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Abstract

Eustigmatophytes, a class of stramenopile algae (ochrophytes), include not only the extensively studied biotechnologically important
genus Nannochloropsis but also a rapidly expanding diversity of lineages with much less well characterized biology. Recent discov-
eries have led to exciting additions to our knowledge about eustigmatophytes. Some proved to harbor bacterial endosymbionts
representing a novel genus, Candidatus Phycorickettsia, and an operon of unclear function (ebo) obtained by horizontal gene
transfer from the endosymbiont lineage was found in the plastid genomes of still other eustigmatophytes. To shed more light on
the latter event, as well as to generally improve our understanding of the eustigmatophyte evolutionary history, we sequenced plastid
genomes of seven phylogenetically diverse representatives (including new isolates representing undescribed taxa). A phylogenomic
analysis of plastid genome-encoded proteins resolved the phylogenetic relationships among the main eustigmatophyte lineages and
provided a framework for the interpretation of plastid gene gains and losses in the group. The ebo operon gain was inferred to have
probably occurred within the order Eustigmatales, after the divergence of the two basalmost lineages (a newly discovered hitherto
undescribed strain and the Pseudellipsoidion group). When looking for nuclear genes potentially compensating for plastid gene
losses, we noticed a gene for a plastid-targeted acyl carrier protein that was apparently acquired by horizontal gene transfer from
Phycorickettsia. The presence of this gene in all eustigmatophytes studied, including representatives of both principal clades
(Eustigmatales and Goniochloridales), is a genetic footprint indicating that the eustigmatophyte—Phycorickettsia partnership started
no later than in the last eustigmatophyte common ancestor.

Key words: acyl carrier protein, Eustigmatophyceae, horizontal gene transfer, Ochrophyta, Phycorickettsia, plastid
genome.

Introduction independent class of ochrophytes, a prominent algal phylum

Eustigmatophytes are an interesting group of unicellular, pri-
marily freshwater algae. These organisms generally have a
simple coccoid morphology, yet they exhibit a suite of cyto-
logical and biochemical features making them unlike any
other algal taxon (Elias et al. 2017). Phylogenetically they con-
stitute a well-delineated lineage, typically classified as an

that emerged within the stramenopiles by acquisition of a
plastid (pt) through a higher-order endosymbiotic event
(Dorrell et al. 2017; Dorrell and Bowler 2017). Although rec-
ognized as a separate phylogenetic unit nearly five decades
ago, eustigmatophytes were long considered a relatively in-
significant taxon with limited species diversity and minor
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ecological importance (Graham et al. 2009). Hence, until re-
cently, research on fundamental aspects of eustigmatophyte
biology was essentially limited to taxonomic studies that
slowly expanded the number of eustigmatophyte taxa, com-
bined with basic characterization of eustigmatophyte mor-
phology, ultrastructure, and composition of photosynthetic
pigments (reviewed in Elias et al. [2017]).

More recently, a renewed interest in algae as resources for
biotechnologies has sparked an extensive research program
on eustigmatophytes, but attention has been given almost
exclusively to a single eustigmatophyte lineage traditionally
classified as the genus Nannochloropsis (e.g.,, Ma et al.
2016). These studies include not only physiological, biochem-
ical, and cell biological investigations but also application of
genomic approaches yielding complete or draft genome
sequences for nearly all species of the genus (Pan et al.
2011; Radakovits et al. 2012; Vieler et al. 2012; Corteggiani
Carpinelli et al. 2014; Wang et al. 2014). For the sake of
taxonomic accuracy, it should be stressed that two
Nannochloropsis species have recently been segregated into
a separate (yet related) genus Microchloropsis (Fawley et al.
2015), so the whole group will hereafter be referred to as the
Nanno-/Microchloropsis clade.

In this article, we are primarily concerned with pt genomes.
The first eustigmatophyte pt genomes were sequenced as
part of the genome project for Microchloropsis (then
Nannochloropsis) gaditana (Radakovits et al. 2012), but
more detailed analyses came only with two subsequent stud-
ies that collectively provided pt genome sequences from
nearly all known species of the Nanno-/Microchloropsis group
(Wei et al. 2013; Starkenburg et al. 2014). These investiga-
tions yielded a number of important findings concerning the
gene repertoire of pt genomes in eustigmatophytes and indi-
cated the degree of variation in their pt genome architecture
and coding capacity across different species of the single
eustigmatophyte lineage. However, a question remained as
to what extent the findings from the Nanno-/Microchloropsis
clade are representative of eustigmatophytes across their ac-
tual phylogenetic breadth.

Eustigmatophytes are indeed much more than
Nannochloropsis. Presently, the class comprises ~30 species
classified in 15 different genera, but molecular markers
obtained from a number of unidentified isolates revealed a
much higher taxonomic diversity that yet needs to be properly
studied (Fawley et al. 2014; Elias et al. 2017). Phylogenetically,
the class is deeply divided into two major monophyletic
clades, one of them being the order Eustigmatales and the
other presently referred to as the clade Goniochloridales. This
clade was defined according to the PhyloCode but (for tech-
nical taxonomic reasons) so far lacks a standing in the tradi-
tional Linnaean taxonomy governed by the International Code
of Nomenclature for algae, fungi, and plants (Fawley et al.
2014). However, for the purpose of this study, we will con-
sider the group having the same rank as the order

Eustigmatales and will refer to it simply to as
Goniochloridales (not italicized).

The order Eustigmatales includes all eustigmatophytes de-
fined by the pioneering work of Hibberd (1981), whereas
Goniochloridales comprise more recently recognized eustig-
matophytes, including taxa transferred to eustigmatophytes
from xanthophytes based on molecular and other supporting
evidence (e.g., Pribyl et al. 2012; Fawley and Fawley 2017) or
described anew (Nakayama et al. 2015). However, the ma-
jority of known Goniochloridales representatives are uniden-
tified algal isolates, many of which probably represent species
and genera yet to be described (Fawley et al. 2014).
Phylogenetic analyses based on 18S rRNA and rbcL gene
sequences led to the recognition of four main (generally
well supported) Goniochloridales lineages, specifically the ge-
nus Pseudostaurastrum and clades lla, llb, and lic, but their
relationships remain unresolved (Fawley et al. 2014; Fawley
and Fawley 2017). Eustigmatales include three robustly sup-
ported main clades. One of them corresponds to the family
Monodopsidaceae  (which includes  the  Nanno-/
Microchloropsis group and other taxa), whereas the other
two lineages are not yet recognized in the formal taxonomy
of the group and are informally referred to as the
Eustigmataceae group and the Pseudellipsoidion group
(Fawley et al. 2014). 18S rDNA phylogenies suggest that
the Pseudellipsoidion group is basal to the other two lineages,
but this branching order is only moderately supported (Elias
et al. 2017; Fawley and Fawley 2017; supplementary fig. ST,
Supplementary Material online), whereas the rbcl marker
suggests the basal position of Monodopsidaceae (supplemen-
tary fig. S2, Supplementary Material online). Phylogenetic
analyses based on more markers are clearly needed to resolve
the relationships ~ within  both  Eustigmatales and
Goniochloridales.

The broad phylogenetic diversity of eustigmatophytes and
the availability of many representative cultures provide oppor-
tunities for genomic explorations beyond the well-studied
Nanno-/Microchloropsis group. As part of a such an endeavor,
we recently reported on both pt and mitochondrial (mt)
genomes of three eustigmatophytes representing three line-
ages progressively more distantly related to the Nanno-/
Microchloropsis group, namely the genus Monodopsis, the
Eustigmataceae group, and the Goniochloridales clade lla
(Sevcikova et al. 2015, 2016; Yurchenko et al. 2016). These
data enabled us to obtain various additional interesting
insights into the evolution of the eustigmatophyte organ-
ellar genomes as such, as well as of eustigmatophytes
themselves. For example, by carrying out a phylogenomic
analysis utilizing pt genome data from three eustigmato-
phytes representing both principal clades of the group,
that is, Eustigmatales (Nannochloropsis oceanica and
Microchloropsis ~ gaditana) and  Goniochloridales
(Trachydiscus minutus), we could solidify the phylogenetic
relationship of eustigmatophytes to other ochrophytes,
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Fic. 1.—Eustigmatophyte phylogeny inferred from pt genome data. The tree shown was inferred using PhyloBayes-MPI v1.7 and the site-hetero-
geneous substitution model CAT + GTR from an alignment of 18,378 amino acid positions (derived from 68 conserved pt genome-encoded proteins). Al
branches received maximal support (posterior probability of 1.0). For simplicity, only the ochrophyte subtree is shown (omitting thus the outgroup comprising
cryptophytes and haptophytes) and classes (other than eustigmatophytes) with multiple representatives are collapsed as triangles. Species (strains) with pt
genomes sequenced in this study are highlighted in bold. Supplementary figure S10, Supplementary Material online, shows a full version of the essentially
identical ML tree inferred from the same supermatrix using IQ-TREE v1.6.5. GenBank accession numbers of pt genomes employed in the phylogenomic
analysis are listed in supplementary table S2 and in the legend to supplementary figure S10, Supplementary Material online. Light microphotographs are
provided for the four sequenced strains whose appearance has been previously documented in the literature; scale bar: 10 um.

supporting their classification within the group Limnista
together with chrysophytes (Sevéikova et al. 2015).

