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Phospholipase D (PLD) participates in the
formation of phosphatidic acid, a precursor in
glycerolipid biosynthesis and a second messenger.
PLDs are part of a superfamily of proteins that
hydrolyze phosphodiesters and share a catalytic
motif, HxKxxxxD, and hence a mechanism of
action. Although HKD-PLDs have been thoroughly
characterized in plants, animals and bacteria, very
little is known about these enzymes in algae. To fill
this gap in knowledge, we performed a
biocomputational analysis by means of HMMER
iterative profiling, using most eukaryotic algae
genomes available. Phylogenetic analysis revealed
that algae exhibit very few eukaryotic-type PLDs but
possess, instead, many bacteria-like PLDs. Among
algae eukaryotic-type PLDs, we identified C2-PLDs
and PXPH-like PLDs. In addition, the dinoflagellate
Alexandrium tamarense features several proteins
phylogenetically related to oomycete PLDs. Our
phylogenetic analysis also showed that algae

bacteria-like PLDs (proteins with putative PLD
activity) fall into five clades, three of which are
novel lineages in eukaryotes, composed almost
entirely of algae. Specifically, Clade II is almost
exclusive to diatoms, whereas Clade I and IV are
mainly represented by proteins from prasinophytes.
The other two clades are composed of
mitochondrial PLDs (Clade V or Mito-PLDs),
previously found in mammals, and a subfamily of
potentially secreted proteins (Clade III or SP-PLDs),
which includes a homolog formerly characterized in
rice. In addition, our phylogenetic analysis shows
that algae have non-PLD members within the
bacteria-like HKD superfamily with putative
cardiolipin synthase and phosphatidylserine/
phosphatidylglycerophosphate synthase activities.
Altogether, our results show that eukaryotic algae
possess a moderate number of PLDs that belong to
very diverse phylogenetic groups.
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PA, phosphatidic acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG, phosphatidylglyc-
erol; PGPS, phosphatidylglycerophosphate synthase;
PH, Pleckstrin homology; PLD, phospholipase D;
PPK, polyphosphate kinase; PSS, phosphatidylserine
synthase; PX, phox homology

Phosphatidic acid (PA) is an important precursor
in glycerolipid biosynthesis that also plays a role as a
second messenger in eukaryotic cells (Kolesnikov
et al. 2012, Pleskot et al. 2013, Kukkonen 2014).
One of the mechanisms for PA generation is depen-
dent on the action of phospholipases D (PLDs),
enzymes that catalyze the hydrolysis of structural
phospholipids at their terminal phosphoester bond.
The preferred substrates of most PLDs are phos-
phatidylcholine (PC), phosphatidylethanolamine
(PE) and phosphatidylglycerol (PG) (Munnik et al.
1998, Wang 2002). PLDs are part of a larger super-
family of proteins that share a similar structural core
and similar reaction mechanism for a range of sub-
strates, including neutral lipids and even polynu-
cleotide backbones (Pointing and Kerr 1996,
Wakelam et al. 1997b, Wang 2000, Bargmann and
Munnik 2006, Jang et al. 2012). Pfam refers to this
superfamily as “Clan CL0479” or the “PLD super-
family,” which is described as a superfamily of pro-
teins related to PLDs that contains eight families
(Pfam IDs: DUF1669, PLDc, PLDc_2, PLDc_3,
PP_kinase_C, RE_NgoFVII, Regulator_TrmB and
Tyr-DNA_phospho). Some of the best characterized
members include proteins such as bacterial cardi-
olipin synthase (CS), phosphatidylserine and phos-
phatidylglycerophosphate synthase (PSS and PGPS,
respectively) and endonuclease Nuc, as well as Pox
virus envelope protein (Pointing and Kerr 1996)
and even human tyrosyl-DNA phosphodiesterase
Tdp1 (Interthal et al. 2001). A large number of
enzymes within this superfamily share a conserved
HxKx4Dx6GSxN motif (HKD) that is responsible for
catalytic activity, but some degeneration appears to
be allowed in this motif, particularly in the non-PLD
members of the superfamily (Lee et al. 1989, Sung
et al. 1997, Lerchner et al. 2005, 2006). Canonical
HKD proteins with PLD enzymatic activity possess
two PLD domains with one perfect HKD motif each,
which together form the active site, as concluded
from the crystal structure of PLD family members
(Stuckey and Dixon 1999, Leiros et al. 2000). Mito-
chondrial PLD (Mito-PLD) is an exceptional and
ancestral PLD homolog with a single HKD catalytic
site that homo-dimerizes to generate PA from cardi-
olipin hydrolysis (Choi et al. 2006, Huang and Froh-
man 2009).

HKD proteins are not the only proteins exhibiting
PLD activity. Several non-HKD, nonhomologous
enzymes have been described, and these enzymes
have diverse structures and catalytic mechanisms
(Zambonelli and Roberts 2005, Selvy et al. 2011).

Non-HKD PLDs include human autotaxin (Toku-
mura et al. 2002), Streptomyces chromofuscus PLD
(Zambonelli and Roberts 2003) and glycosylphos-
phatidylinositol PLD (Jones et al. 1997), among
others.
The action of HKD PLDs (henceforth PLDs) was

first described in plants, where the activity of some
of the numerous isoenzymes has been studied and
seems to respond to a variety of abiotic stress condi-
tions (Testerink and Munnik 2011), such as
drought, hyperosmotic stress, temperature stress
and wounding, as well as biotic stress, including
pathogenic (Laxalt et al. 2001) and symbiotic inter-
actions (Sm!ekalov!a et al. 2014). In animals, PLDs
play a critical role in cell signaling, modulating cell
growth, proliferation, survival, and migration (Wake-
lam et al. 1997a, Selvy et al. 2011).
Eukaryotic-type PLDs are characterized by the

presence of regulatory domains located at the N-ter-
minal portion of the proteins. The Phox- (PX) and
Pleckstrin homology (PH) domains are not only
characteristic of PLDs in mammals and yeast (Hodg-
kin et al. 2000) but are also present in other eukary-
otes, including plants (Wang 2000, Qin and Wang
2002, Bargmann and Munnik 2006). The PX and
PH domains are involved in binding of the enzyme
to inositol lipids (Powner and Wakelam 2002). Most
plant PLDs, however, belong to the C2-type (Eli!as
et al. 2002, Liu et al. 2010, Singh et al. 2012), due
to the presence of an N-terminal C2 domain,
involved in Ca2+-dependent lipid binding. Although
most eukaryotic PLDs characterized to date belong
to either the PXPH- or the C2-type, some homologs
lacking these regulatory domains have recently been
identified (Meijer et al. 2005, 2011, Li et al. 2007).
These homologs resemble bacterial PLDs, which
lack the canonical regulatory domains, are often
extracellular and bear N-terminal signal peptides
(SP; Zhao et al. 1997, Selvy et al. 2011).
Although the potential of eukaryotic algae (here-

after algae) as a biofuel feedstock has catalyzed a
research boom in these organisms, much of their
lipid metabolism remains unknown. As an example,
no algal PLDs have been thoroughly characterized
to date. In Chlamydomonas moewusii, a chlorophycean
alga related to higher plants, both hyperosmotic
stress (Arisz and Munnik 2011) and membrane
depolarization (Meijer et al. 2002) proved to stimu-
late PA formation via the PLD pathway, with PE as
the preferred substrate (Munnik et al. 1995, Arisz
et al. 2003). In Silvettia compressa, a fucoid brown
alga, the PLD pathway seems to be important for
the formation of microtubule arrays during zygote
cell division and cytokinesis (Peters et al. 2007,
2008). In both cases, PLD activity was not ascribed
to a particular polypeptide or encoding gene.
Experimental analyses of algae PLD function and

lipid metabolism in general will benefit from a com-
prehensive knowledge of the number and sequence
characteristics of PLDs in algae, which is made
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possible by the many genome sequences currently
available. For identifying all algae enzymes with PLD
function that belong to the HKD superfamily, we
performed an in-depth PLD sequence data mining,
including 27 algae and 53 related and nonrelated
eukaryotic species. In addition, we included curated
prokaryotic PLD homologs in the assay. Phylogeny
and standard biocomputational analyses were per-
formed to make testable predictions of the charac-
teristics and/or functions of the encoded enzymes.

