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Abstract

Cymbomonas tetramitiformis—a marine prasinophyte—is one of only a few green algae that still retain an ancestral particulate-
feeding mechanism while harvesting energy through photosynthesis. The genome of the alga is estimated to be 850 Mb—1.2 Gb in
size—the bulk of which is filled with repetitive sequences—and is annotated with 37,366 protein-coding gene models. A number of
unusual metabolic pathways (for the Chloroplastida) are predicted for C. tetramitiformis, including pathways for Lipid-A and pep-
tidoglycan metabolism. Comparative analyses of the predicted peptides of C. tetramitiformis to sets of other eukaryotes revealed that
nonphagocytes are depleted in a number of genes, a proportion of which have known function in feeding. In addition, our analysis
suggests that obligatory phagotrophy is associated with the loss of genes that function in biosynthesis of small molecules (e.g., amino
acids). Further, C. tetramitiformis and at least one other phago-mixotrophic alga are thus unique, compared with obligatory hetero-
trophs and nonphagocytes, in that both feeding and small molecule synthesis-related genes are retained in their genomes. These
results suggest that early, ancestral host eukaryotes that gave rise to phototrophs had the capacity to assimilate building block
molecules from inorganic substances (i.e., prototrophy). The loss of biosynthesis genes, thus, may at least partially explain the
apparent lack of instances of permanent incorporation of photosynthetic endosymbionts in later-divergent, auxotrophic eukaryotic

lineages, such as metazoans and ciliates.
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Introduction

Chloroplastida (or Viridiplantae) is one of the major eukaryotic
lineages, comprising green algae and land plants (Adl et al.
2012). The group is rich in diversity, including about 370,000
described species (Melkonian 1990; Plant List 2013), and is
responsible for about half of the total global primary produc-
tion (Kirchman 2012). Together, Chloroplastida, Rhodophyta,
and Glaucophyta constitute Archaeplastida, the group char-
acterized by having a plastid that is bound by two membranes,
which is the basis for classifying them as primary plastids (i.e.,
direct descendants of endosymbiotic cyanobacteria) (Archibald
2009). The three archaeplastid lineages are assumed by many
to have originated from a shared endosymbiotic event and to
form a monophyletic group. However, data, especially those
bearing on nucleocytoplasmic traits, thus far have not been
able to unambiguously support the “Archaeplastida” hypoth-
esis (Mackiewicz and Gagat 2014, Stiller 2014).

Of the primary-plastid-containing eukaryotes, only a few
are known to be phagocytotic, despite the presumption that
phagocytotic engulfment of a photo-symbiont was necessary
for the evolution of a photosynthetic organelle (Maruyama
and Kim 2013). Most primary-plastid-bearing eukaryotes
appear therefore to have lost the capacity to feed on bacteria
or other large particulate matter, presumably as phototrophy
took over the primary nutritive role after plastids were ac-
quired (Raven et al. 2009; Cavalier-Smith 2013). No red
algae or glaucophytes are known to be phagocytotic; how-
ever, some “early-diverging” green algae have been sug-
gested to be phago-mixotrophic based on their internal cell
morphology (Moestrup et al. 2003; Maruyama and Kim
2013). Of these, the marine tetraflagellate Cymbomonas tet-
ramitiformis was definitively confirmed to engulf bacteria by
transmission electron microscopy (Maruyama and Kim 2013).
This green alga (fig. 1) appears to utilize a tubular channel to
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transport particles from the exterior environment into a per-
manent acidic vacuole, where digestion takes place
(Maruyama and Kim 2013). Note that internalization of bac-
teria into root cells has been reported from some flowering
plants (e.g., Leborgne-Castel et al. 2010; Paungfoo-Lonhienne
et al. 2010); however, it is structurally different from green
algal phagocytosis (e.g., absence/presence of a feeding chan-
nel) and thus likely represents a derived trait (also see Cavalier-
Smith 2013), possibly stemming from inherent properties of
the eukaryotic cell membrane.

From a broad evolutionary perspective, phagocytosis is re-
stricted to the eukaryotes and is absent in prokaryotes
(Cavalier-Smith  2002). The distribution of phagocytosis
across a wide range of eukaryotic groups suggests that
phagocytosis was present in the last eukaryotic common an-
cestor (LECA), although it has since been lost in several line-
ages after they diverged from LECA (Cavalier-Smith 2002;
Yutin et al. 2009). The evolution of phagocytosis is considered
a key element during eukaryogenesis (Cavalier-Smith 2002;
Yutin et al. 2009), which may explain an observation that
conserved proteins described for phagocytosis across diverse
eukaryotic taxa thus far have heterologous functions (e.g.,
actin filaments and Rho family GTPases) and are not specific
to phagocytosis (Chimini and Chavrier 2000; Yutin et al.
2009).

It should be emphasized that our current understanding of
phagocytosis at the molecular and genomic levels is based on
and limited to a small number of organisms, including the
specialized phagocytotic cells of insects and mammals (e.g.,
macrophages), the amoebozoans Dictyostelium discoideum
and Entamoeba histolytica, and the ciliate Tetrahymena ther-
mophila (Okada et al. 2005, 2006; Gotthardt et al. 2006;
Jacobs et al. 2006; Shevchuk et al. 2009; Boulais et al.
2010). In this study, we compared the C. tetramitiformis
genome with those of phagocytotic and nonphagocytotic
eukaryotes, to gain insight into both the alga itself and to
the evolutionary genetics of nutritional modes.

Fic. 1.— Cymbomonas tetramitiformis cells stained with Alexa Fluor
488 phalloidin, which has a high affinity to F-actin. (4) (bright-field) Each
cell bears four flagella (arrows). (B) (fluorescence, FITC channel) Phalloidin
stain is concentrated at the cell's anterior (arrowheads), where particle
ingestion takes place. Scale bar=10pum.

Materials and Methods
Culturing and Phalloidin Staining

A culture of C. tetramitiformis sp. (PLY262) was obtained from
the Plymouth Algal Culture Collection. The original strain was
cocultured with a heterotrophic stramenopile of uncertain tax-
onomic identity; a clonal algal culture was established by
single-cell isolation techniques. This reisolated culture strain
was used for genome and transcriptome sequencing. The cul-
ture was maintained in f/2-Si medium (Guillard and Ryther
1962) at 16 °C under a 12-h light cycle with an average
light intensity of 34 pmol-m=2.s~".

Exponentially growing C. tetramitiformis cells were fixed by
a mixture of formaldehyde and glutaraldehyde at final concen-
trations of 3.2% and 0.1%, respectively, for 10 min at room
temperature (RT). The cells were permeabilized in 0.03%
Triton X-100 and 100 pg/ml bovine serum albumin (BSA), buff-
ered in phosphate buffered saline (PBS) for 5min at RT. Alexa
Fluor 488-phalloidin (Invitrogen) was then added to the cell
solution according to the manufacturer’'s recommendation.
Phalloidin staining proceeded for 20min at RT. The cells
were resuspended in 50mM glycine in PBS to quench
autofluorescence from unreacted aldehydes. The cells were
washed three times with PBS and the final pellet was
resuspended in filter-sterilized seawater. In all relevant steps,
cells were pelleted by centrifugation at 500 x g for 90s.
Microscopic imaging was done using a Zeiss Axiovert 100 in-
verted microscope (Carl Zeiss, Jena, Germany) equipped with
an Olympus DP73 digital camera (Olympus, Tokyo, Japan).

DNA and RNA Extraction and Sequencing

Total DNA of the alga was obtained from 50 ml of culture in a
midexponential phase (~200,000 cells-ml~" using a PureLink
Genomic DNA kit (Life Technologies; Carlsbad, CA). For RNA
extraction, 50 m| of culture was mixed with an equal volume
of RNAlater solution (Life Technologies) prior to being pelleted
by centrifugation at 1,000 x g for 5min. Total RNA was iso-
lated using the TRIzol Plus RNA Purification System (Life
Technologies). Quantitative and qualitative assessments of pu-
rified nucleic acids were conducted by Qubit assays (Life
Technologies) and agarose gel electrophoresis, respectively.
The purified DNA and RNA materials were sent to
GenomeQuebec and Beijing Genomics Institute, respectively,
for library preparation and sequencing on the lllumina HiSeq
2000 platform. For genome sequencing, two libraries—one
short insert library and one 3-kb mate-pair library—were pre-
pared following the TruSeq preparation protocols. The tran-
scriptome library for the alga was constructed using a TruSeq
RNA preparation kit with polyA selection. These libraries were
paired-end sequenced with a read length of up to 100 bp.
Total numbers of 279,212,444 and 156,530,692 reads were
generated for the short insert and mate-pair libraries,
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respectively. A total of 115,092,458 reads were obtained from
the transcriptome library.

Read Filtering and Genome Assembly

Read filtering was implemented prior to final assembly in an
effort to avoid hybrid contigs (Phillippy et al. 2008; Claros et al.
2012). Reads corresponding to mitochondrial, chloroplast, or
cocultured bacterial genomes were removed using the follow-
ing five steps: 1) First, an initial genome assembly was done
using the entire data set of short insert (fragment) and mate-
pair libraries using AllPaths-LG (Gnerre et al. 2011). From the
initial assembly, the two largest contigs were identified as
partial or complete bacterial genomes by open reading
frame (ORF) modeling and BLAST (Basic Local Alignment
Search Tool) searches against the nr and nt databases on
the NCBI (National Center for Biotechnology Information)
webserver using default parameters. 2) Draft organellar ge-
nomes for the mitochondrion and chloroplast were assembled
using the MITObim wrapper script (Hahn et al. 2013) (V 1.6)
with the MIRA assembler (MIRA V 3.4.1.1) (Chevreux et al.
2004). The Ostreococcus tauri mitochondrion (Palenik et al.
2007) and Pyramimonas parkae chloroplast (Turmel et al.
2009) genomes were used as reference scaffolds. 3) The bac-
terial and organellar genomes were used to build a custom
Kraken (Wood and Salzberg 2014) (V 0.10.2-beta) database
containing all 3Tmers found in the bacterial and organellar
assemblies (using Jellyfish [Marcais and Kingsford 2011] V
1.1.11). 4) The Kraken database from step 3 was used to
filter the lllumina reads with the condition that at least ten
31mers from the Kraken database had to have an exact hit
within a read to classify it as bacterial or organellar. Reads that
were not classified as bacterial or organellar were retained for
reassembly. 5) 3.1% of the total reads (4,381,732/
139,606,222) were identified as organellar or bacterial in
either or both of the forward and reverse reads and removed
prior to reassembly using AllPaths-LG (supplementary fig. S1,
Supplementary Material online). All computations were car-
ried out on our in-house system with four Intel Xeon E7-4850
2-GHz processors and 1 TB RAM. This Whole Genome
Shotgun project has been deposited at DDBJ/EMBL/GenBank
under the accession LGRX00000000. The version described in
this paper is version LGRX01000000

Flow Cytometry Analysis of C. tetramitiformis Nuclei

DNA content analysis of C. tetramitiformis nuclei was per-
formed at the Benaroya Research Institute at Virginia Mason
by Dr K. Arumuganathan using a modified procedure from
Arumuganathan and Earle (1991). Briefly, 1 ml of C. tetrami-
tiformis culture was pelleted and resuspended by vortexing
vigorously in 0.5ml of a nuclear extraction solution (10 mM
MgSQ,4.7H,0, 50mM KCl, 5mM HEPES, pH 8.0, 3mM
dithiothreitol, 0.1mg-mi~" propidium iodide, 1.5mg-ml~"
DNAse free RNAse [Roche, Indionapolis, IN], 0.25% Triton

X-100). The suspended solution that contained nuclei was
filtered through 30-um nylon mesh, and incubated at 37°C
for 30 min (for staining and RNA digestion) before flow cyto-
metric analysis alongside with standard nuclei. The mean nu-
clear DNA content, measured in picograms, was based on
1,000 scanned nuclei.