The most striking discovery came, however, with sequenc-
ing the pt genomes of Vischeria sp. CAUP Q 202 and
Monodopsis sp. MarTras21. Both turned out to harbor a
unique six-gene cluster never seen before in any pt genome,
yet homologous to a novel operon, denoted ebo. The operon
occurs in diverse bacteria and encodes enzymes of an unchar-
acterized biochemical pathway that was hypothesized to pro-
duce a specific secondary metabolite (Yurchenko et al. 2016).
Phylogenetic analyses suggested that the ebo operon was
introduced via a single horizontal transfer event into the pt
genome of a common ancestor of Vischeria and Monodopsis,
implying its secondary loss from the Nanno-/Microchloropsis
lineage (Monodopsis is more closely related to this lineage
than to Vischeria). Furthermore, the putative donor of the
ebo operon was suggested to be a bacterium belonging to
the phylum Bacteroidetes (Yurchenko et al. 2016).

An interesting new twist in this story came with our recent
discovery of a novel bacterial endosymbiont of T. minutus and
characterization of its genomes (Yurchenko et al. 2018). The
endosymbiont, described as Candidatus Phycorickettsia
trachydisci (P. trachydisci for short), represents a new

genus-level lineage of the family Rickettsiaceae, a group of
obligate intracellular endosymbionts, primarily parasites, of
various eukaryotes. Close relatives of P. trachydisci were
detected in several other eustigmatophytes, representing
both Goniochloridales and Eustigmatales, suggesting a wide-
spread and possibly specific association of the Phycorickettsia
lineage with eustigmatophytes. Most strikingly, the P. trachy-
disci genome also harbors a copy of the ebo operon (uniquely
among the whole order Rickettsiales) and phylogenetic anal-
yses demonstrated that the ebo operons from P. trachydisci
and eustigmatophyte pt genomes are specifically related. We
proposed that eustigmatophytes gained the ebo operon from
their rickettsiacean endosymbiont, which was the actual re-
cipient of the operon from a Bacteroidetes-related donor.
Given the presumed antiquity of the transfer event from
Phycorickettsia to the pt genome of the Vischeria and
Monodopsis ancestor, we hypothesized that Phycorickettsia
and eustigmatophytes have been engaged in a long-term
evolutionary partnership (Yurchenko et al. 2018).

Further studies are obviously required to test this hypothe-
sis. One of the key questions is how widespread the ebo op-
eron is in eustigmatophyte pt genomes. Knowing this is critical
for pinpointing the operon transfer event in eustigmatophyte
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phylogeny and may also give insights into the functional sig-
nificance of the presence of the ebo operon. To answer this
guestion, pt genome data from a wider array of phylogenet-
ically diverse eustigmatophyte lineages are needed. With this
in mind, we used the lllumina technology to generate large
volumes of DNA sequence data from several phylogenetically
diverse eustigmatophytes, which allowed us to extract and
assemble complete sequences of their pt genomes. We
exploited the new sequences to build a robust “backbone”
phylogeny of the group and to address salient questions of pt
genome evolution, including but not restricted to the origin
and distribution of the ebo operon. In addition, analyses of
partial nuclear genome data generated alongside the pt ge-
nome sequences enabled us to shed light on specific aspects
of coevolution of the pt and nuclear genomes in eustigmato-
phytes, providing an unexpected new insight into the history
of Phycorickettsia—eustigmatophyte interaction.

Materials and Methods
Algal Cultures

Six algal cultures were grown for the purpose of this study
(supplementary table S1, Supplementary Material online).
Pseudellipsoidion edaphicum strain  CAUP Q 401 was
obtained from the Culture Collection of Algae of Charles
University in Prague (https://botany.natur.cuni.cz/algo/caup.
html; last accessed January 22, 2019), spread out onto three
agar plates (2% agar in Z-medium) of 90mm diameter,
sealed with Parafilm, and grown at the incident light intensity
of 50 umol m~2 s~" and at room temperature for 3 weeks.
The algal culture ACOlI 456 came from the Coimbra
Collection of Algae (http://acoi.ci.uc.pt/spec_detail.php?
cult_id=520; last accessed January 22, 2019) and cultivated
up to a volume of 200 ml in liquid Desmideacean Medium
(Schltsser 1994) pH 6.4-6.6, at 23°C, a 16:8 h photoperiod
and under light intensity of 50 umol photons m=2 s~ pro-
vided by cool white fluorescent lamps. The previously reported
unidentified eustigmatophyte strain Chic 10/23 P-6w (Fawley
et al. 2014) and three newly characterized eustigmatophyte
strains Bat 8/9-7w, NDem 8/9 T-3m6.8, and Mont 10/10-1w
(for their origin see supplementary table S1, Supplementary
Material online) were grown in liquid WH+ medium (Fawley
et al. 2013) at 20°C with a 14 h:10h light:dark cycle using
cool white fluorescent lights. Light intensity used was 50 pmol
m~2 s~ for strains Chic 10/23 P-6w, Bat 8/9-7w and
NDem 8/9 T-3m6.8, whereas Mont 10/10-1w was grown
at ~20umol m~2 s~'. To confirm the phylogenetic posi-
tion of the three previously uncharacterized strains, com-
plete 185 rRNA gene sequences were identified in the
respective genome assemblies (see below) and added to
a manually curated alignment of all available eustigmato-
phyte 18S rRNA gene sequences. The ML tree was in-
ferred from the alignment using RAXML v8.2.10
(Stamatakis 2014) and the GTR + I + | substitution

model, and branch support was assessed by the rapid
bootstrapping algorithm implemented in the program.

DNA Isolation

Cells of the ACOI 456 culture were collected by centrifugation
and disrupted using glass beads and a mixer mill (MM200,
Retsch, Haan, Germany) for 5min. Genomic DNA was
extracted from the homogenate using Invisorb Spin Plant
Mini Kit (Stratec). DNA from the strains Chic 10/23 P-6w,
Bat 8/9-7w, NDem 8/9 T-3m6.8, and Mont 10/10-1w was
isolated using the procedure of Fawley and Fawley (2004)
with minor modifications. Briefly, cells from rapidly growing
cultures were harvested by centrifugation in 1.5 ml screw-top
tubes and washed with 200 ul DNA extraction buffer (1 M
NaCl, 70mM Tris, 30 mM disodium salt of ethylenediamine-
tetraacetic acid, pH 8.6). Strain Mont 10/10-1w, which grows
in large clumps, was agitated without glass beads for about
2 s with a MiniBeadBeater (BioSpec Products, Bartlesville, OK)
before proceeding. Samples were then centrifuged and the
extraction buffer was removed. Two hundred microliters of
extraction buffer, 25 pl of 10% DTAB, glass beadsl and 200 pl
of fresh molecular biology grade chloroform were added to
each sample. Samples were shaken using a MiniBeadBeater
for 30 sec at highest cycle rate. After centrifugation for 4 min
at 5,000 rpm, the aqueous phase was removed and the DNA
prepared using GenCleanTurbo Cartridges (MP Biomedicals
North America, Solon, OH) following the manufacturers pro-
tocol using the genomic salt solution. DNA was quantified
with the Qubit HE system (Thermo Fisher Scientific, USA).

