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throughout >500 Myr of Streptophyte Evolution

Jan de Vries'*, John M. Archibald'?, and Sven B. Gould?
'Department of Biochemistry and Molecular Biology, Dalhousie University, Halifax, Nova Scotia, Canada
2Canadian Institute for Advanced Research, Toronto, Ontario, Canada

3Molecular Evolution, Heinrich-Heine-University Diisseldorf, Germany

*Corresponding author: E-mail: jan.devries@dal.ca.
Accepted: January 30, 2017

Abstract

Plastids evolved from cyanobacteria by endosymbiosis. During the course of evolution, the coding capacity of plastid genomes
shrinks due to gene loss or transfer to the nucleus. In the green lineage, however, there were apparent gene gains including that
of ycf1. Although its function is still debated, YCF1 has proven to be a useful marker for plastid evolution. YCF1 sequence and
predicted structural features unite the plastid genomes of land plants with those of their closest algal relatives, the higher streptophyte
algae; YCF1 appears to have undergone pronounced changes during the course of streptophyte algal evolution. Using new data, we
show that YCF1 underwent divergent evolution in the common ancestor of higher streptophyte algae and Klebsormidiophycae. This
divergence resulted in the origin of an extreme, klebsormidiophycean-specific YCF1 and the higher streptophyte Ste-YCF1. Most
importantly, our analysis uncovers a conserved carboxy-terminal sequence stretch within YCF1 that is unique to higher streptophytes

and hints at an important, yet unexplored function.
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Introduction

Plastid genomes are demonstrably homologous to those of
cyanobacteria, but have experienced drastic reductive evolu-
tion (Martin et al. 1998; Green 2011; Archibald 2015). Of the
more than 4000 genes found in sections IV and V cyanobac-
teria, which have been suggested to be the closest living
relatives to the ancestor of the plastid (Dagan et al. 2013;
for an alternative view, see Ponce-Toledo et al. 2017), plastid
genomes have retained only about 100-200 due to gene loss
and endosymbiotic gene transfer (Timmis et al. 2004). A par-
ticularly appealing hypothesis for why some genes have been
retained is that they are important for the in situ regulation of
the photosynthesis redox reactions (Allen 2015), which also
applies to the retention of genes by mitochondria for the reg-
ulation of their key bioenergetic reactions as part of the elec-
tron transport chain. Although the genomes of primary green
plastids (Chloroplastida, cf. Adl et al. 2012) tend to have fewer
genes than those of red algae and glaucophytes (Allen et al.
2011), there are some exceptions. One is YcfT.

A few things are unusual about Ycf7. It has no detectable
homolog in cyanobacteria, red algae or glaucophytes (de Vries
et al. 2015). The origin of Ycf7 traces back to either a gain of
the gene by the plastid genome, which appear to be ex-
tremely rare events, or a radical divergence upon the duplica-
tion of a plastid gene in the common ancestor of all
Chloroplastida (Wicke et al. 2011; de Vries et al. 2015;
Nakai 2015a). Regardless of its origin, ycf1 knockouts were
shown to be lethal in tobacco (Drescher et al. 2000) and
Chlamydomonas (Boudreau et al. 1997), although the rea-
son(s) for this lethality, or the function of the protein, were
unknown at the time. Based on data gathered from
Arabidopsis, it was later proposed that YCF1 is in fact TIC
214, a critical component of the protein translocation machin-
ery at the inner chloroplast envelope (Kikuchi et al. 2013). If
true, TIC214 would be the only TIC component encoded by
the plastid genome. Moreover, Ycf7 has been lost in Poaceae
and possibly a few other land plants as well (Katayama and
Ogihara 1996; de Vries et al. 2015). For these reasons, the
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possibility that YCF1 represents “a general TIC translocon”
(Kikuchi et al. 2013) has been challenged (de Vries et al.
2015; Bolter and Soll 2016a, 2016b), with additional criticism
revolving around the extreme variation in YCF1 sequence
length, which remains to be explained.

In the context of streptophyte terrestrialization, we recently
discussed the evolution of the algal Cte-YCF1 to the land plant
version of the protein, Ste-YCF1 (de Vries et al. 2016), along
with the transformation of FTSH into YCF2 (cf. Civan et al.
2014). This analysis highlighted a clear distinction between
the plastid genomes of the lower (Klebsormidiophyceae +
Chlorokybophyceae + Mesostigmatophyceae = KCM) and
higher branching streptophyte algae (Zygnematophyceae +
Coleochaetophyceae + Charophyceae = ZCC). However,
these inferences were hampered by the availability of only a
single plastid genome from the lower branching
Klebsormidiophyceae. Here we revisit the evolution of ycf7
and its implications for the origin of Ste-YCF1 in land plants,
taking advantage of newly sequenced plastid genomes from
streptophyte algae (Lemieux et al. 2016). Specifically, we have
discovered a conserved motif, currently of unknown function,
in the YCF proteins of some ZCC algae and embryophytes.

