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Abstract Nitrogen assimilation is a highly regulated
process requiring metabolic coordination of enzymes and
pathways in the cytosol, chloroplast, and mitochondria.
Previous studies of prasinophyte genomes revealed that
genes encoding nitrate and ammonium transporters have a
complex evolutionary history involving both vertical and
horizontal transmission. Here we examine the evolutionary
history of well-conserved nitrogen-assimilating enzymes to
determine if a similar complex history is observed. Phy-
logenetic analyses suggest that genes encoding glutamine
synthetase (GS) III in the prasinophytes evolved by hori-
zontal gene transfer from a member of the heterokonts. In
contrast, genes encoding GSIIg, a canonical vascular plant
and green algal enzyme, were found in the Micromonas
genomes but have been lost from Ostreococcus. Phyloge-
netic analyses placed the Micromonas GSIIs in a larger
chlorophyte/vascular plant clade; a similar topology was
observed for ferredoxin-dependent nitrite reductase (Fd-
NiR), indicating the genes encoding GSII and Fd-NiR in
these prasinophytes evolved via vertical transmission. Our
results show that genes encoding the nitrogen-assimilating
enzymes in Micromonas and Ostreococcus have been dif-
ferentially lost and as well as recruited from different
evolutionary lineages, suggesting that the regulation of
nitrogen assimilation in prasinophytes will differ from
other green algae.
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Introduction

Primary productivity in marine ecosystems is often regu-
lated by the availability of nitrogen in the surrounding
environment. Various cellular transporters and enzymes
regulate nitrogen uptake and assimilation, for which the
biochemical pathways are well conserved among photo-
synthetic eukaryotes. Membrane-localized transporters
allow for the regulated uptake of nitrate and ammonium
while enzymes in the cytosol, chloroplast, and mitochon-
dria catalyze reduction and condensation reactions that
allow for the regulated assimilation of inorganic nitrogen
into organic molecules. The expression and activity of the
enzymes are highly regulated, allowing for the coordina-
tion of nitrogen and carbon assimilatory pathways with
cellular energy demands.

Nitrate and ammonium are the principle forms of inor-
ganic nitrogen assimilated by photosynthetic eukaryotes. In
general, nitrate is reduced to ammonium via the sequential
reactions catalyzed by nitrate reductase (NR) and nitrite
reductase (NiR). The ammonium that is produced is
assimilated into the amino acid glutamine and glutamate
through the enzymatic activity of glutamine synthetase
(GS) and glutamate synthase and represents the major route
for the entry of inorganic nitrogen into organic compounds.
The nitrogen-assimilating enzymes have been well char-
acterized in green algae and vascular plants, and while the
pathways are well conserved, the enzymes within the
pathways show differences in their evolutionary histories.
For example, multiple GSII isoforms are observed in
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vascular plants and green algae. Phylogenetic analyses
have shown that the GSII isoenzymes in vascular plants
evolved by gene duplication, while in contrast, chloro-
phytes (Chlorella, Chlamydomonas, and Volvox) and bry-
ophytes (Physcomitrella) share one GSII (GSIIg) that is
homologous to that of vascular plants while a second GSII
(GSIIp) evolved by horizontal gene transfer (HGT) from
eubacteria (Ghoshroy et al. 2010).

Prasinophytes are morphologically diverse, free-living,
unicellular green algae found predominately in marine
environments, with a few representatives found in fresh-
water. Phylogenetic analyses have shown prasinophytes to
be a paraphyletic grouping of early diverging lineages
within the Chlorophyta (Turmel et al. 2009; Leliaert et al.
2011, 2012). Currently, ten major lineages are recognized
within the prasinophytes and there are additional groups
that have yet to be placed in the phylogenetic tree with
confidence (Leliaert et al. 2011, 2012).

The Mamiellophyceae is the largest clade of prasino-
phytes and unites members of the Mamiellales, Dolicho-
mastigales, and Monomastigales (Leliaert et al. 2012).
Within this group, two genera within the Mamiellales,
Ostreococcus and Micromonas, are globally distributed,
marine phytoplankton with relatively small genomes (De-
relle et al. 2006; Palenik et al. 2007; Worden et al. 2009).
Although small in size, Ostreococcus and Micromonas are
dominant members of picoeukaryotic communities and
contribute significantly to oceanic primary productivity,
food webs, and biogeochemical cycling.

Nitrogen availability in marine ecosystems varies across
several spatial and temporal scales. Previous studies have
shown that the number of genes encoding nitrate (NRT)
and ammonium (AMT) transporters varies among species
of Micromonas and Ostreococcus and that genes encoding
multiple AMTs evolved via prokaryotic-to-eukaryotic and
eukaryote-to-eukaryote HGT events (McDonald et al.
2010). The expansion of the transporter gene family by
HGT may provide a selective advantage for these organ-
isms that are often found in low-nitrogen environments or
environments in which nitrogen source and supply varies
(Derelle et al. 2006; Worden et al. 2009).

Given the evidence for variable copy numbers of
nitrogen transporters, the HGT origin of AMTs in Ost-
reococcus and Micromonas, and the evidence of the HGT
of GSII in other lineages of chlorophytes, we were inter-
ested in exploring the evolutionary history of several key
enzymes involved in the regulated reduction and assimi-
lation of nitrate and ammonium in Micromonas and Ost-
reococcus. We present phylogenetic analyses of GS (both
GSII and GSII), Fd-NiR, and NR, and provide evidence of
multiple evolutionary sources for these genes within pra-
sinophytes. In particular, we present evidence that genes
encoding GSIII in prasinophytes may have evolved by
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HGT from a heterokont ancestor while genes encoding Fd-
NiR and GSIIg evolved by vertical transmission. The
evolutionary history of the NR encoding genes was unre-
solved. Fd-NiRs of prasinophytes are shown to have
additional protein domains that may facilitate reduction of
nitrite in low light or the dark. Our results indicate that the
regulation of nitrogen assimilation in marine prasinophytes
differs between genera of prasinophytes and from other
green algal lineages and thus merits further investigation.