DNA Sequencing and Assembly

DNA from P. edaphicum CAUP Q 401 was sequenced using
the HiSeq 2500 technology by the Genomics Core Facility,
EMBL, Germany (insert length 300 bp, read length 100 bp).
Reads were processed using Trimmomatic v0.32 (Bolger et al.
2014), adjusted using FLASH v1.2.9 (Magoc and Salzberg
2011), and assembled using SOAPdenovo-127mer v2.04
from the SOAP package (Luo et al. 2012) with the Kmer
size set to 77. The assembly was further improved using
GapCloser v1.12 from the SOAP package. The remaining
five DNA samples were sequenced using the HiSeq 2500
technology by Macrogen Inc. (Seoul, South Korea), with ad-
ditional deep sequencing of the ACOI 456 culture performed
using HiSeq X technology also at Macrogen. Reads were proc-
essed by Trimmomatic v0.36, and assembled using Spades
v3.11.1 (Bankevich et al. 2012). The resulting assemblies
were searched using Blast (Altschul et al. 1997) with con-
served pt genes as queries, and scaffolds or contigs corre-
sponding to pt genomes were identified. In the case of the
ACOI 456 culture, pt scaffolds of two very different read cov-
erage values were assigned to the two different species,
Characiopsis acuta (the only algal component of the culture
observed in a light microscope) and an unidentified Vischeria
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sp. (based on the high sequence similarity to the previously
sequenced pt genome from Vischeria sp. CAUP Q 202), al-
though this alga was not seen in the culture and apparently
represents a very minor fraction of the cells. Full assemblies of
seven pt genome sequences were obtained manually with the
aid of iterative read mapping with Bowtie2 v2.3.4.1
(Langmead and Salzberg 2012) onto intermediate and final
assemblies. The presence of two copies of inverted repeats
was considered, supported by the coverage of the respective
scaffolds being two times higher than scaffolds representing
single-copy regions of the same pt genome. Finally, all assem-
blies were validated by visual inspection of mapped reads in
Tablet 1.14.04.10 (Milne et al. 2013).

Annotation of pt Genome Sequences

Initial annotation of the pt genomes was obtained using
MFannot  (http:/megasun.bch.umontreal.ca/cgi-bin/mfannot/
mfannotinterface.pl; last accessed January 22, 2019).
Identification and delimitation of the genes provided by the
program was checked manually by building multiple align-
ments of the newly annotated genes with homologs from
previously sequenced eustigmatophyte and other ochrophyte
organellar genomes. Modifications to the initial annotation,
particularly concerning the definition of the initiation codon,
were introduced when supported by sequence conservation in
homologous sequences. Possible remote homologies of pro-
teins encoded by eustigmatophyte-specific organellar open-
reading frames (ORFs) were searched using HHpred (https:/
toolkit.tuebingen.mpg.de/#/tools/hhpred; last accessed January
22, 2019; Zimmermann et al. 2018). The presence of trans-
membrane helices in proteins was assessed using the TMHMM
Server v. 2.0 (http:/Avww.cbs.dtu.dk/servicessTMHMMY/; last
accessed January 22, 2019; Krogh et al. 2001). Short con-
served protein-coding genes (e.g., secG or psaM), the con-
served intron-containing trnl(uaa) gene, and the ssrA gene
specifying tmRNA, missed by MFannot, were identified and
manually integrated into the genome annotation. Putative
intergenic regions were further systematically checked by
BlastN and BlastX to detect possible additional genes that es-
caped automated annotation. MFannot does not distinguish
genes specifying initiator fMet-tRNA, elongator Met-tRNA, and
lle-tRNA cognate to the AUA codon, which all exhibit the an-
ticodon CAU (with the cytosine post-transcriptionally modified
to lysidine in case of lle-tRNAcau). The proper annotation of
these genes was achieved by careful comparison to homologs
in previously annotated organellar genomes. All seven newly
sequenced and annotated pt genome sequences were depos-
ited at GenBank with accession numbers listed in supplemen-
tary table S2, Supplementary Material online.

Plastid Phylogenomic Analysis

Based on preliminary analyses, 68 pt protein-coding genes
were selected to construct a supermatrix for a phylogenomic

analysis. Specifically, for each conserved pt gene, the respec-
tive protein sequences were collected from the newly se-
guenced species, previously reported eustigmatophyte
genomes (selecting only a single representative for each
Nannochloropsis and Microchloropsis species), a selection of
other ochrophytes (maximizing the representation of different
classes), and a selection of nonochrophyte taxa (cryptophytes
and haptophytes) and the outgroup. The protein sequences
were aligned using MAFFT v7 (Katoh and Standley 2013), the
alignments were trimmed using TrimAl v. 1.3 (Capella-
Gutierrez et al. 2009), with the “Gappyout” setting to remove
poorly conserved regions, and the trimmed alignments were
concatenated using FASconCAT v1.04 (Kick and Meusemann
2010). All alignments are available upon request. Phylogenetic
trees were inferred from the supermatrices using the maxi-
mum likelihood (ML) method implemented in IQ-TREE v1.5
(Nguyen et al. 2015) and Bayesian inference implemented in
PhyloBayes-MPI v1.7 (Lartillot et al. 2013). The ML tree was
inferred using the most complex approach available for model-
ing the substitution process, that is, employing the posterior
mean site frequency (PMSF) model (Wang et al. 2018), specif-
ically the cpREV + C20 + F+ I'-PMSF model, and ultrafast
bootstrapping (based on 1,000 replicates) was used for assess-
ing branch support. Two chains of PhyloBayes were run for
4,002 and 4,042 generations, respectively, reaching conver-
gence (maxdiff of 0.0). Eight hundred generations were re-
moved as burn-in, and the consensus tree was calculated by
summing every tenth generation from the rest. Trees were
visualized using iTOL (http://itol.embl.de/upload.cgi; last
accessed January 22, 2019) and adjusted in a graphical editor.

Analyses of Nuclear Genes for pt-Targeted Proteins

Using BlastP or TBlastN, nuclear homologs of selected pt
genes were searched in available eustigmatophyte nuclear
genome data, including the previously published genome as-
semblies from Nanno-/Microchloropsis species, partial nuclear
genome sequences present in assemblies of lllumina sequenc-
ing data obtained for this study, and incomplete nuclear ge-
nome and transcriptome data generated in frame of our on-
going sequencing projects for T. minutus, Vischeria sp. CAUP
Q 202, and Monodopsis sp. MarTras21 (which also yielded
the previously published organellar genomes from these spe-
cies; see Sevéikova et al. 2015, 2016; Yurchenko et al. 2016).
Significantly similar hits (e-value <0.01) were evaluated and
coding sequences (exon-intron structures) were manually val-
idated or deduced de novo based on transcriptome data (if
available) or sequence conservation among homologs. For
phylogenetic analyses of the FtrB, Rpl26 and acyl carrier pro-
tein (ACP) families, a selection of homologs was gathered by
searching the NCBI nonredundant protein sequence database
and, in order to sample ochrophyte classes not represented in
the NCBI database, transcriptome assemblies generated by
the MMETSP project (Keeling et al. 2014). Sequences were
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aligned using MAFFT, the alignments were trimmed manually
to remove poorly conserved regions, and trees were inferred
using IQ-TREE, with the most appropriate substitution models
selected by the program. N-terminal presequences in nucleus-
encoded putatively pt-targeted proteins were evaluated using
ASAFind (Gruber et al. 2015) for proteins from ochrophytes,
haptophytes, and chrompodellids; a combination of PredSL
(Petsalaki et al. 2006) and ChloroP 1.1 (Emanuelsson et al.
1999) for proteins from other algae with secondary plastids;
and ChloroP for proteins from eukaryotes with the primary
plastid. The presence of mt transit peptides in the putative
mitochondrion-targeted ACP proteins was confirmed using
TargetP 1.1 (Emanuelsson et al. 2000). Sequences of relevant
nuclear genes extracted from our unpublic genome and tran-
scriptome assemblies were deposited at GenBank with acces-
sion numbers provided in supplementary tables S3-S5,
Supplementary Material online. The present working assem-
blies are available upon request, whereas full publication of
these data is planned after critical improvements (including
removal of contaminations) and more systematic analyses
have been carried out.

