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SUMMARY

While organellar genomes are typically a single circular molecule, some have undergone extreme evolu-
tionary changes, such as fragmentation. Among plastid genomes, extensive fragmentation is rare but has
been observed in the green alga Boodlea composita (Cladophorales), wherein single-stranded chromo-
somes adopt an unusual hairpin structure, stabilized by inverted repeats. This plastome is also highly
reduced in coding content, containing only 21 protein-coding genes that are highly divergent in sequence,
yet the plastome comprises a numerous and heterogeneous chromosome population. The lack of plastomes
among close relatives has stymied our understanding of the evolutionary origins of Boodlea’s unique plas-
tome characteristics. Here, we report plastomes from three additional Cladophorales families. We show
that elevated mutation rates and a massive reduction in coding content preceded fragmentation and that
fragmentation resulted in a highly heterogeneous population with hundreds of minicircular chromosomes
and a concomitant increase in GC content. Long inverted repeats are absent in minicircular chromosomes,
suggesting the repetitive sequences that facilitate the formation of hairpin structures are unique to the Boo-
dlea clade. Codon reassignments also occurred concurrently among fragmented and non-fragmented Cla-
dophorales plastomes. Our findings document a clear stepwise progression of plastid topologies and
sequence characteristics in Cladophorales. This assists in our understanding of the evolution of fragmented
organellar genomes in general, as well as the limits to coding capacity reduction and sequence divergence
able to be withstood by a functioning plastid.

INTRODUCTION

Eukaryotic organelles are derived from ancient endosymbiosis
with bacteria, followed by extensive gene transfer to the host nu-
clear genome and gene loss from the organelle. Mitochondrial
genomes have undergone more drastic evolutionary fates
when compared with plastid genomes, including genome frag-
mentation in several lineages. The extent of mitogenome frag-
mentation can vary. For instance, mitogenomes can break into
two or three autonomous chromosomes, as observed in various
green algae,’ plants,” animals,® and fungi.* Other lineages have
undergone more considerable mitogenome fragmentation,
such as the linear chromosomes found in metazoan lineages
Cnidaria and lice,>° or the minicircular chromosomes found in

Stylonematophyceae of the red algae’ and the holoparasitic
plant Rhopalocnemis.® In extreme cases, many tens-to-hun-
dreds of mitogenome fragments exist, as observed in Eugleno-
zoa,” the Ichthyosporean parasite Amoebidium,'® and species
of the angiosperm Silene."' By contrast, minor fragmentation
of plastid genomes is reported in the green alga Koshicola,'?
while more extensive fragmentation has only been observed in
dinoflagellates, whose plastomes are composed of mini-
circles,’® and in the green alga Boodlea composita (class: Ulvo-
phyceae; order: Cladophorales; family: Boodleaceae).'*

The plastome of Boodlea presents a case of extreme genome
evolution. Boodlea chromosomes are approximately 1-7 kilo-
bases (kb) in length, and only one or two genes are found on a
single chromosome. The overall coding content is also highly
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reduced, containing only 21 unique protein-coding genes,
whereas Chlorophyta plastomes typically encode ~60-
130.""° These plastid genes are also extremely divergent in
sequence and have reassigned the UGA stop codon.'” The over-
all chromosome population is very heterogeneous, with many
pseudogene copies and non-coding chromosomes present,
and has a very elevated GC content of 57%, whereas ~25%-—
40% is a common range in Chlorophyta.'>'® While most of these
traits are documented in other fragmented organellar genomes,
the Boodlea plastome is unique in that it is the only sequenced
genome containing entirely single-stranded, hairpin chromo-
somes, a topology likely present in other families of the Siphon-
ocladus clade to which Boodleaceae belongs.'” The hairpin
structure is enabled by the presence of long inverted repeats
(IRs) that extend the length of most chromosomes.

Despite Boodlea’s novelty, no other plastomes have been
sequenced from Cladophorales, which represent over 700
million years of evolution,'® and therefore the origins of Boo-
dlea’s non-canonical plastome architecture, as well as the pro-
gression of gene loss and substitution rate elevation, remain
unknown. To illuminate the evolutionary history of the Boodlea
plastid genome, we sequenced the plastid genomes of three
other Cladophorales families—Chaetomorpha tokyoensis of
the Cladophoraceae, Aegagropila linnaei of the Pithophora-
ceae, and two Okellya species of the Okellyaceae.'®*° We
report a stepwise order of events pertaining to many character-
istics of the Boodlea plastome, including acceleration of
mutation rate, gene loss, fragmentation, topology transitions,
genetic code changes, chromosome heteroplasmy, GC content
increase, and emergence of IRs. These findings expand our un-
derstanding of the evolutionary forces driving drastic plastome
changes.

