transcriptional regulation of ATG
family members. This regulation is probably completed by post-translational regulations since
autophagy genes act in complexes. Interestingly, the cyclic or decreasing expression of a few
autophagy genes (Figures 2 and 3) might also influence the level of corresponding proteins
after 48h, suggesting the existence of different levels of regulation for autophagy in C.
intestinalis. The fact that autophagy appears only in late development does not explain why
we found a particular regulation of autophagy gene expression between 0 and 20h but is
coherent with the lecithotrophic mode of development of the larva. Indeed, siphon formation
occurs only two days after hatching and are functional around 96 hours after fertilization.
Before this stage, C. intestinalis larva develops from energy-rich eggs without external food
intake. A way to complement this stock of energy from maternal origin might be to use

autophagy to renew pools of nucleotides, amino acids, and ATP for example.

Autophagic mechanism seems more conserved than apoptosis mechanism

Apoptosis and autophagy are universal processes documented from plant to fungi and
mammals. They both possess crucial physiological roles and are implicated in an increasing
number of pathologies. The comparison of our results on autophagy with data previously

published on apoptosis'*'®"

shows that: (i) the complexity of apoptosis regulation (number
of regulators) is comparable in ascidians to the complexity in human and is most important
than in the unicellular organism S. cerevisiae. (ii) the complexity of autophagy regulation
(number of regulators) is also comparable in ascidians to the complexity in human but is
lower than in the unicellular organism S. cerevisiae. How explain these opposing results?
Apoptosis is principally described for the regulation of tissue homeostasis of pluricellular

organisms. The apoptotic death of specific cells is then important for the survival of the whole

organism. Since yeasts are unicellular organisms, they have long been assumed to lack
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apoptotic processes. S. cerevisiae has been employed as “clean room” for investigating the
interaction of proteins involved in apoptosis and PCD. Even if we now know that during yeast
colony development, regulated cell death is essential for the long-term survival of the colony
population,28 this could explain why apoptosis is less complex in yeast than in pluricellular
organisms. Conversely, autophagy is a mechanism directly involved in both survival and
death at cellular level. This observation could explain why this mechanism seems more
complex (more ATGs) in the yeast than in pluricellular models studied, which is a very
unusual situation. However, it might be noted that non-yeast genes (i.e. UVRAG, Bif-1,
DRAM...) are now described to be important in autophagy which can compensate the lower
number of ATG genes. Moreover, in pluricellular organisms, proteins implicated in apoptosis
are also implicated in the regulation of autophagy, which can also compensate the low number

of ATG genes.

Ciona intestinalis: a new model to study the crosstalk between apoptosis and autophagy
We have shown in this study that Ciona proteins from both species are well conserved
and display orthologs of all mammalian autophagy proteins. Moreover, the number of
isoforms of each ATG protein is close to the number in mammals. The complexity of ATG
family in ascidians is therefore comparable to that of vertebrates and more complex than in
fruit fly and worm. The accumulation of knowledge on apoptosis comes from the parallel
studies of different models. For example, caspases were discovered in mutant nematodes and
the IAP family of caspase inhibitors were first identified in insect viruses and later in
Drosophila. ™ Similarly, the identification of the ATG genes in yeast and the finding of
orthologs revealed the conservation of the mechanism of autophagy in eukaryotes and
allowed the use of molecular genetics and molecular biology in different model systems to
study this process. Then, the development of a new and non-classical model organism could

be a helpful tool in the study of cell death mechanisms. More precisely, C. intestinalis could
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be a good model to study the molecular links existing between apoptosis and autophagy
because markers of both types of death are found in the same tissues and/or in the same cells
(Figure 4 M Apoptosis and autophagy are finely regulated biological processes that both play
a crucial role in control of cell homeostasis. Although they possess specific morphologic and
molecular pathways, common regulators begin to be described. Some apoptotic regulators
have recently been involved in the regulatory control of autophagy (for example Bcl-2, p53,
Arf).>'?* Conversely, different regulators of autophagy have been shown to regulate apoptosis
like DRAM or ATG5.2" In a more general way, inhibition of apoptosis (for example by
caspase inhibitor) can lead to autophagy.34 In counterpart, failure to activate autophagy in
response to nutrient deprivation or constitutive activation of autophagy in response to stress
can lead to apoptosis. Last, autophagy and apoptosis are often activated together in response
to stress.”