Klebsormidium spp. YCF1 Proteins
Stand out

YCF1 sequences are diverse in sequence and size. We first
used a phylogenetic approach to gain a preliminary glimpse
at YCF1 evolution across streptophyte algae. Though a diver-
gent protein, our YCF1 phylogeny (fig. 1a) shows remarkable
resemblance to the most recent species phylogeny based on
the phylogenetic analysis of 88 plastid-encoded proteins
(Lemieux et al. 2016; fig. 1b). When comparing the YCF1
phylogeny to the species phylogeny (fig. 1a and b), two
YCF1 proteins do not branch as expected within streptophyte
algae, both of which are from the genus Klebsormidium. This
likely reflects the pronounced structural changes characteristic
of the plastid genomes of Klebsormidiophyceae (Lemieux
et al. 2016). This prompted us to take a closer look at the
protein sequences of streptophyte algal YCF1s.

Klebsormidiophyceaen YCF1 Has
Undergone Drastic Sequence
Expansion

YCF1 homologs exhibitawide range of sizes(de Vriesetal. 2015).
Thereare neverthelesssome features these proteinsall share: they
are predicted to contain six to eight transmembrane TM domains
at their N-terminus and to encode charged repeats that cover
much of the remaining sequence (cf. de Vries et al. 2015; Nakai
2015b). We surveyed all 20 YCF1 proteins with regard to their
length, charge, and number of predicted TM domains.
Streptophyte algal YCF1 proteins range between 410 aa
(Mesostigma viride) and 4186 aa (K. flaccidum) (fig. 1c). The

largest portion of each YCF1 protein, except for the small
YCF1s of the basal branching KCM streptophyte algae M.
viride and Chlorokybus atmophyticus, is made up of the re-
petitively charged C-terminus. Noteworthy was a long nega-
tively charged region from aa position 1777 to 1883 in the
YCF1 of Mesotaenium endlicherianum, which is followed by
similarly sized positively charged region spanning amino acid
(aa) residues 1885-1943. In all cases, the YCF1 N-terminus
was predicted to contain 6-7 TMs, usually located within the
first 250 aa (fig. 1¢). The only exceptions are the zygnemata-
lean YCF1s of M. endlicherianum and Cylindrocystis brebisso-
nii, which were sometimes predicted to have a seventh TM
starting around position 1250 and a seventh and eighth TM at
around positions 650 and 700, respectively. The longest strep-
tophyte YCF1s in our dataset (and to our knowledge the lon-
gest of any streptophyte) are those of the
Klebsormidiophyceae. This, together with the results of the
phylogenetic analysis (fig. 1a), sets the klebsormidiophycean
YCF1 clearly apart from both the Cte-YCF1 of the other KCM
streptophyte and chlorophyte algae as well as the ZCC/em-
bryophyte Ste-YCF1.

A Novel Motif in Ste-YCF1

Land plants and ZCC streptophyte algae are united by
having a Ste-YCF1 type protein (de Vries et al. 2015). This
separation was determined through reciprocal HMM detec-
tion, which uncovered Cte-YCF1 only when using Cte-
YCF1 alignments as a seed and Ste-YCF1s only when
using Ste-YCF1 alignments as a seed. Aligning all ZCC
Ste-YCF1s with the KCM Cte-YCF1s reveals two regions
with high sequence conservation: the first is the hydropho-
bic N-terminus with its TM domains (fig. 1¢) and the second
is at the very C-terminus (fig. 1d and e). Closer inspection of
the C-terminal region uncovered a conserved stretch of se-
guence that includes a 12 aa long motif, RLEDLACMNRFW;
we suspect that the single conserved cysteine residue is
critical for the function of the motif. We henceforth con-
sider these 12 aa as the ‘core motif’. This core motif is
present in Zygnematophyceae (the closest algal relatives
of embryophytes [Wickett et al. 2014]), Coleochaetophyceae
and embryophytes. Directly upstream of this core motif
there are eight more conserved residues; the full consensus
of the Ste-YCF1 motif is thus IKRFLWPTXRLEDLACMNRFW
(fig. 1d and e). The only Charophycaeae sequence in this
dataset, that of Chara vulgaris, bears a divergent, possibly
rudimentary, form of the core motif including the cysteine
and differing in four aa, RIEDLVCMERVW (bold = different
aa). The fact that Chara possesses the most rudimentary
form of the core motif is consistent with the basal branch-
ing of the Charophyceae within ZCC algae (cf. Wickett et al.
2014; Delwiche and Cooper 2015).

