bioRxiv preprint doi: https://doi.org/10.1101/145037; this version posted June 8, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Title: The plastid genome in Cladophorales green algae is encoded by hairpin

plasmids

One Sentence Summary: Chloroplast genome in Cladophorales green algae is reduced and

fragmented into multiple linear single-stranded DNA molecules.

Authors: Andrea Del Cortona>?>34*, Frederik Leliaert>, Kenny A. Bogaert!, Monique Turmel®,
Christian Boedeker’, Jan Janouskovec?, Juan M. Lopez-Bautista®, Heroen Verbruggen'?, Klaas

Vandepoele?3#, Olivier De Clerck®

Affiliations:

!Department of Biology, Phycology Research Group, Ghent University, 9000 Ghent, Belgium.

Department of Plant Biotechnology and Bioinformatics, Ghent University, 9052 Ghent, Belgium.

3VIB Center for Plant Systems Biology, 9052 Ghent, Belgium.

“Bioinformatics Institute Ghent, Ghent University, 9052 Ghent, Belgium.


https://doi.org/10.1101/145037

bioRxiv preprint doi: https://doi.org/10.1101/145037; this version posted June 8, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

®Botanic Garden Meise, Meise, Belgium.

®Institut de biologie intégrative et des systémes, Département de biochimie, de microbiologie et de

bio-informatique, Université Laval, Québec (QC) Canada.

’School of Biological Sciences, Victoria University of Wellington, Wellington, New Zealand.

8Department of Genetics, Evolution and Environment, University College London, London WC1E

6BT, United Kingdom.

Department of Biological Sciences, The University of Alabama, Tuscaloosa, AL35484-0345,

USA.

19School of BioSciences, University of Melbourne, Victoria 3010, Australia.

*Correspondence to: andrea.delcortona@gmail.com



mailto:andrea.delcortona@gmail.com
https://doi.org/10.1101/145037

bioRxiv preprint doi: https://doi.org/10.1101/145037; this version posted June 8, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Abstract:

Chloroplast genomes, relics of an endosymbiotic cyanobacterial genome, are circular double-
stranded DNA molecules. While fragmented mitochondrial genomes evolved several times during
the evolution of eukaryotes, fragmented plastid genomes are only known in dinoflagellates. Here
we show that the chloroplast genome of the green alga Boodlea composita (Cladophorales) is
reduced and fragmented into hairpin plasmids. Extensive sequencing of DNA and RNA
demonstrated that the chloroplast genome is fragmented into 1-7 kb, GC-rich DNA contigs, each
containing a long inverted repeat with protein-coding genes and conserved non-coding region.
These contigs correspond to linear single-stranded DNA molecules that fold onto themselves to
form hairpin plasmids. An elevated transfer of chloroplast genes to the nucleus coincided to
Boodlea chloroplast genome reduction. The genes retained in the chloroplast are highly divergent
from their corresponding orthologs. A chloroplast genome that is composed only of linear DNA

molecules is unprecedented among eukaryotes.
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Main Text:

Cladophorales are an ecologically important group of marine and freshwater green algae, which
includes several hundreds of species. These macroscopic multicellular algae have giant,
multinucleate cells containing numerous chloroplasts (Fig. 1, A to C). Currently, and in stark
contrast to other algae (1-4), little is known about the gene content and structure of the chloroplast
genome in the Cladophorales, since most attempts to amplify common chloroplast genes have
failed (5, 6). Cladophorales contain abundant plasmids within chloroplasts (7, 8), representing a
Low Molecular Weight (LMW) DNA fraction (Fig. S1). Pioneering work revealed that these
plasmids are single-stranded DNA (ssDNA) molecules about 1.5-3.0 kb in length that fold in a
hairpin configuration and lack similarity to the nuclear DNA (7-10). Some of these hairpin
plasmids contain putatively transcribed sequences with similarity to chloroplast genes (psaB, psbB,

psbC and psbF) (9).

With the goal to determine the nature of the Cladophorales chloroplast genome, we
sequenced and assembled the DNA from a chloroplast-enriched fraction of Boodlea composita,
using Roche 454 technology (Fig. S2 to S4 and Tables S1 and S2). Rather than assembling into a
typical circular chloroplast genome, 21 chloroplast protein-coding genes were found on 58 short
contigs (1,203-5,426 bp): atpA, atpB, atpH, atpl, petA, petB, petD, psaA, psaB, psaC, psbA, psbB,
psbC, psbD, psbE, psbF, psbd, psbK, psbL, psbT and rbcL. All but the rbcL gene belong to the
major thylakoid transmembrane protein complexes (ATP synthase, cytochrome b6f, Photosystem
I, and Photosystem I1). These contigs contained inverted repeats at their 5" and 3" termini (Fig. S5E
and S6) and, despite high coverage by sequence reads, they could not be extended by iterative

contig extension (Fig. S7 and S10 to S15). The inverted repeats were also found on contigs with
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no sequence similarity to known proteins, raising the number of contigs of chloroplast origin to

136 (Table S2). These contigs are further referred to as chloroplast 454 contigs.