Genome Annotation—MAKER

The MAKER (Cantarel et al. 2008) (V 2.28) pipeline was used
for structural annotation of the C tetramitiformis genome.
Gene model inputs to MAKER proceeded from an annotation
pipeline that was adapted from a previous study (Kumar
2013). Evidence-based annotation of the genome was derived
from a separate de novo assembled transcriptome for C. tetra-
mitiformis. The transcriptome was assembled in Trinity
(Grabherr et al. 2011) (V Trinity-r2012-10-05). MAKER was
run iteratively, three times as follows. The first MAKER run
added evidence-based annotation using the transcriptome as-
sembly. The output from the first run was used to train the ab
initio gene prediction algorithm SNAP (Korf 2004) (V 2006-07-
28) in two iterations of the SNAP training algorithm. The
second run of MAKER used the SNAP HMM for ab initio
gene predictions. The output from the second MAKER run
was used to train AUGUSTUS (Stanke and Waack 2003)
(V 2.7). MAKER was then run a third time incorporating the
AUGUSTUS HMM for C. tetramitiformis to update the gene
models.

Functional Genome Annotation

Functional genome annotation was carried out by 1) A DELTA-
BLAST (Boratyn et al. 2012) homology search, with an e-value
cutoff of 1e™>, using the peptide sequence output from
MAKER as query sequences and the curated UniProt-SProt
peptides as the database. This first step assigned potential
homologs to 60.6% (22,632 of 37,366) of the C. tetramitifor-
mis peptides. 2) Because statistically significant similarity does
not necessarily mean equivalent function (Rost 1999, 2002;
Sander and Schneider 1991), for each BLAST hit, a “homol-
ogy-derived structure of proteins” (HSSP) distance was calcu-
lated using the “DIST" relation (Rost 2002) of equation 3 in
Rost (2002). DELTA-BLAST hits with a DIST score greater than
5 were retained. The dual annotation criteria resulted in pu-
tative functional annotation of 11,209 C. tetramitiformis pep-
tides. UniProt-SProt (Gasteiger et al. 2001) fasta files and the
DELTA-BLAST conserved domain database were downloaded
on August 5, 2014. Custom Perl scripts were used to extract
enzyme commission (EC) number annotations for C. tetrami-
tiformis peptides from the uniprot gene association file gen-
e_association.goa_uniprot (Ashburner et al. 2000) that was
downloaded on August 7, 2014 based on the best hits to
the UniProt-Sprot database that satisfied the HSSP scoring
parameters.
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Conserved Eukaryotic Genes Mapping Approach

As a way to estimate how complete the genome is, Conserved
Eukaryotic Genes Mapping Approach (CEGMA) (V 2.4) (Parra
et al. 2007, 2009) was run on the C. tetramitiformis genome
assembly as well as select genomes that were downloaded
from publicly available sources (supplementary table S1,
Supplementary Material online). The CEGMA analysis used
geneid (V 1.4) (Blanco et al. 2007), genewise (V wise2.2.3-
rc7) (Birney et al. 2004), HMMER (V 3.0) (Eddy 2009), and
TBLASTN (V 2.2.25). CEGMA was run using default parame-
ters with an option to allow for longer intron lengths. Intron
and exon number and length statistics were obtained from the
CEGMA output files using a custom Perl script. In addition to
the default criteria, the C. tetramitiformis assembly was eval-
uated using the criteria previously used for the haptophyte
Emiliania huxleyi genome (Read et al. 2013): Briefly, the
search is based on BLASTP analysis with an e-value cutoff of
107> and a requirement of at least 50% alignment coverage
against the CEGMA 468 core protein set.

Metabolic Analysis—MetaCyc

MetaCyc (Caspi et al. 2008) is a freely available database con-
taining 2,260 metabolic pathways of primary and secondary
metabolisms in 2,600 organisms across all domains of life as of
this writing. The weighted pathway scoring scheme from
Kastenmuller et al. (2009), “score(p),” was adapted for use
with the MetaCyc pathways in a custom Perl script.
Incomplete EC annotations were removed from the C. tetra-
mitiformis annotation and from the MetaCyc pathways such
that only EC annotations with all four classification levels enu-
merated were retained for analysis (e.g., EC-3.1.4.13 would
be retained whereas EC-3.1.4.- would be removed from the
analysis). If an enzyme was present in C. tetramitiformis based
on the functional genome annotation criteria discussed in
“Functional Genome Annotation” section, it was considered
present in the corresponding MetaCyc pathways. Presence/
absence of pathways was determined by comparing pathway
scores in C. tetramitiformis with those of three other green
algae, Chlamydomonas reinhardtii, O. tauri, and Micromonas
pusilla. False positives in the presence/absence list were elim-
inated by manually investigating each peptide in the respective
organisms by BLASTP analysis.

The evolutionary histories of conspicuous metabolic pep-
tides were investigated using phylogenetic analysis. Amino
acid sequences were searched using DELTABLAST against
the nr database (as well as others) with an e-value cutoff of
107°. Up to the top 1,000 DELTABLAST hits were retained for
subsequent phylogenetic analysis. Sequences were aligned in
MAFFT (V 7.205) (Katoh and Standley 2013). Alignments
were trimmed using trimAl (V 1.2rev59) (Capella-Gutiérrez
et al. 2009). Maximum-likelihood (ML) analysis was performed
using RAXML (V 8.1.11) (Stamatakis 2014) on the CIPRES
XSEDE Portal (Miller et al. 2010) using the LG +1+ G model,

which was selected with ProTest (V 3.4) (Darriba et al. 2011).
Bootstrapping was based on 1,000 replicates; every fifth boot-
strap tree was used as a starting tree for ML analyses.

Read Mapping and Repeat Identification

The algorithm Bowtie2 (Langmead and Salzberg 2012) (V
2.2.3) was used to map the reads from the fragment library
back to the assembled genome using both forward and re-
verse reads and default parameters. The Bowtie output in
“.sam” format was converted to a sorted .bam file using
samtools (Li et al. 2009) (V 0.1.19-44428cd) and summary
statistics were computed with QualiMap (Garcia-Alcalde
et al. 2012) (V 1.0).

RepeatMasker (Smit et al. 1996-2010) (V 4.0.5) was used
to identify conserved repeats using the 20140131 version of
the Repbase (Jurka et al. 2005) (GIRI) repeats library and the
species flag option of “eukaryotes.” De novo repeats were
identified using the RepeatModeler (V 1.0.8) (Smit and Hubley
2008-2010) package (RECON V 1.08 [Smit and Hubley 2008—
2010], RepeatScout V 1.0.5 [Price et al. 2005], TRF V 4.07b
[Benson 1999], and RMBlast V 2.2.28 [Smit and Hubley 2008—
2010]). The RepeatModeler library was then used to find de
novo repeats in the genome assembly.

Genome Wide-Comparative Analysis
Selection of Taxa

For whole-genome comparisons, the BLASTP (V 2.2.28+)
(Camacho et al. 2009) algorithm was used to query every
predicted peptide in the C tetramitiformis genome against
the full complement of proteins in a group of organisms
known to be phagocytotic: The amoebozoan D. discoideum,
the parasitic amoebozoan E. histolytica, the fruit fly Drosophila
melanogaster, the mouse Mus musculus, the apusomonad
Thecamonas trahens, the ciliate T. thermophila, and the
phago-phototrophic chlorarachniophyte Bigelowiella natans;
and a group of organisms where an active form of phagocy-
tosis has not been observed: The plants Arabidopsis thaliana
(but see Leborgne-Castel et al. 2010; Paungfoo-Lonhienne
et al. 2010) and Oryza sativa, the green alga Ch. reinhardltii,
the red alga Cyanidioschyzon merolae, the yeast (fungus)
Saccharomyces  cerevisiae, and the chytrid fungus
Batrachochytrium dendrobatidis (see supplementary table
S1, Supplementary Material online, for the detailed version
information of files used in this analysis). Proteins from each
genome were considered “present” in the C. tetramitiformis
genome if BLASTP hits to a C. tetramitiformis peptide matched
the following two criteria: 1) An e value of 1e % or less (a more
permissive e value than used for functional annotation due to
the smaller—single genome size—database [Jones and
Swindells 2002]) and 2) a DIST score > 5.

A list of proteins observed in purified phagosomes for Mu.
musculus, Dr. melanogaster, and D. discoideum was obtained
from Boulais et al. (2010), for E. histolytica from Okada et al.
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(2006), and for T. thermophila from Jacobs et al. (2006). A set
of 1,591 unique phagosome proteins was obtained by com-
bining unique phagosome components from each organism
(shared phagosome proteins were discovered by BLAST of
phagosome proteins to each genome).

Optimization of Inference Criteria for Phagocytosis-
Related Proteins

Proteins associated with phagocytosis in C. tetramitiformis
were inferred in the following procedures. First, sets of pro-
teins shared between C. tetramitiformis and a phagocyte or C.
tetramitiformis and a nonphagocyte were obtained by parsing
BLAST results with custom scripts in the R programming en-
vironment (R-Core-Team 2014). If a given C. tetramitiformis
peptide had a match in a given organism that exceeded the
dual e value and HSSP criteria discussed above, it received a
score of 1 (present) for that organism; if there was no match
that met those criteria, it received a score of 0 (absent) for that
organism (supplementary file S1, Supplementary Material
online).

