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Aquatic photosynthetic eukaryotes represent highly diverse groups (green, red, and chromalveolate algae) derived
from multiple endosymbiosis events, covering a wide spectrum of the tree of life. They are responsible for about 50% of
the global photosynthesis and serve as the foundation for oceanic and fresh water food webs. Although the
ecophysiology and molecular ecology of some algal species are extensively studied, some basic aspects of algal cell
biology are still underexplored. The recent wealth of genomic resources from algae has opened new frontiers to
decipher the role of cell signaling pathways and their function in an ecological and biotechnological context. Here, we
took a bioinformatic approach to explore the distribution and conservation of TOR and autophagy-related (ATG)
proteins (Atg in yeast) in diverse algal groups. Our genomic analysis demonstrates conservation of TOR and ATG
proteins in green algae. In contrast, in all 5 available red algal genomes, we could not detect the sequences that encode
for any of the 17 core ATG proteins examined, albeit TOR and its interacting proteins are conserved. This intriguing data
suggests that the autophagy pathway is not conserved in red algae as it is in the entire eukaryote domain. In contrast,
chromalveolates, despite being derived from the red-plastid lineage, retain and express ATG genes, which raises a
fundamental question regarding the acquisition of ATG genes during algal evolution. Among chromalveolates, Emiliania
huxleyi (Haptophyta), a bloom-forming coccolithophore, possesses the most complete set of ATG genes, and may serve
as a model organism to study autophagy in marine protists with great ecological significance.

Introduction

Almost 50% of the organic carbon on our planet is fixed by a
highly diverse, polyphyletic group of algae.1 Marine photosyn-
thetic organisms consist of cyanobacteria, eukaryotic unicellular
phytoplankton (microalgae), and eukaryotic multicellular algae
(macroalgae), which are at the base of marine food webs.2,3 The
fate of each individual algal cell is determined by an array of abi-
otic conditions such as nutrient availability, temperature, and
light intensity,4,5 as well as biotic interactions with grazers and
viruses.6,7 When favorable conditions for growth occur, algae can
proliferate rapidly to form vast oceanic blooms.8,9 Phytoplankton
blooms shape the ecology of the marine environment, as they
play key roles in the global cycling of carbon, nitrogen, phos-
phate and sulfur, with widescale geological and climatic
effects.10-16 Hence, elucidating the basic cellular machinery and

signaling pathways that mediate phytoplankton acclimation to
abiotic and biotic stress is highly important to our understanding
of marine biogeochemical cycles.

The first oxygenic photosynthetic eukaryote is suggested to
result from an endosymbiosis event involving the engulfment of
a cyanobacterium by a heterotrophic eukaryote, a process esti-
mated to have occurred»1.5 billion y ago.2 The resulting unicel-
lular alga was the origin of 3 distinct clades, all formed by
primary endosymbiosis: the viridiplantae, from which all green
algae and land plants evolved (streptophyta, embryophyta), also
known as the green plastid lineage; the rhodophyta, which
includes an ancient group of marine red microalgae and sea-
weeds, also known as the red plastid lineage; and the glaucophyta,
which comprise a small group of freshwater microalgae. A second
endosymbiosis is hypothesized to have occurred »1 billion y ago,
in which a second heterotroph engulfed and retained a member
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of one of these clades. Both chlorophytes and rhodophytes gave
rise during secondary endosymbiosis events to dominant lineages
of algae, such as stramenopiles, dinoflagellates, cryptophytes, and
haptophytes.17,18 The immense diversity of algal groups, as
derived from their unique evolutionary history (Fig. 1), gives an
interesting opportunity to examine key cellular metabolic path-
ways across different branches of the eukaryotic tree of life. In
contemporary oceans, the most abundant, diverse, and ecolog-
ically important eukaryotic algae are the ones descended from the
red plastid lineage.2 These successful phytoplankton communi-
ties belong to the chromalveolata clade, including coccolitho-
phores, diatoms, and dinoflagellates, which originated
»250 million y ago and compose massive blooms in the ocean.19

Although the ecophysiology and molecular ecology of some
algal species are extensively studied, some basic aspects of algal
cell biology are still underexplored. Here we wish to elucidate
the genomic potential for a well-studied and pivotal cellular
pathway, known as autophagy, in marine and freshwater algae.
Autophagy is a catabolic process that degrades a variety of intra-
cellular substrates, such as long-lived or defective proteins, pro-
tein aggregates, and aging organelles. Basal autophagy is
important in balancing anabolic and catabolic pathways, and is
therefore required to maintain the general cell homeostasis.20 In
addition, autophagy is an effective defense mechanism against
pathogens and recycling machinery for macromolecules that
helps the cell to cope with nutrient scarcity.20-22 Along with its

survival role, autophagy can lead to programmed cell death
upon severe stress.23,24 Autophagy is negatively regulated by the
target of rapamycin complex 1 (TORC1).25 TORC1 includes
the kinase TOR as the catalytic subunit, the scaffold protein
RPTOR (regulatory associated protein of MTOR, complex 1;
Kog1 in yeast), as well as MLST8 (MTOR associated protein,
LST8 homolog [S. cerevisiae]; Lst8 in yeast), which stabilizes
the MTOR-RPTOR interaction.26-27 Nonphotosynthetic
organisms contain a second TOR complex (TORC2) which
consist of TOR, LST8, and additional members, and controls
cytoskeleton organization.28 The autophagic process itself is
mediated by more than 30 autophagy-related (ATG) proteins
(Atg in yeast nomenclature). The current study will focus on
ATG proteins which are obligatory for autophagosome biogene-
sis, which constitute 3 core functional units: The Atg9 cycling
system, the class III phosphatidylinositol 3-kinase (PtdIns3K)
complex and the ubiquitin-like (Ubl) conjugation system.29,30