Our study shows that the majority of autophagy genes are present in C. intestinalis
genome and all the genes tested are expressed during development. In addition, C. intestinalis
represents an interesting compromise allowing the in vivo experimental study of cell deaths in
a chordate (phylum including vertebrates as humans). All these data together with the status
of apoptotic regulatory pathways in this species militate in favour of C. intestinalis use as a
fruitful model to study the crosstalk between autophagy and apoptosis in a developmental

context.
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MATERIAL AND METHODS

Database analysis
Protein sequences from the four reference species, S. cerevisiae, D. melanogaster, C.

elegans and H. sapiens were found on NCBI (http:/www.ncbi.nlm.nih.gov/) using

“autophagy” and species name as keywords (for example: “autophagy and S. cerevisiae). For
each species, we checked for synonymy among the results obtained (for example: Autl =
Atg3) to decrease the redundancy of sequences. In the same way, when several proteins were
available for the same gene the longest was retained. Each selected sequence was then used to

conduct TBLASTN searches in C. intestinalis genomic  (http://genome.jgi-

psf.org/ciona4/ciona4.home.html) and cDNA (http://ehost.zool kyoto-u.ac.jp/indexrl.html)

databases. Among hit sequences, we selectively kept those that were indifferently found with
the four reference species. Expectedly, the more the reference species is close to Ciona
intestinalis, the more the e-value is significant (ranging from 9E-03 to 1E-76 for S.
cerevisiae; from 1E-04 to 2E-72 for C. elegans; from 3E-13 to 2E-91 for D. melanogaster
and from 7E-21 to 1E-107 for H. sapiens) (data not shown). Globally, the results were
unambiguous irrespective of which species was used as a query. This step gave clusters of

sequences (annotated or not) that we validated with (i) Aniseed web site (http://crfb.univ-

mrs.fr/aniseed/), (ii) search for functional domains required for activity with a CD-search on

NCBI (http://www .ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) against CDD — 27036 PSSMs

database with a low complexity filter (expected domains were always found in Ciona
intestinalis confirming that the method used give unambiguous results) (data not shown) and
(iii) a Best Reciprocal Hit BLAST search (see supplementary data). For this last step, we took
each sequence of C. intestinalis and re-BLAST it to the four reference genomes using

“Ensembl” website. The best hit sequence recovered by this technique is always the
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corresponding query autophagy gene, providing additional evidence in favor of orthology.
The only exception is yeast ATG1 (ATGI is not the best hit sequence but the fifth) but we
think that is due to the fact that ATGI is a kinase and the four first sequences are also serine-
threonine kinases.

Resulting sequences found in C. intestinalis were then used to do TBLASTN searches

in the C. savignyi databases (http://www .ensembl.org/ and

http://www .broad.mit.edu/annotation/ciona/). Some differences in length between C.

intestinalis and C. savignyi sequences should be due to the fact that the genome of the second
ascidian contains less complete sequences and annotations.

C. intestinalis and C. savignyi sequences obtained were then compared in detail with
sequences of other species altogether as follows: (i) Alignments of complete protein
sequences were done by the program Multalin;*® (i) Poorly aligned positions or divergent
regions of alignments that may not be homologous were eliminated by G-Blocks program;’’
(iii) Phylogenetic trees were reconstructed by the maximum likelihood method with PhyML
3.0 algorithm.”® The substitution model used was WAG + I and the type of tree improvement
was SPR. (iv) The stability of nodes was estimated by ML bootstrap percentages (BPy)
computed by PhyML after 100 replicates of site resampling, with BIONJ starting trees. (v)
Results were visualized by NJPLOT program and trees were rooted with S. cerevisiae as

outgroup.