Results and Discussion

Eustigmatophyte Phylogeny Resolved by pt Phylogenomic
Analyses

In total, we obtained complete pt genome sequences from
seven eustigmatophytes. The sequencing targets were se-
lected based on their phylogenetic position inferred from
the 18S rRNA gene sequences (see supplementary fig. ST,
Supplementary Material online) to sample across the eustig-
matophyte phylogenetic diversity. Thus, we report on the first
organellar genomes from the clades lic in Goniochloridales
(strain Chic 10/23 P-6w) and from the Pseudellipsoidion group
in Eustigmatales (P. edaphicum CAUP Q 401). Particularly no-
table is the inclusion of the newly characterized strain Mont
10/10-1w in the analysis. This strain proved to represent a
novel eustigmatophyte lineage sister to the known
Eustigmatales (fig. 1). Sequencing the pt genomes of C. acuta
ACOl 456 improved sampling of the highly diverse
Eustigmataceae group, whereas inclusion of the strains Bat
8/9-7w and NDem 8/9 T-3m6.8 allowed us to evaluate the pt
genome variation within the Goniochloridales clade lla.

The seventh pt genome was sequenced accidentally as a
result of microscopically unnoticed minor component of the
ACOI 456 culture. Based on sequences of the 185 rRNA gene
(supplementary fig. S1, Supplementary Material online), rbcL
gene (supplementary fig. S2, Supplementary Material online)
and the pt genome (fig. 1), it was identified as a representa-
tive of the genus Vischeria, hereafter referred to as of
Vischeria sp. ACOI 3415. This was a welcome addition to
our sampling, as it enabled us to assess the conservation of
unusual features of previously sequenced pt genome of
Vischeria sp. CAUP Q 202, particularly the presence of the

ebo operon, among the relatives of this alga. The degree of
sequence divergence between the two Vischeria strains
(fig. 1) is comparable to that exhibited by different formally
recognized species of the genera Nannochloropsis and
Microchloropsis, so for the purpose of this study we consider
the two Vischeria strains as representatives of two different
species. Whether they can be identified as some of the for-
mally described Vischeria species or whether any of them rep-
resent a new species remains to be resolved, together with
the very much needed critical taxonomic revision of the genus
as a whole (see Kryvenda et al. 2018).

All sequenced pt genomes are conventional circular-
mapping  molecules  (supplementary  figs.  S$3-S9,
Supplementary Material online). The size and the gene con-
tent of the newly sequenced genomes are comparable to the
previously sequenced ones (table 1 and supplementary table
S2, Supplementary Material online). All seven genomes in-
clude the typical inverted repeat regions separated by short
and long single-copy regions, with the number of genes in the
inverted repeat slightly varying between taxa (table 1).

Plastid genomes have proven to be a particularly useful
source of data to reconstruct the phylogenetic relationships
of plants and algae at various phylogenetic scales (e.q.,
Fucikova et al. 2016; Leliaert et al. 2016; Jackson et al.
2018; Gitzendanner et al. 2018), and also provided insights
into the phylogeny of ochrophytes (Sevéikova et al. 2015) and
their specific sublineages, especially diatoms (Yu et al. 2018).
Hence, we exploited the newly obtained sequences to im-
prove our understanding of the phylogeny of eustigmato-
phytes. To this end, we built a supermatrix of 68 conserved
proteins encoded by the pt genomes of eustigmatophytes,
other ochrophytes, and selected other algal lineages (compris-
ing 18,378 reliably aligned amino acid positions), and inferred
trees using two different methods (Bayesian inference and ML)
and different substitution models (CAT + GTR and cpREV +
C20 + F + T-PMSF, respectively). Both analyses arrived at
essentially the same topology (fig. 1 and supplementary fig.
S10, Supplementary Material online), with the only difference
concerning a position of the diatom Thalassiosira pseudonana
(sister to all other diatoms in the PhyloBayes tree or to Trieres
sinensis in the ML tree). All branches in the PhyloBayes tree
and most branches in the ML tree (including the stem and
internal branches of the eustigmatophyte subtree), received
maximal support. The inferred relationships among the main
ochrophyte lineages are congruent with previous analyses of
pt genome data (Sevéikova et al. 2015; TajiMa et al. 2016).
Eustigmatophytes are resolved sister to the lineage repre-
sented by the chrysophyte Ochromonas sp. CCMP 1393
(and presumably including other ochrophyte taxa so far lack-
ing pt genome data, such as synchromophytes; see Yang et al.
2012).

The topology of the eustigmatophyte subtree is generally
in accord with the analysis of the 18S rRNA gene (see supple-
mentary fig. ST, Supplementary Material online). The added
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Table 1
Basic Characteristics of the Newly Sequenced Plastid Genomes

Eustigmatales

Goniochloridales

Eustigmataceae Group Pseudellipsoidion New Clade lla Clade lic
Group Lineage
Vischeria sp. Characiopsis Pseudellipsoidion Strain Mont  Strain Ndem  Strain Bat  Strain Chic
ACOI 3415  acuta ACOI 456 edaphicum CAUP Q 401 10/10-1w 8/9T-3m6.8 8/9-7w 10/23 P-6w

Size (bp) 126,352 121,124 123,658 117,466 120,715 120,042 125,946
inverted repeat (bp) 9,783 10,379 9,777 9,323 9,434 9,446 10,072
LSC region (bp) 62,223 55,382 55,318 54,099 56,274 55,928 55,586
SSC region (bp) 44,563 44,984 48,786 44,721 45,573 45,232 50,216
Total GC content (%) 32.43 33.51 32.18 32.35 33.83 33.66 34.59
Gene content (total) 166 161 166 157 164 162 170
Common conserved plastid 127 127 128 125 130 128 130

protein-coding genes
Conserved group-specific genes 2 2 1 1 2 2 2

(ycf95, orf1_gon, orf1_eust)
ebo operon genes 6 0 0 0 0 0
ORFs without homologs 0 0 5 0 6
rRNA genes 3 3 3 3 3 3 3
tRNA genes 27 28 28 27 28 28 28
Other noncoding RNA 1 1 1 1 1 1 1

genes (only ssrA)
Number of genes in 12 12 12 1 12 12 13

inverted repeat

Note.—Genes present in inverted repeats are counted only once for the gene counts provided in the table. Abbreviations used: LSC, long single-copy region; SSC, short single-

copy region; ORFs, open-reading frames.

value of the pt genome analysis is primarily complete resolu-
tion of the internal topology of the Eustigmatales. Thus, the
strain Mont 10/10-1w is resolved with maximal support as the
new sister branch of Eustigmatales as currently circumscribed.
This confirms that Mont 10/10-1w represents a novel lineage
that is best classified as a separate family of Eustigmatales.
The full support in the pt phylogenomic analysis for P. eda-
phicum (representing the Pseudellipsodion group) as a sister
group of Eustigmataceae group plus Monodopsidaceae, and
for the strain NDem 8/9 T-3m6.8 as being sister to the other
clade lla representatives, resolves conflicting positions of these
taxa in the 18S rRNA-based tree (supplementary fig. ST,
Supplementary Material online) and the rbcl-based tree (sup-
plementary fig. S2, Supplementary Material online).

Defining the Ancestral pt Gene Set of Eustigmatophytes

The highly improved sampling of eustigmatophyte pt
genomes and the robustly resolved phylogeny of the group
enabled us to reconstruct the evolutionary history of the
changes of the pt gene content in the eustigmatophyte line-
age in an unprecedented detail. We start with a description of
the inference of the ancestral eustigmatophyte pt gene com-
plement. A gene was considered ancestral if it was present in
at least some representatives of both principal eustigmato-
phyte groups (Eustigmatales and Goniochloridales) or if it

was shared by pt genomes of at least some eustigmatophytes
and another algal group.