MATERIALS AND METHODS

Proteomes and databases used for the identification of PLD homo-
logs. Protein models from fully annotated genomes (here-
after called complete proteomes, according to http://
www.uniprot.org/keywords/KW-0181; UniProt Consortium
2012) of representative eukaryotic algae groups, supple-
mented with the complete proteomes of a set of nonalgal
eukaryotic organisms from different supergroups were used
for sequence mining (all available by June 2014). Table S1 in
the Supporting Information lists the eukaryotic species ana-
lyzed, their internal codes, the source of the proteome
sequences and the corresponding references or sequencing
projects. We followed taxonomic relationships between taxa
according to Adl et al. (2012). Prokaryotic PLD homologs
were extracted from Swiss-Prot, the manually annotated and
reviewed section of UniProt, and from Reference Proteomes
(EMBL-EBI, http://www.ebi.ac.uk/).

Identification of algae PLD homologs. PLD homologs were
identified by HMMER version 3 (Eddy 1998) iterative profil-
ing starting from a seed alignment of 48 proteins within the
Pfam PLDc family (PF00614) (http://pfam.sanger.ac.uk/fam-
ily/PF00614#tabview=tab3) (Sonnhammer et al. 1997, 1998b).
The multiple sequence alignment (MSA) was visualized and
manually corrected using SeaView (Gouy et al. 2010) and
GeneDoc (Nicholas et al. 1997) and subsequently used to
generate a position-specific scoring table (hidden Markov
model, hmm) using the hmmbuild tool from the HMMER
suite (Eddy 1998, Johnson et al. 2010). This model was used
to search a compiled fasta file containing all the complete
proteomes of the selected eukaryotic species, using the hmm-
search tool. Sequences above the default inclusion threshold
(E-value = 0.01) were retrieved and redundant sequences
showing 100% identity were eliminated using CD-HIT (Li
and Godzik 2006). The remaining sequences were aligned
using MAFFT at http://mafft.cbrc.jp/alignment/server/in-
dex.html (Katoh et al. 2002). The resulting MSA was manu-
ally corrected and used for the generation of a new hmm
file, restarting the whole cycle. This process was repeated
until convergence, at which point no new information was
obtained when a new data-mining cycle was done. For
dinoflagellates, euglenids and red algae, complete proteomes
are scarce or unavailable; hence, hmm files were used to
search the nonredundant database of the HMMER website
(http://hmmer.janelia.org/, hmmsearch tool). In addition,
to retrieve EST information that could be valuable for the
mentioned taxa, two PLDs from each resulting phylogenetic
group were used as queries for tblastn search of the EST
NCBI database. (http://blast.ncbi.nlm.nih.gov/Blast.cgi). To
ensure that we obtained the most complete data set of
eukaryotic PLDs possible, the sequences from each phyloge-
netic group were retrieved and used in group-specific data
mining following the same procedure as the one described
above. To analyze algae PLD homologs in a true phylogenetic
context, both the seed and the final hmm files were used to
search for prokaryotic homologs. This was done by searching

(using hmmsearch) the Swiss-Prot and Reference Proteomes
databases at the HMMER website, restricted to Bacteria and
Archaea. All nonidentical prokaryotic sequences below a
established inclusion threshold (E-value = 10!8) were added
to the analysis.

Phylogenetic analysis of PLD homologs. The identified
sequences were aligned to the hmm of the last mining cycle
using hmmalign (HMMER) and the MSAs manually corrected
in GeneDoc (Nicholas et al. 1997). To use only phylogeneti-
cally informative regions for the reconstruction of phyloge-
netic trees, the MSAs were trimmed using BMGE (Block
Mapping and Gathering with Entropy) (Criscuolo and Grib-
aldo 2010). BMGE optional arguments were determined
based on the conservation of secondary structure elements
and were: -m BLOSUM30 -h 0.7 -g 0.65:0.3 -b 3. This proce-
dure eliminated not only alignment columns according to
entropy and gap content but also eliminated sequences that
contained a gap proportion higher than 65%. All the putative
algae PLDs that were eliminated using this criteria were con-
fronted with the group-specific hmm profiles mentioned in
the previous section, and the closest phylogenetic group was
determined by the highest HMMER scores. The eliminated
sequences were included in the Tables, but not in the final
trimmed alignment used for phylogenetic tree reconstruc-
tion. Maximum likelihood (ML) and Bayesian methods were
used for phylogenetic tree reconstruction. For ML, PhyML
3.0 was used with default settings and 600 bootstraps (Guin-
don et al. 2010), with the LG model. For Bayesian analysis,
we used Mr. Bayes 3.2.3 (Ronquist et al. 2012) with the WAG
model, with its own default priors and invariant gamma distri-
bution approximated with four substitutions. Two Metropolis-
coupled Markov Chain Monte Carlo runs with four chains
each and a temperature of T = 0.05 were done. Convergence
of the chains in the Bayesian analysis was assessed by monitor-
ing that the standard deviation of split frequencies was < 0.01
and with AWTY online, a system for the graphical exploration
of MCMC convergence in Bayesian phylogenetic inference
(http://king2.scs.fsu.edu/CEBProjects/awty/awty_start.php)
(Nylander et al. 2008). Trees were visualized with Dendro-
scope v3.2.10 (Huson and Scornavacca 2012) and final tree
editing was done using iTOL (Letunic and Bork 2011).

Protein localization predictions. Subcellular localization of
the selected proteins was predicted using both manual and
automated methods. Four neural network-based tools opti-
mized for different taxa were used: PredAlgo (https://giavap-
genomes.ibpc.fr/cgi-bin/predalgodb.perl?page=main) was
used for the prediction of transit peptides in Archaeplastida
algae (Tardif et al. 2012), Hectar (http://www.sb-roscoff.fr/
hectar/) was used for Heterokonts (Gschloessl et al. 2008),
PATS (http://gecco.org.chemie.uni-frankfurt.de/pats/pats-in-
dex.php) was used for Apicomplexans (Zuegge et al. 2001)
and TargetP (http://www.cbs.dtu.dk/services/TargetP/) for
the rest (Emanuelsson et al. 2007). In addition, a manual
method was used for organisms containing secondary plas-
tids, as described elsewhere (Jiroutov!a et al. 2007). Briefly,
sequences were first analyzed using SignalP (http://
www.cbs.dtu.dk/services/SignalP/) (Petersen et al. 2011). For
those sequences with positive prediction of endoplasmic retic-
ulum trafficking, the SPs were manually removed and the
resulting sequences were further analyzed using TargetP to
test for the presence of plastid targeting peptides. For Tar-
getP, considering that the analyzed taxa constitute a diverse
group, no cutoffs were established and the default “winner-
takes-all” criterion was used for determining the potential
subcellular localizations. The prediction was only done for
complete sequences, therefore partial sequences were anno-
tated as “NGE” (not good enough evidence for prediction).
The presence of transmembrane (TM) helices was predicted
with TMHMM (http://www.cbs.dtu.dk/services/TMHMM/)
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(Sonnhammer et al. 1998a). For prokaryotic sequences, sub-
cellular localization was assigned according to UniProt anno-
tation information combined with SignalP and TMHMM
results.