Animal husbandry
Adult C. intestinalis were collected in the the bay of Roscoff (Finistére, France).
Oocytes and sperm were obtained by dissection of gonoducts and cross fertilization was

performed in plastic petri dishes. Embryos were cultured as previously described."*
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mRNA isolation and semi-quantitative RT-PCR

Fertilized eggs were collected every 24 hours from to, to teen, and every 2 hours from
ton to tyon after fertilization. Total RNA was isolated with RNeasy kit according to the
supplier's instructions (QIAGEN). RT-PCR was performed on equal input mRNA and cDNA
amounts and monitored using S26 control primers.24 Semi-quantitative PCR was performed
on cDNA from each time point of kinetic. PCR products were run on 2% agarose slab gels.
Sets of forward (F) and reverse (R) primers designed to amplify each selected gene and the

PCR fragment expected size are listed hereafter:

Name Forward primer Reverse primer fraF;?nF;nt

size (bp)
ATG1b  5-AGAGGCACCTTTCGCATCTA-3  5-TTGCGATGGTTTATGTTCCA-3 208
ATG3  5-AAAGCAGTGCATTGGGAGTT-3 5-GCTTGTGGCAAGGAACATTT-3' 225
ATG5  5-TGAATTCAACGGGAATCCTC-3'  5-GCGCTTGAATCTCTTTTTCG-3 164
Becln  5-TCCATCCCAAGTGAGGAGAC-3' 5-TTGTGTAAGTTTGGCCACCA-3' 456
MAPLC3ab 5-CGGAGACCGAACTTTCAAAC-3' 5-CCCGTTAACGAGAAGGAAAA-3' 250
ATG9  5-ATCATCAAAACCACGGCTTC-3' 5-GTCCAACCCTTTCAGTGCAT-3' 225
ATG12  5-GAGACGCGCCGATATTAAAG-3' 5-CCCGAAGCATTCATACAAGG-3 185
ATG16  5-GCAAGCAAGGAAAGGTTCAG-3' 5-CGAGAAACGTGTCGCTGTTA-3 224
ATG18a  5-TATTCGTGACACACCCTCCA-3  5-ACAGTTCCTTTGTCCGATGC-3' 228
TOR  5-GTGACGGGAATTGAAGGAAA-3' 5-CAGGTCTGGCAGTTCCTGTT-3' 317
UVRAG  5-GGTGAGCTTTTTGGAGCAAG-3 5-TTATTTGATTGGCCCAGCTC-3' 212
Bif-1 5-AAGACCTTGGAAGCTCGACA-3' 5-AACCAAGGGAAGGTGAAGGT-3 241
DRAM  5-TCTCAGCTGTGGCAGCTTTA-3 5-TAACAGCGGTTGTGCATGAT-3 381
AMBRA  5-TGATGAAACCGTTGAACCAA-3' 5-ACGAAAGGAATCGCTCTTGA-3 245
526 5-ACGTTCGTTGCGAGTCTTCT -3 5-GCCGAGATCTGTTCTTCACC-3' 210
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TUNEL staining and indirect immunofluorescence analysis

Fertilized eggs were collected every 24 hours from to, to tog, after fertilization.
Embryos and juveniles were fixed for 20 min with 3,7 % formaldehyde in filtered sea water at
room temperature. Indirect immunofluorescence and TUNEL staining (kit from Roche
Molecular Biochemicals) were performed as described previously.14 For double labeling
studies, Beclin was visualized with a goat polyclonal antibody raised against the epitope
mapping near the C-terminus of Beclin-1 of human origin (BECNI1-K15, Santa Cruz
Biotechnology). Appropriate secondary antibody was FITC-conjugated donkey-anti-goat 1IgG
(Jackson Laboratories). Specimens were analyzed with a Leica TCS 4D laser confocal

microscope.
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FIGURE LEGENDS

Figure 1 : Phylogenetic trees of ATG8 and TOR genes. Maximum likelihood trees were
based on multiple alignments of complete protein sequences. The stability of nodes was
estimated by ML bootstrap percentages (BPwmy). S. cerevisiae taxa is used as outgroup. Nodes
with a bootstrap value superior to 75% are represented with black discs. Grey rectangles show
weakly resolved parts of the trees (bootstrap value < 75%). The scale is expressed in number
of expected amino acid replacements per site. Hm: Homo sapiens, Sc: Saccharomyces
cerevisiae, Dm: Drosophila melanogaster, Ce: Caenorhabditis elegans, Ci: Ciona intestinalis

and Cs: Ciona savignyi.