Materials and Methods
Phylogenetic Analyses

Amino acid sequences for four nitrogen assimilatory
enzymes, GSIII, GSII, NR and Fd-NiR, were retrieved
from NCBI and from the complete genomes at JGI DOE by
the following methods. Both databases were searched using
the complete enzyme names as keywords. In addition,
BLAST searches were performed in NCBI using the fol-
lowing sequences from the diatom Thalassiosira pseudo-
nana: GSIII (XP_002295274), GSII (EED87725), NR
(XP_002294410) and Fd-NiR (XP_002289265). For some
taxa, complete in-frame translations of the protein
sequences were done in silico from EST contigs using
CodonCode Aligner (CodonCode Corporation, Dedham,
MA, USA). Where possible, taxa were selected to provide
broad taxonomic sampling and an even distribution of taxa
across the tree. Accession numbers and protein identifiers
for sequences as well as the taxa used in the present study
are provided in the Supplementary Tables 1-4. (Supple-
mentary Materials online). GSIII sequences from Perkinsus
marinus and Trichomonas vaginalis were not included in
the current study as our previous analyses established the
bacteria-to-eukaryote HGT origin of these sequences
(Ghoshroy and Robertson 2012).

GSIII, GSII, NR, and Fd-NiR data matrices were con-
structed using amino acid sequences aligned with MAFFT
v.6 (http://mafft.cbrc.jp/alignment/software; Katoh et al.
2002) followed by manual adjustment in MacClade 4.08
(Maddison and Maddison 2000). Functional domains
within the enzymes were well conserved and aligned
readily. More variable regions, including N- and C-termi-
nal regions and indels were excluded from the phylogenetic
analyses.

Bayesian analyses of the protein alignments were done
using MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001;
Ronquist and Huelsenbeck 2003) with the same parameters
for each dataset. These included two parallel runs, each
with four chains (three heated and one cold) for 10° gen-
erations. The evolutionary models were explored using the
mixed amino acid model available in MrBayes and the
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WAG model was identified as the best amino acid
replacement model. Rate variation across sites was
approximated using a gamma distribution with the pro-
portion of invariable sites estimated from the data. Trees
were sampled every 100 generations. Trees remaining
(10,000) after a “burnin” of 5,001 for each run were used
to compute the 50 % majority rule consensus trees.

Maximum likelihood (ML) analyses were performed for
each dataset with RAXML v. 7.2.8 (http://phylobench.vital-
it.ch/raxml-bb/; Stamatakis et al. 2008) using the GAMMA
model for rate heterogeneity and the WAG amino acid
substitution matrix; 100 rapid bootstrap replicates were
performed. The number of taxa and characters included for
each dataset in both Bayesian and ML analyses are pre-
sented in Table 1.

Predictions of Cellular Localization

In silico predictions of the cellular localization of GSIII,
GSII, and Fd-NiR from Micromonas and Ostreococcus
were performed using Target P 1.1(Emanuelsson et al.
2007), MitoProtII v.1.101 (Claros and Vincens 1996) and
Predotar v. 1.03 (Small et al. 2004; Emanuelsson et al.
2007). For all proteins analyzed, we searched for N-ter-
minal extensions upstream of conserved amino acid
domains, and for the presence of any additional, upstream
methionine (M) codons that were in-frame with the pre-
dicted open reading frame. If additional N-terminal amino
acids were identified, they were included in the in silico
targeting prediction analyses.

Domain Predictions for Fd-NiR

Domain predictions for Fd-NiR from O. lucimarinus
CCE9901 (XP_001419920), O. tauri (XP_003081527),
Micromonas sp. RCC299 (XP_002507511), M. pusilla
CCMP1545 (XP_003057941), and Bathycoccus prasinos
(CCO14961) were done using the Pfam 27.0 sequence
search feature (http://pfam.sanger.ac.uk; Punta et al. 2012).

Table 1 The total number of taxa and characters included in the
phylogenetic analyses of the enzymes GSIII, GSII, NR and Fd-NiR
are presented here

Protein name Number of taxa Number of characters

GSIII extended 72 270
GSIII 68 608
GSII 144 330
NR 76 735
Fd-NiR 45 513

Results
GS in Micromonas and Ostreococcus

GS (E.C. 6.3.1.2) is an essential enzyme catalyzing the
ATP-dependent condensation of ammonium and glutamate
producing glutamine. The GS superfamily of enzymes has
three classes, GSI, GSII, and GSIII, which are broadly
distributed across prokaryotic and eukaryotic domains of
life. In photosynthetic eukaryotes, GS isoforms are found
predominantly in the cytosol and chloroplast, however
recent studies have shown that GS is targeted to the
mitochondria in some vascular plants and diatoms (Taira
et al. 2004; Allen et al. 2006; Ghoshroy and Robertson
2012). Although GSII is considered the canonical eukary-
otic form of GS, GSIII has been described in several
eukaryotic lineages, but it has not been previously char-
acterized in green algae or plants.