Next, organisms were grouped by their phagocytotic ca-
pacity and a group-wise presence score within the group of
phagocytotic organisms and the group that does not com-
plete phagocytosis was computed for each C. tetramitiformis
peptide by considering the sum of presence scores within each
group of organisms for each C. tetramitiformis peptide. For
example, a presence score of 7 within the group of phagocy-
totic organisms meant that a gene that corresponds to that C.
tetramitiformis peptide could be found within all seven phago-
cytotic organisms. Conversely, the same gene might have a
presence score of 1 within the group of nonphagocytotic or-
ganisms meaning that only one of six nonphagocyte genomes
carries the gene.

We reasoned that sets of peptides enriched in phago-
cytes would have a higher presence score among phago-
cytes than among nonphagocytes. The most stringent
comparison between the two groups thus was C. tetrami-
tiformis peptides with a score of 7 in phagocytes and a
score of 0 in nonphagocytes. This most strict criteria, how-
ever, produced only a single peptide, likely due to the
heterologous nature of genes that are involved in phago-
cytosis (e.g., Chimini and Chavrier 2000). Therefore, our
approach was to identify sets of “enriched” genes in
phagocytes when compared with nonphagocytes. The cri-
teria for enrichment could be relaxed in two ways, by
either relaxing the presence criteria in phagocytes (e.g.,
present in six or more phagocytes instead of present in all
seven) or relaxing the absence criteria in nonphagocytes
(e.g., absent from any five or more instead of absent from
all six). All possible combinations of inclusion criteria from
the two groups were considered for this analysis to iden-
tify an optimal search parameter for the study.

A custom scoring scheme was developed to find the opti-
mal grouping strategy for revealing enriched genes among
phagocytes or nonphagocytes. Briefly, the scoring scheme
considered 1) the number of genes in the enrichment set, 2)
the proportion of those genes found within the known
phagosome, and 3) the distance between the phagosome
proportion scores among phagocytes and nonphagocytes
for a given grouping strategy.

The scoring scheme was derived from several observations.
First, for each group (where a group was defined by presence
criteria [i.e., present in seven of seven phagocytes, or six of
seven, etc.]), the proportion of peptides with homology to
known phagosome components versus the stringency of the
comparison (absence criteria) (supplementary fig. S2,
Supplementary Material online) showed that as the presence
criteria was relaxed, the proportion of peptides with homology
to known phagosome components was reduced, on average.
Second, the number of peptides in the enrichment set versus
stringency of the comparison (supplementary fig. S3,
Supplementary Material online) showed that the average
number of peptides in each set increased as the presence
criteria was relaxed. Third, 4,305 C. tetramitiformis peptides
share homology with known phagosome components. This
number was used to weight sets of peptides such that a set of
peptides derived from an optimal grouping strategy should
include at least 4,305 peptides. Having too many or too few
peptides in a set would incur a penalty. A weighted proportion
score (wps) was thus calculated that included a penalty for
distance from 4,305 peptides:

- #peptidesofset in known phagosome

—— 100
#peptidesin set ¥

#peptides of set in known phagosome
—penalty = (1 — 1305 .

The penalty was calculated based on the relation:

1

penalty = [(100/a0s (&8 loosos (59)1] _ 1,
where the further from 4,305 the greater the penalty (supple-
mentary fig. S3B, Supplementary Material online) with a min-
imum set defined by “min,” set as 30 for this analysis and
peptides as the number of peptides in the set in question. The
penalty was also constrained such that it was set to equal 100
where the penalty plot exceeded 100 so that the penalty score
could not exceed the maximum possible proportion score of
100. Weighted scores were plotted for each set (supplemen-
tary fig. S4A, Supplementary Material online). Finally, signal to
noise was considered as true enrichment of phagosome com-
ponents versus inclusion of unrelated peptides due to un-
known correlations among groups of organisms. The signal
was considered as a function of the distance between the
weighted score for phagocytes and the weighted score for
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nonphagocytes. The distance between weighted scores for
phagocytes and nonphagocytes was calculated (as in supple-
mentary fig. S4B, Supplementary Material online) and used to
compute a distance score (ds):

« (Wpsphagocytes - Wpsnonphagocy‘[es)

ds = WPSpagocytes 100

Distance scores were plotted for each possible grouping of
phagocytes and a set of conditions emerged that optimized
the number of peptides in a set, the proportion of those pep-
tides found in the known phagosome, and the signal to noise
distance between peptides enriched in phagocytes and those
enriched under the same comparison parameters in
nonphagocytes. For these analyses, the optimal grouping
strategy was identified as C. tetramitiformis peptides that
are found in six or seven of seven phagocyte genomes but
are absent from three or more nonphagocyte genomes (sup-
plementary fig. S5, Supplementary Material online, red
arrowhead).

Gene Ontology Analyses

The set of 399 C. tetramitiformis peptides enriched among
phagocytes and the set of 702 C. tetramitiformis peptides en-
riched among nonphagocytes were analyzed for gene ontol-
ogy (GO) (Ashburner et al. 2000) term enrichment using the R
package topGO (Alexa and Rahnenfuhrer 2010). The refer-
ence set for topGO enrichment analysis was the annotated set
of 11,209C. tetramitiformis peptides as described in
“Functional Genome Annotation” section. Significant GO
term enrichment was calculated using variations of the
Fisher's exact test built into the topGO package.
Redundancy was eliminated from the resultant list of signifi-
cant GO terms by excluding GO terms consisting of identical
peptide lists in favor of the GO term with the lowest Fisher’s
elim P value (Alexa and Rahnenfuhrer 2010). Organism-
specific heat maps were generated in R (R-Core-Team 2014)
using the heatmap.2 function in the “gplots” package
(Warnes et al. 2013). Heat maps used the average presence
score for all peptides associated with a given GO term within a
given organism. GO terms were ranked by taking the average
of the organism-specific presence scores across phagocytes or
nonphagocytes for each GO term.

Results

General Assembly Statistics

Analysis of isolated nuclei of C. tetramitiformis by flow cytom-
etry estimated the nuclear DNA content (that of the tetrafla-
gellate C tetramitiformis cell, which may be diploid) at
1.73Gb+10.8 Mb—in other words, a genome size of
850 Mb. On the other hand, K-mer spectrum analysis of the
sequencing reads of the alga suggested a genome size of

1.2Gb. The unique (nonrepetitive) portion of the genome
was estimated to be 270 Mb, by calculating the area under
the curve around the peak K-mer coverage. The algal nuclear
genome was assembled using the AllPaths-LG algorithm
(Gnerre et al. 2011) to 40,241 scaffolds (assembled from
74,370 contigs greater than 1kb in length) with a total as-
sembled length of 264.5 Mb and an N50 scaffold size of 10 kb
(table 1).

Repeat Structure of the Genome

Following assembly, the modal per base coverage of sequenc-
ing reads across the genome was found to be 19 x whereas
the modal average coverage per scaffold was 21 x (supple-
mentary fig. S6, Supplementary Material online). There were
four scaffolds, however, with greater than 10,000 x average
coverage, 23 scaffolds with greater than 5,000 x coverage,
435 scaffolds with > 1,000 x coverage, and 6,446 scaffolds
with > 100 x coverage.  Three  of  the  scaffolds
with > 10,000 x coverage contain putative protein-coding re-
gions with significant homology to a chromodomain/chromo-
box peptide, an RNaseH domain, and a cytosine DNA
methyltransferase; these are known to be associated with re-
petitive DNA elements, such as retrotransposons in other eu-
karyotic genomes (Kubis et al. 1998; Pavlopoulou and Kossida
2007; Gao et al. 2008; Schulman 2013). Of the 23 scaffolds
with > 5,000 x coverage, 19 contain sequences that can be
found in the transcriptome assembly. Although these scaf-
folds are overrepresented in the genome, the transcripts
with related sequences do not show evidence of overexpres-
sion as a whole. Out of 50 transcripts with significant homol-
ogy to overrepresented scaffolds (>1,000x), the median
number of fragments per kilobase of transcript per million
mapped reads (FPKM) value was 1.32 (with a range from
0.12 to 391.27). This is close to the overall median FPKM
value of 1.42 for the whole transcriptome, suggesting tight
regulation of genes in the repetitive regions.

Within the assembled genome (not accounting for se-
guencing depth), RepeatModeler (Smit and Hubley 2008-
2010) identified 9,044 long terminal repeat (LTR) retrotran-
spoable elements totaling 5.2Mb and 1.88% of the

Table 1
Assembly Statistics for Cymbomonas tetramitiformis. Minimum Contig
Size for Reporting Was 1,000 Bases

Statistic Value
Number of contigs 74,370
Number of scaffolds 40,241
Total contig length 258,572,850
Total scaffold length, with gaps 264,540,525
N50 contig size (kb) 49
N50 scaffold size (kb) 10

% GC 52.53
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Table 2
Summary of Repeats Classified in the Cymbomonas tetramitiformis
Genome Assembly

Element Number of Length % of Sequence
Elements® Occupied (bp)
SINEs 1,230 273,877 0.10
LINEs 8,261 3,685,274 1.31
LTR elements 9,044 5,283,877 1.88
DNA elements 10,795 2,492,999 0.89
Unclassified 224,860 50,747,125 18.04
Small RNA 987 216,436 0.08
Satellites 610 121,373 0.04
Simple repeats 50,617 2,867,598 1.02
Low complexity 3,855 203,268 0.07

®Most repeats fragmented by insertions or deletions have been counted as
one element

assembled genome (table 2). Additionally, 1,230 short inter-
spersed nuclear elements (SINEs) and 8,261 long interspersed
elements (LINEs) were identified, accounting for 0.1% and
1.31% of the assembled genome. RepeatModeler also iden-
tified a proportion of the assembled genome (18.04%) com-
prising interspersed repeats that could not be classified based
on homology to known elements (table 2).

Genome Completeness

The CEGMA (Parra et al. 2007, 2009) algorithm was used as a
measure of completeness of the C. tetramitiformis genome
assembly, in comparison to genomes of select eukaryotes
(table 3). Despite the large discrepancy in estimated genome
size to assembly length, CEGMA was able to annotate
76.61% or 91.7% of the core eukaryotic genes in C. tetra-
mitiformis using, respectively, either the default criteria or a
separate set of criteria that was used for analysis of the hap-
tophyte Em. huxleyi genome (Read et al. 2013). Other statis-
tics associated with the CEGMA genes indicate that the C
tetramitiformis genome contains a comparable number of in-
trons per gene and a comparable average intron length to the
green alga Ch. reinhardltii (table 3).