The 21 chloroplast genes displayed high sequence divergence compared to orthologous
genes in other photosynthetic organisms (Fig. 1D). To verify if this divergence is a shared feature
of the Cladophorales, we generated additional sequence data from nine other species within this
clade (Tables S3 and S4). A maximum likelihood phylogenetic tree based on a concatenated
alignment of the 19 chloroplast genes showed that despite high divergence, the Cladophorales
sequences formed a monophyletic group within the green algae (Fig. 1E and S8). For some genes,
the identification of start and stop codons was uncertain and a non-canonical genetic code was
identified. The canonical stop codon UGA was found 11 times internally in six genes (petA, psaA,
psaB, psaC, psbC and rbcL; Fig. S9), next to still acting as stop codon. Dual meaning of UGA as
both stop and sense codons has recently been reported from a number of unrelated protists (11-
13). Interestingly, a different non-canonical genetic code has been described for Cladophorales
nuclear genes, where UAG and UAA codons are reassigned to glutamine (14), which implies two

independent departures from the standard genetic code in a single organism.

In order to confirm the transcription of the divergent chloroplast genes, we generated two
deep-coverage RNA-seq libraries: a total-RNA library and a mRNA library enriched for nuclear
transcripts (Tables S5 to S5). Following de novo assembly, we identified chloroplast transcripts
by a sequence similarity search. Transcripts of 20 chloroplast genes were identical to the genes
encoded by the chloroplast 454 contigs (Fig. S6 and S10 to S15). The high total-RNA to mMRNA
ratio observed for reads that mapped to the chloroplast 454 contigs corroborated that these genes
were not transcribed in the nucleus (Fig. S6, S7 and S10 to S15). Moreover, complete congruence

between RNA and DNA sequences excluded the presence of RNA editing (Fig. S10 to S15).
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Additional transcripts of 66 genes that have been located in the chloroplast in other Archaeplastida
were identified (Table S8). Although their subcellular origin was not determined experimentally,
they are probably all nuclear-encoded, based on high mRNA to total-RNA reads ratio and their

presence on High Molecular Weight (HMW) DNA reads (see below).

The failure to assemble a circular chloroplast genome might be due to repetitive elements
that impair the performance of short-read assemblers (15). To overcome assembly artefacts and
close putative gaps in the chloroplast 454 contigs, we applied Single-Molecule Real-Time (SMRT)
sequencing (Pacific Biosciences) to the HMW and LMW DNA fractions (Fig. S2 and S3).
Hypothetical gaps between the chloroplast 454 contigs could not be closed with long HMW DNA
reads, nor did a hybrid assembly generate a circular chloroplast genome. As a consequence, we
conclude that the chloroplast genome is not a single large molecule. 22 HMW DNA reads
harboured protein-coding genes commonly present in Archaeplastida chloroplast genomes (Table
S8). All but three of these genes (which likely correspond to carry-over LMW DNA) contained
introns, were absent in the chloroplast 454 contigs, and had a high mRNA to total-RNA ratio of

mapped reads, altogether suggesting that they are encoded in the nucleus (Fig. S15 and Table S8).

Conversely, 22 chloroplast genes (that is, the 21 protein-coding genes identified in
chloroplast 454 contigs as well as the 16S rRNA gene) were found in the LMW DNA reads (Table
S8). An orthology-guided assembly of chloroplast 454 contigs and the LMW DNA reads resulted
in 34 contigs between 1,179 and 6,925 bp in length, henceforth referred to as “chloroplast genome”
(Table S2 and S9 and Fig. S17). Several of these contigs are long near-identical palindromic
sequences, including full-length coding sequences (CDSs), and a somewhat less conserved tail
region (Fig. 1, F to H and S5A). The remaining contigs appear incomplete but are often indicative

of the presence of similar palindromic structures (Fig. S5). Such palindromes allow regions of the
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single-stranded LMW DNA molecules to fold into hairpin-like secondary structures, which had
been inferred from denaturing gel analysis and visualized by electron microscopy (7). These
hairpin plasmids are directly evidenced in several genes by long LMW DNA reads and are
consistent with the structure of all chloroplast contigs (Table S9). The 16S rRNA gene was split
across two distinct hairpin plasmids and much reduced compared to algal and bacterial homologs
(Fig. S18), similar to what is found in the chloroplast genomes of peridinin-pigmented
dinoflagellates and nematode mitochondrial genomes (16, 17). We could not detect the 23S rRNA

gene nor the 5S rRNA gene.

Non-coding DNA regions (ncDNA) of the hairpin plasmids showed high sequence
similarity among all molecules of the Boodlea chloroplast genome. Within the ncDNA we
identified six conserved motifs, 20 to 35 bp in length (Fig. S19), which lack similarity to known
regulatory elements. Motifs 1, 2 and 5 were always present upstream of the start codon of the
chloroplast genes, occasionally in more than one copy. Although their distances from the start
codon were variable, their orientations relative to the gene were conserved, indicating a potential
function as a regulatory element of gene expression and/or replication of the hairpin plasmids. A
sequence similarity search revealed that these motifs are also present in 1,966 LMW DNA reads
lacking genes. This evidence supports earlier findings of abundant non-coding LMW DNA
molecules in the Cladophorales (7, 9) and is consistent with the expectation that recombination
and cleavage of repetitive DNA will produce a heterogeneous population of molecules, as

observed in dinoflagellates plastids (18) (Fig. S5).