We uncovered differences in the distribution of GSII
and GSIII genes within the genomes of Micromonas and
Ostreococcus (Table 2). One gene encoding GSII and two

Table 2 GSIII and GSII genes identified in prasinophytes

Taxa Protein 1D/ Location/sequence
accession
GSIII
Mamiellales
Ostreococcus sp. 89446 Chr_1:283265-
RCC809 2.0 285573
Ostreococcus 39960 Chr_1:861745-
lucimarinus v2.0 863811
Ostreococcus tauri v2.0 15060 Chr_01.0001:801346-
803280
Micromonas pusilla 55724 Scaffold_2:1895325-
CCMP1545 v2.0 1898289
30309 Scaffold_17:106326-
108804
Micromonas sp. 112708 Chr_01:673099-
RCC299I v3.0 675162
113822 Chr_03:1272008-
1274270

Pyramimonadales
Pyramimonas gelidicola  FS593819 EST
GSIlg
Mamiellales

Scaffold_3:1930817-
1932692

Chr_05:31688-33375

Micromonas pusilla 4228
CCMP1545 v3.0

Micromonas sp.
RCC299 v3.0

58286

For Ostreococcus and Micromonas genomes, taxa, JGI DOE protein
ID numbers, and location of genes within the genomes are provided.
The P. gelidicola GSIII sequence was obtained from the GenBank
EST database and the accession number is provided
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genes encoding GSIII were identified in the genomes of
M. pusilla CCMP1545 and Micromonas sp. RCC299. In
contrast, the Ostreococcus genomes (Ostreococcus sp.
RCC809, O. lucimarinus, and O. tauri) yielded a single
GSII gene and there were no genes encoding GSII.

In our phylogenetic analyses, GSIII from Micromonas
and Ostreococcus formed a well-supported clade
(BPP > 0.95 and ML = 99) in which Micromonas GSIIIs
were found in two groups, with one group forming a close
sister association with the GSIII sequences from Ostreo-
coccus (Fig. 1). These results suggest that the GSIII genes
in M. pusilla CCMP1545 and Micromonas sp. RCC299
arose via a gene duplication event that preceded the
divergence of Micromonas and Ostreococcus and was
followed by the loss of one gene copy in the latter genus

(Fig. 1).

100

The chromosomal locations for the GS genes in Mi-
cromonas (GSII and GSIII) and Ostreococcus (GSIII) were
determined from genome data (Table 2). The GSIII
sequences in the three species of Ostreococcus were
located on chromosome 1. In Micromonas sp. RCC299,
genes encoding GSIII, which arose via gene duplication,
were located on chromosome 1 (JGI protein id [JPI]:
112708) and chromosome 3 (JPI: 113822), whereas the
gene encoding GSII (JPI: 58286) was located on chromo-
some 5. The chromosomes have not been assembled for
M. pusilla, however, each of the GS genes were found on
different scaffolds, suggesting they are located in different
regions of the genome.

ESTs were retrieved for all GSIII sequences from both
genera, but transcripts from the GSII genes in Micromonas
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Fig. 1 Evolutionary relationships among eukaryote and eubacterial
GSIII protein sequences. Phylogenetic analyses included 68 GSIII
sequences. An unrooted 50 % majority rule consensus tree from the
Bayesian analysis is shown as inferred from 10,000 trees as described
in the “Materials and Methods” section. Nodes with BPP sup-
port >0.95 are represented with thick lines. RAXML bootstrap values
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are indicated for most eukaryotic nodes. The collapsed eubacterial
node represents 30 taxa. A complete taxa list for GSIII protein
analyses is presented in SI Table 1. Target sequences identified in the
N-terminal end of the prasinophyte sequences are marked as TS. “D”
indicates the node of a putative gene duplication within the
prasinophytes
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underrepresentation of the transcripts in the EST studies or
may indicate that these genes were not transcribed under
the conditions used to generate the ESTs.

Molecular Evolution of GSIII

As GSIII enzymes have not been reported in other green
algal lineages, phylogenetic analyses were used to explore
the evolutionary origin of GSIII in prasinophytes. Phylo-
genetic analyses of GSIII protein sequences were per-
formed using two datasets: one with sequences with
complete open reading frames and the other incorporating
both complete and partial protein sequences. In these
analyses, eukaryotic GSIII sequences were well resolved
from prokaryotic sequences (Figs. 1 and 2). The eukaryote
clade included sequences from members of the Amoebo-
zoa, Excavata (Euglena gracilis), cryptophytes, hapto-
phytes, heterokonts, dinoflagellates, and the prasinophytes.
A consistent grouping of Heterokont + Prasinophyte GSIII
sequences was recovered in all our phylogenetic analyses
with strong to moderate support (Figs. 1 and 2). When the
dataset containing complete protein sequences was used,
prasinophyte (Micromonas and Ostreococcus) GSIII
enzymes were placed as a sister clade to heterokont
sequences (Thalassiosira pseudonana, Chaetoceros com-
pressus, Phaeodactylum tricornutum, Fragilariopsis cyl-
indrus, and Aureococcus anophagefferens) with strong
support (BPP > 0.95; MLBS = 84; Fig. 1). Phylogenetic
analyses using the extended taxa dataset, which included
partial sequences from four additional eukaryotes (Pyra-
mimonas gelidicola [prasinophyte], Ochromonas danica
[heterokont], Prymnesium parvum [haptophyte], and Kar-
lodinium micrum [dinoflagellate]), resulted in tree topolo-
gies where the prasinophyte clade (including the
P. gelidicola sequence) was nested within the heterokont
clade (Fig. 2); O. danica GSIII was placed in association
with the prasinophyte clade with moderate to low support
(BPP = 0.92; MLBS = 52; Fig. 2). Although the support
for the Heterokont + Prasinophyte clade decreased when
partial GSIII sequences were included, the clade was
consistently recovered in our analyses.