To further assess the degree of conservation of the
RLEDLACMNRFW motif among embryophytes, we expanded
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Fic. 1.—Phylogeny of klesbormidiophycean YCF1. (@) Maximum likelihood LG + G + | + F phylogeny (500 bootstraps, values shown at each node, partial
deletion [95%], gamma category 5) of YCF1 protein sequences from the same species as in (b). NCBI accession numbers of the YCF1 proteins are shown
behind the species name. The tree is drawn to scale based on the substitution rate. Note the phylogenetic position of Klebsormidium spp. YCF1. (b) A
reference cladogram of species phylogenetic relationships based on Lemieux et al. (2016). Relationships of the chlorophyte N. olivaceae, 5 lower branching
KCM and 13 higher branching ZCC streptophyte algae, and the land plant P. patens are shown. Klebsormidiophyceae are highlighted in purple. (¢) YCF1
proteins are drawn to scale based on their length in aa. Color gradient from red (negative) to white (none) to green (positive) indicate the predicted charge
based on the EMBOSS explorer (sliding window size: 5 aa). Boxes on the proteins indicate predicted TM domains where, applying a majority rule, some
consensus was found based on TMHMM, Phobius and SOSUI. The frequency with which the TMs were predicted by the different programs was evaluated
using CCTOP and is depicted as black (predicted by all algorithms) to white (predicted by few algorithms) coloration of the boxes. Note the length of
klebsormidiophycean YCF1s (purple font) and the position of the 200 bp intron removed prior to in silico translation of M. endlicherianum’s YCF1 (arrow-
head). (d) Depiction of the YCF1 protein sequence alignment of the 20 YCF1s used in (a). The topmost line depicts the full 5015 positions of the alignment (of
which 311 aligned residues were used for the phylogeny shown in [a]), black boxes indicate regions where based on a majority rule some consensus was
found for at least half of proteins under consideration. The histograms below depict high (red) to low (blue) hydrophobicity (top) and 30-70% (yellow)
10 < 30% (red) sequence identity (bottom). A zoom-in into the very C-terminal region of the alignment shows that Ste-YCF1 of higher ZCC streptophyte
algae shares the core aa-sequence “RLEDLACMNRFW” with land plants. Note the conserved hydrophobic block of N-terminal aa and the conserved C-
terminal end. The removal of the intron in the ycfT ORF of Mesotaenium restores a YCF1 that carries a RREDLACMNRFW motif. (&) An alignment of 21 land
plant YCF1s (3 bryophytes, 3 lycophytes, 6 monilophytes, 3 gymnosperms, Gingko, and 5 angiosperms) demonstrates that RLEDLACMNRFW is conserved
throughout all embryophyte Ste-YCF1s. Note the putative RNA editing sites (marked with dotted boxes filled in the color corresponding to the aa after RNA
editing) in the S. moellendorffii motif sequence (based on data from S. unicata [cf. Oldenkott et al. 2014]).
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the alignment to include sequences from across the diversity of
land plants. We found that the core motif RLEDLACMNRFW is
conserved from moss to Arabidopsis thaliana (fig. 1e).
Moreover, land plants have an extended conserved C-terminal
region of 39 aa (fig. 1e). The only land plant sequence showing
severe alterations from this core motif (including the cysteine
residue) was that of Selaginella moellendorftii. S. moellendorffii
is known for its unusual organellar biology characterized by
massive RNA editing (Hecht et al. 2011). In its close relative S.
uncinata, RNA editing of the Ycf7 open reading frame (ORF)
converts the codons from encoding RPEDPSRMNRPR into
encoding RLEDLSCMNRFW (Oldenkott et al. 2014; fig. 1e).
Ergo, RLEDLACMNRFW is a motif within YCF1 that
Arabidopsisshareswith the common ancestor of allland plants.