Metabolic Pathway Analysis

Annotation of C. tetramitiformis peptides against the curated
UniProt-SProt database resulted in functional annotation of
11,209 algal peptides (supplementary file S2, Supplementary
Material online). For metabolic pathway analysis, the annota-
tion pipeline produced 1,280 unique EC annotations repre-
senting 3,748 C. tetramitiformis proteins. Analyses of the EC
annotations against MetaCyc metabolic pathways (Caspi et al.
2008) showed that the C. tetramitiformis assembly has com-
plete or nearly complete components of key eukaryotic met-
abolic pathways (table 4 and supplementary file S3,
Supplementary Material online).

When pathway scores for C. tetramitiformis were com-
pared with scores computed for three other green algae

(i.e., Ch. reinhardtii, O. tauri, and M. pusilla), it was predicted
that 19 pathways that are present in C. tetramitiformis are
absent from the three other green algae (table 4).
Conversely, the analysis suggests that C. tetramitiformis lacks
five metabolic pathways that are present in one or more of the
other green algae (table 4). The metabolic pathways that C
tetramitiformis maintains to the exclusion of other green algae
include a lipid A synthesis pathway and portions of a
predominantly archaeal carbon fixation pathway (i.e., the
3-hydroxypropanoate/4-hydroxybutanoate cycle) (table 4).
Cymbomonas tetramitiformis is predicted to contain a com-
plete set of proteins necessary for peptidoglycan synthesis,
which is uncommon in the Chloroplastida (Cayrou et al. 2012).

Phagocytosis Peptides

Peptides related to phagocytosis in C. tetramitiformis were
inferred through a comparative genomics approach. When
the entire complement of predicted C. tetramitiformis pep-
tides was compared with those of other phagocytes and
nonphagocytes, 399 C. tetramitiformis peptides emerged
that were present in C. tetramitiformis and at least six (out
of seven total) other phagocyte genomes, but absent in three
or more nonphagocyte genomes (fig. 2 and supplementary
file S4, Supplementary Material online). In the control analysis
(the reverse of what is described above: Present in C. tetra-
mitiformis and at least five of six total nonphagocyte ge-
nomes, but absent from three or more other phagocyte
genomes), 702 C. tetramitiformis peptides that are enriched
among nonphagocyte sets were identified (fig. 2 and supple-
mentary file S5, Supplementary Material online). The propor-
tion of the phagocyte-enriched set of peptides that share
homology with known phagosome components is 51% (or
205/399), which is greater than the value for the control set
(17%). Our search criteria (i.e., peptides present in all [N] or
N — 1 phagocytes and absent in at least three nonphagocytes)
were identified by a weighted scoring scheme that gauges
both the sensitivity and inclusiveness of peptides in the set
as described in Materials and Methods.

An interesting pattern emerged when the sets of C. tetra-
mitiformis  peptides enriched among phagocytes or
nonphagocytes were analyzed by function. The 399 C. tetra-
mitiformis peptides associated with phagocyte genomes re-
vealed, as predicted, significant enrichment of several
functional categories strongly associated with feeding by
phagocytosis. These include macropinocytosis, receptor-
mediated endocytosis, actin cytoskeleton organization,
cGMP metabolic process, cell adhesion, and cell projection
organization (fig. 3 and supplementary file  S6,
Supplementary Material online). In contrast, for the 702 C.
tetramitiformis  peptides that are enriched among
nonphagocytes (i.e., fungi and nonphagotrophic eukaryotic
phototrophs), functional enrichment was, predictably, not
strongly associated with phagosome components, but was
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Table 3
Summary Statistics of Genomes of Cymbomonas tetramitiformis and Other Select Eukaryotic Organisms
Higher Taxonomic Rank Species Genome Mean Number Mean Intron Mean CDS Predicted
Size (Mb) of Introns Length Length (bp)? Peptide #
Chloroplastida Cymbomonas tet. PLY262 [650-850] 7.40 296.90 1,127.73 37,366
Chloroplastida Arabidopsis thaliana 135 7.65 157.97 1,269.48 27,416
Chloroplastida Chlamydomonas reinhardtii 120 8.11 312.57 1,317.89 15,598
Chloroplastida Micromonas pusilla C3 21.96 1.62 288.99 1,389.36 10,137
Chloroplastida Ostreococcus tauri 12.56 0.87 258.55 1,284.81 7,603
Chloroplastida Physcomitrella patens 480 6.65 247.27 1,255.47 32,273
Amoebozoa Dictyostelium discoideum 34 1.62 143.50 1,293.31 12,257
Apusomonads Thecamonas trahens 26.68 1.04 442.67 1,335.15 10,544
Cryptista Guillardia theta 87.16 5.88 130.93 1,271.98 24,840
Haptophyta Emiliania huxleyi 167.7 3.82 224.24 1,357.97 39,126
Opisthokonta Homo sapiens 3,300 8.72 1,741.40 1,228.94 20,300
Opisthokonta Monosiga brevicollis 41.6 7.17 148.44 1,257.32 9,196
Rhizaria Bigellowiella natans 94.7 6.86 183.89 1,266.17 21,708
Rhodophyta Cyanidioschyzon merolae 16.5 0.22 786.72 1,363.23 5771
Stramenopiles Thalassiosira pseudonana 32 1.26 257.52 1,385.35 11,242

Note.—Bold accents Cymbomonas tetramitiformis strain PLY262.
®Calculations are based on genes predicted by the CEGMA pipeline.

rather enriched in metabolic and in particular biosynthetic pro-
cesses. The top enriched biological processes included biosyn-
thesis of amino acids (e.g., tryptophan, threonine, and
histidine) and intermediate compounds (e.g., chorismate for
amino acid synthesis) (fig. 3 and supplementary file S7,
Supplementary Material online).

Discussion

Characteristics of the C. tetramitiformis Genome

The genome size as estimated both by physical analysis of C.
tetramitiformis nuclei and by estimation based on sequencing
reads is between 850 Mb and 1.2 Gb. This is among the larg-
est green algal genomes sequenced to date (Merchant et al.
2007; Palenik et al. 2007; Worden et al. 2009), and is over
twice the median genome size (368.5 MB) of examined green
algae of diverse taxonomic lineages (Kapraun 2007).
Cymbomonas tetramitiformis has a genome that is about
100 times the size of the marine prasinophytes M. pusilla
and O. tauri (table 3); it is, however, smaller than some
other green algae, such as the freshwater streptophyte alga
Euastrum pectinatum, which has an estimated genome size of
23 Gb (Kapraun 2007). Based on k-mer spectrum analysis, the
total repeat content of the C. tetramitiformis genome is esti-
mated to be about 77% of the genome. This value is greater
than the repeat content of the model green alga Ch. reinhard-
tii (20%) (Prochnik et al. 2010), and much greater than the
prasinophyte green algae O. tauri and M. pusilla (<10% re-
peats) (Palenik et al. 2007; Worden et al. 2009), but on the
order of recent estimates of repeat content in other larger
genomes, such as the human genome (66-69%) (de
Koning et al. 2011) and the genome of the parasitic

parabasalid Trichomonas vaginalis (>65%) (Carlton et al.
2007). Note that the total repeat content of the assembled
genome of C. tetramitiformis is calculated to be 23%; due to
the fragmented assembly and overrepresented scaffolds,
much of the repetitive content of the genome likely remains
unassembled and/or collapsed into fewer scaffolds as sug-
gested by the presence of scaffolds with extreme coverage.
The large estimated proportion of unassembled genome ob-
served for C. tetramitiformis is similar to the draft assembly of
the dinoflagellate Symbiodinium minutum; a gene rich
616 Mb was assembled out of an estimated genome size of
1.5 Gb despite having its genome sequenced at 37-fold cov-
erage (Shoguchi et al. 2013). Although the exact mechanism
for maintaining such a large genome is unknown for C. tetra-
mitiformis, we did find evidence of at least one expressed
retrotransposon in the transcriptome data (FPKM 6.05),
which may be suggestive of active rearrangement and expan-
sion of the mixotrophic green algal genome (Neumann et al.
2003).

The C tetramitiformis assembly was annotated with
37,366 protein models, 18,698 (50%) of which are grouped
into 8,354 ortholog groups by orthoMCL analysis (Chen et al.
2006; Fischer et al. 2011). This is similar to the S. minutum
genome, which has 41,740 protein models and 8,031 ortho-
logous groups (Shoguchi et al. 2013). Compared with C. tet-
ramitiformis, genomes of other green algae tend to have
fewer predicted peptides (7,725 for O. tauri; 10,137 for M.
pusilla; 15,598 for Ch. reinhardti); however, Ch. reinhardtii
has a comparable number of orthologous groups (8,361) to
that of C. tetramitiformis (Chen et al. 2006). Completeness
metrics such as CEGMA and metabolic pathway analysis indi-
cated that the C. tetramitiformis draft assembly has captured a
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Table 4

Key Pathways in Cymbomonas tetramitiformis Metabolic Analysis in Comparison to Three Reference Green Algae

Pathway No. Enzymes No. Enzymes in Cymbomonas Chlamydomonas Ostreococcus Micromonas
in Pathway Cymbomonas tetramitiformis reinhardtii tauri pusilla
tetramitiformis Score Score Score Score
Key pathways
Calvin-Benson-Bassham cycle 1 1 1.00 1.00 1.00 1.00
Fatty acid & beta-oxidation | 6 6 1.00 1.00 1.00 1.00
Gluconeogenesis | 14 13 0.96 0.88 0.68 0.68
Glycogen biosynthesis | (from ADP-p-Glucose) 6 5 0.97 0.97 0.97 0.97
Glycolysis lll (from glucose) 10 10 1.00 1.00 0.66 1.00
Pentose phosphate pathway 8 7 0.80 0.80 0.80 0.80
Superpathway of fatty acid biosynthesis Il (plant) 12 10 0.87 0.83 0.83 0.83
TCA cycle | (prokaryotic) 1 9 0.92 0.94 1.00 0.94
Urea cycle 5 0.32 0.32 0.32 0.51
Pathways present in Cymbomonas tetramitiformis
but absent from other algae
2-Methylbutyrate biosynthesis 5 3 0.41 0.04 0.03 0.03
2-Oxobutanoate degradation | 3 2 0.70 0.00 0.00 0.00
3-Hydroxypropanoate 4-hydroxybutanoate cycle 15 8 0.44 0.04 0.03 0.03
Choline-o-sulfate degradation 3 3 1.00 0.15 0.15 0.15
CMP-KDO biosynthesis | 4 3 0.75 0.00 0.25 0.25
Ethylene biosynthesis | (plants) 3 3 1.00 0.21 0.21 0.03
Glutamate degradation IV 4 3 0.94 0.11 0.06 0.06
Glycogen degradation IlI 6 4 0.86 0.15 0.15 0.15
Isoleucine degradation | 5 4 0.55 0.10 0.09 0.09
Lysine degradation Il (mammalian) 4 4 1.00 0.16 0.00 0.00
Nitrate reduction V (assimilatory) 4 3 0.48 0.06 0.06 0.06
Propionyl CoA degradation 3 2 0.70 0.00 0.00 0.00
Sucrose degradation IV (sucrose phosphorylase) 6 4 0.91 0.14 0.14 0.14
Superpathway of (KDO)2-lipid A biosynthesis 12 8 0.67 0.17 0.08 0.08
Superpathway of lipopolysaccharide biosynthesis 15 8 0.49 0.12 0.06 0.06
Terminal o-glycans residues modification 7 4 0.57 0.00 0.00 0.00
Succinate fermentation to butyrate 6 3 0.42 0.00 0.00 0.00
p-Galactarate degradation | 4 2 0.56 0.00 0.00 0.00
Pathways present in other algae but absent from
Cymbomonas tetramitiformis
Ethanol degradation IV 3 1 0.06 1.00 0.24 0.24
Mannitol cycle 5 1 0.01 0.05 0.05 0.65
Mevalonate pathway Il (archaea) 6 2 0.03 0.91 0.86 0.86
Pyruvate fermentation to ethanol | 3 1 0.23 1.00 0.87 0.87
Superpathway of acetate utilization and formation 3 1 0.12 1.00 0.76 0.76

Note.—The score for each organism refers to the weighted pathway score.

significant portion of the protein-coding regions of the algal
genome.