As opposed to the consistent grouping of Hetero-
kont + Prasinophyte, the placement of the remaining
eukaryotic taxa varied among the methods of analyses and
the datasets analyzed. A single heterokont sequence from
the parasitic Blastocystis hominis nested within the
Amoebozoa in both ML and Bayesian analyses (Figs. 1, 2).
A single representative sequence from Excavata (E. grac-
ilis) nested within the chromists (sensu Cavalier-Smith
1986 which includes cryptophytes, haptophytes and het-
erokonts) and dinoflagellate sequences, but the placement
of this sequence varied among analyses. The affinity of the
E. gracilis plastid genome with prasinophyte lineages has

been described (Turmel et al. 2009); however, based on our
phylogenetic analyses, the GSIII in E. gracilis does not
appear to have been derived from the prasinophyte
endosymbiont.

Molecular Evolution of GSII

As in previous analyses (Ghoshroy et al. 2010; Nedelcu et al.
2009; Robertson and Tartar 2006), eubacterial (GSIIg) and
eukaryotic (GSIIg) GSIIs formed two distinct clades in all
phylogenetic analyses (Fig. 3). The GSIIg sequences from
the two Micromonas species (RCC299 and CCMP 1545)
were placed within a group that contained chlorophytes,
mosses, and plants and were sister to the moss and vascular
plant sequences (BPP > 0.95; MLBS = 80). GSIllg
sequences from the remaining chlorophytes formed a sepa-
rate well-supported clade (BPP > 0.95; MLBS = 98) that
was distinct from the Micromonas sequences.

Previous analyses identified GSIIg protein sequences in
chlorophytes and streptophytes, which were determined
phylogenetically to be of eubacterial origin (Ghoshroy
et al. 2010). In the current analyses, the GSIIg sequences
formed a well-supported clade (BPP > 0.95; MLBS 100)
nested within the larger eubacterial clade and distinct from
the GSIIg sequences. Homologs of the GSIIg genes were
not found in the genomes of either Micromonas or Ost-
reococcus, suggesting either the loss of this gene from
these genera or that the HGT of GSIIg from eubacteria to
eukaryotes occurred following the divergence of prasino-
phytes from other chlorophytes and plants.

Cellular Location of GS

In silico predictions of cellular localizations of the seven
prasinophyte GSIII enzymes were performed as described
in the Materials and Methods. Four GSIII sequences did
not have transit peptides (TP), while three sequences
(0. lucimarinus [JPL: 39960], O. tauri [JPI: 15060], and
M. pusilla CCMP 1545 [JPL: 55724]), were predicted to
have TP by all algorithms. O. lucimarinus (JPI: 39960) and
O. tauri (JPI: 15060) were unanimously predicted to have
mitochondrial TP while predictions for M. pusilla CCMP
1545 (JPI: 55724) GSIII varied between mitochondria and
chloroplast localization (Table 3). The variability in the
predictions may reflect the difficulty in recognizing chlo-
roplast TP in green algae (Franzén et al. 1990) or indicate
that the GSIII in O. lucimarinus and O. tauri, functions in
the mitochondria or may be dual-targeted to both the
chloroplast and mitochondria in these prasinophytes.

The M. pusilla CCMP 1545 GSII protein (JPI: 4228)
lacked the N-terminal methionine in the annotated genome.
We identified a putative in-frame start codon upstream of
the ORF identified in the JGI database and added the
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«Fig. 2 Evolutionary relationships among eukaryote and eubacterial
GSIII protein sequences as inferred from the extended dataset.
Phylogenetic analyses included 72 GSIII sequences. An unrooted
50 % majority rule consensus tree from the Bayesian analysis is
shown as inferred from 10,000 trees as described in the “Materials
and Methods” section. Nodes with BPP support > 0.95 are repre-
sented with thick lines. The node containing Ochromonas danica and
the prasinophytes had a BBP value of 0.92 as indicated with an arrow
toward this node. RAXML bootstrap values are indicated for most
nodes. The prasinophytes + heterokonts node and the prasino-
phytes + chromists node are also indicated with arrows

following amino acid sequence (MSYAATGS-
QEGSGHGGARALDRL) to the N-terminal region of the
annotated sequence. Even with the additional amino acid
residues, TP were not predicted for CCMP 1545 or RCC
299 GSII sequences, suggesting the enzymes function in
the cytosol.

Molecular Evolution of NR

Assimilatory NAD(P)H:NRs (E.C. 1.7.1.1-3) belong to the
family of molybdenum-cofactor containing enzymes and
catalyze the reduction of nitrate to nitrite. In plants and
algae, NADH-specific forms are common while NAD(P)H-
specific and bi-specific forms are also observed in
eukaryotes (Fischer et al. 2005). The eukaryotic NR
enzymes appear to have evolved from sulfite oxidases and
are not homologous to prokaryotic NRs (Stolz and Basu
2002).

The prasinophyte genomes each contained a single gene
encoding NR (Micromonas sp. RCC299 [NCBI: XP_
002507512; JPL: 113975], M. pusilla CCMP1545 [NCBI:
XP_003058321; JPI: 70878], O. lucimarinus [NCBI:
XP_001420098; JPL: 37938], and O. tauri [NCBI:
XP_003081526; JPI: 35072]); there was no evidence of a TP
in the prasinophyte NRs indicating that the enzymes function
in the cytosol.