Atg9 and its cycling machinery (Atg1, Atg2, Atg13, Atg18,
Atg27) are negatively regulated by TORC1 and mediate the for-
mation of autophagosomes, a unique double-membrane
vesicles.25,31,32 Recruitment of additional autophagic factors to
the maturing autophagosome is mediated by the PtdIns3K com-
plex, which is composed of Vps34, Vps15, Vps30/Atg6
(BECN1 in mammals), Atg14, and Atg38.33 The maturation
and fusion of the autophagosome with the lytic organelle (lyso-
some or vacuole) requires the activation of the Ubl conjugation

Figure 1. A variety of fully sequenced algal species. Chlorophytes, land plants, and rhodophytes evolved through primary endosymbiosis, and chromalveo-
lates evolved through secondary endosymbiosis. Representative species that were studied in the current work: (A) Chlorella. (B) Coccomyxa (Image courtesy
of Thomas Proeschold). (C) Chlamydomonas. (D) Ostreococcus (Image courtesy of Martin F. Hohmann-Marriott). (E) Micromonas (Image courtesy of Daphn�e
Grulois, Sophie Lepanse, and Nathalie Simon). (F) Arabidopsis thaliana was used as a representative terrestrial viridiplantae. (G) Cyanidioschyzon merolae. (H)
Pyropia sp. (I) Galdieria sulphuraria (Image courtesy of Gerald Schoenknecht). (J) Chondrus crispus (Image courtesy of Inga Kjersti Sjøtun). (K) Emiliania huxleyi
(Image courtesy of Daniella Schatz). (L) Phaeodactylum tricornutum. (M) Ectocarpus sp. (N) Thalassiosira pseudonana. (O) Nannochloropsis sp.
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machinery (Atg3, Atg4, Atg5, Atg7, Atg8, Atg10, Atg12, and
Atg16).34-37

The molecular machinery described above is extensively inves-
tigated in yeast, plants, and animal models. Accumulating evi-
dence in plant research demonstrates that autophagy is triggered
upon carbon and nitrogen starvation, specific developmental
stages, senescence, pathogen infection, hypersensitive response,
and also during normal metabolism.38-42 Whereas yeast serves as
a common model organism to study autophagy, the role of ATG
proteins has recently been studied in a few other protists.43-45

However, very little information is available regarding the conser-
vation and origin of autophagy across the diverse aquatic photo-
trophs and about the importance of autophagy during
acclimation to environmental stress conditions. Since the origin
of these microorganisms spans divergent branches in the evolu-
tionary tree of life which are largely underexplored, deciphering
the conservation of genes, pathways, and cellular hallmarks
related to autophagy will shed new light on its origin and diverse
function.

Results

Genomic analysis of the autophagy pathway in key phytopl-
ankton species

Recently published genomes of algae enable us to explore
autophagy and other fundamental cellular processes at the molec-
ular level. In order to identify orthologs of ATG genes from yeast
and mammalian models, we conducted extensive genomic analy-
sis and in-silico predictions on a total of 17 phylogenetically
diverse algal species. Among these, 7 sequenced representatives of
the green plastid lineage were chosen. These ”green algae” are
unicellular chlorophytes, including Chlorella variabilis, Chlamy-
domonas reinhardtii, Coccomyxa subellipsoidea, Volvox carteri,
Micromonas (strains pusilla CCMP 1545 and sp. RCC299) and
Ostreococcus lucimarinus.46-51 In addition, the genome of the
model land plant Arabidopsis thaliana was used as a representative
terrestrial viridiplantae.52 We also analyzed the genomes of 5 rho-
dophytes: the microalgae Porphyridium purpureum, Galdieria sul-
phuraria, and Cyanidioschyzon merolae, and the macroalgae
Pyropia yezoensis and Chondrus crispus.53-57 Furthermore, 5 avail-
able genomes of chromalveolates were analyzed; the coccolitho-
phore Emiliania huxleyi, the diatoms Thalassiosira pseudonana,
and Phaeodactylum tricornutum, the marine Nannochloropsis gadi-
tana and the filamentous algae Ectocarpus siliculosus (Fig. 1).58-62

We searched algal genomes for ATG protein orthologs using
the translated Basic Local Alignment Search Tool (TBLASTN),
Phytozome v9.1, and the Joint Genome Institute (JGI) portal for
most of the genomes (see Methods). Tables 1 to 4 summarize
the distribution of TORC1 proteins and 17 essential ATG pro-
teins (designated as protein IDs), which are encoded by the algal
genomes. Identification of the ATG genes was based on the simi-
larity of the total protein sequence to the yeast, plant and mam-
malian orthologs, and on the presence of conserved domains that
were previously characterized based on the conserved domain
database (CDD) at NCBI.63 Moreover, we manually defined

sequences that were missing or poorly annotated in the current
genome annotation (Fig. S1). For example, we constructed the
sequences of ATG5 and ATG12 in V. carteri; ATG1, ATG2, and
ATG5 in T. pseudonana; TOR, RPTOR, and LST8 in P. purpur-
eum; TOR and RPTOR in P. yezoensis; TOR and LST8 in C.
crispus; and all TORC1-encoding and ATG genes in E. huxleyi.
The expression of the predicted genes in chromalveolates was ver-
ified by meta-analysis of recent publically available expression
datasets (Fig. 2, S2 to 4). In addition, the expression of TOR1,
TOR2, ATG2, ATG3, ATG5, VPS30/ATG6, ATG7, ATG8a,
ATG8b, ATG12, and VPS34 in E. huxleyi was verified by real-
time qPCR (Fig. S2B).