Functional annotations. The level of evidence for the exis-
tence of the selected proteins was retrieved analyzing pub-
lished data available at NCBI (http://www.ncbi.nlm.nih.gov/).
Alternatively, tblastn analyses against EST collections were
performed at the corresponding genome or database websites
(e.g., JGI Genomes or Diatom Database). The results were
classified according to the UniProt nomenclature as follows:
“protein” indicates that there is clear experimental evidence
for the existence of the protein (partial or complete Edman
sequencing, clear identification by mass spectrometry, X-ray
or NMR structure, identification of protein–protein interac-
tion or detection of the protein using antibodies); “tran-
script” indicates the existence of a transcript determined by
expression data (cDNAs, RT-PCR, Northern blots or ESTs);
“predicted” is used for entries without evidence at protein or
transcript levels, the existence of the protein is therefore
inferred from gene models. The evidence level for all algae
PLD homologs identified is summarized on Table S2 in the
Supporting Information.

Domain analysis was performed using Pfam search mode
(Sonnhammer et al. 1997, 1998b). Sequence logos for each
group were generated using WebLogo (http://web
logo.berkeley.edu/) with default settings, including sample
size correction (Crooks et al. 2004), starting from clade-speci-
fic subalignments constructed with MAFFT (Katoh et al.
2002) at default settings and trimmed with BMGE using the
following optional arguments: -m BLOSUM62 -h 0.5 -g 0.7:
0.3 -b 3.

Modeling of PLD homologs. Three-dimensional (3D) model-
ing was done using I-Tasser online (http://zhanglab.ccmb.-
med.umich.edu/I-TASSER/; Zhang et al. 2005) with default
settings. The prediction of homo-dimers was performed using
COTH (http://zhanglab.ccmb.med.umich.edu/COTH/;
Mukherjee and Zhang 2011). Models were visualized and edi-
ted with Jmol (http://www.jmol.org/; Jmol Team 2014) and
VMD v1.9.1 (Humphrey et al. 1996). The structural aligments
were made using the STAMP structural alignment module,
part of VMD.

RESULTS

The HKD superfamily. To identify all possible
HKD-PLD homologs in algae, we performed an iter-
ative sequence mining of the complete proteomes
of the eukaryotic species shown in Figure 1A. As
outlined in Figure 1B, a seed alignment (MSA) of
PLDs from reference organisms was used to gener-
ate a hmm that was then used to search the men-
tioned complete proteomes. The identified
sequences were aligned and the MSA was manually
corrected. The procedure was iterated until conver-
gence occurred. Since for some groups of algae the
number of fully annotated genomes is scarce or not
available, we also searched the nonredundant data-
base at the HMMER website for potential PLDs
using the hmm file generated during the last cycle
of data mining and the EST database at the NCBI
website using tblastn. To increase the phylogenetic
context of this analysis, the hmm files were also
used to search for well-annotated prokaryotic
sequences using the Swiss-Prot and Reference

Proteomes databases at the HMMER website, and
restricting the search to Bacteria and Archaea.
Using this criteria, we identified 188 sequences from
Bacteria and 15 from Archaea within the established
cut-off limits. The complete set of sequences
obtained in this manner was aligned, trimmed using
BMGE (see Appendix S1 in the Supporting Infor-
mation for a trimmed alignment) and used for phy-
logenetic analyses. As a result of trimming, all the
sequences containing a gap proportion higher than
65% were eliminated and not used for tree recon-
struction.
As mentioned earlier, one challenge of working

with the PLD family is the existence of other pro-
teins that contain HKD motifs (and hence are part
of the HKD superfamily) but possess other phos-
phodiesterase-related activities. Bacterial CSs, PSSs,
PGPSs, and endonucleases are some of the best
characterized homologs (Pointing and Kerr 1996).
Although most of these proteins are bacterial, a few
examples have been found in eukaryotes (Sch€afer
et al. 2007, Yoshikawa et al. 2010). Here, phyloge-
netic analysis was used to locate HKD superfamily
members within the different families. The resulting
tree, depicted in Figure 2, shows a clear hierarchical
clustering (also seen in the radial phylogram inset).
Bayesian and ML topologies were identical for all
major clades, showing only small differences within
clades (see Appendices S2 and S3 in the Supporting
Information for Bayesian and ML-bootstrapped tree
files). There appear to be two, well-supported, major
clades. The first one consists of the eukaryotic-type
PLD homologs (Fig. 2 and Appendices S2 and S3,
Bayesian posterior probability = 0.83, ML Bootstrap
support = 87). This clade is, as expected, mostly
composed of proteins with two HKD catalytic
domains and amino-terminal regulatory domains.
The second major clade contains all the prokaryotic
PLD homologs included in the analysis, as well as
many sequences from eukaryotes with similarity to
bacterial PLDs and to other prokaryotic HKD
enzymes. Here, we refer to the members of this
clade collectively as the bacteria-like HKD superfam-
ily (Fig. 2 and Appendices S2 and S3, Bayesian pos-
terior probability = 0.996, ML Bootstrap
support = 98). This clade contains proteins that lack
regulatory domains and many members with single
catalytic domains. Interestingly, while all the mem-
bers of the eukaryotic-type PLD clade come from
the eukaryotic domain, the bacteria-like HKD super-
family is composed of proteins from both prokary-
otes and eukaryotes.
Phylogenetic analysis resulted more challenging

for the bacteria-like HKD superfamily than for the
clade of eukaryotic-type PLDs. First, for bayesian
analysis, a higher amount of generations were
needed for some of the splits of the bacteria-like
clades to reach convergence between runs (~20 mil-
lions). When analyzing many compatible trees from
different runs and even from different analyses, we
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FIG. 1. Identification of PLD homologs in algae by bio-
computational analysis. (A) Table showing the species used
for biocomputational analysis. Representative algae with
complete proteomes, as well as selected organisms from
Archaeplastida, SAR, Haptophyta, Cryptophyceae, Excavata,
Opisthokonta, and Amebozoa were selected for HMMER
iterative data mining. Algae species are highlighted as sepa-
rate boxes. Where only the genus name is provided, more
than one species were analyzed. PLD homologs from Eu-
glena gracilis, Chondrus crispus and Alexandrium tamarense, as
well as prokaryotic PLD homologs, were obtained searching
several databases within the HMMER website in a nonitera-
tive manner. (B) Flowchart of PLD sequence identification.
A multiple sequence alignment (MSA) of characterized
PLDs from diverse organisms was used to build a HMMER
profile using the hmmbuild tool, which was subsequently
used to search the proteomes shown in A) (with hmm-
search). Sequences positively identified were aligned into a
new MSA and further scrutinized for the presence of the
hallmark catalytic motif. This MSA was used to create a
new hmm for iterative sequence identification until conver-
gence. After the addition of proteins identified through
the databases in the HMMER website, the final set of HKD
superfamily proteins was used to reconstruct phylogenetic
trees (after alignment and trimming) and to perform Pfam
and Blast analyses for functional annotation of proteins
and domains.
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FIG. 2. Phylogenetic relationships of algae HKD superfamily members. Rooted circular phylogram representation of the tree generated
by the maximum likelihood (ML) and Bayesian methods on the conserved regions of proteins from the HKD superfamily. The main
groups are: C2-PLDs, PXPH-PLDs (including PXPH-like PLDs), oomycete-specific PLDs and oomycete-like PLDs (Oomyc-sp. and Oomyc-
like PLDs) and bacteria-like HKD superfamily members. From this last group, cardiolipin synthases (CSs), phosphatidyl synthases (includ-
ing both PSSs and PGPSs), polyphosphate kinases (PPKs) and the five clades of bacteria-like PLDs are shown. All the groups, with the
exception of the clades indicated with asterisks, contain algae members. ML bootstrap support values higher than 70% are shown with
gray circles. Only for the major clades, black circles indicate support values higher than 0.7 (or 70%) for both Bayesian and ML analyses,
while open squares indicate that branch support is provided only by bootstrap, but not Bayesian, analysis. The open white circles indicate
the only two major clades with support values between 0.50 and 0.70. Abbreviated species names and internal number codes are shown
only for leaves corresponding to algae proteins. The scale bar represents 0.1 amino acid substitution per site. The inset below shows the
same tree as an unrooted radial phylogram. To view the trimmed MSA used to reconstruct the trees, see Appendix S1; to see the raw trees
in Nexus format, see Appendices S2 and S3. The two strips correspond to predicted subcellular localization (outer) and prediction of
transmembrane domains (inner).
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evidenced quite some heterogeneity in the organiza-
tion of some of the subclades within the bacteria-
like HKD superfamily (data not shown). This
heterogeneity was the cause of a few low to moder-
ate support values within the bacteria-like HKD
superfamily when using all compatible trees to build
a consensus (Figs. 2 and 3), and it also generated a
few politomies when using the 50% majority rule
(data not shown). In contrast to the bacteria-like
HKD superfamily, the topologies of the eukaryotic-
type subclades were much more homogeneous
between samples, producing higher support values
and an earlier reach of convergence (data not
shown).