Noteworthy Pathways of C. tetramitiformis Metabolism
Peptidoglycan Biosynthesis

Peptidoglycan (PG) is a major cell-wall component of bacteria,
including cyanobacteria from which plastids evolved (Raven
2003). Of plastid-bearing eukaryotes, glaucophytes are the
only group that have been shown to have a PG cell wall be-
tween the inner and outer membranes of their plastids (Raven

2003). Corroborating this, the genome of the glaucophyte
Cyanophora paradoxa carries a number of genes related to
PG synthesis (Bhattacharya et al. 2014). Rather unexpectedly,
MetaCyc metabolic pathway analysis suggests that the C. tet-
ramitiformis genome encodes putative homologs for all en-
zymes required for PG synthesis (van Heijenoort 20071).
Furthermore, C. tetramitiformis encodes a set of three pro-
teins—the glycosyltransferases GT28 (Pon1) and GT51
(MurG) and a glucoside hydrolase family protein (GH103 in
this case)—that were suggested to be key indicators of the
presence of PG metabolism according to Cayrou et al. (2012).
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Cymbomonas tetramitiformis-37,366 predicted peptides

.

Phagocytes

Non-phagocytes

Entamoeba histolytica
Amoebozoa

Batrachochytrium dendrobatidis
Fungi, Opisthokonta

Dictyostelium discoideum
Amoebozoa

Saccharomyces cerevesiae
Fungi, Opisthokonta

Drosophila melanogaster
Metazoa, Opisthokonta

Cyanidioschyzon merolae
Rhodophyta

Mus musculus
Metazoa, Opisthokonta

Chlamydomonas reinhardtii
Chloroplastida

Thecamonas trahens

Arabidopsis thaliana

Apusomonadida Chloroplastida
Tetrahymena thermophila Oryza sativa
Ciliophora, Alveolata Chloroplastida

Bigelowiella natans
Rhizaria

D parasitic, anaerobic
[T] photosynthetic

Fic. 2.— The genome content analysis of Cymbomonas tetramitiformis in comparison to phagocyotic and nonphagocyotic eukaryotes as listed in the
inset table. About 10% of C. tetramitiformis peptides (3,715/37,366) are present at least in 11 of all 13 organisms considered in the analysis. A total of 399 C.
tetramitiformis peptides were identified to be enriched among phagocytes. Conversely, 702 C. tetramitiformis peptides were enriched among nonphago-
cytes; as discussed in the text, this set, more precisely, represents peptides that tend to get lost during obligatory phago-heterotrophic mode of nutrition.

At least two others within the Chloroplastida, including
the prasinophyte green alga M. pusilla and the
bryophyte Physcomitrella patens, encode the same set of
three PG-related proteins. Phylogenetic analyses of individual
protein data sets (supplementary figs. S7-S9, Supplementary
Material online) suggest that the predicted PG metabolism of
the Chloroplastida is evolutionarily conserved and originated
from their common ancestor. Interestingly, the chloroplasti-
dan PG metabolism only partially overlaps with that of the
glaucophyte Cy. paradoxa; unlike green algae and plants,
which have GH103 (supplementary fig. S7, Supplementary
Material online), Cy. paradoxa has instead GH23, and, further-
more, its GT28 protein is not closely related to the chloroplas-
tidan proteins (supplementary fig. S8, Supplementary Material
online). Thus, of the three key components of PG metabolism,
only GT51 proteins of the two lineages are closely related to
each other, which together are sister to a clade comprising
cyanobacteria (supplementary fig. S9, Supplementary Material
online). Localization and other biochemical investigations are
needed to determine whether PG is indeed synthesized and/or
localized to the plastid membrane in C. tetramitiformis and
other members of the Chloroplastida.

Lipid A and 2-Keto-3-Deoxymanno-Octulosonic Acid
Biosynthesis

Lipid A is best known for its role in the outer membrane of
Gram-negative bacteria, both as an anchor for lipopoly-
saccharides (Erridge et al. 2002) and as a potent antigen of
mammalian immune systems (Pulendran et al. 2001). Lipid
A is typically glycosylated with 2-keto-3-deoxymanno-
octulosonic acid (KDO) sugars, such that both biosynthesis
pathways would tend to be found in concert (Trent et al.
2006). The genome of C. tetramitiformis contains KDO

and lipid A synthesis pathways similar to those described
in the plant A. thaliana, in which the protein activities of
the pathways were seen largely to localize to the mito-
chondria (Li et al. 2011; Smyth and Marchant 2013). In
contrast, according to our analyses, in Ch. reinhardltii, O.
tauri and M. pusilla, these pathways appear to be absent
(table 4). These results are consistent with previous stud-
ies, in which the KDO sugars were shown to be the major
components of the scales of prasinophyte green algae
such as Mesostigma viride and Scherfferlia dubia (Becker
etal. 1991) and a component of land plant cell walls (Bar-
Peled et al. 2012), but were absent from naked or
nonscaly green algae, including M. pusilla and Ch. rein-
hardtii (Becker et al. 1991). Together, these data suggest
that the KDO and lipid A synthesis pathways were present
in the last common ancestor of Chloroplastida, which was
predictably scaly, but have been lost on multiple
occasions.

Some Other Oddities

Cymbomonas tetramitiformis is distinct from other members
of the Chloroplastida in that it has a putative glucoamylase,
which can completely degrade starch and glycogen to B-o-
glucose monomers (Sauer et al. 2000). This enzyme does not
appear to be encoded in the genome of any other member of
the Chloroplastida. Phylogenetic analysis shows that the C
tetramitiformis glucoamylase is closely related to those
found in members of other eukaryotic groups, such as the
apusomonad Th. trahens, the choanoflagellates Monosiga
brevicolis and  Salpingoeca rosetta, the cryptomonad
Goniomonas avonlea, and the chlorarachniophyte B. natans,
which together are related to the glucoamylase of the path-
ogenic bacterium Legionella (Herrmann et al. 20171)
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Organism GO category score

A Analysis of C. tetramitiformis peptides enriched among phagocytes (i.e. 'a’ from Figure 2) L,—,—rI.
# C.tet. # peptides in GO . . N 002 06 1
GO.ID Term-Biological Process peptides in GO ph'flgocyte enrichment p- Phsacg;ceyte Non z::geocyte 3 § o_‘)o o.‘? of’," ,\? ,g é’a ‘g) ‘,‘;) @
category enrichment value RS SESESESESESES)
GO:0044351  macropinocytosis 104 10 0.0081 6.20 1.30
G0:0051930  regulation of sensory perception of pain* 4 3 0.0002 6.00 1.33
G0:0006898 receptor-mediated endocytosis 19 4 0.0059 6.20 1.40
GO:0030036  actin cytoskeleton organization 101 10 0.0067 6.27 1.64
GO:0046068 cGMP metabolic process 12 3 0.0105 6.00 1.67
G0:0051258  protein polymerization 63 6 0.0385 6.43 1.71
GO:0006013  mannose metabolic process 4 3 0.0002 6.00 2.00
GO0:0051260  protein homooligomerization 57 8 0.0017 6.46 2.00
GO:0050804 regulation of synaptic transmission* 21 4 0.0086 6.00 2.00
GO:0030587  sorocarp development* 36 5 0.0132 6.33 2.00
G0O:0030198  extracellular matrix organization 36 5 0.0132 6.00 2.00
G0:0008203  cholesterol metabolic process 24 4 0.0139 6.40 2.00
GO:0003008  system process 190 21 0.0090 6.25 213
G0:0007399  nervous system development* 251 20 0.0086 6.05 2.14
GO:0018095  protein polyglutamylation 12 5 0.0001 6.00 217
G0:0051291  protein heterooligomerization 11 3 0.0081 6.60 2.20
GO:0007155  cell adhesion 140 23 0.0000 6.15 221
G0:0022610  biological adhesion 141 24 0.0368 6.15 2.24
G0:0035249  synaptic transmission, glutamatergic* 11 3 0.0081 6.00 2.25
GO:0016265  death 217 15 0.0259 6.20 227
GO:0030030  cell projection organization 194 21 0.0327 6.08 2.28
G0:0052652  cyclic purine nucleotide metabolic process 17 4 0.0039 6.33 2.33
GO:0050803  regulation of synapse structure or activity* 12 3 0.0105 6.00 2.33
G0:0031122  cytoplasmic microtubule organization 18 3 0.0328 6.00 233
GO:1900542  regulation of purine nucleotide metabolic process 111 9 0.0323 6.18 2.36

B Analysis of C. tetramitiformis peptides enriched among non-phagocytes (i.e. b’ from Figure 2)