In our phylogenetic analyses, NR sequences from the
chlorophytes (excluding sequences from Micromonas and
Ostreococcus)  formed a  well-supported  clade
(BPP > 0.95; MLBS = 91; Fig. 4). NR sequences from
Micromonas and Ostreococcus were excluded from the
chlorophyte clade and were associated with a larger group
of sequences, the majority of which represented sequences
from heterokont lineages (diatoms, raphidophytes, brown
algae, oomycetes, and pelagophytes) and red algae
(Gracilaria tenuistipitata, Porphyra yezoensis, and Cy-
anidioschyzon merolae). Diatom NR sequences formed a
well-supported clade (BPP > 0.95; MLBS = 100) but
deeper nodes in the tree were not supported (Fig. 4).
Although Micromonas +Ostreococcus NR sequences were
never recovered associated with other chlorophyte or

moss + vascular plant sequences, the evolutionary history
of the NR genes in prasinophytes remains unresolved.

Fd-NiR in Micromonas and Ostreococcus

Fd-NiR (E.C. 1.7.7.1) catalyzes the 6-electron reduction of
nitrite to ammonium. Reduced ferredoxin is the physio-
logical electron donor for this reaction in photosynthetic
organisms, which in the chloroplast is reduced via photo-
synthetic electron transport (Privalle et al. 1985). In non-
photosynthetic tissues, redox pathways that include
NADPH, ferredoxin: NADP(H) oxidoreductase (FNR), and
ferredoxin provide reduced ferredoxin to ferredoxin-
dependent enzymes, such as NiR (Green et al. 1991; Hanke
et al. 2005). Fd-NiR is found in cyanobacteria and photo-
synthetic eukaryotes and, in the present study, five pra-
sinophyte Fd-NiR sequences (B. prasinos, Micromonas sp.
RCC299, M. pusilla CCMP1545, O. lucimarinus and
O. tauri) were retrieved from public databases for inclu-
sion in phylogenetic analyses and analyses of domain
structures.

Molecular Evolution of Fd-NiR

Fd-NiR sequences were resolved into three major clades in
both Bayesian and ML analyses (Fig. 5). Among the three
clades, the cyanobacteria were monophyletic and received
strong support in both analyses (BPP > 0.95;
MLBS = 100). Chlorophyte Fd-NiR sequences were not
monophyletic. Sequences from Prasinophyceae showed a
well-supported sister association with moss and vascular
plants (BPP > 0.95; MLBS = 100), while the Chlorophy-
ceae were grouped with the remaining eukaryotes,
including sequences from rhodophyte, heterokonts, and a
chlorarachniophyte. The remaining chlorophyte sequences
showed a sister relation with Porphyra yezoensis with
moderate support (BPP > 0.95; MLBS = 83). These
results are consistent with an endosymbiotic origin of Fd-
NiR in photosynthetic eukaryotes.

Cellular Location and Domain Structure of Fd-NiR
in Prasinophytes

In plants, Fd-NiR is localized to the chloroplast and cata-
lyzes the reduction of nitrite to ammonium using electrons
supplied from ferredoxin reduced by photosynthetic elec-
tron flow. McDonald et al. (2010) identified chloroplast TP
in Fd-NiR from Micromonas RCC299 and CCMP1545 and
we identified similar sequences in Fd-NiR of B. prasinos,
O. lucimarinus, and O. tauri (Table 4). Predictions of
localization varied between the chloroplasts and mito-
chondria, as did the location of the putative cleavage site.
As observed with GSIII, these results may reflect the
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«Fig. 3 Evolutionary relationships among eukaryote and eubacterial
GSII protein sequences. Phylogenetic analyses included 144 GSII
protein sequences. An unrooted 50 % majority rule consensus tree
from the Bayesian analysis is shown, as inferred from 10,000 trees as
described in the “Materials and Methods” section. The tree is rooted
at the branch leading toward the eubacterial and eukaryotic GSIIg
sequences. Nodes with BPP support > 0.95 are represented with thick
lines. RAXML bootstrap values are indicated for major nodes. The
collapsed clade representing fungal sequences contains 13 taxa,
metazoan collapsed clade has 11 taxa, “eubacteria others” are
represented by 30 taxa, and Actinobacteria are represented by 12 taxa.
A complete taxa list for GSII protein analyses is presented in SI
Table 2. The prasinophytes are shaded for ease of identification in the
tree

difficulty in recognizing chloroplast TP in green algae
(Franzén et al. 1990) or indicate that the Fd-NiRs in pra-
sinophytes are targeted to both the chloroplast and
mitochondrion.

Fd-NiR enzymes have two well-conserved nitrite/sulfite
ferredoxin like half domains (Pfam: PF3460.12) and two
nitrite/sulfite ~ reductase = 4Fe-4S  domains  (Pfam:
PF01077.17), which were present in the five prasinophyte
Fd-NiR sequences (Fig. 6). In addition, three conserved
domains, a rubredoxin domain (PF00301.15), an oxidore-
ductase FAD-binding domain (Pfam: FAD_binding_6:
PF00970.19), and an oxidoreductase NAD-binding domain
(Pfam: NAD_binding_1: PF00175.16), were identified at
the C-terminal end of the prasinophyte Fd-NiR, as previ-
ously reported for O. tauri, Micromonas sp. RCC299, and
M. pusilla 1545 (Derelle et al. 2006; McDonald et al.
2010). The annotated genome sequence from O. luci-
marinus Fd-NiR lacked the C-terminal domains; however,
extension of the open reading frame to the first, in-frame
stop codon resulted in the addition of 358 amino acids,
which contained the domains (Fig. 6). The three domains
present in the C-terminal region of the prasinophyte Fd-
NiRs share similarity with cytochrome b5 and the ferre-
doxin: NADP(H) oxidoreductase (FNR) family of
enzymes. As observed in non-photosynthetic tissues in
vascular plants, this region of the prasinophyte Fd-NiR
may allow for NADPH or NADH to provide reduced

ferredoxin for nitrite reduction independent of photosyn-
thetic electron transport.