To determine whether this motif has been detected
before, we used the 12, 21, and 39 aa motif versions as
gueries for InterPro scans. The former two did not return
any hits. Using the 39 aa motif as a query, InterPro again
predicted no family memberships, domains or functions, but
detected an unintegrated (i.e. not yet curated) signature
match against the unnamed PANTHER protein family
PTHR33163 (cf. Mi et al. 2016), that consists of 74 land
plant YCF1s and does not list the 12, 21, or 39 aa motifs
as a conserved feature. None of the motif versions can be
found in PFAM (cf. Finn et al. 2016) and motif searches of
the PDB database (cf. Berman et al. 2000) returned no hits.
Using the 12, 21, and 39 aa versions of the motif as queries
for a BLASTp against the RefSeq database (applying a very
low stringency e value cutoff of <1), we detected only strep-
tophyte YCF1 sequences (see supplementary table ST,
Supplementary Material online). Hence, the aa sequence
RLEDLACMNRFW (and extended versions) indeed represents
a novel motif restricted to higher streptophyte YCF1s.

To confirm these BLAST-based results, we used all motif ver-
sions as queries in pHMMER searches (Finn et al. 2015) against
the UniProt database (The UniProt Consortium 2015). The 12 aa
motif did not return any significant hits. The 21 aa and 39 aa
motifs returned 1788 and 2139 significant hits, respectively. All
of these hits, except one, were streptophyte sequences that en-
compass land plant and 12 ZCC streptophyte algal Ste-YCF1s.
The exception was the nuclear-encoded FAR-RED IMPAIRED
RESPONSE 1 (FAR1) protein of Medicago truncatula (protein id:
MTR_2g039370), containing a 39 aa long C-terminal stretch
(FKLFLWPNYRLEDLACINRYWFNTHNGSHFSILRIHMYP
[bold = identical residue]) that resembled the 39 aa version of
the Ste-YCF1 motif. FART proteins are transcription factors
(Hudson et al. 1999; Lin et al. 2007) with the ability to bind
DNA (Lin et al. 2007). This warrants further investigation, as
nucleic acid binding capacities have been described for
Chlamydomonas YCF1 (Boudreau et al. 1997). An involve-
ment of the novel Ste-YCF1 motif in DNA/RNA-binding or
even transcriptional regulation is hence conceivable (see
below).

Streptophytes
KCM ZCC
[
@© [ Q
Qo © T o
O ® 3 D ©
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RLEDLACMNRFW

& First filamentous
Streptophyte

. Cte-YCF1 ’ Ste-YCF1

‘ Klebsormdiophycean YCF1

Fic. 2.—YCF1 sequence divergence during streptophyte algal evolu-
tion. A cladogram of the evolution of Chloroplastida (thick lines; chloro-
phytes = yellow, streptophytes = different shades of green) with the
trajectory of YCF1 evolution projected on top. The ancestral Cte-YCF1
(blue) is shared by chlorophytes and the KCM streptophyte algae of the
Mesostigmatophyceae and Chlorokybophceae. Along the trajectory of
streptophyte evolution that includes the first filamentous streptophyte
(one of the common ancestors of recent Klebsormidiophyceae and ZCC
streptophyte algae + land plants) the Cte-YCF1 sequence started to
change (dark purple). From there, YCF1 diverged into the klebsormidio-
phycean YCF1 (red) and the Ste-YCF1 (purple). The latter is found among
ZCC streptophyte algae and land plants.

YCF1 Sequence Divergence and the
First Filamentous Streptophyte Algae

What does this mean for the trajectory of YCF1 evolution and
ultimately its function? Cte-YCF1 most likely evolved in the
common ancestor of all Chloroplastida (Wicke et al. 2011; de
Vries et al. 2015). After the split of streptophytes and chlor-
ophytes (cf. Lewis and McCourt 2004; Becker and Marin
2009), the basal branching streptophyte algae
Mesostigmatophyceae and Chlorokybophyceae retained the
ancestral Cte-YCF1, sharing it hence with the chlorophytes
(fig. 2). In the common ancestor of Klebsormidiophyceae
and higher branching ZCC streptophyte algae, the Cte-
YCF1 evolved into the highly expanded version found in
Klebsormidiophyceae (>3000 aa length) and the Ste-YCF1
(bearing the RLEDLACMNRFW motif). Ste-YCF1 was vertically
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inherited by land plants. Therefore, the changes in YCF1 se-
guence emerged along the trajectory that includes the first
filamentous streptophyte (fig. 2).