Figure 2 : A. Schematic representation of the mechanism of autophagy in yeast. The four
main steps of autophagy (regulation, nucleation, elongation and retrieval) are presented in
different boxes. Vps15 corresponds to p50 in mammals, Vps34 to PI3K, ATG6 to Beclin and
ATGS8 to MAPLC3. B-C. Expression levels of ATG and TOR genes during development
of C. intestinalis. Total RNA were collected 0, 24, 48, 72 and 96 hours (B) and every two
hours from O to 20 hours (C) post fertilization (hpf) and used for RT-PCR analysis. S26 was
used as loading control. Beclin is the mammalian homolog of ATG6 and MAPLC3 the

homolog of ATGS. Data are representative of three independent experiments.

Figure 3 : Expression levels of non-yeast autophagy genes during development of C.
intestinalis. Total RNA were collected 0, 24, 48, 72 and 96 hours (A) and every two hours
from 0 to 20 hours (B) post fertilization (hpf) and used for RT-PCR analysis. S26 was used as

loading control. Data are representative of two independent experiments.
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Figure 4 : A. Typical sequence alignment done with MultAlin program. Alignment of
Beclin from C. intestinalis and H. sapiens used to choose human antibody for
immunofluorescent staining. Underlined sequence corresponds to site recognized by chosen
Beclin antibody. Red color corresponds to identical or similar (same biochemical class) amino
acids in the two studied sequences. B-E. Immunofluorescent staining of Beclin. Pictures
were done 24h (B), 48h (C), 72h (D) and 96h (E) post fertilization. TUNEL staining is
represented in red and Beclin staining in green (left panel). The corresponding phase appears

on the right panel.
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S. cerevisiae  C. elegans D. melanogaster H. sapiens C. intestinalis C. savignyi
ATG1 ATG1 ATG1 Ulkl ATGla ATGla
Ulk2 ATGI1b ATG1b
ATG2 ATG2 ATG2 ATG2a ATG2 ATG2
ATG2b
ATG3 ATG3 ATG3 ATG3 ATG3 ATG3
ATG4 ATG4ab ATG4ab ATG4a ATG4ab ATG4ab
ATG4b
ATG4cd ATG4cd ATG4c ATG4cd ATG4cd
ATG4d
ATGS ATGS ATGS ATGS ATGS ATGS
ATG6 ATG6 ATG6 Beclin Beclin ATG6
ATG7 ATG7 ATG7 ATG7 ATG7 ATG7
ATG8 ATG8a ATG8a GABARAP GABARAP GABARAP
ATGS8b ATGS8b GABARAPLI GABARAPL GABARAPL
GABARAPL2 MAPILC3ab MAPI1LC3ab
MAPILC3a MAPILC3c MAPILC3c
MAPILC3b
MAPILC3c
ATG9 ATG9 ATG9 ATG9Ya ATG9 ATG9
ATGYb
ATGI10 ATG10 ATG10 ATG10 ATG10 ATG10
ATGl11
ATG12 ATG12 ATG12 ATG12 ATG12 ATG12
ATG13 ATG13 ATG13 ATG13 ATGI13 ATG13
ATG14 ATG14 ATG14 ATG14 ATG14
ATG15
ATG16 ATG16a ATG16 ATG16a ATG16 ATG16
ATG16b ATG16b
ATG17
ATG18 ATG18 ATG18a WIPI1 ATG18a ATG18a
ATG18b WIPI2 ATG18b ATG18b
ATG19
ATG20
ATG21
ATG23
ATG24
ATG26
ATG27
ATG29
TOR TOR TOR TOR TOR TOR
Vps34 Vps34 Vps34 Vps34 Vps34 Vps34
Vpsl5 Vpsl5 Vpsl5 Vpsl5 Vpsl5 Vpsl5

Table 1 : Proteins involved in autophagy in main biological models used to study cell
death (Saccharomyces cerevisiae, Homo sapiens, Caenorhabditis elegans and Drosophila

melanogaster) and in Ciona intestinalis and Ciona savignyi.