This reasoning yielded at least 167 genes, including 135
protein-coding genes (counting the split c/pC gene as two
separate genes, see below) and 32 genes specifying noncod-
ing RNAs evidently present in the pt genome of the last eustig-
matophyte common ancestor (supplementary table S2,
Supplementary Material online). The vast majority of them
are typical conserved genes with readily identifiable orthologs
in other taxa, whereas establishing orthology of a few genes
required a more careful analysis. Specifically, the expanded
sampling now enabled us to recognize that the eustigmato-
phyte gene previously referred to as orf60 (Yurchenko et al.
2016) is in fact an ortholog of secG. The assignment is sup-
ported by an HHpred search and a position of the gene just
downstream of petM that is shared with many other ochro-
phyte pt genomes. Considering synteny as a clue we were
able to identify a previously missed (unannotated) secG gene
in the pt genomes of pelagophytes, Heterosigma akashiwo,
and Ochromonas sp. CCMP 1393 (supplementary fig. S11,
Supplementary Material online). The secG gene thus belongs
to the core of ubiquitous ochrophyte pt genes (supplementary
table S2, Supplementary Material online).

Another update concerns the eustigmatophyte gene pre-
viously referred to as orf403/457 (Yurchenko et al. 2016). The
gene is rapidly evolving, as evident from the fact that simple
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BlastP searches are not sensitive enough to reveal homology
of the respective sequences from distantly related eustigma-
tophytes, and no candidate homologs outside eustigmato-
phytes could previously be identified even when using more
sensitive methods. However, the substantially expanded sam-
pling of orf403/457 sequences improved the sensitivity of an
HHpred search, which suggested homology of the C-terminal
half of the Orf403/457 protein to the Pfam TIC20 family
(PF16166) with the probability value >90. The TIC20 family
includes not only the key component of the TIC translocon at
the inner plastidial membrane but also the Ycf60 protein
encoded by pt genomes of several algal groups including
rhodophytes, haptophytes, and, notably, some ochrophytes,
namely phaeophytes and xanthophytes (Le Corguillé et al.
2009), but arguably not eustigmatophytes (Yurchenko et al.
2016). To better understand the distribution of the ycf60 gene
in ochrophytes, we employed the known Ycf60 sequence
from the brown alga Ectocarpus siliculosus as a query for a
PSI-Blast search, which led to the identification of previously
unrecognized ycf60 genes in pt genomes of pelagophytes
and the bolidophyte Triparma laevis. Interestingly, the ycf60
gene in the T. laevis pt genome is positioned (in the head-to-
head orientation) next to the secA gene, exactly as the
"orf403/457" gene in strain Mont 10/10-1w and P. edaphi-
cum CAP Q 401; the relative position of secA and “orf403/
457" in other eustigmatophytes differs only by an insertion of
an extra gene (orf1_eust and orf1_gon, see below) between
them (supplementary fig. S12A, Supplementary Material on-
line). In addition, the pt genome from Ochromonas sp. CCMP
1393 includes an unannotated gene (orf215) occupying the
same position with respect to secA as the ycf60 gene in T.
laevis and eustigmatophytes (supplementary fig. S12,
Supplementary Material online) yet lacking any significant
hits when investigated by BlastP. We aligned it with homologs
identified in chrysophyte transcriptome assemblies and carried
out an HHpred search, which indicated homology to the
TIC20 family with the probability value >94. The respective
eustigmatophyte and chrysophyte proteins all include multiple
predicted transmembrane helices, similar to known Ycf60
proteins (supplementary fig. $12, Supplementary Material on-
line). The most parsimonious interpretation of these observa-
tions is that the eustigmatophyte “orf403/457" and the
chrysophyte “orf215" genes are highly divergent forms of
the ancestrally present ycf60 gene; hence, we reannotated
them accordingly. The functional significance of the N-termi-
nal extension acquired by the eustigmatophyte Ycf60 proteins
(see supplementary fig. S12, Supplementary Material online)
remains unknown.

We previously reported that the eustigmatophytes are the
only ochrophyte lineage that has retained the ycf49 gene in
their pt genome (Sevéikova et al. 2015). Here, we not only
document that this still holds true despite the substantially
improved sampling of the ochrophyte pt genomes, but we
unveil one more such gene. The trnL(caa) gene, so far known

only from the T. minutus pt genome (Yurchenko et al. 2016),
has orthologs in other Goniochloridales as well as two of the
newly sequenced Eustigmatales species (P. edaphicum and C.
acuta), so we can infer that it was present in the ancestral
eustigmatophyte pt genome (supplementary table S2,
Supplementary Material online). Furthermore, despite being
absent from all other ochrophyte pt genomes sequenced so
far, it has homologs in pt genomes from some other algal
groups, including red algae and cryptophytes. The similarly
patchy distribution of ycf49 led Dorrell and Bowler (2017) to
propose that the gene was introduced into the eustigmato-
phyte lineage by a horizontal gene transfer (HGT) event, so
the same explanation is analogously applicable to the
trnL(caa) gene. However, as previously discussed for ycf49
(Sevéikové et al. 2015) and as pointed to here for trnl(caa),
both genes in eustigmatophyte pt genomes occupy positions
that are syntenic with the location of the genes in pt genomes
of other algae. Specifically, ycf49 is flanked by petl and ycf4 in
both eustigmatophytes and cyanidiophytes, and trnL(caa) is
upstream of the sufB gene in both eustigmatophytes and
cryptophytes. In our view, this favors the scenario invoking
vertical inheritance of these genes in the eustigmatophyte
lineage (and multiple losses in other ochrophytes) over the
alternative explanation employing HGT.

Nevertheless, the eustigmatophyte pt genomes do include
genes that seem to have been created or acquired more re-
cently. We previously documented stepwise additions to the
pt gene number in the Limnista lineage by fragmentation of
the ancestral clpC gene, initiated by separation of regions
encoding the N- and C-terminal parts of the ClpC protein
before the divergence of chrysophytes and eustigmatophytes,
followed by separation of the region encoding the very N-
terminal domain of the ClpC protein in the eustigmatophyte
stem lineage (Sevéikova et al. 2015). Our expanded sampling
documents that the state with the three separate genes
encoding different parts of the ClpC protein is common to
all eustigmatophytes (supplementary table S2, Supplementary
Material online).

Further potential novelties of the eustigmatophyte pt ge-
nome are found among some of the remaining unidentified
ORFs. One encodes a protein of ~120 amino acids conserved
in all eustigmatophyte pt genomes sequenced (supplemen-
tary fig. S13, Supplementary Material online), but we could
not identify any candidate homologs outside of this group
even when using HHpred or when considering its position
relative to other genes as a clue. Following the convention
for naming conserved pt genes of unknown function (Hallick
and Bairoch 1994) and considering ycf94 being the most re-
cently described gene in this category (Song et al. 2018), we
designate the respective ORF as ycf95. It is possible that the
encoded Ycf95 mediates some eustigmatophyte-specific pt
function, but we cannot rule out the possibility that ycf95 is
a highly divergent ortholog of some of the standard pt genes
apparently missing from eustigmatophytes (such as some of
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Fic. 2—Major events in the evolution of the pt genomes in eustigmatophytes. The scheme shows inferred events of gene loss and gain along the
eustigmatophyte phylogeny. The pt genome of the chrysophyte Ochromonas sp. CCMP 1393 (a representative of the presumed sister lineage of eustig-
matophytes) is included to provide a broader phylogenetic context. Genes lost are in red, genes gained are in blue (“ebo” refers to gain or loss of the whole
operon). Losses mapped before divergence of Ochromonas sp. and eustigmatophytes may have happened at various deep branches of the ochrophyte
phylogeny. Possible homology of orf1_gon and orf1_eust genes is discussed and detail concerning the split sufB gene (or pseudogene?) are provided in the
main text. Note labels of some genes (e.g., acpP) at multiple branches in the tree, indicating multiple independent losses during the eustigmatophyte
evolution. Taxa printed in bold are those for which the pt genome sequence is reported in this study.

the broadly conserved ycf genes; supplementary table S2,
Supplementary Material online).

All eustigmatophytes, except for P. edaphicum and the
strain Mont 10/10-1w, additionally exhibit an unidentified
ORF located at the syntenic position upstream of the ycf60
gene (supplementary figs. S3-S9, Supplementary Material on-
line). Comparison of the encoded protein sequences supports
homology of the ORFs within Goniochloridales and within
Eustigmatales, but there is no indication (other than synteny)
that the proteins would be homologous across eustigmato-
phytes as a whole. Hence, it remains unclear whether this is
an ancestral eustigmatophyte gene that has followed very
different evolutionary trajectories in the two main eustigma-
tophyte lineages, or whether the ORFs emerged indepen-
dently in Goniochloridales and Eustigmatales. Given this
uncertainty, these genes are provisionally annotated as
orfl_gon and orfl_eust, depending on which undeniable
group of homologs they belong to.