Conservation of autophagy genes in the red vs. green plastid
lineage

The conservation and functionality of TORC1 components
has been described previously in C. reinhardtii and C. mero-
lae.64-67 We identified TORC1 proteins (TOR, RPTOR, and
LST8) as gene products in additional algal genomes. The
sequence coding for Tco89, a TOR-interacting protein that is
described as part of the yeast TORC1, is not detected in the
algal genomes.68 However, TOR, RPTOR, and LST8 homologs
are highly conserved in all species of interest (Table 1). The N-
terminus of yeast and mammalian TOR contains a HEAT
repeat (named after the proteins in which it was found, Hun-
tingtin, EF3, regulatory subunit A of PP2A, and TOR1.
pfam13646) involved in proper localization,69 which is missing
from most of the algal homologs. Conversely, most algae main-
tain accessory domains in addition to the catalytic kinase
domain (cd05169), such as the FAT (named after the proteins
in which it was identified: FRAP, ATM, TRRAP, pfam02259)
and FATC (pfam02260) domains, which are important for pro-
tein-protein interaction, and shared by all PtdIns3K-related kin-
ases.69,70 The rapamycin-binding motif (pfam08771) is
conserved, and may be a putative binding site for the FKBP12-
rapamycin complex to specifically inhibit TOR.69 G. sulphuraria
and E. siliculosus encode 2 TOR proteins, and E. huxleyi encodes
3 different TORs. In yeast, 2 TOR proteins are active in 2 dis-
tinct complexes and account for different functionality.26 How-
ever, our homology-based and domain conservation analysis is
not sufficient to determine if the algal homologs we identified
are TOR1- or TOR2-like proteins. Regarding RPTOR, all algal
orthologs maintain the unique RAPTOR N-terminal (RNC)
domain (pfam14538) and the C-terminal WD40 repeats
(cl19087).71 However, as in the TOR homologs, the HEAT
repeats are not as conserved in the algal RPTOR orthologs as
they are conserved in other eukaryotes. Downstream of TOR
signaling, the autophagy machinery is highly conserved in the
green plastid lineage and in chromalveolates, with minor excep-
tions. In order to strengthen our functional annotations, we
applied meta-analysis on available gene expression databases
from chromalveolates and confirmed that the predicted TOR
and ATG genes are expressed (Fig. 2, S2 to 4). In E. huxleyi, all
3 TOR isoforms, the TORC1-encoding genes and ATG genes
were generally expressed (Fig. 2A, S2).72 Notably, infection
with E. huxleyi-specific virus (EhV), an important pathogenic
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driver of E. huxleyi bloom demise at sea,73 induced specific ATG
genes (Fig. 2A and ref. 74). Differential expression of ATG genes
was also detected in expressed sequence tag (EST) libraries
derived from different E. huxleyi strains, which differ in their
viral susceptibility.75 The E. huxleyi strain RCC1216 is a dip-
loid, viral-sensitive host, which expressed higher level of ATG
genes, when compared with strain RCC1217, a haploid, viral-
resistant cell (Fig. S2A). This is consistent with the observation
that diploid cells exhibit greater transcriptome richness which
may support their versatility and wide distribution, as compared
to haploid cells.75 In P. tricornutum, ATG- and TOR-related
transcripts were detected in 16 EST libraries derived from differ-
ent growth conditions of ecological relevance, including stress
conditions (Fig. 2B, S4).76 In N. gaditana, an important model
algae to study biofuel production, ATG- and TOR-related tran-
scripts were detected in transcriptome profiling during nitrogen
replete and limited growth, and higher levels of TOR, RPTOR,
ATG1, and ATG8 transcripts were reported upon nitrogen defi-
ciency. Expression of ATG3 cannot be detected since ATG3 is

not defined in the Nannochloropsis gene database, even though it
is present in the genome sequence, as can be seen by translated
searches directly against the genome (Fig. 2C, Table 4).61 In
the diatom T. pseudonana, an important ecological model organ-
ism to study algal physiology and acclimation to stress, ATG-
and TOR-related transcripts were expressed in EST libraries
derived from phosphate-replete and -limited growth, yet without
obvious differences in expression level between the 2 libraries
(Fig. S3).77 In stark contrast, none of the 17 ATG genes from
the 3 functional units (ATG9 cycling system, PtdIns3K complex
and Ubl conjugation machinery) were identified in rhodophytes
(Tables 2 to 4). Queries from different genomes such as E. hux-
leyi, E. siliculosus, A. thaliana, S. cerevisiae, and a variety of algae
were used against the rhodophyte genomes, yet no comparable
sequence was detected. ATG genes are probably not conserved
in rhodophytes as in other eukaryotes. This raises a fundamental
question regarding the evolutionary origin and function of algal
ATG proteins during acclimation to environmental stress condi-
tions in aquatic ecosystems.

Table 1. Distribution of TOR and related proteins in algae

ID numbers refer to the NCBI database. N.H, no homolog identified. M.D, manually defined sequences, which are available in Figure S1 (DNA ID numbers are
indicated).
P. yezoensis protein and DNA IDs refer to the P. yezoensis genome database; Arabidopsis homologs refer to the TAIR database (see Methods) and were previ-
ously described.67

Domain Accession numbers: WD40 cd00200/cl19087; HEAT pfam13646; DUF3385 pfam11865; FAT pfam02259; FATC pfam02260; RNC pfam14538; Rapamy-
cin binding pfam08771; PIKKc-TOR cd05169.
PPhytozome database (see Methods).110
aAccording to genome version 1.65 In brackets is the same genomic locus in the updated version of the genome (no.5).
bReference: Díaz-Troya et al., 2008.67
cReference: Díaz-Troya et al., 2008.64
dIDs represent genomic DNA contigs that were concatenated in order to build the gene.
eStrain b-31. Only the middle of the protein was identified. EKU23172 refers to strain CCMP526.
fReference: Imamura et al., 2013.66