Discussion

This is the first detailed analysis of genes encoding a
member of the GSIII family in the green algae. The pre-
sence of GSIII in the prasinophytes is surprising as this
gene is absent from genomes and EST’s of other members
of the Archaeplastida. Although GSIII is present in some
cyanobacteria, the cyanobacterial GSIII sequences are
distantly related to the eukaryotic sequences, negating the
possibility of a chloroplast-endosymbiotic origin in
eukaryotes. Alternatively, Ghoshroy and Robertson (2012)
proposed that GSIII in eukaryotes arose either through a
mitochondrial endosymbiotic gene transfer or genes
encoding GSIII were present in the nucleus of the ancestral
eukaryote prior to the acquisition of mitochondria and
chloroplasts.

In our phylogenetic analyses, the prasinophyte GSIIIs
grouped with cryptophyte, haptophytes, and heterokonts
and were found to be nested within or sister to the het-
erokonts (Figs. 1 and 2). If genes encoding GSIII were
widespread early in the evolution of eukaryotes and
evolved by vertical transmission, the prasinophyte GSIII
sequences should branch outside of the cryptophyte-hap-
tophyte-heterokont clade. Thus, our phylogenetic results
are consistent with an HGT origin of GSIII in prasino-
phytes and propose that the transfer was from the hetero-
konts to the prasinophytes.

Previous studies have identified genes in heterokonts
that have a phylogenetic affinity with genes in the green
algae. Using an automated phylogenomic pipeline, Mous-
tafa et al. (2009) identified over 1,700 genes with green
algal affinity within the genomes of the diatoms, Thalass-
iosira pseudonana and P. tricornutum, and 500 of these
genes grouped with prasinophytes. Based on these results,
Moustafa et al. (2009) proposed that these genes arose via
endosymbiotic gene transfers (EGT) from a cryptic green

Table 3 In silico prediction of targeting sequences in GSIII of Ostreococcus and Micromonas

Taxa Protein ID TargetP* Predotar MitoProt 11

Score Loc Tplen Score Loc P Loc
O. lucimarinus v2.0 39960 0.54 M 18 0.30 M 0.82 M
O. tauri v2.0 15060 0.89 M 30 0.70 M 0.89 M
M pusilla CCMP 1545 55724 0.99 C 61 0.51 C 0.99 M

Sequences with positive predictions are listed in the table. Several web-based algorithms were used for in silico predictions as described in
“Materials and Methods” section. The scores (Scores, P) predicted cellular location (Loc), predicted pre-sequence length (Tplen) are provided.
Proteins predicted to chloroplast localized are indicated as C and those predicted to mitochondrion are indicated as M

? TargetP analysis was done using plant networks
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Fig. 4 Evolutionary relationships among NR protein sequences from
eukaryotes. Phylogenetic analyses included 76 NR protein sequences.
An unrooted 50 % majority rule consensus tree from the Bayesian
analysis is shown, as inferred from 10,000 trees as described in the
“Materials and Methods” section. Nodes with BPP support >0.95 are

@ Springer

Metarhizium anisopliae

Sordaria macrospora

identification in the tree

CHLOROPHYTES

FUNGI

represented with thick lines. RAXML bootstrap values are indicated
for major nodes. A complete taxa list for NR protein analyses is
presented in SI Table 3. Clade A and B indicate sequences from
heterokont lineages. The prasinophytes are shaded for ease of
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Fig. 5 Evolutionary relationships among Fd-NiR protein sequences
from photosynthetic eukaryotes and cyanobacteria. Phylogenetic
analyses included 45 Fd-NiR protein sequences. An unrooted 50 %
majority rule consensus tree from the Bayesian analysis is shown, as
inferred from 10,000 trees as described in the “Materials and
Methods” section. Nodes with BPP support >0.95 are represented
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CYANOBACTERIA

with thick lines. RAXML bootstrap values >70 are indicated for
nodes. A complete taxa list for Fd-NiR protein analyses is presented
in SI Table 4. Target sequences identified in the N-terminal end of the
prasinophyte sequences are marked as TS. The prasinophytes are
shaded for ease of identification in the tree

Table 4 In silico prediction of targeting sequences in Fd-NiR proteins in prasinophytes

Taxa NCBI JGI prot. ID  TargetP ChloroP FNR-like
Score  Loc RC CS Score  c¢TP  cTP length