We previously hypothesized that changes in YCF1 occurred
concomitantly with changes in FtsH/YCF2 (cf. de Vries et al.
2016). Although FtsH is a plastid-encoded component of the
photosystem Il maintenance machinery (de Vries et al. 2013,
cf. Janska et al. 2013), YCF2's function remains unknown
(Drescher et al. 2000). So, what about klebsormidiophycean
FtsH/YCF2? Entransia is the only member of the
Klebsormidiophyceae with a sequenced plastid genome that
encodes the ftsH gene (cf. Lemieux et al. 2016).
Klebsormidium spp. has probably lost ycf2/ftsH. Civan and
colleagues used a BLASTp approach to distinguish between
higher streptophyte YCF2 and FtsH (among Chloroplastida,
the latter can be found in Mesostigma, Chlorokybus and chlor-
ophytes). Querying Entransia “FtsH” via BLASTp against the
non-redundant protein database of NCBI (NCBI Resource
Coordinators 2016) returned the YCF2 sequence of the coni-
fer Pseudolarix amabilis as the best hit (YP_009268451.1;
e value of 4 x 107 '8, but with a query coverage of only
22 %), followed by many other land plant YCF2s with equally
low query coverage. In accordance with the approach taken
by Civan and colleagues, Entransia FtsH can hence be classi-
fied as YCF2. Itis noteworthy that the closest streptophyte algal
hit, when using the Entransia FtsH/YCF2 as query was found to
be Closterium’s YCF2 (YP_009256827.1, evalue of 2 x 107",
27% query coverage and the 61st hit). We interpret this as
klebsormidiophycean YCF2 being distinct from its orthologs
in other streptophyte algae and land plants; this is reminiscent
of the pattern we observed for klebsormidiophycean YCF1.
Therefore, our new data further supports the notion that
YCF1 and YCF2 sequence divergence occurred contempora-
neously. The underlying reason(s) for this parallel divergence is
as elusive as the functions of the proteins themselves.

In 1997, Boudreau and colleagues found that
Chlamydomonas Cte-YCF1 was able to bind nucleic acids
and suggested that it could bind plastid DNA. If so, YCF1
might be important, for example, during plastid division and
in the context of a filamentous and, in the case of many ZCC
algae and land plants, polyplastidic species. Alternatively,
YCF1 might bind specific RNAs instead of DNA, which
would point to a regulatory function at a certain stage of
the plastid, perhaps regulating a stage transition associated
with protein import. This regulatory role might be linked to the
recent finding that exogenous treatment of the ZCC alga
Spirogyra pratensis with the phytohormone ethylene resulted
in a downregulation of the gene expression of Ste-YCF1, con-
comitant with elevated stress response signaling as well as
decreased gene expression of photosynthesis-associated and
chlorophyll biosynthesis-associated proteins (Van de Poel et al.
2016). In summary, the massive divergence in size, the con-
served motif in Ste-YCF1, and the loss of the protein in grasses

speaks in favor of a function that reaches beyond that of just a
TIC component.

Conclusion

YCF1 remains an enigmatic protein. However, the broader the
sampling of sequence data across the diversity of strepto-
phytes becomes, the less puzzling the sequence diversity of
YCF1 appears. In this study, we have shown that 1) klebsor-
midiophycean YCF1 is unique regarding its size expansion and
2) that Ste-YCF1s are united by a novel motif that is
RLEDLACMNRFW. The function(s) of this motif remains to
be explored, but it is likely significant considering its strict con-
servation across more than 500 Myr of evolution, which sep-
arates Coleochaete and Arabidopsis (cf. Parfrey et al. 2011).

Materials and Methods

To generate the YCF1 dataset, we sampled annotated ORFs of
ycf1 genes from 18 available streptophyte plastid genomes
(Lemieux et al. 2000, 2007, 2016; Turmel et al. 2002, 2005,
2006; Civan et al. 2014) as well as from the moss
Physcomitrella patens (Sugiura et al. 2003) and the chloro-
phyte alga Nephroselmis olivacea (Turmel et al. 1999), and
translated them into protein sequences using Geneious
R8.1.8 (Kearse et al. 2012). For M. endlicherianum, we re-
moved the intron suggested by Civan et al. (2014) prior to
translation.

Using MAFFT v.7 (Katoh and Standley 2013; G —INS -), we
generated an alignment of all 20 YCF1 proteins and used
MEGA7 (Kumar et al. 2016) to compute a maximum likeli-
hood phylogeny applying the LG + G + | + F model (Le and
Gascuel 2008; 500 bootstraps, partial deletion [95%] leaving
311 positions, gamma category 5). The 21 embryophyte Ste-
YCFs were aligned using the settings L-INS—l in MAFFT v.7.

YCF1 charge was predicted using the EMBOSS explorer
(Rice et al. 2000). Predictions of TM domains were generated
using TMHMM (Krogh et al. 2001), SOSUI (Hirokawa et al.
1998), and Phobius (Kall et al. 2004). To build a consensus
between all TM predictions we used CCTOP (Dobson et al.
2015).

Supplementary Material

Supplementary data is available at Genome Biology and
Evolution online.
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