In contrast, a very small fraction of the HMW DNA reads (15 corrected reads) displayed
the ncDNA motifs and these were found exclusively in long terminal repeat retrotransposons (RT-

LTRs, Fig. S20). Some RT-LTRs were also abundant in the 454 contigs (Fig. S21). These
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observations are suggestive of DNA transfer between nuclear RT-LTRs and the chloroplast DNA,
an event that may be responsible for the origin of the hairpin plasmids. Hypothetically, an invasion
of nuclear RT-LTRs in the Cladophorales ancestor may have resulted in an expansion of the
chloroplast genome and its subsequent fragmentation into hairpin plasmids. An RT-LTR invasion
could also have accounted for chloroplast gene transfer to the nucleus. Current LMW DNA in
Cladophorales may thus represent non-autonomous retro-elements, which require an independent
retrotranscriptase for their replication. Linear hairpin plasmids characterized as retroelements have
been reported in the mitochondria of the ascomycete Fusarium oxysporum in addition to a

canonical mitochondrial genome (19, 20).

We collected several lines of evidence that Boodlea composita lacks a typical large circular
chloroplast genome. The chloroplast genome is instead reduced and fragmented into linear hairpin
plasmids. Thirty-four hairpin plasmids were identified, harbouring 21 protein-coding genes and
the 16S rRNA gene, which are highly divergent in sequence compared to orthologs in other algae.
The exact set of Boodlea chloroplast genes remains elusive, but at least 19 genes coding for
chloroplast products appear to be nuclear-encoded, of which nine are always chloroplast-encoded
in related green algae. This suggests that chloroplast genome fragmentation in the Cladophorales
has been accompanied with an elevated transfer of genes to the nucleus, similarly to the situation
in peridinin-pigmented dinoflagellates (18). Indeed, the two distant algal groups have converged
on a very similar gene distribution: chloroplast genes code only for the subunits of photosynthetic
complexes (and also for Rubisco in Boodlea), whereas the expression machinery is fully nucleus-
encoded (Table S8). Other non-canonical chloroplast genome architectures have recently been
observed, such as a monomeric linear chromosome in the alveolate microalga Chromera velia (21)

and three circular chromosomes in the green alga Koshicola spirodelophila (22), but these
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represent relatively small deviations from the paradigm. The reduced and fragmented chloroplast
genome in the Cladophorales is wholly unprecedented and will be of significance to understanding
processes driving organellar genome reduction, endosymbiotic gene transfer, and the minimal

functional chloroplast gene set.
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Fig. 1. Boodlea composita and its chloroplast hairpin plasmids. (A) Specimen in natural
environment. (B) Detail of branching cells. (C) Detail of chloroplasts dotted with pyrenoids and
forming a parietal network. (D) Maximum amino acid pairwise sequence distance estimated
between the chloroplast genes of the taxa in the phylogenetic tree shown in Fig. 1E (* excluded
Cladophorales). (E) Maximum likelihood phylogenetic tree inferred from a concatenated amino
acid alignment of 19 chloroplast genes. Taxon names and bootstrap support values are provided in
the tree shown in Fig. S8. The scale represent 0,3 substitution per amino acid position. (F)
Schematic representation of the predicted native conformation of chloroplast hairpins plasmids,
with a near-perfect palindromic region and a less conserved tail). Red arrows represent CDSs. (G)
Schematic representation of a group A read (see Fig. S5). Red arrows represent CDSs, blue arrows

represent major inverted repeats. (H) Dotplot illustrating the complexity of repetitive sequences.
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The read is plotted in both the x and the y axes; green lines indicate similar sequences, while red

lines indicate sequences similar to the respective reverse complements.
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Fig. 2. LMW DNA reads containing chloroplast genes are expressed, enriched in the total-
RNA fraction and congruent to the respective chloroplast 454 contigs. (A) Representation of

petA LMW DNA read (3,398 bp), a representative of group B contigs and reads (see Fig.S5). The
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red arrows indicate CDSs, the blue arrows indicate inverted repeats. (B) Corresponding Genome
Browser track, from top to bottom: corrected HMW DNA coverage [0], corrected LMW DNA
read coverage [range 0-541], 454 read coverage [range 0-567], mRNA library read coverage [range
0-17], assembled mRNA transcripts mapped [0], total-RNA library read coverage [range 0-7,936],
and assembled total-RNA transcripts mapped [range 0-17]. (C) Dotplot showing congruence
between petA LMW DNA read (x axis) and the corresponding petA-containing chloroplast 454
contig (y axis, 2,012 bp). Green lines indicate similar sequences, while red lines indicate sequences

similar to the respective reverse complements.
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