Pinpointing the Acquisition of the ebo Operon in
Eustigmatophyte Evolution

In addition to contributing to the ancestral pt gene set of
eustigmatophytes as a whole, gene acquisition has been
one of the sources of variation of pt genomes among differ-
ent eustigmatophytes (fig. 2). Two different eustigmatophyte
lineages have their pt gene complements potentially ex-
panded by ORFs lacking discernible orthologs in other

eustigmatophytes  or  other  organisms,  including
Phycorickettsia. Six such ORFs (in two clusters comprising
two and four ORFs, respectively) occur in the pt genome of
the Chic 10/23 P-6w strain, and five ORFs (in three unique
genomic regions including one, two, and two ORFs, respec-
tively) are found in the P. edaphicum pt genome (supplemen-
tary table S2 and supplementary figs. S3 and S7,
Supplementary Material online). Whether these ORFs are
translated to produce functional proteins or not, what might
be the function of the encoded proteins, and what is the
origin of the respective DNA regions remains presently
unknown.

More obvious is the origin and functional significance of
the acquisition of the ebo operon. As mentioned in
Introduction, we previously identified this novel six-gene clus-
ter in pt genomes of two eustigmatophytes, Vischeria sp.
CAUP Q 202 and Monodopsis sp. MarTras21 (Yurchenko
et al. 2016). Of the seven newly sequenced pt genomes,
only one—the one from the second Vischeria
representative—proved to contain a copy of the ebo operon
(supplementary fig. S9, Supplementary Material online),
whereas all six ebo genes are missing from the remaining
six pt genomes. Considering the occurrence of the operon
and phylogenetic relationships in eustigmatophytes, the
most parsimonious scenario implies gain of the operon,
most likely from a bacterial endosymbiont representing the
Phycorickettsia lineage (Yurchenko et al. 2018), in an exclusive
ancestor of the Eustigmataceae group and Monodopsidaceae
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(fig. 2). The lack of the operon from pt genomes of C. acuta
(in  the Eustigmataceae group) and the Nanno-/
Microchloropsis clade (in Monodopsidaceae) must then reflect
at least two independent losses of the operon. An alternative
scenario would be independent acquisition of the operon in
the Vischeria and Monodopsis lineages. However, gene gain
by HGT seem to be a priori a less likely event than gene loss,
and the syntenic position of the ebo operon in the pt
genomes of both Vischeria strains and Monodopsis sp.
MarTras21 (see supplementary fig. S9, Supplementary
Material online, and Yurchenko et al. 2016) strongly favors
a single gain event.

Answering the question as to why the ebo operon has
been retained by some eustigmatophytes but lost by others
awaits identification and functional characterization of the
metabolite putatively synthesized by the suite of enzymes
encoded by the ebo operon. Very recently, a genetic study
of the ebo operon in the cyanobacterium Nostoc punctiforme
indicated that the product of the Ebo proteins-mediated path-
way is critical for the export of a precursor of the natural
sunscreen scytonemin from the cytoplasm into the periplasm
(Klicki et al. 2018). However, the identity of the product and
the mechanism of its action have not been clarified, and it is
presently unclear how the findings from the cyanobacterium
relate to the role of the ebo operon in other taxa, including
eustigmatophytes, which do not make scytonemin.

Gene Loss in Eustigmatophyte pt Genome Evolution

Like organellar genomes in general, the dominant process
that has sculpted the content of eustigmatophyte pt genomes
is gene loss. Twenty conserved pt genes present in various
ochrophyte lineages are missing from all eustigmatophyte pt
genomes sequenced (supplementary table S2, Supplementary
Material online). Of these, the most intriguing is the absence
of the gene rpl24, which is retained in all other ochrophyte pt
genomes sequenced so far. All other conserved pt genes uni-
versally missing from eustigmatophytes are also absent from
at least some other ochrophytes. Three of them, ilvH, ftrB, and
syfB, are present in the pt genome of the chrysophyte
Ochromonas sp. CCMP 1393 representing the putative sister
lineage of eustigmatophytes, suggesting that they were lost in
the eustigmatophyte stem lineage independently of various
other ochrophytes (fig. 2). The absence of 16 genes (dnaB,
hlip, rpl9, rpoZ, rpsi, ycf26, ycf27, ycf33, ycf35, ycf37, ycf39,
ycf41, ycf42, ycf4s, ycfes, and ffs) is shared with the pt ge-
nome of Ochromonas sp. CCMP 1393 and usually some other
ochrophytes  (supplementary table S2, Supplementary
Material online), so these might have been dispensed with
prior to the radiation of the Limnista clade (fig. 2).

It remains theoretically possible that some of the apparent
gene absences are due to their extreme divergence obscuring
their identity rather than their genuine loss. This was partic-
ularly pertinent in the case of the ffs gene specifying the RNA

component (4.55 RNA) of the plastidial signal recognition par-
ticle (cpSRP), because genes for noncoding RNAs are often
poorly conserved and difficult to recognize. However, differ-
ential occurrence of 4.55 RNA in ochrophyte plastids (with
eustigmatophytes not considered) was noticed previously
and the absences were linked to specific mutations in the
protein SRP component, the protein cpSRP54, that presum-
ably abolish the ability of the protein to bind the RNA partner
(Trager et al. 2012). Here, we report that eustigmatophytes
and representatives of some other previously unstudied
ochrophyte groups (the chrysophyte Ochromonas sp. CCMP
1393, the xanthophyte Vaucheria litorea, and the raphido-
phyte Heterosigma akashiwo) all exhibit mutations in the
two motifs of their cpSRP54 critical for 4.55 RNA binding
(fig. 3), and in perfect correlation with these changes they
all lack discernible ffs gene in their pt genomes (supplemen-
tary table S2, Supplementary Material online). This supports
the notion that the ffs gene is truly absent from eustigmato-
phytes and many other ochrophytes rather than being diffi-
cult to detect.

Further losses have differentially affected individual eustig-
matophyte lineages, thus contributing to the variation in the
pt genome content of different species (table 2 and supple-
mentary table S2, Supplementary Material online). Two
genes, rbcR and tsf, have been retained by Goniochloridales
but lost in all Eustigmatales (incl. strain Mont 10/10-1w),
whereas ycf36 is missing from all Goniochloridales and from
the strain Mont 10/10-1w, indicating two independent loss
events. Some Eustigmatales lack the trnL(caa) gene as a result
of at least three independent loss events, and the genus
Microchloropsis has further lost the trnR(ccg) gene. The
acpP gene exhibits sporadic distribution in Eustigmatales
due to four inferred independent losses (fig. 2). The previously
reported absence of the psbZ gene in Vischeria sp. CAUP Q
202 (Yurchenko et al. 2016) seems to be shared by not only
the second Vischeria species sequenced but also C. acuta
ACOI 456, so it may be a specific feature of the whole
Eustigmataceae group.

Some eustigmatophyte pt genomes record an intermedi-
ate stage of gene loss. We previously observed apparent pseu-
dogenization of the psb28 (psbW) gene in Vischeria sp. CAUP
Q 202 (Yurchenko et al. 2016). Apparently, this is a recent
event, not shared by the newly sequenced Vischeria sp. ACOI
3415. The sufB gene in the pt genome of P. edaphicum may
represent another case of ongoing pseudogenization. The
sufB coding sequence has been interrupted by a frame-shift
mutation due to a single-nucleotide insertion (supplementary
fig. S14, Supplementary Material online). The insertion is not
an artifact of the sequence assembly, as it is unambiguously
supported by visual inspection of mapped raw reads and is
present also in a contig found in the transcriptome assembly
and representing a partial transcript derived from the P. eda-
phicum sufB gene. The apparent sufB disruption does not
seem to be compensated for by the existence of a nuclear
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Fic. 3.—Recurrent loss of 4.5S RNA (the RNA component of the plastidial SRP specified by the ffs gene) in ochrophytes. The figure shows a segment of a
multiple sequence alignment of cpSRP54 (the protein component of the plastidial SRP) including two motifs critical for binding of the 4.55 RNA molecule. The
presence of a discernible ffs gene in the pt genome of the respective species is indicated on the left by a red square. Note the perfect correlation between the
conservation of the 4.55 RNA-binding motif in cpSRP54 (shown in red beneath the alignment) and the presence of the ffs gene.

copy of the gene (based on our searches of genome and
transcriptome data from P. edaphicum), which is surprising,
because the SufB protein is an essential component of the
plastidial SUF system for the assembly of Fe-S clusters (Lu
2018). However, as detailed in supplementary figure S14,
Supplementary Material online, and the associated legend, it
is possible that the gene is still functional, producing an N-
terminally truncated SufB protein alone or together with a
separately translated short protein representing the a-helical
N-terminus of the full-length SufB. Sequencing of pt genomes
of additional members of the Pseudellipsoidion group will help
to clarify the functionality of the sufB gene in P. edaphicum.