*Only partial sequence is available.
yValidated by real-time qPCR (Fig. S2B).
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Composition and conservation of the ATG9 cycling system
Upon induction of autophagy, Atg9 delivers lipids to the

developing sequestering vesicles. Atg9 trafficking in the yeast
cytoplasm is mediated by Atg1, Atg2, Atg11, Atg13, Atg18, and
Atg27.32,78-80 We found that ATG9 is highly conserved in the
green lineage and chromalveolate genomes (Table 2). However,
the proteins associated with the ATG9 cycling system are par-
tially conserved. ATG1 orthologs in chromalveolates maintain a

serine/threonine protein kinase domain in the carboxy terminal
(smart00220), and a DUF3543 domain (pfam12063), whose
function is unclear, in the N-terminal. In chlorophytes, the
DUF3543 domain is completely missing, and only the kinase
domain is present. Moreover, the putative kinase domain of
ATG1 is the only available match in rhodophytes, which lack
any other autophagic components, suggesting that this match is
not ATG1-specific. ATG18 is conserved in the green lineage and
in chromalveolates, including the characteristic WD40 domain
(except in E. huxleyi, where there is a poorer conservation of the
WD40 domain). ATG2 is conserved in the green lineage (except
for C. variabilis) and in chromalveolates, including an autoph-
agy-related domain in the carboxy-terminus (pfam09333). Sev-
eral algal ATG2 orthologs also maintain an N-terminal region of
VPS13A/chorein (pfam12624), which presumably participates in
protein trafficking between membrane compartments in the cyto-
plasm.63,81 E. huxleyi ATG2 is the only ortholog in which a CAD
motif (pfam13329) is conserved, yet the function of this region is
unknown. ATG13 is conserved in the green lineage (except for
V. carteri) and in chromalveolates. Finally, ATG27 is the least
conserved protein among the ATG9 cycling members, as it was
identified only in the genomes of E. huxleyi and A. thaliana.

Composition and conservation of the PtdIns3K complex
The PtdIns3K complex is integral for autophagosome forma-

tion and maturation.33,82 The lipid kinase Vps34 generates phos-
phatidylinositol 3-phosphate, a central molecule involved in
cellular membrane trafficking. Vps15 acts as a Vps34 regulator,83

and Vps30/Atg6 interacts with other proteins which are involved
in different cellular processes, converging signals, and balancing
between autophagy and other signaling cascades.33,84 The
PtdIns3K complex members are well conserved in the algal
genomes, with the exception of rhodophytes and VPS30/ATG6/
BECN1 in C. variabilis (Table 3). None of the algal VPS30/
ATG6/BECN1 orthologs contain a BCL2 homology 3 (BH3)
domain, that has been characterized in mammals.85 This is not
surprising in light of the major loss and divergence of canonical
apoptosis machinery in protists and plants, which lack the BCL2
and TP53 components.86,87

Composition and conservation of the Ubl conjugation machinery
Synthesis and elongation of the autophagic membrane require

2 distinct Ubl conjugation reactions. Atg12 is a ubiquitin-like
protein whose coupling to Atg5 is mediated by Atg7, an E1-like
enzyme, and Atg10, an E2-like enzyme.36 The Atg12-Atg5 con-
jugate associates with Atg16, and the resulting complex probably
serves as an E3 ligase in a subsequent Ubl conjugation reaction.37

In the second reaction, the cysteine protease Atg4 cleaves the
nascent form of Atg8, which is also structurally similar to ubiqui-
tin,88 in order to expose a glycine residue at the carboxy terminus
of Atg8.35,89 Atg7 initiates the conjugation of the processed
Atg8, while Atg3, an E2-like enzyme, catalyzes the formation of
an amide bond between phosphatidylethanolamine and the
exposed glycine of Atg8.89 Excluding rhodophytes, almost all the
Ubl conjugation machinery components are encoded in the algal
genomes (Table 4). Notably, ATG3 and ATG4 are highly

Figure 2. Expression of TOR and autophagy-related genes in chromal-
veolates. (A) Expression level of ATG and TOR genes in transcriptome of
E. huxleyi cells during infection with EhV (24 h post infection). Two differ-
ent viral strains were used (lytic, EhV201; non-lytic, EhV163).72 The
expression level of each gene in the infected cells was normalized to the
level of expression in the uninfected control cells, at the same time point.
RNA-seq-based gene expression profiles are presented as RPM values. (B)
Expression levels in EST libraries derived from P. tricornutum cells grown
under different nitrogen regimes. Level of expression is presented as fre-
quencies of ESTs in each library.76 (C) Transcriptome analysis of N. gadi-
tana cells grown under nitrogen limitation. Error bars represents
biological duplicates.61
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conserved, including the typical peptidase C-54 domain
(pfam03416) in ATG4. Likewise, 3 conserved regions are main-
tained in the predicted Atg3 homologs: an N-terminal autophagy
domain (pfam03986); an active site (pfam03987) that includes a
Cys234 residue within an HPC motif, which is probably impor-
tant for ATG5 recognition; and a carboxy terminal autophagy
domain (pfam10381), that includes the FLKF sequence motif,
which is likely to be a distinct binding region for the stabilization
of the autophagosome complex.90 ATG10 is only partially con-
served in algae, as it is missing in T. pseudonana, P. tricornutum,
and E. siliculosus. The ATG16 protein sequence is problematic to
predict accurately, as it contains a WD40 domain. WD40 is
shared by a wide superfamily of proteins that covers a variety of
functions,91 and therefore cannot guarantee the specific conserva-
tion of ATG16. Yet the presence of an ATG16 domain
(pfam08614), together with the WD40 domain, suggests that
ATG16 is conserved in specific algal genomes (Table 4). A single
ATG8 copy was identified in each of the algal genomes, with the
exception of 2 putative ATG8 homologs in E. huxleyi.