ATGla
ATGI1b

ATG2

ATG3

ATG4ab
ATG4cd

ATGS
ATG6
ATG7
GABARAP
GABARAPL
MAPLC3ab
MAPLC3c
ATG9
ATGI10
ATGI12
ATGI13
ATG14
ATG16

ATG18a
ATG18b

Aniseed access number
of C. intestinalis ATGgenes

(expected size of the protein)

AniseedV3_8720 (289 aa)
AniseedV3_6298 (469 aa)

AniseedV3_2916 (> 1874 aa)

AniseedV3 586 (311 aa)

AniseedV3_777 (339 aa)
AniseedV3_3196 (517 aa)

AniseedV3_6852 (268 aa)
AniseedV3_3169 (457 aa)
AniseedV3_4974 (690 aa)
AniseedV3_ 590 (117 aa)
AniseedV3_1441 (118 aa)
AniseedV3_1732 (121 aa)
AniseedV3_3323 (128 aa)

AniseedV3_4509 (646 aa)

AniseedV3_7553 (> 100 aa)

AniseedV3_7938 (100 aa)
AniseedV3_6774 (490 aa)
aniseedV3_3954 (512 aa)
AniseedV3_4063 (586 aa)

AniseedV3_4411 (441 aa)
AniseedV3_2119 (420 aa)

Ensembl access number
of C. savignyi ATGgenes
(expected size of the protein)

ENSCSAVG00000003676 (216 aa)
ENSCSAVG00000000980 (463 aa)

ENSCSAVG00000011248 (1007 aa)
ENSCSAVG00000009773 (309 aa)

ENSCSAVG00000009423 (238 aa)
ENSCSAVG00000007934 (539 aa)

ENSCSAVG00000001871 (265 aa)
ENSCSAVG00000006180 (450 aa)
ENSCSAVG00000001008 (658 aa)
SINCSAVG00000002571 (117 aa)
SINCSAVG00000008201 (117 aa)
SINCSAVG00000000344 (120 aa)
ENSCSAVG00000005086 (126 aa)
ENSCSAVG00000001887 (584 aa)
reftig_0: 1456360-1456704 (309 aa)
SINCSAVG00000010176 (88 aa)
ENSCSAVG00000003971 et
ENSCSAVG00000003975 (508 aa)
ENSCSAVG00000011215 et
ENSCSAVG00000011216 (446 aa)
ENSCSAVG00000003517 (205 aa)

ENSCSAVG00000003785 (444 aa)
ENSCSAVG00000001829 (361 aa)

TOR

AniseedV3_4055 (2506 aa)

ENSCSAVG00000001147 (2479 aa)

Vps34

AniseedV3_ 5314 (934 aa)

ENSCSAVG00000004119 (941 aa)

Vpsl5

AniseedV3_2823 (1384 aa)

ENSCSAVG00000007099 (1090 aa)

Table 2 : Sequence references of ATGs, TOR, Vpsl5 and Vps34 genes in Ciona

intestinalis and Ciona savignyi.




C. elegans D. melanogaster H. sapiens C. intestinalis C. savignyi
‘ ‘ UVRAG UVRAG UVRAG
Bif-1 Bif-1 Bif-1 Bif-1 Bif-1
DRAM DRAM DRAM DRAM DRAM
‘ ‘ Ambral Ambral Ambral
FIP200 FIP200 FIP200 FIP200
‘ ATG101 ‘ ATG101 ATG101 ATG101

Table 3 : Non-yeast autophagy genes involved in autophagy in main biological models

used to study cell death (Caenorhabditis elegans, Drosophila melanogaster and Homo

sapiens) and in Ciona intestinalis and Ciona savignyi.



UVRAG

Bif-1

DRAM

Ambra1

FIP200

ATG101

Aniseed access number
of C. intestinalis ATGgenes
(expected size of the protein)

aniseedV3_4017 (760 aa)
aniseedV3_1199 (400 aa)
aniseedV3_ 2977 (269 aa)
aniseedV3_2335 (807 aa)
aniseedV3_1578 (1338 aa)

aniseedV3_1902 (246 aa)

Ensembl access number
of C. savignyi ATGgenes
(expected size of the protein)

ENSCSAVG00000004541 (654 aa)
ENSCSAVG00000011204 (354 aa)
ENSCSAVG00000007544 (242 aa)
ENSCSAVG00000010643 (>233 aa)
ENSCSAVG00000003604 (>301 aa)

ENSCSAVG00000010963 (228 aa)

Table 4 : Sequence references of non-yeast genes in Ciona intestinalis and Ciona savignyi.
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