Different Modes of Functional Compensation of pt Gene
Loss in Eustigmatophyte Evolution

Gene loss from organellar genomes is a pervasive phenome-
non, but each individual loss raises a question whether and
how it is functionally compensated. Some losses may mani-
fest a degree of inherent redundancy of the system. For ex-
ample, the loss of the trnl(caa) gene from several
Eustigmatales probably reflects the ability of the product of
the trnL(uaa) gene (common in eustigmatophyte pt genomes)
to decode the UUG codon thanks to wobble pairing of the
first anticodon position with the third codon position. Other
losses of pt genes perhaps signify true loss of the respective
functionality, entailing simplification of metabolic or regula-
tory functions in the organelle. Finally, specific adaptations
providing direct or alternative functional complementation
are associated with still other organellar gene losses. These
are typically ensured by targeting into the organelle specific
proteins encoded by nuclear genes, often homologous to the
missing pt genes. We exploited available nuclear genomic

data from diverse representatives of the group (both pub-
lished genome assemblies from Nanno-/Microchloropsis spe-
cies and the partial data obtained by us as part of the pt
genome sequencing) to illuminate the functional significance
of the gene losses that have impacted eustigmatophyte pt
genomes. For the sake of focus, we ignored losses that
seem to predate the divergence of eustigmatophytes from
other ochrophyte classes. We searched for homologs of the
missing pt genes and evaluated the presence of the charac-
teristic N-terminal bipartite presequence that would indicate
plastid targeting. The results are summarized in table 2 and
the most interesting cases are discussed below.

In most cases, no functional compensation is readily appar-
ent in the eustigmatophyte genomic data. One example is the
ilvH gene inferred to have been lost in the eustigmatophyte
stem lineage (fig. 2). The llvH protein is a regulator of aceto-
hydroxyacid synthase, an enzyme coded for by the ilvB gene
(present in eustigmatophyte pt genomes) and catalysing the
committed step of the branched amino acid biosynthesis. It
was previously noted that the ilvH gene is likewise absent
from the Nannochloropsis nuclear (and mt) genomes
(Starkenburg et al. 2014), and we now extend this observa-
tion to eustigmatophytes as a whole. Similarly, neither of the
losses specific for different eustigmatophyte subgroups, ex-
cept for acpP (see the next section), seem to have been com-
pensated by emergence of nucleus-encoded pt-targeted
versions of the respective proteins, suggesting genuine
lineage-specific simplification of the plastidial functioning.
For example, the loss of the psbZ gene in the
Eustigmataceae group indicates a change in the antenna—
core interface of the photosystem Il (see Wei et al. 2016).
Another case of photosystem Il simplification likely occurred
due to apparent pseudogenization of the psb28 gene in
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Vischeria sp. CAUP Q 202 and the lack of a homologous gene
in the nuclear genome of this organism (see Weisz et al.
2017). This is in contrast to some diatoms, which have been
reported to exhibit a nuclear gene encoding a pt-targeted
Psb28 homolog, in addition to the standard Psb28 encoded
by the pt genome (Jiroutova et al. 2010).

The syfB gene, another gene probably lost in the eustigma-
tophyte stem lineage, encodes the beta subunit of a dimeric
plastidial phenylalanyl-tRNA synthetase, that is, a protein me-
diating a function essential for plastidial translation. However,
it has been retained in only some ochrophytes, together with
the alpha subunit encoded by a nuclear cyanobacteria-derived
syfH gene (Ruck et al. 2014; Gile et al. 2015). A possible
transfer of the syfB gene into the eustigmatophyte nuclear
genome was ruled out by our searches of available genome
and transcriptome data, which also demonstrated the lack of
the nuclear syfH gene in this group. We thus predict that like
in plants or syfB/H-lacking diatoms (Gile et al. 2015), the pro-
duction of phe-tRNA in the eustigmatophyte plastid is ensured
by dual targeting of the monomeric mitochondrial phenyla-
lanyl-tRNA synthetase (table 2).

In contrast to the missing pt genes discussed so far, several
others do have equivalents in eustigmatophyte nuclear
genomes that encode proteins evidently dedicated to function
in the pt as likely compensatory devices. Thus, all eustigma-
tophytes investigated complement the missing pt gene for the
catalytic (beta) subunit of ferredoxin-thioredoxin reductase
(ftrB) by a nucleus-encoded isoform exhibiting a clear N-ter-
minal bipartite pt-targeting signal (supplementary table S3,
Supplementary Material online). To understand the origin of
this nuclear gene, we inferred a tree of the FtrB family using a
broad sample of sequences from eukaryotes and their most
similar  bacterial homologs (supplementary fig. S15,
Supplementary Material online). FtrB sequences are short
(providing only 94 reliably aligned amino acid positions), so
the inferred phylogeny of the family needs to be interpreted
with caution. However, the tree suggests that the nuclear FtrB
genes in ochrophytes are likely derived from two different
sources. One group, including genes from diatoms, bolido-
phytes, pelagophytes, and dictyochophytes, that is,
Diatomista (see Derelle et al. 2016), is contained in a well-
supported clade together with nuclear FtrB genes from a va-
riety of algal (and plant) lineages with both primary and sec-
ondary plastids. This suggests that the pt ftrB gene missing
from all Diatomista studied (supplementary tables S2 and S3,
Supplementary Material online) was replaced by a nuclear
version gained by HGT from another algal lineage (although
its exact identity cannot be resolved at present). The second
ochrophyte nuclear ftrB gene group is restricted to eustigma-
tophytes, but it seems to be specifically related to nuclear
genes from the “chrompodellid” algae Chromera velia and
Vitrella  brassicaformis ~ (supplementary ~ fig.  S15,
Supplementary Material online). This is curious in light of a
previous hypothesis that these algae obtained their plastid via

a higher-order endosymbiosis of an ochrophyte alga
(Seveikové et al. 2015), possibly a specific relative of eustig-
matophytes (Sobotka et al. 2017). The origin of the nuclear
eustigmatophyte (and secondarily chrompodellid) ftrB gene
cannot be decided with confidence from the data available,
but its branching next to the pt ftrB from Phaeomonas parva
(a pinguiophyte) suggests that it may simply result from en-
dosymbiotic gene transfer (EGT) of the pt ftrB into the nucleus
in the eustigmatophyte lineage.

An interesting situation was encountered when we inves-
tigated the case of the rp/l24 gene, which was lost by eustig-
matophytes uniquely among all ochrophytes studied so far.
This gene encodes the L24 protein, a conserved component
of the large ribosomal subunit likely important for the func-
tionality of the plastidial ribosome. However, searches of the
eustigmatophyte nuclear genomic data returned only an L24
homolog that carries an apparent mitochondrion-localization
signal (data not shown), ruling out the possibility that the
rpl24 absence is compensated for by a nuclear copy of the
gene. We instead noticed that all eustigmatophytes investi-
gated encode in their nuclear genome two different paralogs
of the ribosomal L26 protein that is a part of the cytosolic
large ribosomal subunit (fig. 4). Significantly, one of the paral-
ogs carries an N-terminal extension with characteristics of the
typical ochrophyte bipartite pt-targeting signal and hence is
likely localized in the eustigmatophyte plastid (supplementary
table S4, Supplementary Material online). The eukaryotic L26
protein is in fact an evolutionary and functional equivalent of
the eubacterial (and hence plastidial and mt) L24 protein, as
they both represent the same ortholog family (called uL24
according to the unified nomenclature of ribosomal proteins;
Ban et al. 2014). We thus propose that in eustigmatophytes
the original plastid-encoded eubacterial L24 protein was func-
tionally replaced by a newly evolved nucleus-encoded copy of
the eukaryotic L26 protein. Interestingly, a similar replacement
was recently observed in the plastid of euglenophytes
(Zahonova et al. 2018), suggesting that there are no serious
mechanical obstacles to accommodate the eukaryotic L26
protein into the context of the eubacterial ribosome.