Conservation of putative functional residues within central
autophagy proteins

In order to examine the putative functionality of the predicted
ATG homologs, we investigated specific residues, which were
reported in earlier biochemical studies to be critical for the spe-
cific activity and function of ATG5, ATG8, ATG9, and ATG12.
In yeast, Atg9 self-interaction via the conserved LGYVC motif is
essential for the function of Atg9 as a lipid carrier to the forming
autophagosome membrane (positions 766 to 770, according to
the yeast Atg9 sequence).92 We identified the LGYVC motif in
all algal ATG9 orthologs, in which the Gly and Cys are the most
conserved, and the Tyr is the least canonical residue, in agree-
ment with previous reports from yeast and mammals (Fig. 3A).92

Next, we confirmed that the algal ATG5 and ATG12 orthologs
maintain the amino acids that form an isopeptide bond during
ATG12-ATG5 conjugation, including the conserved Lys in
ATG5 and Gly in ATG12 (Fig. 3B to C). The E. siliculosus
ATG12 is the only ortholog that lacks the carboxy terminal gly-
cine, and instead encodes a valine residue (Fig. 3C). Finally,

Table 2. Distribution of ATG proteins that are involved in the ATG9 cycling system in algae

ID numbers refer to the NCBI database. N.H, no homolog identified. M.D, manually defined sequences, which are available in Figure S1.
Arabidopsis homologs refer to the TAIR database (see Methods), and were previously described.67, 100

Domain Accession numbers: S/T kinase c smart00220; DUF3645 cl13493/pfam12063; DUF1631 pfam07793; Chorein pfam12624; WD40 cd00200; Autophagy
C-terminal pfam09333; ATG2 CAD motif pfam13329; APG9 pfam04109; ATG13 pfam10033; ATG27 pfam09451.
PPhytozome database (see Methods).110
aReference: Jiang et al., 2012.99
bReferences: Díaz-Troya et al., 2008; Avin-Wittenberg et al., 2012.67, 100

*According to CDD version 3.11, the DUF3645 domain is not conserved. Yet, according to pfam, DUF3645 domain was detected, but below the default
cutoff.
**According to CDD version 3.11, the WD40 domain is not conserved. Yet, according to pfam, WD40 domain was detected, but below the default cutoff.
yValidated by real-time qPCR (Fig. S2B).
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during the Atg8 lipidation reaction, the carboxy terminal glycine
is coupled to the phospholipid phosphatidylethanolamine (posi-
tion 116, according to the yeast sequence).35,89 This glycine is
conserved in the algal ATG8 homologs. Notably, the ATG8 pro-
teins of O. lucimarinus, M. pusilla, V. carteri, and E. huxleyi
(ATG8b), contain an unusually long (8 to 21 amino acids) and
divergent peptide at the carboxy terminus (Fig. 3D). A similar
extension was reported in the ATG8 sequence of C. reinhardtii.93

However, the function of this extension and the peptide that
results from the cleavage of ATG8 at the carboxy terminal glycine
is unknown.

Phylogeny of ATG8 and ATG9
Phylogenetic analysis of 76 homologs of yeast Atg8 across

eukaryotes shows that ATG8 in green algae forms a separate
clade, which is related to land plants (Fig. 4A, S5). Based on the
phylogenetic distribution, ATG8 homologs in green algae com-
prise 3 main branches: prasinophyceae (Ostreococcus, Micromo-
nas), trebouxiophyceae (Chlorella, Coccomyxa), and volvocaceae
(Chlamydomonas, Volvox). The ATG8 protein of the glaucophyte
Cyanophora paradoxa was clustered together with the prasino-
phytes. ATG8 homologs in chromalveolates emerged in a sepa-
rate branch, which is related to amoeba and fungi. Notably, the

Table 3. Distribution of ATG proteins that are involved in the PtdIns3K complex in algae

ID numbers refer to the NCBI database. N.H, no homolog identified. M.D, manually defined sequences, which are available in Figure S1.
Arabidopsis homologs refer to the TAIR database (see Methods), and were previously described.67, 100

Domain Accession numbers: S/T kinase c smart00220; WD40 cl02567; C2 cl14603/pfam00792; PI3Ka_III cl00271/cd00870; PI3Kc_III cd00896; APG6
pfam04111.
PPhytozome database.110
aReference: Jiang et al., 2012.99
bReference: Avin-Wittenberg et al., 2012.100

*From position 880, as the first half of the sequence is a mistaken fusion of unrelated RNA binding protein.
**Missing the kinase domain, but can be found by BLAST directly upstream, predicted wrong.
yValidated by real-time qPCR (Fig. S2B).
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E. huxleyi ATG8b homolog diverged away from chromalveolates,
yet with low bootstrap values. The ATG8 sequence of N. gadi-
tana was not aligned properly with the other sequences, because
the sequence in the database has extensions and may not have
been constructed properly, and so it was omitted from the cur-
rent analysis.

A similar phylogenetic analysis was conducted with 72 ATG9
orthologs (Fig. 4B, S5). The phylogeny of ATG9 in green algae
resembles their evolutionary history, as was demonstrated by the
ATG8 phylogeny. ATG9 orthologs in chromalveolates diverged
as a separate clade between green algae and amoeba, while the
ATG9 ortholog of E. huxleyi emerged in a closely related, but
separate, branch.