. . # C.tgt. # peptides in . G0 “Phagocyte”  “Non-phagocyte”
GO.ID Term -Biological Process peptides in GO non-phagocyte enrichment p-

category enrichment value score score
GO:0000162  tryptophan biosynthetic process 5 4 0.0001 0.75 5.75
G0:0009082  branched-chain amino acid biosynthetic process 15 4 0.0182 1.00 5.25
GO:0046417  chorismate metabolic process 6 5 0.0050 1.20 5.60
G0O:0009423  chorismate biosynthetic process 4 3 0.0013 1.33 5.33
G0:0043650 dicarboxylic acid biosynthetic process 12 6 0.0149 1.50 5.50
G0:0009073  aromatic amino acid family biosynthetic process 29 10 0.0053 1.60 5.60
GO:0009081  branched-chain amino acid metabolic process 26 5 0.0334 1.60 5.40
G0:0009088  threonine biosynthetic process 6 5 0.0000 1.67 5.67
G0:0016925  protein sumoylation 11 B 0.0381 1.67 5.67
GO:0000105  histidine biosynthetic process 6 5 0.0000 2.00 6.00
G0:0048653  anther development* 9 3 0.0216 2.00 5188
G0:0042364  water-soluble vitamin biosynthetic process 30 10 0.0005 2.10 5.70
GO:0043604 amide biosynthetic process 14 () 0.0477 220 6.00
G0:0009110  vitamin biosynthetic process 36 12 0.0601 2.25 5.67
G0:0016132  brassinosteroid biosynthetic process 10 5 0.0003 2.40 5.60
GO:0006526  arginine biosynthetic process 7 4 0.0007 2.50 5.50
G0O:0006646  phosphatidylethanolamine biosynthetic process 6 3 0.0060 2.50 5.00
G0:0009108  coenzyme biosynthetic process 77 12 0.0369 2.50 5.75
GO:0016126  sterol biosynthetic process 34 11 0.0000 2.53 5.33
GO:1901617  organic hydroxy compound biosynthetic process 97 25 0.0048 2.61 5.32
G0:0048316  seed development* 96 15 0.0029 2.63 5.11
G0:0001522  pseudouridine synthesis 24 6 0.0055 2.67 5.33
G0:0042631  cellular response to water deprivation 13 3 0.0594 2.67 5.00
G0:0044711  single-organism biosynthetic process 889 113 0.0697 2.69 5.39
G0O:0009064  glutamine family amino acid metabolic process 40 14 0.0038 2.71 5.79

Phagocytes Non-phagocytes

Fic. 3.— GO term enrichment analysis of two sets of Cymbomonas tetramitiformis peptides identified from comparative analyses (fig. 2). (A) The top 25
Biological Process GO terms from C. tetramitiformis peptides enriched among phagocytes. The GO terms were sorted by presence in nonphagocyte genomes
from low to high. (B) The top 25 Biological Process GO terms from C. tetramitiformis peptides enriched among nonphagocytes. The GO terms were sorted by
presence in phagocyte genomes from low to high. The heat map to the right of each table represents the presence of all the peptides in that GO category in
each organism. The number of above each column of the heat map is the average presence score for all 25 GO terms in that organism. Asterisks (*) indicate
GO terms associated with organism-specific processes. These are due to the multiorganism annotation.
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(supplementary fig. S10, Supplementary Material online).
Diverse fungal taxa and one red alga, Galdieria sulphuraria,
also encode a glucoamylase; these, however, have separate
evolutionary origins from other eukaryotic glucoamylases
(supplementary fig. S11, Supplementary Material online).
Consistent with phylogeny, a clade comprising C. tetramitifor-
mis, choanoflagellates, an apusomonad, and a cryptomonad
is characterized by the presence of a trefoil-like domain—
which may imply “extracellular” function (Braun et al.
2009)—at the N-terminus of glucoamylase; this domain, how-
ever, is not present in proteins of B. natans, fungi, and bacte-
ria. Given its close relatedness to homologs found among
phagotrophs (and absence of its homolog in nonphagotrophic
green algal and plant relatives), the C. tetramitiformis glucoa-
mylase may be involved in degradation of foods in the algal
phagosome.

Another oddity of C. tetramitiformis lies in the presence of a
putative homolog of the enzyme 4-hydroxybutyryl-CoA
dehydratase, a key enzyme of the 3-hydroxypropanoate/4-
hydroxybutanoate cycle for autotrophic carbon fixation in ar-
chaea and aminobutyrate fermentation in bacteria (Berg et al.
2010; Konneke et al. 2014). The presence of this enzyme has
only been noted in one other eukaryotic organism, the photo-
synthetic ~ stramenopile  Aureococcus  anophagefferens
(Kénneke et al. 2014); these two eukaryotic sequences are
closely related to each other in phylogeny (supplementary fig.
S12, Supplementary Material online). Although the C. tetrami-
tiformis enzyme does not appear to function in carbon fixation,
as other genes necessary to complete the cycle have been not
found, it may be used in other aspects of carbohydrate metab-
olism, as has been suggested previously (Berg et al. 2007).

A Comparative Genomics Approach to the Inference of
Phagocytosis-Related Genes in a Green Alga

Inference of phagocytosis-associated genes in C. tetramitifor-
mis was based on whole genome-to-genome comparisons of
the alga to phagocytotic and nonphagocytotic eukaryotic or-
ganisms (fig. 2). Our approach used the predicted peptides of
the phago-mixotrophic green alga C. tetramitiformis as a base-
line, and found subsets of C. tetramitiformis peptides with
homologs enriched in phagocytic organisms compared with
nonphagocytic organisms. The approach was a genome-wide
version of more specific attempts to identify core phagosome
components (Yutin et al. 2009; Boulais et al. 2010). Because
phagocytosis-associated proteins are likely not limited to feed-
ing function only, as has been previously suggested (Carter
et al. 2004; Boulais et al. 2010; Deschamps et al. 2013), our
approach was to look for peptides that tend to be retained in
phagocytes, but can be lost in nonphagocytes. Based on pep-
tide search parameters as described in Materials and Methods,
we identified and analyzed a set of the C. tetramitiformis pep-
tides that are present in almost all (six or seven out of seven)
phagocytes but are absent in three or more nonphagocytes.

From this approach, a total of 399 C. tetramitiformis pep-
tides were found to be enriched among phagocytes when
compared with nonphagocytes. GO (Ashburner et al. 2000)
enrichment analysis of these peptides revealed several catego-
ries containing peptides that have known functional overlap in
phagocytosis such as the biological processes macropinocyto-
sis, cell adhesion, cell projection organization, receptor-
mediated endocytosis, and actin cytoskeleton organization
(Maniak 2002) as well as other categories containing phago-
cytosis-related peptides despite seemingly unrelated category
names. For example, the category, “regulation of sensory per-
ception of pain,” contains sodium channel protein type 11
subunit alpha (Scn11a) which was shown to have a role in
regulating phagocytosis and acidification of late endosomes in
human macrophages (Carrithers et al. 2007). Summarizing
GO term enrichment analyses, the general pattern emerged
that the genomes of organisms that can complete phagocy-
tosis are enriched in cell surface molecules, in particular cell
adhesion and cell junction molecules, and proteins that regu-
late actin remodeling and vesicle trafficking through cell sig-
naling or direct interactions with the cytoskeleton (fig. 3 and
supplementary figs. S12-S14, Supplementary Material
online).

It should be noted that some of the known phagosome
components, such as actin, did not show up in our analysis
due to their involvement in diverse cellular processes (e.g.,
cytokinesis in case of actin; Deschamps et al. 2013) Further,
as our approach was geared toward shared components in
phagocytosis across a range of eukaryotes, lineage-specific
phagocytosis peptides predictably could not be inferred.
Phagosome proteomics and other molecular studies for C
tetramitiformis will be necessary to identify lineage-specific
components in phagocytosis as well as to confirm the infer-
ences made in this study.

Retention of Obligatory Phagotrophy as a Driving Force
behind Loss of Biosynthesis Pathway Genes

On the other side of the analysis, which was initially intended
as a control experiment, a number of biosynthetic pathways
were found to be enriched among nonphagocytes as well as
phago-mixotrophic algae (fig. 3). In particular, a number of
genes related to amino acid biosynthesis pathways were
found to be depleted among obligatory phagotrophs and
metazoans. For instance, all of the top ten GO entries for
the peptide set from the control experiment are related to
amino acid synthesis, including synthesis of trypophan, threo-
nine, and histidine as well as intermediate compounds, such as
chorismate (fig. 3). The results are consistent with previous
studies that showed that amino acid auxotrophy is related
to feeding of other organisms or adaptation to parasitic life
style (Payne and Loomis 2006). Our study goes beyond the
earlier studies by showing that nutrient uptake by phagocyto-
sis can also allow the loss of genes involved in the synthesis of
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other organic compounds, such as coenzymes, sterols, and
vitamins  (fig. 3 and supplementary figs. S15-S17,
Supplementary Material online).

Prototrophic Host as a Potential Critical Component in
the Evolution of Permanent Plastids?

Our analysis shows that two phago-mixotophic algae—
the green alga C. tetramitiformis and the chlorarachnio-
phyte B. natans—are similar to nonphagocytes in terms of
their overall higher-level capacity to synthesize a range of
small organic molecules compared with obligatory phago-
cytes and metazoans (fig. 3). This is in agreement with the
fact that both algae are known to be able to grow in in-
organic growth media, such as /2 (Guillard and Ryther
1962) (which contains a B vitamin mixture). Many eukary-
otic phototrophs can sustain their growth on inorganic
substances (plus B vitamins); and although obligatorily
phagotrophic algae do exist (e.g., the dinoflagellate
Dinophysis and the euglenophyte Rapaza), their compul-
sory feeding is mostly likely a derived status as their close
photosynthetic relatives are not obligatory phagotrophs
(Hansen 2011; Yamaguchi et al. 2012). An interesting cor-
ollary thus is that heterotrophic eukaryotic ancestors that
became photosynthetic through endosymbiosis likely had
the ability to synthesize most, if not all, small organic mol-
ecules from inorganic compounds. Early eukaryotes
indeed are predicted to be prototrophic (i.e., not requiring
specific organic substances) as eukaryotes are believed to
have originated from prokaryotes, which are bound by
rigid cell wall and hence are required to be autonomous
in terms of biosynthetic capacity (Cavalier-Smith 2002)
unless adapted to extremely nutrient-rich environments
(but see D’Souza et al. 2014). An irony is that nutritional
dependence through the process of phagocytosis, which
was an important process in the acquisition of plastids
(Maruyama and Kim 2013), led to the loss of genes in-
volved in small molecule synthesis in heterotrophic eukary-
otes, which, in turn, might make it more difficult to
permanently incorporate a photosynthetic endosymbiont.
This might explain why evolution of eukaryotic photosyn-
thesis in the “permanent” form has not occurred among
metazoans, amoebozoans, or ciliates—all of which are
auxotrophic for a number of amino acids and other
small compounds (fig. 3; Payne and Loomis 2006)—
despite many documented cases of their associations
with photosynthetic endosymbionts/organelles (e.q.,
Wang and Douglas 1997; Rumpho et al. 2000; Wagele
et al. 2011). Perhaps, there was a window of time (after
eukaryogenesis) when eukaryotes were still mostly proto-
trophic and hence had a higher propensity to become
phototrophs following endosymbiosis compared with
more recent, mostly auxotrophic phagotrophs.