An analysis of eukaryotic-type PLDs reveals that
the four major subclades consist of proteins all
likely to have PLD activity, as previously reported
for many of the homologs (Selvy et al. 2011). These
clades include the canonical C2- and PXPH-PLDs
(including a few PXPH-like proteins) and two clades
containing the majority of known oomycete PLD
sequences (Meijer et al. 2011), as well as a number
of related algae sequences from the dinoflagellate
Alexandrium tamarense, referred to as oomycete-like
PLDs (Fig. 2). On the contrary, the bacteria-like
HKD superfamily is composed of several clades of
proteins with distinct enzymatic activities, as evi-
denced by the many well-characterized homologs
annotated on Swiss-Prot. The first major clade
includes both prokaryotic and eukaryotic CSs (Baye-
sian posterior probability = 1.00, ML Bootstrap sup-
port = 100). Although CSs include many well-
characterized proteins from bacteria and a number
of homologs from protists, we identified only two
sequences from algae (one from the chlorarachnio-
phyte Bigelowiella natans and one from the dinoflag-
ellate Symbiodinium minutum; Table 1). The second
clade is composed of PSSs (Bayesian posterior prob-
ability = 1.00, ML Bootstrap support = 100). PSSs
are more widespread among algae than CSs, and
include members from the glaucophyte Cyanophora
paradoxa, the chlorophyte Chlorella variabilis, the
eustigmatophyte Nannochloropsis gaditana, the
pelagophyte Aureococcus anophagefferens, B. natans
and diatoms (Table 1). Then there are five clades
(numbered I–V) of putative PLDs containing pro-
teins from algae, which will be discussed in further
detail. Last, there is a clade composed solely of pro-
teins from prokaryotes that corresponds to bacterial
polyphosphate kinases (PPKs), non-PLD members
of the HKD clan (see Introduction) required for
the synthesis of inorganic polyphosphate (polyP)
from ATP (Tzeng and Kornberg 2000).
Most algae have few putative HKD PLDs. Algae in

general possess considerably fewer PLDs than
higher plants. This is most remarkable for green
and red algae, given their monophyletic origin with
plants. As an example, we identified 12 PLD
sequences in the annotated genome of Arabidopsis
thaliana, 16 in Oryza sativa, 18 in Solanum lycoper-

sicum and 23 in Glycine max, whereas glaucophytes,
green and red algae appear to have 3 PLDs at most
(Table 1). In some striking cases, such as C. vari-
abilis (green alga) and Cyanidioschyzon merolae (red
alga), no sequences encoding a protein with puta-
tive PLD activity were identified at all. The algae
with the highest number of PLDs were the dinoflag-
ellates S. minutum and A. tamarense and the coccol-
ithophore haptophyte Emiliania huxleyi, which
appear to have 9, 7, and 10 PLDs, respectively. All
diatoms analyzed have at least one PLD, with as
high as four (Fragilariopsis cylindrus; Table 1). Guil-
lardia theta, a cryptophyte and Ectocarpus siliculosus, a
brown alga, do not appear to have any HKD-con-
taining proteins with putative PLD activity. The
pelagophyte A. anohagefferens features two PLDs,
whereas B. natans and the eustigmatophytes N. gadi-
tana and Nannochloropsis oceanica appear to have sin-
gle proteins with putative PLD activity (Table 1).
Algae PLDs belong to diverse phylogenetic

groups. Analysis of the tree in Figure 2 reveals that
algae PLDs belong to a wide number of distinct
classes. Table 2 and Table S2 show a list of all the
sequences with putative PLD activity identified in
algae, together with a set of features that character-
ize each one of them. As already outlined for the
case of the whole HKD superfamily, we found four
main groups of putative PLDs: C2-PLDs, PXPH-
PLDs (including PXPH-like PLDs), oomycete-speci-
fic PLDs (and related oomycete-like PLDs) and bac-
teria-like PLDs. The catalytic motifs of each of the
groups have unique distinguishing features, as
shown in the sequence logos in Figure 4.
Canonical eukaryotic PLDs: C2- and PXPH-

PLDs. Within the clade of eukaryotic-type PLDs, C2-
and PXPH-PLDs appear to have evolved from a com-
mon ancestor (Fig. 2, Bayesian posterior probabil-
ity = 0.998, Bootstrap support = 89). C2-PLDs
include most of the land plant PLDs and very few
proteins from green (Coccomyxa subellipsoidea, one
polypeptide) and red algae (Chondrus crispus, two
PLDs; Porphyridium purpureum, two PLDs; Fig. 2 and
Table 2). This group also includes single members
from the diatoms Thalassiosira pseudonana and Phaeo-
dactylum tricornutum and several proteins from nonal-
gae protists (Fig. 2). Remarkably, two of the algae
C2-PLDs have imperfect HKD1 motifs: in one of the
two C. crispus C2-PLDs, HKD1 is replaced by HKT; in
C. subellipsoidea, HKD1 is modified to HKS (Table 2).
PXPH-PLDs include most PLDs from amoebo-

zoans and opisthokonts, some land plant PLDs and
a few members from nonphotosynthetic protists,
including the oomycete Phytophthora infestans. We
could not identify any true PXPH-PLDs in any the
algae species analyzed (Fig. 2). However, we did
identify several algal proteins with their catalytic
domains most closely related to those of PXPH-
PLDs, but that lack the PX or PH domains, or both.
For this reason, this subclade was named PXPH-like
PLDs. A few nonphotosynthetic protists also seem to
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have this type of PXPH-like PLDs (see trees in
Appendices S2 and S3).