Discussion

Autophagy genes are not conserved in the genomes
of red algae

The current bioinformatics study argues that ATG orthologs
are not conserved in unicellular and multicellular red algae as in

green algae, chromalveolates, and other eukaryotes. To our
knowledge, this is the first study to report such phenomena,
which revisits the common notion that ATG genes are generally
conserved in all eukaryotes. If red algae functionally maintain
autophagy, the proteins that activate this putative machinery are
considerably different from their yeast, plants, and mammalian
counterparts. The absence of ATG genes in the red algal genomes
stands in contrast to the conserved TORC1-encoding genes.
Hypothetically, the putative TORC1 may control catabolic pro-
cesses in red algae, which may functionally compensate for the
autophagic machinery.

How did specific red algae adapt to diverse environmental
niches without autophagy, which serves as an innate survival
response in eukaryotes?94,95 Are there alternative survival mecha-
nisms for autophagy in red algae? Such questions remain elusive
and intriguing, and demand experimental evidence, especially in
light of the high stress tolerance to extreme environmental condi-
tions of high temperature and acidity which are attributed to
some red algae.54,96

As chlorophytes and glaucophytes derived from primary endo-
symbiosis, theoretically, their autophagy pathway could have

Table 4. Distribution of ATG proteins that are involved in the Ubl-like conjugation system in algae

ID numbers refer to the NCBI database. N.H, no homolog identified. M.D, manually defined sequences, which are available in Figure S1.
Arabidopsis homologs refer to the TAIR database (see Methods) and were previously described.67, 100

Domain Accession numbers: Peptidase C-54 pfam03416; WD40 cd00200; Autophagy-C terminal pfam10381; Autophagy-N terminal pfam03986; Autophagy-
act-C pfam03987; APG5 pfam04106; E1 like APG7 TIGR01381; GABARAP cd01611; APG12 C cd01612; E1 enzyme family cl17196; UBQ superfamily cl00155;
ATG16 pfam08614.
PPhytozome database.110
aReference: Jiang et al., 2012.99
bReferences: Díaz-Troya et al., 2008; Avin-Wittenberg et al., 2012.67, 100

*No protein ID was found. NCBI Transcriptome shotgun assembly (TSA) accession number is indicated.
yValidated by real-time qPCR (Fig. S2).
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been acquired from the photosynthetic cyanobacterium or the
eukaryotic heterotroph that engulfed it. We searched for ATG
genes in the genomes of 31 cyanobacteria strains. No bacterial
ATG gene was identified, suggesting that the autophagy pathway
that we identified probably has a heterotrophic origin, and per-
haps was acquired multiple times through evolution. Theoreti-
cally, rhodophyte genomes might have once encoded an
autophagy pathway, but lost it. The reduced genome content in
essential metabolic pathways in C. crispus (105 Mbp) and C. mer-
olae (16.5 Mbp) supports this theory.55,57 Genome size is
hypothesized to be reduced by strong selection pressure, and
facilitates the invasion of C. crispus into extreme habitats.57 How-
ever, reduction in genome size alone cannot account for ATG
gene loss in red algae, because some non-red algal genomes are
also relatively small (Nannochloropsis, ~28Mbp; Ostreococcus,
~13Mbp), and notwithstanding contain a variety of ATG
genes.61,51

Red algal genomes contributed via secondary endosymbiosis
to several chromalveolate lineages, including stramenopiles and

haptophytes.17 Since canonical ATG genes are missing in red
algae, the conservation of ATG genes in chromalveolates is puz-
zling (Fig. 5). Considering red algae once encoded ATG genes,
the origin of chromalveolates may have taken place prior to, or
post-ATG gene loss in the red algal genomes. In the former sce-
nario, chromoalveolate ATG genes may be of red algal origin. In
the second hypothetical scenario, the origin of chromoalveolate
ATG genes may be attributed to the heterotroph that engulfed a
green or red alga during secondary endosymbiosis. Another possi-
bility is that chromoalveolate ATG genes are of green algal origin,
and were transferred by cryptic plastid endosymbiosis and/or by
horizontal gene transfer.18

Autophagy is conserved in green algae and chromalveolates
Here, we demonstrate the remarkable conservation of the

ATG genes in green algae and chromalveolates, in agreement
with previous evidence for functional autophagy in these algae in
response to the TOR-inhibitor rapamycin, nitrogen and carbon
starvation, aging, oxidative stress, carotenoid deficiency, and

Figure 3. Conservation of amino acid residues that are essential for ATG protein interaction and function. Amino acid sequence alignments of ATG5,
ATG8, ATG9, and ATG12, from green algae, chromalveolates, plants, yeast, and human. (A) ATG9 C-terminal sequence. The arrowheads indicate residues
763 to 772 (according to the yeast sequence), which are essential for ATG9 self-interaction. (B) ATG5 N-terminal sequence. The arrowhead indicates the
lysine residue that is required for the isopeptide bond with ATG12. (C) ATG12 C-terminal sequence. The arrowhead indicates the glycine residue that is
required for conjugation with ATG5. (D) ATG8 C-terminal sequence. The arrowhead indicates the processing site by ATG4. Identical and similar residues
are shaded in black and gray, respectively. Multiple sequence alignment was performed with ClustalW version 2.1 using the default parameters.
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heterotrophic growth conditions.67,93,97-100 By manually curat-
ing genes, we were able to detect essential homologs that were
previously suggested to be missing, and are available as
Figure S1. In addition, we were able to define at least 5 key
autophagy genes (ATG1, ATG3, ATG7, ATG8, and VPS15) in