Supplementary Material

Supplementary references, files S1-S7, figures S1-517, and
table S1 are available at Genome Biology and Evolution
online (http:/Avww.gbe.oxfordjournals.org/).

Acknowledgments

The authors thank Aaron Heiss for valuable suggestions and
comments on an earlier version of this article, Gabi
Kastenmuller for her valuable suggestions concerning meta-
bolic pathway analysis, and Jeremy Schmutz for helpful dis-
cussions on read filtering. The work was supported by the
AMNH start-up grants awarded to E.K. and the National
Science Foundation (award# 10S-1453639).

Literature Cited

Adl SM, et al. 2012. The revised classification of eukaryotes. J Eukaryot
Microbiol. 59:429-514.

Alexa A, Rahnenfuhrer J. 2010. topGO: enrichment analysis for gene
ontology. R package version 2.8. Available from: http:/Amvww.biocon-
ductor.org/packages/release/bioc/html/topGO.html.

Archibald JM. 2009. The puzzle of plastid evolution. Curr Biol.
19:R81-R88.

Arumuganathan K, Earle E. 1991. Estimation of nuclear DNA content of
plants by flow cytometry. Plant Mol Biol Rep. 9:229-241.

Ashburner M, et al. 2000. Gene Ontology: tool for the unification of
biology. Nat Genet. 25:25-29.

Bar-Peled M, Urbanowicz BR, O'Neill MA. 2012. The synthesis and origin
of the pectic polysaccharide rhamnogalacturonan I—insights from
nucleotide sugar formation and diversity. Front Plant Sci. 3:1.

Becker B, Becker D, Kamerling JP, Melkonian M. 1991. 2-keto-sugar acids
in green flagellates: a chemical marker for prasinophycean scales.
J Phycol. 27:498-504.

Benson G. 1999. Tandem repeats finder: a program to analyze DNA
sequences. Nucleic Acids Res. 27:573.

Berg IA, et al. 2010. Autotrophic carbon fixation in archaea. Nat Rev
Microbiol. 8:447-460.

Berg IA, Kockelkorn D, Buckel W, Fuchs G. 2007. A 3-hydroxypropionate/
4-hydroxybutyrate autotrophic carbon dioxide assimilation pathway in
Archaea. Science 318:1782-1786.

Bhattacharya D, et al. 2014. Analysis of the genome of Cyanophora para-
doxa: an algal model for understanding primary endosymbiosis. In
Endosymbiosis. Springer Vienna. p. 135-148.

Birney E, Clamp M, Durbin R. 2004. GeneWise and genomewise. Genome
Res. 14:988-995.

Blanco E, Parra G, Guigd R. 2007. Using geneid to identify genes. Curr
Protoc Bioinformatics. 4:1-4.

Boratyn GM, et al. 2012. Domain enhanced lookup time accelerated
BLAST. Biol Direct. 7:12.

Boulais J, et al. 2010. Molecular characterization of the evolution of pha-
gosomes. Mol Syst Biol. 6:423.

Braun B, Ringleb J, Waurich R, Viertel D, Jewgenow K. 2009. Functional
role of feline zona pellucida protein 4 trefoil domain: a sperm receptor
or structural component of the domestic cat zona pellucida? Reprod
Domest Anim 44:234-238.

Camacho C, et al. 2009. BLAST+: architecture and applications. BMC
Bioinformatics 10:421.

Cantarel BL, et al. 2008. MAKER: an easy-to-use annotation pipeline de-
signed for emerging model organism genomes. Genome Res. 18:188-
196.

Genome Biol. Evol. 7(11):3047-3061.  doi:10.1093/gbe/ew144  Advance Access publication July 29, 2015 3059


http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv144/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv144/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv144/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv144/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv144/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv144/-/DC1
http://www.gbe.oxfordjournals.org/
http://www.bioconductor.org/packages/release/bioc/html/topGO.html
http://www.bioconductor.org/packages/release/bioc/html/topGO.html

Burns et al.

GBE

Capella-Gutiérrez S, Silla-Martinez JM, Gabaldén T. 2009. trimAl: a tool for
automated alignment trimming in large-scale phylogenetic analyses.
Bioinformatics 25:1972-1973.

Carlton JM, et al. 2007. Draft genome sequence of the sexually transmit-
ted pathogen Trichomonas vaginalis. Science 315:207-212.

Carrithers MD, et al. 2007. Expression of the voltage-gated sodium chan-
nel NaV1.5 in the macrophage late endosome regulates endosomal
acidification. J Immunol. 178:7822-7832.

Carter C, et al. 2004. The vegetative vacuole proteome of Arabidopsis
thaliana reveals predicted and unexpected proteins. Plant Cell
16:3285-3303.

Caspi R, et al. 2008. The MetaCyc Database of metabolic pathways and
enzymes and the BioCyc collection of Pathway/Genome Databases.
Nucleic Acids Res. 36:D623-D631.

Cavalier-Smith T. 2002. The phagotrophic origin of eukaryotes and phylo-
genetic classification of Protozoa. Int J Syst Evol Microbiol. 52:297-354.

Cavalier-Smith T. 2013. Early evolution of eukaryote feeding modes, cell
structural diversity, and classification of the protozoan phyla
Loukozoa, Sulcozoa, and Choanozoa. Eur J Protistol. 49:115-178.

Cayrou C, Henrissat B, Gouret P, Pontarotti P, Drancourt M. 2012.
Peptidoglycan: a post-genomic analysis. BMC Microbiol. 12:294.

Chen F, Mackey AJ, Stoeckert CJ, Roos DS. 2006. OrthoMCL-DB: querying
a comprehensive multi-species collection of ortholog groups. Nucleic
Acids Res. 34:D363-D368.

Chevreux B, et al. 2004. Using the miraEST assembler for reliable and
automated mRNA transcript assembly and SNP detection in sequenced
ESTs. Genome Res. 14:1147-1159.

Chimini G, Chavrier P. 2000. Function of Rho family proteins in actin dynam-
ics during phagocytosis and engulfment. Nat Cell Biol. 2:E191-E196.

Claros MG, et al. 2012. Why assembling plant genome sequences is so
challenging. Biology 1:439-459.

D’'Souza G, et al. 2014. Less is more: selective advantages can explain the
prevalent loss of biosynthetic genes in bacteria. Evolution 68:2559-
2570.

Darriba D, Taboada GL, Doallo R, Posada D. 2011. ProtTest 3: fast selection
of best-fit models of protein evolution. Bioinformatics 27:1164-1165.

de Koning AJ, Gu W, Castoe TA, Batzer MA, Pollock DD. 2011. Repetitive
elements may comprise over two-thirds of the human genome. PLoS
Genet. 7:€1002384.

Deschamps C, Echard A, Niedergang F. 2013. Phagocytosis and cytokine-
sis: do cells use common tools to cut and to eat? Highlights on
common themes and differences. Traffic 14:355-364.

Eddy SR. 2009. A new generation of homology search tools based on
probabilistic inference. Genome Inform. 23:205-211.

Erridge C, Bennett-Guerrero E, Poxton IR. 2002. Structure and function of
lipopolysaccharides. Microbes Infect. 4:837-851.

Fischer S, etal. 2011. Using OrthoMCL to assign proteins to OrthoMCL-DB
groups or to cluster proteomes into new ortholog groups. Curr Protoc
Bioinformatics. 6:11-16.

Gao X, Hou Y, Ebina H, Levin HL, Voytas DF. 2008. Chromodomains direct
integration of retrotransposons to heterochromatin. Genome Res.
18:359-369.

Garcia-Alcalde F, et al. 2012. Qualimap: evaluating next-generation se-
quencing alignment data. Bioinformatics 28:2678-2679.

Gasteiger E, Jung E, Bairoch A. 2001. SWISS-PROT: connecting biomolec-
ular knowledge via a protein database. Curr Issues Mol Biol. 3:47-55.

Gnerre S, et al. 2011. High-quality draft assemblies of mammalian ge-
nomes from massively parallel sequence data. Proc Natl Acad Sci U
S A. 108:1513-1518.

Gotthardt D, et al. 2006. Proteomics fingerprinting of phagosome matu-
ration and evidence for the role of a Go during uptake. Mol Cell
Proteomics. 5:2228-2243.

Grabherr MG, et al. 2011. Full-length transcriptome assembly from RNA-
Seq data without a reference genome. Nat Biotechnol. 29:644-652.

Guillard RR, Ryther JH. 1962. Studies of Marine Planktonic Diatoms: I.
Cyclotella nana Hustedt, and Detonula confervacea (Cleve) gran.
Can J Microbiol. 8:229-239.

Hahn C, Bachmann L, Chevreux B. 2013. Reconstructing mitochondrial
genomes directly from genomic next-generation sequencing reads—a
baiting and iterative mapping approach. Nucleic Acids Res. 41:E129.

Hansen PJ. 2011. The role of photosynthesis and food uptake for the
growth of marine mixotrophic dinoflagellates. J Eukaryot Microbiol.
58:203-214.

Herrmann V, et al. 2011. GamA is a eukaryotic-like glucoamylase respon-
sible for glycogen-and starch-degrading activity of Legionella pneumo-
phila. Int J Med Microbiol. 301:133-139.

Jacobs ME, et al. 2006. The Tetrahymena thermophila phagosome prote-
ome. Eukaryot Cell. 5:1990-2000.

Jones DT, Swindells MB. 2002. Getting the most from PSI-BLAST. Trends
Biochem Sci. 27:161-164.

Jurka J, et al. 2005. Repbase Update, a database of eukaryotic repetitive
elements. Cytogenet Genome Res. 110:462-467.

Kapraun DF. 2007. Nuclear DNA content estimates in green algal lineages:
Chlorophyta and Streptophyta. Ann Bot. 99:677-701.

Kastenmuller G, Schenk ME, Gasteiger J, Mewes HW. 2009. Uncovering
metabolic pathways relevant to phenotypic traits of microbial ge-
nomes. Genome Biol. 10:R28.

Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment soft-
ware version 7: improvements in performance and usability. Mol Biol
Evol. 30:772-780.

Kirchman D. 2012. Microbial primary production and phototrophy. In:
Processes in microbial ecology. Oxford University Press. p. 74-78.
Kénneke M, et al. 2014. Ammonia-oxidizing archaea use the most energy-
efficient aerobic pathway for CO2 fixation. Proc Natl Acad Sci U S A.