Bathycoccus prasinos CCO14961.1 0.63 c 3 17 0.5 - 17 Yes

M. pusilla CCMP1545 XP_003057941.1 70828 0.97 c 1 62 0.58 yes 62 Yes

Micromonas sp. RCC299  XP_002507511.1 113259* 0.68 c 3 52 0.51 yes 52 Yes

O. tauri v2.0 XP_003081527.1 35073 0.64 m 5 45 0.54 yes 36 Yes

O. lucimarinus CCE9901 ~ XP_001419920.1 38333 0.61 m 5 7 0.52 yes 19 No®

The N-terminal sequences were analyzed for TP using web-based programs TargetP v1.1. and ChloroP v 1.1. Scores, location (Loc), reliability
class (RC), predicted cleavage site (CS), and chloroplast TP (cTP) are presented in the table. Pfam identification for presence of FNR-like

domain is also presented

* The reference for this sequence is in McDonald et al. 2010. They also

report a cp target peptide

® Genome annotation shows a C-terminal extension, which when analyzed in Pfam had predicted FNR-like domain

algal endosymbiont. However, revaluation of the dataset
indicated that the majority of these genes more likely
evolved via EGT from the red algal ancestor of chloro-
plasts thus reducing the likelihood of a cryptic green algal
endosymbiont event in the evolution of heterokonts (Dor-
rell and Smith 2011; Burki et al. 2012; Deschamps and

Moreira 2012; Keeling 2013). As GSIII is not observed in
other Archaeplastida lineages and the reduced likelihood of
a green algal endosymbiont in the evolutionary history of
the heterokonts, we propose that the HGT of GSIII
occurred from heterokonts to the ancestor of the Mami-
ellales and Pyramimonadales lineages. This hypothesis is
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Fig. 6 Domain structures in Fd-NiR. A comparison of domains found
in green algal lineages and additional domains reported for Fd-NiR
protein sequences in prasinophytes. a Shows the respective domains
present in Fd-NiR of Chlorella variabilis and Micromonas pusilla, the
domain name, protein family (PF) number and the amino acid

strongly supported by our phylogenetic analyses and it
requires only one gain of GSIII prior to the divergence of
Pyramimonadales (prasinophyte clade I) + Mamiellophy-
ceae (prasinophyte clade II) node in the consensus tree of
Leliaert et al. (2012). This hypothesis also predicts that
GSII will be present in members of the Dolichomastigales
and Monomastigales, which can be tested with broader
taxon sampling.

Evidence of HGT events in eukaryotes is increasing as
more prokaryotic and eukaryotic genomes become avail-
able (e.g., Keeling and Palmer, 2008; Yue et al. 2012;
Huang and Yue 2013; Huang 2013). There appears a bias
to which genes are retained and fixed after the horizontal
transfer, with genes encoding enzymes in metabolic path-
ways and transport proteins showing high levels of reten-
tion (Schonknecht et al. 2014). Schonknecht et al. (2014)
proposed that HGT may be advantageous to populations of
different species sharing similar environments in which the
HGT acquisition of transport proteins or enzymes rapidly
produces novel phenotypes. Previous studies characterized
regulatory and kinetic differences among the GS isoen-
zymes (Robertson and Alberte 1996; Reyes et al. 1997;
Bernard and Habash 2009; Seabra et al. 2013). The
acquisition of paralogous enzymes via HGT, as proposed
here for GSIII, may provide organisms with a “step
change” in enzyme kinetics, substrate affinity, or
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location in the respective proteins for the domain location is
identified. b Shows schematic of multiple alignment of Fd-NiR
protein sequences from chlorophyte taxa used in the present study.
C-terminal extensions are noted for prasinophyte lineages

regulation that confers a selective advantage and thus
favors gene retention and fixation.

Marine viruses are important regulators of oceanic pri-
mary productivity, influencing the size and duration of
phytoplankton blooms and mediating nutrient cycles.
Interestingly, the prasinophytes included in our analyses
have documented viruses whose complete genomes have
been sequenced (Grimsley et al. 2012). A recent study of
phosphate transporters (pho4) in marine phytoplankton and
their viruses found that pho4 genes from pelagophytes,
haptophytes and their infecting viruses were closely related
to homologues in prasinophytes, suggesting the possibility
of viral mediated HGT (Monier et al. 2012). Prasinoviruses
have been found harboring genes encoding enzymes
involved in amino acid synthesis and GSIIg genes have
been identified in marine viruses (Allen et al. 2012;
Grimsley et al. 2012). While many marine viruses are
species specific (Clerissi et al. 2013), some may be vehicles
for HGT among marine eukaryotes, similar to what has
been observed in planktonic cyanobacteria (e.g., Sullivan
et al. 2005; Suttle 2007), and may contribute to the high
number of HGTs observed in marine prasinophytes.

The number of GS genes varied among the prasinophyte
genomes. Each of the Ostreococcus species studied here
had a single GS (GSIII) gene, which had a TP that was
predicted to localize the enzyme to the chloroplast or
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mitochondrion. In contrast, both Micromonas species had
three GS sequences (two GSIIIs and one GSII). The GSIII
genes appear to have arisen via a gene duplication event,
with subsequent loss in Ostreococcus spp. Neither Micro-
monas nor Ostreococcus had a GSllg homolog, a gene
present in other chlorophytes and early evolving plants
(Ghoshroy et al. 2010). As GSIIp appears to have evolved
via a eubacteria-eukaryote HGT, the absence of GSIlg in
Micromonas and Ostreococcus may be the result of gene
loss or may indicate that the HGT occurred after the
divergence of these lineages from other green algae. This
question can be explored by further sampling examination
of GSII in the prasinophytes.

The reduction in the number of GS genes in Ostreo-
coccus relative to Micromonas may be a reflection of the
extremely reduced genome in Ostreococcus (12—13 Mbp
compared to the 21 Mbp genome of Micromonas). Alter-
natively, as Micromonas is more broadly distributed than
Ostreococcus (Worden et al. 2009) and flagellated, the
multiple GS isoenzymes observed in Micromonas may
provide a selective advantage to cells experiencing more
variable nutrient environments associated with a larger
distribution or as a result of increased motility.