An interesting case is provided by eustigmato-
phytes. HHMER profiling shows that both N. gadi-
tana and N. oceanica have a gene that codes for a
protein with very high similarity to PXPH-PLDs, but
with both catalytic histidines (H) and lysines (K)
modified. In N. gaditana, HKD1 is replaced by NTD,
while in N. oceanica, HKD1 is replaced by NSD. In
both organisms, HKD2 is modified to NRD

(Table 2). Interestingly, both these proteins seem to
have a PX-like domain detectable by delta blast, but
not Pfam. Modeling of both proteins on known
PLDs yielded a 3D structure with a 100% confi-
dence (data not shown).
Oomycete-like PLDs. Figure 2 shows that there are

two well-supported clades of PLDs composed largely
by proteins from oomycetes, which we refer to as
oomycete-specific PLDs. One of them is exclusive to
this taxonomic group, and includes the previously
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FIG. 3. Composition and phylogenetic relationships of bacteria-like PLDs. Detailed phylogram showing the full composition of Clades
I–V of bacteria-like PLDs and collapsed clades for PPKs and PSSs. Full species names and internal codes are shown for eukaryotic
sequences, full species names and Uniprot IDs are shown for prokaryotic sequences. Each clade is delimited with brackets. Taxonomic
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the major splits (in bold), Bayesian posterior probabilities are shown after the slash only when the posterior probability is >0.50. The scale
bar represents 0.1 aminoacid substitution per site.
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characterized Pi-TM-PLD protein from Phytophthora
infestans (Meijer et al. 2011). The other clade con-
sists of several PLD-like proteins also previously
described in P. infestans (Meijer et al. 2011), along
with orthologs in other oomycetes. As mentioned
above, phylogenetic analysis provides strong evi-
dence that this last clade of oomycete-specific PLDs
clusters with another subset composed of five PLDs
from the distantly related alga A. tamarense (oomy-
cete-like PLDs), forming a monophyletic clade
(Fig. 2, Bayesian posterior probability = 1.00, Boot-
strap Support = 100). Interestingly, all the
sequences within this clade also have a modified
HKD1, while HKD2 remains canonical (Fig. 4). In
A. tamarense, the HKD1 is modified to HKR or HKQ
(Table 2). Protein subcellular localization predic-
tions indicate that most of the proteins within this
clade likely enter the secretory pathway (Fig. 2).
Bacteria-like PLDs: clades I-V. A large number of

algae PLDs show significant similarities to prokaryotic
PLD homologs. The catalytic motifs of the proteins
within this group have unique characteristics. Bacte-
ria-like PLDs show a lower degree of conservation in
the catalytic aspartic acid (D), either in HKD1 or
HKD2, which is commonly replaced by other

amino acids with either similar or different chemical
properties. In contrast, modification of this amino
acid is rare for C2 or PXPH-PLDs. Both cat-
alytic motifs of bacteria-like PLDs have an invariant
asparagine (N) downstream of the HxKxxxxD
(mainly as GGxN, GSxN, SSxN, SGxN, TGxN, GTxN,
or STxN), whereas C2, PXPH-like and oomycete-like
PLDs all have a GGxD in HKD1 and a GSxN in
HKD2 (Fig. 4 and Appendix S1). Bacteria-like PLDs
also have a greater number of amino acids with bulky
hydrophobic side chains (Y, F, W) in both catalytic
motifs (Fig. 4). Bacteria-like PLDs identified by our
hmmer profiling can be further divided into five
main clades. These clades might be paraphyletic with
respect to CSs and PSSs/PGPSs, although with a
moderate statistical support provided only by ML
(Fig. 2, Bootstrap support = 63). In addition, clade I
shares a common ancestor with clade II, while clade
III, IV, and V form a monophyletic clade together
with PPKs. A detailed tree showing the full taxon
composition of the five bacteria-like PLD clades, as
well as their phylogenetic relationship with PPKs, is
shown in Figure 3.
Clade I. This subgroup is composed exclusively of

algal proteins, including the prasinophytes Ostreococ-

TABLE 1. Number of HKD superfamily homologs identified in the selected algae by HHMer and blast analyses.

Organism
Putative
PLDs Putative cardiolipin synthases

Putative phosphatidylserine/
phosphatidylglycerophosphate synthases

Cyanophora paradoxa 3 – 2 (consensus from Contig 37097-abinit-gene-0.1,
consensus from Contig 40239-abinit-gene-0.1)*,†

Cyanidioschyzon merolae – – –
Chondrus crispus‡ 2 – –
Porphyridium purpureum 2 – –
Chlorella variabilis – – 1 (E1Z2U1)§

Coccomyxa subellipsoidea 1 – –
Chlamydomonas reinhardtii 1 – –
Volvox carteri 1 – –
Bathycoccus prasinos 3 – –
Micromonas sp. 3 – –
Micromonas pusilla 3 – –
Ostreococcus lucimarinus 3 – –
Ostreococcus tauri 3 – –
Bigelowiella natans 1 1 (jgi|Bigna1|21168|gw1.5.39.1)* 1 (jgi|Bigna1|79212|fgenesh1_pg.60_#_83)*
Symbiodinium minutum 9 1 (symbB1.v1.2.024281.t1)* –
Alexandrium tamarense‡ 7 – –
Nannochloropsis gaditana 1 – 1 (K8YRD7)§

Nannochloropsis oceanica 1 – –
Aureococcus anophagefferens 2 – 1 (F0YJZ1)§

Ectocarpus siliculosus – – –
Fragilariopsis cylindrus 4 – 2 (jgi|Fracy1|251375|fgenesh2_pg.35_#_120,

jgi|Fracy1|244906|fgenesh2_pg.14_#_204)*
Phaeodactylum tricornutum 2 – 1 (B7G454)§

Pseudo-nitzschia multiseries 1 – 1 (jgi|Psemu1|291269|fgenesh1_pg.662_#_4)*
Thalassiosira pseudonana 3 – 1 (B8C566)§

Emiliania huxleyi 10 – 2 (R1D6M1)§ (R1D3E8)§

Guillardia theta – – –
Euglena gracilis‡ – – –

*Protein IDs obtained from the corresponding genome pages detailed in Table S1.
†These sequences were eliminated before tree reconstruction due to their gap content. Their putative group localization was

determined according to their hmmserach scores (see Methods).
‡Complete proteomes were unavailable at the time of analysis. Data might be incomplete.
§Uniprot IDs.
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TABLE 2. Main predicted characteristics of algae proteins with putative PLD enzymatic activity.

(continued)
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cus tauri, Ostreococcus lucimarinus, Bathycoccus prasinos,
Micromonas pusilla, and Micromonas sp., in addition
to single members from S. minutum and E. huxleyi.

The members of this clade have Pfam PLDc_2 cat-
alytic domains, mentioned in the Introduction sec-
tion, as either significant or insignificant hits

TABLE 2. (continued)
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(Table 2). Four of the proteins within this clade
have D-to-E replacements in the catalytic aspartic
acid (D) in HKD2, while there is no conservation in
this position in HKD1, where we observed replace-
ments to H, Q, K, R, A, or E (Table 2, Fig. 4 and
Appendix S1).

Several members within this clade have features
that question what the functions of these proteins
really are. For example, the O. lucimarinus protein
has, toward the amino terminus, a domain similar to
Lsr2, a small, basic DNA-bridging protein present in
Mycobacterium and related actinomycetes. Lsr2 is a
functional homolog of the H-NS-like proteins from
gram-negative bacteria, which play a role in nucleoid
organization and also function as pleiotropic regula-
tors of gene expression (Gordon et al. 2008).

Although the O. tauri protein within this clade
appears as a PLDc_2 member and Pfam does not
detect it as homolog of the NgoFVII subfamily
within clan CL0479, its HKD motifs resemble those
of the catalytic domain of type II restriction
endonucleases BfiI and NgoFVII (Zaremba et al.
2004, Rao et al. 2014).

The gene models of the two Micromonas sp. pro-
teins within this clade have additional domains as
well. For example, one of them has, toward the car-
boxy end, a domain with high similarity to lipoate-
protein ligase B (BPL_LplA_LipB in Pfam), a group
of proteins that ligate cofactors, such as biotin and
lipoate, to acyl carrier proteins (Christensen and
Cronan 2009). However, these two protein sequences
have been subsequently modified in Uniprot and
NCBI (as shown in Table 2), indicating that these
additional domains might in fact correspond to dif-
ferent proteins. Further refinement of gene models
and EST sequencing will certainly allow to determine
the precise nature of these proteins.