111:8239-8244.

Korf I. 2004. Gene finding in novel genomes. BMC Bioinformatics 5:59.

Kubis S, Schmidt T, Heslop-Harrison JSP. 1998. Repetitive DNA elements as
a major component of plant genomes. Ann Bot. 82:45-55.

Kumar S. 2013. Next-generation nematode genomes [doctoral disserta-
tion]. The University of Edinburgh. Available from: https:/Avww era.
lib.ed.ac.uk/handle/1842/7609

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with Bowtie
2. Nat Methods. 9:357-359.

Leborgne-Castel N, Adam T, Bouhidel K. 2010. Endocytosis in plant-
microbe interactions. Protoplasma 247:177-193.

Li C, Guan Z, Liu D, Raetz CR. 2011. Pathway for lipid A biosynthesis in
Arabidopsis thaliana resembling that of Escherichia coli. Proc Natl Acad
SciUS A. 108:11387-11392.

Li H, et al. 2009. The sequence alignment/map format and SAMtools.
Bioinformatics 25:2078-2079.

Mackiewicz P, Gagat P. 2014. Monophyly of Archaeplastida supergroup
and relationships among its lineages in the light of phylogenetic and
phylogenomic studies Are we close to a consensus? Acta Soc Bot Pol.
83:263-280.

Maniak M. 2002. Conserved features of endocytosis in Dictyostelium. Int
Rev Cytol. 221:257-287.

Marcais G, Kingsford C. 2011. A fast, lock-free approach for efficient
parallel counting of occurrences of k-mers. Bioinformatics 27:764-
770.

Maruyama S, Kim E. 2013. A modern descendant of early green algal
phagotrophs. Curr Biol. 23:1081-1084.

Melkonian M. 1990. Phylum Chlorophyta: Introduction to the
Chlorophyta. In: Margulis L, Corliss JO, Melkonian M, Chapman DJ,
editors. Handbook of Protoctista. Boston: Jones and Bartlett
Publishers. p. 597-599.

Merchant SS, et al. 2007. The Chlamydomonas genome
reveals the evolution of key animal and plant functions. Science
318:245-250.

3060  Genome Biol. Evol. 7(11):3047-3061. doi:10.1093/gbe/ew 144  Advance Access publication July 29, 2015


https://www.era.lib.ed.ac.uk/handle/1842/7609
https://www.era.lib.ed.ac.uk/handle/1842/7609

Genomics of a Phago-Mixotrophic Green Alga

GBE

Miller MA, Pfeiffer W, Schwartz T, editors. 2010. Gateway Computing
Environments Workshop (GCE). Creating the CIPRES Science Gateway
for Inference of Large Phylogenetic Trees. November 14, 2010, New
Orleans, LA. IEEE. p. 1-8.

Moestrup @, Inouye |, Hori T. 2003. Ultrastructural studies on
Cymbomonas tetramitiformis (Prasinophyceae). |. General structure,
scale microstructure, and ontogeny. Can J Bot. 81:657-671.

Neumann P, Pozérkova D, Macas J. 2003. Highly abundant pea LTR retro-
transposon Ogre is constitutively transcribed and partially spliced. Plant
Mol Biol. 53:399-410.

Okada M, et al. 2005. Proteomic analysis of phagocytosis in the enteric
protozoan parasite Entamoeba histolytica. Eukaryot Cell. 4:827-831.

Okada M, et al. 2006. Kinetics and strain variation of phagosome proteins
of Entamoeba histolytica by proteomic analysis. Mol Biochem Parasitol.
145:171-183.

Palenik B, et al. 2007. The tiny eukaryote Ostreococcus provides genomic
insights into the paradox of plankton speciation. Proc Natl Acad Sci U S
A. 104:7705-7710.

Parra G, Bradnam K, Korf I. 2007. CEGMA: a pipeline to accurately anno-
tate core genes in eukaryotic genomes. Bioinformatics 23:1061-1067.

Parra G, Bradnam K, Ning Z, Keane T, Korf I. 2009. Assessing the gene
space in draft genomes. Nucleic Acids Res. 37:289-297.

Paungfoo-Lonhienne C, et al. 2010. Turning the table: plants consume
microbes as a source of nutrients. PLoS One 5:11915.

Pavlopoulou A, Kossida S. 2007. Plant cytosine-5 DNA methyltransferases:
structure, function, and molecular evolution. Genomics 90:530-541.

Payne SH, Loomis WF. 2006. Retention and loss of amino acid biosynthetic
pathways based on analysis of whole-genome sequences. Eukaryot
Cell. 5:272-276.

Phillippy AM, Schatz MC, Pop M. 2008. Genome assembly forensics: find-
ing the elusive mis-assembly. Genome Biol. 9:R55.

Plant List. 2013. The Plant List (2013) Version 1.1. Published on the Internet
[accessed January 1]. Available from: http:/Avww.theplantlist.org/.
Price AL, Jones NC, Pevzner PA. 2005. De novo identification of repeat

families in large genomes. Bioinformatics 21:i351-i358.

Prochnik SE, et al. 2010. Genomic analysis of organismal complexity in the
multicellular green alga Volvox carteri. Science 329:223-226.

Pulendran B, et al. 2001. Lipopolysaccharides from distinct pathogens
induce different classes of immune responses in vivo. J Immunol.
167:5067-5076.

R-Core-Team. 2014. R: a language and environment for statistical com-
puting. Vienna (Austria): R Foundation for Statistical Computing.
Raven JA. 2003. Carboxysomes and peptidoglycan walls of cyanelles: pos-

sible physiological functions. Eur J Phycol. 38:47-53.

Raven JA, Beardall J, Flynn KJ, Maberly SC. 2009. Phagotrophy in the
origins of photosynthesis in eukaryotes and as a complementary
mode of nutrition in phototrophs: relation to Darwin’s insectivorous
plants. J Exp Bot. 60:3975-3987.

Read BA, et al. 2013. Pan genome of the phytoplankton Emiliania under-
pins its global distribution. Nature 499:209-213.

Rost B. 1999. Twilight zone of protein sequence alignments. Protein Eng.
12:85-94.

Rost B. 2002. Enzyme function less conserved than anticipated. J Mol Biol.
318:595-608.

Rumpho ME, Summer EJ, Manhart JR. 2000. Solar-powered sea slugs.
Mollusc/algal chloroplast symbiosis. Plant Physiol. 123:29-38.

Sander C, Schneider R. 1991. Database of homology-derived protein struc-
tures and the structural meaning of sequence alignment. Proteins
9:56-68.

Sauer J, et al. 2000. Glucoamylase: structure/function relationships, and
protein engineering. Biochim Biophys Acta. 1543:275-293.

Schulman AH. 2013. Retrotransposon replication in plants. Curr Opin
Virol. 3:604-614.

Shevchuk O, et al. 2009. Proteomic analysis of Legionella-containing pha-
gosomes isolated from Dictyostelium. Int J Med Microbiol. 299:489-
508.

Shoguchi E, et al. 2013. Draft assembly of the Symbiodinium minutum
nuclear genome reveals dinoflagellate gene structure. Curr Biol.
23:1399-1408.

Smit A, Hubley R, Green P. 1996-2010. RepeatMasker Open-3.0.
Available from: http:/Avww.repeatmasker.org

Smit A, Hubley R. 2008-2010. RepeatModeler Open-1.0. Available from:
http:/Avww.repeatmasker.org

Smyth KM, Marchant A. 2013. Conservation of the 2-keto-3-
deoxymanno-octulosonic acid (Kdo) biosynthesis pathway between
plants and bacteria. Carbohydr Res. 380:70-75.

Stamatakis A. 2014. RAXML version 8: a tool for phylogenetic analy-
sis and post-analysis of large phylogenies. Bioinformatics 30:
1312-1313.

Stanke M, Waack S. 2003. Gene prediction with a hidden Markov model
and a new intron submodel. Bioinformatics 19:ii215-ii225.

Stiller JW. 2014. Toward an empirical framework for interpreting plastid
evolution. J Phycol. 50:462-471.

Trent MS, Stead CM, Tran AX, Hankins JV. 2006. Invited review: diversity
of endotoxin and its impact on pathogenesis. J Endotoxin Res. 12:205-
223.

Turmel M, Gagnon M-C, O’Kelly CJ, Otis C, Lemieux C. 2009. The chlo-
roplast genomes of the green algae Pyramimonas, Monomastix, and
Pycnococcus shed new light on the evolutionary history of prasino-
phytes and the origin of the secondary chloroplasts of euglenids. Mol
Biol Evol. 26:631-648.

van Heijenoort J. 2001. Formation of the glycan chains in the synthesis of
bacterial peptidoglycan. Glycobiology 11:25R-36R.

Wagele H, et al. 2011. Transcriptomic evidence that longevity of acquired
plastids in the photosynthetic slugs Elysia timida and Plakobranchus
ocellatus does not entail lateral transfer of algal nuclear genes. Mol Biol
Evol. 28:699-706.

Wang JT, Douglas AE. 1997. Nutrients, signals, and photosynthetic release
by symbiotic algae. The impact of taurine on the dinoflagellate alga
Symbiodinium from the sea anemone Aiptasia pulchella. Plant Physiol.
114:631-636.

Warnes GR, et al. 2013. gplots: Various R programming tools for plotting
data. 2013. R package version 2. Available from: https:/cran.
r-project.org/web/packages/gplots/index.html.

Wood D, Salzberg S. 2014. Kraken: ultrafast metagenomic sequence clas-
sification using exact alignments. Genome Biol. 15:R46.

Worden AZ, et al. 2009. Green evolution and dynamic adaptations re-
vealed by genomes of the marine picoeukaryotes Micromonas.
Science 324:268-272.

Yamaguchi A, Yubuki N, Leander BS. 2012. Morphostasis in a novel eu-
karyote illuminates the evolutionary transition from phagotrophy to
phototrophy: description of Rapaza viridis n. gen. et sp.(Euglenozoa,
Euglenida). BMC Evol Biol. 12:29.

Yutin N, Wolf MY, Wolf YI, Koonin EV. 2009. The origins of phagocytosis
and eukaryogenesis. Biol Direct. 4:21.

Associate editor: Yves Van De Peer

Genome Biol. Evol. 7(11):3047-3061.  doi:10.1093/gbe/ew144  Advance Access publication July 29, 2015 3061


http://www.theplantlist.org/
http://www.repeatmasker.org
http://www.repeatmasker.org
https://cran.r-project.org/web/packages/gplots/index.html
https://cran.r-project.org/web/packages/gplots/index.html