C. paradoxa, the only glaucophyte whose genome was sequenced
(Fig. 4A, S1).101 The presence of a single ATG8 gene in algae
(except for E. huxleyi, where there are 2) corroborates the notion
that the increase in genome complexity of higher metazoans
includes extended subfamilies of ATG8 as compared to protists
and invertebrates.88 The A. thaliana ATG8 gene family comprises
9 isoforms, with different spatial and temporal expression pat-
terns.38,41,102 The major expansion of the ATG8 family in plants,
as compared to algae, suggests late duplication events of this piv-
otal protein in autophagy. This may also be true for animals,
where 3 ATG8-subfamilies are defined: MAP1LC3/LC3 (micro-
tubule-associated protein 1 light chain 3), GABARAP (GABA
[A] receptor-associated protein) and GABARAPL2/GATE-16.88

Sequence homology suggests that E. huxleyi ATG8 homologs, as
all other algal ATG8, belong to the GABARAP subfamily.
Unlike ATG8, proteins that contain general kinase or WD40
domains are very difficult to predict because they are shared
among numerous protein families.91 For example, the Atg1
kinase, which directly phosphorylates Atg9,79 cannot be pre-
dicted accurately based on the presence of the kinase domain
alone. In contrast, some ATG orthologs are clearly missing in
specific algal genomes. In all chromalveolates but E. huxleyi,
ATG10 is not found, although other ATG genes are highly con-
served. In addition, ATG2, VPS34, VPS30/ATG6, ATG16, and
ATG27 are not conserved in the genome of C. variabilis.99 The
absence of specific ATG genes, together with the relatively high
conservation of ATG8 and other ATG genes, suggests that some
ATG proteins may be dispensable in certain models. However,
in A. thaliana, ATG10 mutants are hypersensitive to nitrogen
and carbon starvation, and undergo early aging and cell death,
and VPS30/ATG6 mutants are defective in pollen germina-
tion.103,104 Therefore, it is plausible that in certain algae like C.
variabilis, autophagy (or a specific functional unit within the
autophagic machinery), does not operate in the same manner as
in higher photosynthetic organisms. The absence of specific ATG
genes from the genomes of green algae and chromalveolates may
either be because the genomes are not sequenced to completion,
leading to ‘missing’ genes, or because unknown alternative com-
ponents substitute for the missing proteins during autophagy.

E. huxleyi, an ecologically important model to study
autophagy in marine protists

E. huxleyi, a cosmopolitan bloom-forming coccolithophore,
whose genome encodes for the most complete repertoire of ATG
proteins, may be an attractive model to study autophagy in uni-
cellular algae. E. huxleyi derived from secondary endosymbiosis
and is one the most abundant algae in modern oceans.2 E. huxleyi
blooms play prominent roles in marine biogeochemical cycles of
carbon and sulfur, and create a massive flux of calcium carbonate
to marine sediment, as well as dimethylsulfide flux to the atmo-
sphere.8,14-16 Infection by E. huxleyi virus (EhV, phycodnaviri-
dae), a specific large DNA virus, is a major factor that routinely
terminates E. huxleyi blooms.7,105 Recent work demonstrates
that autophagy hallmarks are induced in EhV-infected cells
(Fig. 2A and ref. 74). Viral infection is accompanied by the pres-
ence of double-membrane vesicles in the cytosol. Furthermore,

Figure 4. Phylogenetic trees of ATG8 and ATG9 proteins. (A) ATG8 Pro-
tein sequences were aligned using Muscle version 3.8.31. (B) ATG9
domain (cl04403) sequences were aligned using ClustalW version 2.1.113

Maximum Likelihood trees (Phylip ProML) are shown. Highlighted in
green are chlorophytes and land plants, in brown are chromalveolates,
and in blue is the glaucophyte.
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elevated transcription of ATG5, ATG7, and ATG8 and lipidation
of ATG8 suggest that specific autophagy components are
induced in response to viral attack. Moreover, the host ATG8
protein is detected in the membranes of highly purified virions.74

This intriguing data, together with the observation that the virus
is composed of several membrane layers,106 suggests that EhV
may benefit from enhanced formation and remobilization of
membranes during host autophagy, as a source for new viral
membranes.74

The fact that autophagy is highly conserved in coccolitho-
phores, as well as in diatoms, raises fundamental questions
regarding the role that autophagy may play during acclimation
response to environmental stress conditions, and contribute to
their ecological success. The current genomic analysis may serve
as a valuable resource for future laboratory-based exploration,
and illuminate the role of autophagy on the cellular and popula-
tion-level fitness during bloom succession in the ocean.

Methods

Gene definition
The ATG and TORC1-related gene sequences in E. huxleyi

were manually defined and aligned, and phylogenetic trees were
built in order to prove family relationships as described in detail
by Feldmesser et al.107 In brief, a target gene was chosen, and the
protein sequences from human, Arabidopsis and yeast were taken
from the National Center for Biotechnology Information
(NCBI). The protein sequences were blasted directly against the
genome sequence of E. huxleyi at the Joint Genome Institute
(JGI). All hits were analyzed to see if there was any transcript evi-
dence (ESTs) or gene models. A gene model was then manually
built based on the existing transcripts, models, and the BLAST
results. If no hits were found with the sequences taken from the
initial 3 species, BLAST searches were run at NCBI to find the
target gene in potentially more closely related species, and then