Clade II. The eukaryotic members of this sub-
group are exclusively from algae: several PLDs
from diatoms, E. huxleyi and A. tamarense (Fig. 2
and Table 2). In addition, this clade includes sev-
eral bacterial PLDs, including a member from the
Gammaproteobacteria Xanthomonas campestris and
secreted proteins from the Acidobacteria Koribacter
versatilis and from two proteins from the Strepto-
myces genus (Actinobacteria; Fig. 3). The catalytic
domains of all the members of this clade have
invariant HKD motifs (Fig. 4 and Appendix S1)
and belong to Pfam PLD-like domain 2 (PLDc_2),
although in some cases the hits are insignificant
according to the Pfam domain gathering threshold
(Table 2). Protein localization predictions suggest
that the algae proteins within this clade are sol-
uble and, with the exception of the A. tamarense
and the E. huxleyi proteins, most likely cytosolic
(Fig. 2).
Clade III: SP-PLDs. This subgroup consists of

PLDs from several taxonomically diverse eukaryotic
species, which include a few land plants, opistho-
konts and amebozoans, a few nonphotosynthetic
protists and single PLDs from the algae A. anophag-
efferens, B. natans, and A. tamarense (Fig. 3). This
group contains the previously described SP-PLD
from rice (O. sativa; Li et al. 2007). The N-terminal
catalytic domain of all the proteins within this clade
belongs to Pfam PLD-like domain 2 (Table 2,
PLDc_2 = HKD1), whereas the C-terminal catalytic
domain belongs to PLD-like domain 3 (Table 2,
PLDc_3). In addition, the HKD2 of the algae
homologs within this clade is, similar to the rice
counterpart, a canonical HKD, unlike the mam-
malian SP-PLDs, in which there is a D-to-E replace-
ment (Li et al. 2007, Selvy et al. 2011). In this
analysis, only a protein from the nonphotosynthetic

FIG. 4. Sequence logos of the
HKD motifs (HKD1 and HKD2)
of each group within the HKD
superfamily. The logos were
organized to align the HKD
motifs. The second region of
high conservation, the GGxN
motif (and its variations), is
shown with bars at the bottom of
the Figure to guide logo
comparison. The only clade in
which all the polypeptides have a
single full HKD motif is Bacteria-
like Clade V (Mito-PLDs). Sample
size correction was applied. Bit
scores are shown on the Y-axes.
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protist Naegleria gruberi showed such replacement
(Appendix S1).

In addition to the sequence similarity between
the various members of this group, protein localiza-
tion prediction shows that, besides the rice protein,
many other counterparts might enter the secretory
pathway as well (Fig. 2). Although many of the pro-
teins within this clade have TM domains, this does
not appear to be the case for the algae members
(Fig. 2).
Clade IV. This subgroup is composed of single

sequences from eukaryotes, including the prasino-
phytes O. tauri, O. lucimarinus and B. prasinos, in
addition to single members from the amoebozoan
Dictyostelium purpureum and the protist N. gruberi
(Fig. 3). Although the catalytic domains of these
proteins belong to Pfam PLDc-like domain 2
(Table 2, PLDc_2 = HKD), the surroundings of the
HKD motifs are very different from the rest of the
clades (Fig. 4 and Appendix S1). A remarkable
example is constituted by a stretch of prolines very
close to each other (e.g., PxxxPxPxxPxP or
PxxxPxPxxPxPP) downstream of HKD2.
Clade V: Mito-PLDs. This clade is one of the most

diverse within the bacteria-like HKD superfamily. It
is composed of members from both the eukaryotic
and prokaryotic domains. Within the prokaryotic
domain, there are members from Archaea,
Cyanobacteria, Firmicutes, Chloroflexi, and both
Alpha- and Gammaproteobacteria (Fig. 3). The
eukaryotic proteins within this clade include single
members from chlorophytes, including the only
HKD superfamily members identified in the volvo-
cales Chlamydomonas reinhardtii and Volvox carteri.
This group also contains seven quite similar
sequences from E. huxleyi, three from S. minutum
and single proteins from both Micromonas species,
O. lucimarinus, B. prasinos and the glaucophyte
C. paradoxa, along with a few sequences from ciliate
protists and several from opisthokonts and the
amoebozoan D. purpureum (Fig. 2, see also Table 2
and Fig. 3). This clade includes mammalian Mito-
PLD (also known as Phospholipase D6 or cardi-
olipin hydrolase), a protein proposed to generate
PA from cardiolipin hydrolysis on the mitochondrial
surface (Choi et al. 2006).

Most of the algae proteins within clade V have a
single PLD catalytic domain; most of them have
between ~200 and 450 amino acids and clearly con-
stitute half a full-length PLD (Table 2). However,
two of the E. huxleyi proteins are much larger, simi-
lar to full PLDs (Table 2, 863 and 777 amino acids),
and possess parts of a second PLD-like domain,
albeit that the catalytic HKD motifs are absent or
compromised (Table 2 and Appendix S1). As an
example, one of them (Uniprot ID: R1BLR0) has a
deletion of the catalytic D and the minimum
amount of 6 amino acids that seems to be necessary
between the catalytic HxK and the downstream
GSxN, which argues that this motif might not be

functional. These two proteins possess a single TM
domain at their amino-terminal portion (Fig. 2),
indicating they could be anchored to a membrane
with both ends facing opposite sides. According to
their predicted subcellular localization, one of these
proteins (Eh00013699, Uniprot ID: R1BLR0) is
likely to be located on the plasma membrane, with
the catalytic domain in the extracellular medium.
The other protein (Eh00015190, Uniprot ID:
R1D9S8), could be anchored to the outer chloro-
plast envelope, with the enzymatic activity facing the
cytosol (Fig. 2). Two of the Mito-PLDs from S. minu-
tum also show TM domains. One of them,
Smin030869 (gene ID symbB1.v1.2.027300.t1) is pre-
dicted to be secreted, having one N-terminal TM
domain (Fig. 2) and, hence, both ends of the pro-
tein facing opposite sides of the plasma membrane.
The other protein from S. minutum, Smin025039
(gene ID symbB1.v1.2.022118.t1) is also predicted
to enter the secretory pathway and to have 5 TM
domains. However, the presence of a DNaJ domain
at the C terminus of this sequence and its unusual
length (Table 2) suggest that the annotated gene
model for this protein might be wrong and the
PLDc_2 and DnaJ domains actually belong to two
separate proteins. Since the TM domains are
located in the middle portion of the protein (which
has no similarity to any reported domain according
to Pfam), it remains to be determined whether any
of them is present in this PLD.
The algae proteins within clade V are phylogeneti-

cally related to Mito-PLDs, but their predicted sub-
cellular localization seems to vary among the
different members (Fig. 2). Five of the proteins
within this clade are predicted to be targeted to
mitochondria (Fig. 2).
The C. reinhardtii Mito-PLD has an overall

sequence identity of 40% and a similarity of 58%
when compared with its mouse counterpart (by
blastp). Modeling of the C. reinhardtii protein on
mouse Mito-PLD yielded positive results with 100%
confidence and showed that the two proteins corre-
spond very closely (Fig. 5A). The formation of
homo-dimers in the C. reinhardtii homolog could be
positively identified and predicted with high confi-
dence when compared with the homo-dimer of Sal-
monella typhimurium PLD-like protein Nuc (Fig. 5, B
and C), suggesting that C. reinhardtii Mito-PLD also
homo-dimerizes for catalytic activity.

DISCUSSION

By computational analysis, we identified a set of
algae proteins from the HKD superfamily, including
polypeptides with putative PLD activity. Our iterative
HHMER profiling identified all the PLD family
members previously reported for studied plants,
such as rice, as well as other organisms, such as the
oomycete P. infestans. This indicates that all the
HKD superfamily members were most likely identi-
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fied from the algae data set, provided that a trans-
lated gene model exists for that polypeptide.