In contrast to GSIII, our phylogenetic analyses support a
cyanobacterial-endosymbiotic origin of Fd-NiR in photo-
synthetic eukaryotes. However, as observed with GSIlg, Fd-
NiR from green algae were not monophyletic; the prasino-
phyte sequences were associated with the moss and vascular
plant clade while the remainder chlorophytes associated with
arhodophyte (Porphyra yezoensis) sequence. The observed
phylogeny may reflect an ancient gene duplication event,
followed by gene loss, resulting in Chlorophyte and Prasin-
ophyte paralogs being represented in the phylogenetic tree.

Organellar targeting sequences were identified in the
prasinophyte GSIII and Fd-NiR protein sequences. The
dual predictions (chloroplast and mitochondria) in prasin-
ophytes may reflect the ambiguous nature of TP in green
algae, where chloroplast TP were found to be similar to
mitochondrial TP (Franzén et al. 1990). In our analyses,
Ostreococcus enzymes with TP were predicted more often
to mitochondria than Micromonas TP. Alternatively, the
enzymes may be targeted to both organelles. This is more
likely for GSIII than Fd-NiR as dual targeting has been
reported for GS in Arabidopsis thaliana (Taira et al. 2004).
GS is involved in the assimilation of ammonium from
nitrite reduction in the chloroplast as well as ammonium
produced during photorespiration. The localization of GS
to the mitochondria may help in the recovery of ammonium
produced during photorespiration in photosynthetic
eukaryotes (Taira et al. 2004). As in diatoms, genes
encoding urea transporters, as well as enzymes involved in
urea catabolism and the urea cycle, have been reported in
the genomes of Micromonas sp RCC299, O. tauri and

O. lucimarinus (Solomon et al. 2010; Derelle et al. 2006).
The prediction of mitochondrial-localized GSIII enzymes
in both diatoms and prasinophytes may reflect of a role for
this enzyme in urea metabolism (Allen et al. 2011) as well
as in the assimilation of ammonium produced during
photorespiration.

Fd-NiR protein sequences from the Mamiellales (B. pra-
sinos, Ostreococcus, and Micromonas) had additional
domains in the C-terminal region of the enzyme that are not
present in other photosynthetic eukaryotes and may represent
an evolutionary innovation in this group. The domains are
shared among members of the cytochrome B5 reductase and
ferredoxin: NADP(H) oxidoreductase-like superfamilies.
These additional domains in the Fd-NiR enzymes may allow
for non-photosynthetic reduction of ferredoxin for use in
nitrite reduction (Hanke et al. 2005). The use of NADPH or
NADH to reduce ferredoxin may provide the physiological
capacity to assimilate nitrate in low-light environments and
possibly the dark respiration of nitrate, similar to what is
observed in diatoms (Kamp et al. 2011).

NR catalyzes the rate-limiting step in the assimilation of
nitrate and eukaryotic NRs have a well-conserved domain
structure (reviewed in Campbell 1999). However in our
analyses, the deeper nodes in the phylogeny were not
resolved and thus the evolutionary history of NR genes in
prasinophytes is currently unresolved.

Nitrogen Assimilatory Pathways in Prasinophytes

While the major pathways for assimilating inorganic nitrogen
into organic molecules are conserved among photosynthetic
eukaryotes, this study demonstrates the chimeric nature of the
nitrate assimilatory pathway in Micromonas and Ostreococ-
cus, summarized in Fig. 7. Genes encoding ammonium
transporters in Micromonas and Ostreococcus evolved via
prokaryotic-to-eukaryotic and eukaryotic-to-eukaryotic gene
transfer events (McDonald et al. 2010). Our phylogenetic
analyses suggest that genes encoding GSIII arose in the pra-
sinophytes through eukaryotic-to-eukaryotic HGT. Genes
encoding other Fd-NiR and GSIIg enzymes in the prasino-
phytes appear to have evolved via vertical transmission and in
the case of Fd-NiR, following endosymbiotic acquisition.

The incorporation of horizontally transferred genes into
genomes would require the evolution of the mechanisms that
regulate gene expression and enzyme activity, suggesting that
the regulation of nitrogen assimilation in the prasinophytes is
likely to differ from other lineages of green algae. In addition,
the number of nitrate and ammonium transporters (McDonald
et al. 2010) and the number and cellular distribution of GS
isoenzymes varies among the prasinophytes, suggesting there
will be physiological and regulatory differences in nitrogen
assimilation within this group of early diverging green algae
(Fig. 7).
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Fig. 7 Diagram summarizing
the diversity and predicted
evolutionary history of key
nitrogen-assimilating enzymes
in chlorophytes. The results
from the phylogenetic analyses
presented in the text are
summarized. As discussed in the
text, enzymes shown as
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The Prasinophytes are one of the most abundant groups
of marine photosynthetic eukaryotes (Not et al. 2005;
Worden et al. 2009). In photosynthetic eukaryotes assimi-
lation of inorganic nitrogen into organic molecules is a key
factor regulating population growth and primary produc-
tivity. The mixed evolutionary history uncovered for key
nitrogen-assimilating enzymes and transporters in the pra-
sinophytes indicates the capacity of these organisms to
acquire and maintain genes from disparate sources. This
capacity may promote evolutionary innovation of physio-
logical processes. Future studies examining the regulation
of gene expression and enzyme activity may provide
insight as to how genes from different evolutionary lin-
eages can be integrated into highly regulated and coordi-
nated metabolic pathways.
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