Figure 5. A possible loss of the autophagy pathway from red alga (Rhodophyta) genomes. Primary endosymbiosis gave rise to the green algae and glau-
cophytes, which possess ATG genes, and to red algae, whose genomes lack ATG genes. Red algae possibly lost their autophagy machinery before or after
secondary endosymbiosis, which gave rise to chromalveolates. The origin of ATG genes in chromalveolates may be attributed to the heterotrophic host
that engulfed a red or green alga, to a red alga (considering that ATG gene loss in red genomes occurred after the secondary endosymbiosis event), or
to a green algae (orange arrows). The distribution of ATG genes in algae raises fundamental questions regarding the origin of autophagy and the inheri-
tance of ATG genes during the evolution of photosynthetic organisms.
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these were used as input sequences. When the transcriptome
sequences of E. huxleyi became available,72 they were used to
improve the manual gene models. After the gene in E. huxleyi
was defined and translated, the protein sequence that was used
for searches against the protein collections of NCBI to ensure
that the gene constructed was the homolog of the desired target.
The protein sequences were analyzed for the presence of the
proper domains, related sequences were collected, and phyloge-
netic trees were built. For the other better-studied species, the ini-
tial analysis was BlastP at NCBI.108 In addition, the same
approach taken for E. huxleyi was used for all the other species,
with searches against the genome databases, to ensure the genes
were defined correctly. The E. huxleyi sequence was also used as a
target input for other algae, and in the case of rhodophyta, all the
sequences we were able to identify or define as ATG genes in this
study were used as additional input target sequences. In several
cases in species other than E. huxleyi, the sequences were manually
defined. In addition to searching the algal genomes, their protein
collections were also used, at NCBI, the individual genome data-
bases, Pico-Plaza (http://bioinformatics.psb.ugent.be/plaza/versions/
pico-plaza/),109 and RNA collections available either at the genome
databases or the NCBI TSA (Transcript Shotgun Assembly) data-
base. All genes identified from all species were translated and
domain analysis was performed. The final sequences were also
blasted at NCBI to ensure that the proper target sequence were
the best hits. The manually defined genes from E. huxleyi were
deposited in GenBank, (accession numbers pending), and the pre-
dicted genes from E. huxleyi and other genomes are attached as
Figure S1. Data sources for the various algal genomes:

JGI: http://genome.jgi-psf.org/: Emiliania huxleyi v1; Phaeo-
dactylum tricornutum v2; Thalassiosira pseudonana v3; Chlo-
rella variabilis v1.

Phytozome110: http://www.phytozome.org/: Chlamydomonas
reinhardtii JGI v5; Coccomyxa subellipsoidea JGI v2; Micromo-
nas pusilla CCMP1545 JGI v3; Micromonas sp RCC299 JGI
v3; Ostreococcus lucimarinus JGI v2; Volvox carteri JGI v2.

Species-specific databases:
Ectocarpus siliculosus: http://bioinformatics.psb.ugent.be/

blast/moderated/?projectDorcae_Ectsi
Porphyridium purpureum: http://cyanophora.rutgers.edu/

porphyridium/
Cyanidioschyzon merolae: http://merolae.biol.s.u-tokyo.ac.

jp/blast/blast.html
Galdieria sulphuraria: http://genomics.msu.edu/cgi-bin/gal-

dieria/blast.cgi
BLAST at NCBI vs. whole genome shotgun contigs: Chond-

rus Crispus (taxid:2769)
Arabidopsis: TAIR http://www.arabidopsis.org/
Downloaded data sets, local BLAT running against the

genome,111 predicted genes, predicted proteins:
Nannochloropsis gaditana B-31 (December 8, 2012): http://

www.nannochloropsis.org/page/ftp
Cyanophora paradoxa (11/2010): http://cyanophora.rutgers.

edu/cyanophora/blast.php
Pyropia yezoensis (Nori) V1: http://nrifs.fra.affrc.go.jp/

ResearchCenter/5_AG/genomes/nori/

Multiple alignment and phylogenetic analysis
Multiple alignments were performed with both ClustalW ver-

sion 2.1112 and Muscle version 3.8.31,113 and the better align-
ment was chosen for phylogenetic analysis (ATG8, Muscle;
ATG9, ClustalW). In cases where only one region was properly
aligned, the alignment was cut manually (ATG9, according to
the domain definition of CDD,63 cl04403: APG9 superfamily).
Phylogenetic analysis was performed with Neighbor Joining in
ClustalW and ProML (Maximum Likelihood) in Phylip (version
3.69),114 with the following parameters: 100 datasets, seedD9,
jumbleD3. The trees had similar topologies, and the maximum
likelihood trees are shown. Visualization of the trees was done
using iTol: http://itol.embl.de/.115

Gene expression
Gene expression analysis was performed using publicly avail-

able expression data sets. For E. huxleyi, our transcriptome data
was used,72 and for the haploid (RCC1217)/ diploid
(RCC1216) strains, EST data from von Dassow et al., 2009,
was mined at NCBI.75 P. tricornutum gene expression data was
taken from Maheswari et al., 2010.76 T. pseudonana gene expres-
sion was taken from Dyhrman et al., 2012.77 N. gaditana RNA-
Seq expression data was taken from Carpinelli et al., 2014.61

Real-time qRT-PCR was performed as follows: RNA was iso-
lated from cells with the RNeasy Plant Mini kit (Qiagen, 74904)
according to the manufacturer’s instructions, followed by DNAse
treatment with Turbo DNase (Ambion, AM1907). Equal
amounts of RNA were used for cDNA synthesis with the Ther-
moScript RT-PCR system (Invitrogen, 11146-016). For tran-
script abundance analysis, Platinum SYBER Green qPCR
SuperMix-UDG with ROX (Invitrogen, 11744-500) was used as
instructed by the manufacturer. Reactions were performed on
StepOnePlus real-time PCR Systems (Applied Biosystems Cali-
fornia, USA) as follows: 50�C for 2 min, 95�C for 2 min, 40
cycles of 95�C for 15 sec, 60�C for 30 sec. Transcript abundance
was calculated by normalizing the results to the expression level
of tubulin in each sample at a given time point. A list of primers
used in this study is added as Table S1.
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