Our results show that PLD homologs have evolved
into two major groups, here named eukaryotic-type
PLDs and bacteria-like PLD homologs. The first
consists of eukaryotic sequences only, whereas the
latter includes both eukaryotic and prokaryotic
homologs. Several pieces of evidence suggest that
the evolution of the bacteria-like HKD superfamily
has been more complex than the evolution of
eukaryotic-type PLDs. First, the number of genera-
tions required to achieve the convergence of splits
between runs in bayesian analysis was higher for
some of the bacteria-like PLD subclades, and there
was a higher heterogeneity between compatible
trees for some of these subclades, hence producing
lower support values in the consensus. Second, all
of the eukaryotic-type homologs characterized bio-
chemically are known to act as PLDs, whereas bacte-
ria-type homologs have several distinct enzymatic
activities, being functionally much more diverse as a
whole. This is demonstrated by the higher degree of
degeneration that appears to be allowed in the
HKD motif for the non-PLD members of the bacte-
ria-like HKD superfamily. For instance, Pfam
description of PLDc_3 (in terms of logo and
HMMER profile) corresponds to a region that does
not contain the HKD motif, since many sequences

within that subfamily have QxSx4D or LxCx4D in
HKD1 and NxKx4D in HKD2. However, many other
PLDc_3 homologs do have two perfect HKD motifs.
It can be envisaged that during the evolution of the
bacteria-like HKD superfamily, various homologs
have retained the PLD function, likely related to at
least one perfect HKD motif, while others might
have acquired new functions. In this work, sequence
data mining was performed on the basis of general
similarity and the presence of at least one catalytic
motif, without discriminating whether it consisted of
a perfect or imperfect HKD. Subsequent phyloge-
netic clustering and biocomputational analysis was
used to shed light onto which sequences likely cor-
respond to PLD enzymes and which likely corre-
spond to other, biochemically related, functions.
Although this was fairly straightforward for the algae
PLD homologs that clustered with well-characterized
proteins (e.g., CSs, PSSs/PGPSs, or C2-, SP- and
Mito-PLDs), it was not the case for all clades. A
remarkable example is provided by bacteria-like
Clade I. The presence in some of the members of
this clade of domains with similarity to DNA-modify-
ing enzymes opens the question of whether the pro-
teins within clade I function as PLDs or as bacteria-
type endonucleases. Another example is the phylo-
genetic relationship between Clades III, IV, and V
of bacteria-like PLDs with PPKs. Although they

A

CB

FIG. 5. Prediction of Chlamydomonas reinhardtii Mito-PLD tertiary structure. (A) Cartoon representation of the model of the C. reinhardtii
Mito-PLD homolog (darker cartoon) structurally aligned with the mouse Mito-PLD (lighter cartoon) used for modeling. The side chain of
the catalytic histidine of the model is shown as licorice and indicated wth an arrow, b-sheets and a-helices are specifically shown as cartoon,
the rest of the model is shown as a tube. (B) Side view of the C. reinhardtii Mito-PLD homo-dimer modeled on Salmonella typhimurium HKD
superfamily member endonuclease Nuc. The monomer model of (A) (shown as cartoon) is structurally aligned to the dimer model (shown
as tube). b-sheets, a-helices and catalytic histidines are as indicated as in A. (C) Top view of the homo-dimer, structurally aligned with the
monomer, showing the catalytic pocket between the two histidines. b-sheets, a-helices and catalytic histidines are as indicated in A.
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appear phylogenetically related, the PPK clade
seems to have distanced itself considerably from the
last shared ancestor. According to Pfam, the mem-
bers of Clade III, IV, and V all have PLD domains
with at least one intact HKD motif, whereas the
members of the PPK clade only have PPK domains,
which usually are HRX. It is therefore unlikely that
Clades III, IV, and V have PPK activity or viceversa,
since many PPKs and Mito-PLDs have been thor-
oughly characterized biochemically. More likely, this
case reaffirms the idea that the bacteria-like HKD
superfamily has evolved in a very complex and
extensive manner, resulting in a higher functional
diversification than eukaryotic-type PLDs.

Analysis of the algae PLD family reveals that most
algae PLDs have features typical of bacteria. First,
with the exception of the C2-PLDs and the two Nan-
nochloropsis PX-like-containing proteins identified, all
algae PLDs lack the canonical regulatory domains.
Second, many algae PLDs possess single HKDs, simi-
lar to Nuc-type bacterial endonucleases and Mito-
PLDs. Single HKD PLDs are considered ancestral
forms of the enzyme, originated prior to the events
of gene duplication and fusion proposed to have
generated the more complex plant and animal
homologs (Pointing and Kerr 1996).

A striking fact is that some algae seem to lack
HKD PLDs. There are at least two possibilities with
these algae regarding PA signaling and metabolism:
the first one is that they might generate PA
through the action of non-HKD PLDs. The second
is that they might produce PA through a PLD-inde-
pendent pathway, which involves diacylglycerol
kinase (Arisz et al. 2009, Testerink and Munnik
2011). In fact, algae that do have HKD PLDs might
also generate PA via the mentioned alternatives,
since the three pathways are by no means mutually
exclusive.

Algae in the Archaeplastida supergroup have very
few PLD isoforms compared with plants, but they
are much more diverse. As mentioned above, most
PLDs in chlorophytes resemble ancestral PLDs from
bacteria, and very few seem to be related to the
more complex plant or animal homologs. Indeed,
all plants analyzed exhibit many C2-PLDs that are
very similar to one another, whereas only one
chlorophyte and two red algae seem to have one or
two members of this type (Fig. 6). From a func-
tional point of view, this provides insights into the
possible differences between algae and plant PLDs.
In plants, the existence of a plethora of similar PLD
isoforms accounts for the high complexity typical of
pluricellular organisms, having the large repertoire
of enzymes similar metabolic and signaling mecha-
nisms, with small differences related to tissue speci-
ficity, metabolic state (e.g., biotic or abiotic stress)
or the developmental stage, among others. In algae,
the modest number of very diverse PLDs is likely a
reflection of very different roles within a few signal-
ing and metabolic pathways.

Algae outside of Archaeplastida (SAR and Hapto-
phyta) have, in general, many more bacteria-like
superfamily members with putative PLD activity than
most nonphotosynthetic protists, with the exception
of oomycetes. In contrast, bacterial CSs and phos-
phatidyl synthases seem to be more widespread
among non photosynthetic protists, such as apicom-
plexan parasites and ciliates. There are also some
interesting differences in the composition of PLDs
between algae in the different supergroups. Most
PLDs from Archaeplastida are cytosolic, and only
two are predicted to enter the secretory pathway. In
contrast, five algae species within SAR have PLDs
that seem to be secreted (Fig. 6). SAR and Hapto-
phyta do not possess enzymes with chloroplast target
peptides, whereas there are five sequences within
Archaeplastida that could be targeted to plastids.
The distribution of PLD classes also differs between
the supergroups: clades II and III of bacteria-like
PLDs are exclusive of algae from SAR (and one
from Haptophyta), while clades I and IV are, with
only two exceptions, exclusive of Archaeplastida
(specifically prasinophytes). Mito-PLDs are not wide-
spread in SAR, considering that only the dinoflagel-
late S. minutum seems to have this type of protein
within that supergroup.
In this work, a group of PLDs that seems to be

specific to oomycetes showed homologs in the
dinoflagellate A. tamarense. This group of PLDs is
not present in either other algae or the rest of the
eukaryotes used for this analysis. Furthermore,
oomycete-like PLDs are not present in the genome
of the only other dinoflagellate analyzed, S. minu-
tum, which has a complete genome sequence draft
(Shoguchi et al. 2013). This provides evidence that
the presence of this type of protein might not be a
general rule in dinoflagellates.
There are three salient exceptions to the