A plastid-Targeted Protein Encoded by a Phycorickettsia-
Derived Gene in Eustigmatophytes

Based on the survey of eustigmatophyte pt genomes reported
in this study, the current best estimate of the timing of the
ebo operon gain by the eustigmatophyte pt genome lineage
is an exclusive common ancestor of the Eustigmataceae group
and Monodopsidaceae (see above). This would mean that
bacteria of the Phycorickettsia lineage might have started to
infect eustigmatophytes only after the emergence and initial
diversification of the host algal group. However, a new excit-
ing finding suggests a different scenario. We came across it
when trying to explain what allowed most Eustigmatales to
lose the acpP gene, which encodes ACP essential for plastidial
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Fic. 4—A novel pt-targeted paralog of the ribosomal protein L26 in eustigmatophytes. The ML tree was inferred from an alignment of 115 amino acid
position using IQ-TREE v1.6.5 and the optimal substitution model selected by the program (LG + | + I'4). Bootstrap values <75 are omitted from the figure.
The tree displayed unveils the existence of a separate clade of L26-related sequences encoded by nuclear genomes of all eustigmatophytes investigated and
possessing an N-terminal extension fitting the structure of a bipartite pt-targeting presequence (supplementary table S4, Supplementary Material online). This
clade is clearly separated from conventional L26 proteins lacking the N-terminal targeting sequence and expected to function as components of the cytosolic
ribosomes, as well as from the presumably independently evolved group of pt-targeted L26 proteins from euglenophytes. The tree was arbitrarily rooted

between sequences from Archaea and eukaryotes.

fatty acid biosynthesis. It turned out that not only the species
devoid of the pt acpP gene but all eustigmatophytes possess a
nucleus-encoded ACP homolog with an obvious N-terminal
bipartite pt-targeting signal (supplementary table S5,
Supplementary Material online). This suggests functional re-
dundancy conducive to the loss of the pt-encoded copy in
eustigmatophytes (which happened at least four times inde-
pendently; fig. 2).

Strikingly, when used as queries against the nr protein se-
guence database at NCBI, the eustigmatophyte nuclear
plastid-targeted ACP (ptACP) proteins gave as their best hit
an ACP protein from P. trachydisci. We therefore carried out a
phylogenetic analysis of a broad selection of ACP sequences,
which showed that the eustigmatophyte ptACP and the
Phycorickettsia ACP indeed form a clade well separated
from other ACP sequences (fig. 5; supplementary fig. S16,
Supplementary Material online). Specific relationship between
the eustigmatophyte ptACP and the Phycorickettsia ACP is
further supported by a shared unique insertion absent from
any other ACP homologs (fig. 5), making it unlikely that the
eustigmatophyte ptACP and the Phycorickettsia ACP branch
together due to an artifact caused by their admittedly diver-
gent nature. None of the ACP proteins encoded by nuclear
genomes of other ochrophyte classes are related to the
eustigmatophyte/Phycorickettsia clade. Some of them belong
to a group represented in many other eukaryotes and com-
prising ACP presumably targeted to the mitochondrion,

whereas others also bear predicted plastid-targeting prese-
guences (supplementary table S5, Supplementary Material
online) but correspond to apparently independent acquisi-
tions from different bacterial groups or (in the case of phaeo-
phytes) are likely derived by EGT from the original pt acoP
gene (fig. 5; supplementary fig. S16, Supplementary
Material online).

Thus, it is highly likely that the ptACP gene in the eustig-
matophyte nucleus and the ACP gene in Phycorickettsia
share a specific ancestor, implying an HGT event between
the two organismal lineages. Three observations lead us to
favor the transfer being from the Phycorickettsia lineage to
eustigmatophytes. First, the eustigmatophyte nuclear ACP
genes possess introns, so invoking eustigmatophytes as the
donor lineage necessitate to postulate that the transfer into
the Phycorickettsia lineage must have happened before the
acquisition of introns or that the transfer was mediated by a
retrotranscribed intron-less copy of the eustigmatophyte
gene. Second, the Phycorickettsia lineage must have always
possessed an ACP gene (encoding an essential component
of the fatty acid biosynthesis machinery), whereas the
eustigmatophyte nuclear ptACP gene, whatever its origin,
is an evolutionary innovation initially redundant with the pt
acpP gene. Third, the genomic context of the Phycorickettsia
ACP gene is conserved with other Rickettsiales. Specifically,
the ACP gene in these organisms is flanked by two genes
encoding enzymes also involved in fatty acid biosynthesis,
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FabB (3-oxoacyl-[acyl-carrier-protein] synthase Il) upstream
and FabG (3-oxoacyl-[acyl-carrier protein] reductase) down-
stream. The Phycorickettsia FabB and FabG genes are unde-
niably of rickettsiacean origin, so despite its considerable
divergence, the ACP gene in between was also most likely
vertically inherited by Phycorickettsia from its bacterial
ancestors rather than acquired horizontally from an external

source. Itis worth noting that the eustigmatophyte FabB and
FabG proteins are encoded by genes unlinked to the ptACP
gene and not specifically related to the Phycorickettsia
homologs (data not shown).

Altogether, there is sufficient evidence to propose that the
eustigmatophyte ptACP gene has been acquired from a rela-
tive of extant Phycorickettsia. The presence of the ptACP gene
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in all eustigmatophytes examined, including representatives of
both principal eustigmatophyte clades (Eustigmatales and
Goniochloridales) further implies that the transfer event must
have happened before the radiation of extant eustigmato-
phytes. The apparent absence of this gene from noneustigma-
tophyte ochrophytes (judging admittedly from an incomplete
sampling of the ochrophyte diversity) further suggests that the
HGT event occurred only after the eustigmatophyte lineage
had diverged from other ochrophytes, that is, that the recipient
was a stem eustigmatophyte. This means that the affair be-
tween eustigmatophytes and Phycorickettsia must have
started earlier than evidenced so far, and that the whole crown
eustigmatophyte group is evolutionarily influenced by the in-
teraction with the Phycorickettsia endosymbiont.

Conclusions

The seven new plastid genome sequences reported in this
study make eustigmatophytes one of the best sampled algal
classes in terms of pt genomics. This is remarkable, given the
fact that eustigmatophytes were for long considered an insig-
nificant taxon and the knowledge of their biology still suffers
from fundamental gaps. The wealth of the pt genome data
enabled us to resolve phylogenetic relationships among main
eustigmatophyte lineages, providing a useful framework for
interpretation of the evolution of different eustigmatophyte
traits. The improved sampling also enabled us to recognize
some of the previously enigmatic eustigmatophyte genes as
divergent homologs of known genes conserved in other taxa.
The detailed reconstruction of the evolution of the eustigma-
tophyte pt gene complement provided interesting examples
illustrating different events accompanying the organellar ge-
nome evolution: sequence divergence (nearly) beyond recog-
nition, gene splitting, pseudogenization, complete gene loss,
gene gain from external sources, and possibly de novo forma-
tion of truly novel genes. We also discovered examples of
different configurations associated with loss of particular
genes from the eustigmatophyte pt genomes—apparent
loss of the respective functionality as well as functional com-
pensation by employing nuclear genes. The latter may have
various origins, including EGT, duplication of pre-existing nu-
clear genes and HGT from external sources. The latter case,
concerning the nuclear ACP gene, is particularly interesting, as
it points to a very early beginning of coevolution of eustigma-
tophytes and bacteria of the Phycorickettsia lineage. A sys-
tematic survey of eustigmatophyte nuclear genomes and of
diverse Phycorickettsia representatives is now in order to un-
derstand the actual magnitude and significance of gene traf-
fic between these two organismal groups.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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