reduced number of PLDs in algae, not surprisingly
the two dinoflagellates A. tamarense and S. minutum
and the haptophyte E. huxleyi. The genomes of
dinoflagellates are notoriously large, ranging from
1.5 to 200 Gb (McEwan et al. 2008, Hou and Lin
2009, Shoguchi et al. 2013). A. tamarense cells con-
tain ~143 chromosomes and have a genome size of
200 pg/cell (~200,000 Mb), over 60 times the size
of the human genome (Hackett and Bhattacharya
2008). In addition, dinoflagellate genomes are
extremely complex with genes arranged in tandem
arrays, spliced leader (SL) trans-splicing and mRNA
transposition mechanisms (Hackett et al. 2005).
Analysis of SL sequences in Alexandrium ostenfeldii
provided evidence for frequent retro-transposition
of mRNA species, which probably contributes to
overall genome complexity by generating addi-
tional gene copies (Jaeckisch et al. 2011). Sequenc-
ing of the S. minutum genome also revealed a high
level of gene duplication (Shoguchi et al. 2013). In
Symdiodinium kawagutii, more than 20 highly similar
SL sequences have been identified, and these were
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found in essentially all the full-length cDNAs
within a 50-cap selective library (Zhang et al. 2013).
These kinds of mechanisms could be operating in
dinoflagellates for the generation of multiple
copies of genes coding for the several PLDs identi-
fied. Unfortunately, A. tamarense PLD RNAs
extracted from NCBI are not full length, making it
impossible to identify the trans-splicing SL consen-
sus sequence most typical of dinaflagellates, “tccg-
tagccattttggctcaag” (Jaeckisch et al. 2011) or its
variations.

Although the estimated genome size of E. huxleyi
is much smaller (0.14 Gb) than that of dinoflagel-
lates, it is still significantly larger than those of other
algae. An analysis of the E. huxleyi genome revealed
substantial gene expansions in many families, for
example specific to iron/macromolecular transport,
posttranslational modification, cytoskeletal develop-

ment and signal transduction, relative to other
sequenced eukaryotic algae (Read et al. 2013). The
average gene family size in this haptophyte is not
only larger than in many other algae to which it was
compared with but also similar to other organisms
known to code for many proteins in multiple gene
copies, such as Caeonorhabditis elegans or Phytophthora
sojae (Read et al. 2013).
Mito-PLDs and the Chlamydomonas case. Cardi-

olipin hydrolase has been named Mito-PLD because
it has been found associated to the outer mitochon-
drial membrane of mammals, where it forms homo-
dimers (Huang and Frohman 2009). This enzyme
regulates mitochondrial shape through facilitating
mitochondrial fusion and has been shown to hydro-
lyze cardiolipin to generate PA at the mitochondrial
surface (Choi et al. 2006, Watanabe et al. 2011, Gao
and Frohman 2012). PA would then act as a second

FIG. 6. Summary of PLDs identified in algae, classified into their respective groups. A list of algal species is shown on the left. In the
central panel, the number of PLD paralogs present in each species is indicated with dark gray boxes. C2, PXPH-like (PXPH), Oomycete-
like (Oomyc) and Clades I, II, III (III: SP), IV, and V (V: Mito) of Bacteria-like PLDs are shown. ND indicates the sequences that were not
included in the tree and, hence, could not be reliably classified. For Alexandrium tamarense, Euglena gracilis and Chondrus crispus, data might
be incomplete. The right panel shows the distribution of predicted protein localization in each species. HP, Haptophyta; CR, Cryptophyta;
EX, Excavata; Chl, chloroplast; Mit, mitochondria; Sec; secretory pathway; Cyt, cytosol/other; NGE, not good enough evidence for predic-
tion, sequences do not have starting methionines.
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messenger mediating mitochondrial fusion. How-
ever, there is some controversy around Mito-PLD
activity. Cardiolipin is mostly found in the inner
mitochondrial membrane and modeling of the
resulting N-terminally tethered Mito-PLD dimer on
bacterial Nuc and PLD suggested that the lipid-hy-
drolyzing catalytic pocket should paradoxically be
oriented away from the mitochondrial outer mem-
brane surface (Choi et al. 2006). In addition, during
spermatogenesis, Mito-PLD has also been shown to
play a critical role in Piwi-interacting RNA (piRNA)
biogenesis. PiRNAs constitute a large class of small
noncoding RNA molecules expressed in animal cells
that provide essential protection against the activity
of mobile genetic elements. In this case, Mito-PLD
acts as a nonspecific nuclease, cleaving either RNA
or DNA single strand substrates with similar affinity
(Watanabe et al. 2011, Nishimasu et al. 2012). Tak-
ing this into account, whether algae Mito-PLD
homologs act as PLDs, endonucleases or both will
have to be determined experimentally.

PLD activity was previously measured in the alga
C. moewusii upon hyperosmotic stress, membrane
depolarization and G-protein activation (Munnik
et al. 1995, Meijer et al. 2002, Arisz et al. 2003, Arisz
and Munnik 2011). In these situations, PE was
shown to be the preferred substrate for PLD-depen-
dent PA formation (Arisz et al. 2003). However, the
described enzymatic activity was measured in vivo
and not attributed to a particular polypeptide. In
this analysis, the only PLD-like polypeptide found by
HHMER profiling consisted of a cardiolipin hydro-
lase homolog. Although this raises the question of
whether this protein could be responsible for the
PLD activity reported in C. moewusii, it is not surpris-
ing that a single PLD polypeptide could hydrolyze
more than one phospholipid. Mito-PLD, whose sub-
strate preference was only analyzed in mammals,
also showed some activity on PE (Choi et al. 2006).
In addition, since cardiolipin is not a substrate of
canonical PLDs, a possible contribution of this lipid
to PLD-mediated PA production in C. moewusii was
not evaluated in the work by Arisz et al. (2003).

Another possibility is that PLD activity in Chlamy-
domonas comes from a non-HKD PLD. Since non-
HKD PLDs are not related to one another, they are
not suitable for alignment-based similarity identifica-
tion. Most non-HKD PLDs share a dependence on
divalent cations and a poor catalysis of the transphos-
phatidylation reaction (TPR, in which primary alco-
hols act as phosphatidyl acceptors instead of water).
There are very few non-HKD PLDs that can perform
TPRs efficiently, such as human autotaxin (Tania
et al. 2010). PLD activity in C. moewusii was measured
via the transfer of phosphatidyl groups to 1-butanol
(Munnik et al. 1995, Munnik 2001). In this scenario,
did C. moewusii PLD enzymatic activity come from a
non-HKD PLD, it would have to be one that can carry
out TPRs, of either a known or a novel type.

The Nannochloropsis case. In the Nannochloropsis
genus, HHMER profiling identified a putative PSS/
PGPS and two PXPH-like PLDs with catalytic motifs
in which the histidine (H) was replaced with an
asparagine (N). Although it has been shown that
mutation or chemical modification of the catalytic
H in several PLDs to N renders the proteins inactive
(Gottlin et al. 1998, Rudolph et al. 1999), there are
several HKD superfamily members that naturally
have an N instead of the catalytic H. The protein
p37K from the Poxviridae viral family, for example,
is a HKD superfamily member with HKD1 = LCD
and HKD2 = NKD. P37K gene deletion prevents for-
mation of the extracellular enveloped virus form
and cell to cell viral transmission (Blasco and Moss
1991). The finding that this protein is a PLD homo-
log has led to the proposal that p37K is involved in
processing of the phospholipids of the extracellular
enveloped virus envelope acquired from the host’s
trans-Golgi network, which could be necessary for
viral envelope development (Pointing and Kerr
1996, Selvy et al. 2011). For the case of Nan-
nochloropsis, it remains to be determined whether
the corresponding mRNAs are translated and
whether the resulting proteins have PLD activity
(Blasco and Moss 1991).
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