RESULTS

Minicircles are an evolutionary intermediate to hairpin
chromosomes

Nanopore sequencing was conducted for the plastid genome of
Chaetomorpha of the Cladophoraceae, the sister family to the
Siphonocladus clade containing Boodlea (consisting of Boo-
dleaceae and other families), while PacBio HiFi sequencing
was conducted for Aegagropila of the Pithophoraceae, sister
to both clades'® (Figures 1A and S1). Targeted assembly of plas-
tomes confirmed these plastomes are highly fragmented, and
raw assemblies of most plastid chromosomes are over-assem-
bled, suggesting circular molecules. Circularity was confirmed
by extracting non-overlapping units from assemblies and map-
ping long reads to side-by-side unit concatenations, showing
consistent read coverage across the entire concatenation and
an absence of reads with alignments longer than a unit length
(Figure S2). The presence of minicircular plastid chromosomes
in both Chaetomorpha and Aegagropila reveals these to be the
likely evolutionary intermediate to hairpins of Boodlea.

The Boodlea plastome is represented by 34 assembled and
annotated chromosomes, encoding 21 protein-coding genes
and the 16S rRNA gene. This gene repertoire was recovered in
Chaetomorpha, while in Aegagropila, all but psbJ were found,
and only pseudogenes of petD were detected, in addition to
both 16S and 23S rRNA genes. We also identified 19 unique
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tRNA genes in Aegagropila and 5 in Chaetomorpha, while none
were found in a search of published Boodlea chromosomes.
Like Boodlea, each chromosome encodes only one or two genes
or gene fragments (Figure 1B). While long IRs characterize Boo-
dlea chromosomes, extensive repeats are mostly absent from
minicircular chromosomes (Figure 1B). However, some chromo-
somes, particularly in Aegagropila, have small, IRs spaced apart
from each other or small palindromes, while Chaetomorpha
more often contains small direct repeats and rarely inverted
ones (Figure S3).

Extensive genome reduction, gene loss, and elevated
substitution rates preceded fragmentation in
Cladophorales plastid genomes

To gain insight into the evolution of minicircle plastomes, we
sequenced two plastid genomes of the “first-branching” family
of the Cladophorales, the Okellyaceae—Okellya marina®® using
both Nanopore and lllumina platforms, and a novel species,
Okellya sp. SL, with lllumina. O. marina assembled as a single,
circular-mapping molecule, while the Okellya sp. SL short-read
assembly indicated a likely circular configuration of the plastome
is present (Figures 1B, 2A, and S4). The O. marina plastome
contains a 4.8 kb region of complex IRs centered around a palin-
drome (Figure 2B). This was not found in the circular configura-
tion of Okellya sp. SL, however, has a similar repetitive region
present at one end of the raw assembly, and therefore a repeat
region is likely present, but its sequence and placement within
the genome cannot be resolved (Figure S4). Some “standard”
plastomes that assemble as a single circle are now known to
also consist of complex multimeric branched molecules or
other recombinant structures,?"?* and it is likely that Okellya
plastomes also have multiple and potentially non-circular config-
urations, one of which has no repeat region in Okellya sp. SL.
However, in O. marina, mapping long reads to the plastome
did not find evidence of molecules without the repeat region,
and an assembly with only short reads produced repeats at
both ends, unlike Okellya sp. SL. Regardless, Okellya plastomes
reveal that fragmentation is not ancestral to the Cladophorales
and that these plastomes are highly reduced, at only 29.2 kb in
O. marina and 23.1 kb in Okellya sp. SL, taking the circular rep-
resentation. In comparison, Ulvophyceae plastomes range from
82 to 408 kb.'>°

Okellya plastomes encode all 21 protein-coding genes found
in other Cladophorales plastomes and both 16S and 23S rRNA
genes. Three putative long open reading frames (ORFs) were
also found in both plastomes with no detectable homology.
O. marina contains ORFs that are an estimated 332 amino acids
(aa), 187 aa, and 114 aa in length, while those in Okellya sp. SL
are 356 aa, 201 aa, and 124 aa in length. The longest ORFs are
immediately adjacent to repeat regions, which in Okellya sp.
SL is not included in the circular representation (Figure S4).
ORF114 and ORF124 as well as ORF187 and ORF201 are ho-
mologous, as they align with 31% and 38% pairwise identities,
respectively, while the two largest ORFs on each genome have
no sequence similarity.

Additionally, 17 tRNA genes were found on O. marina and 15
on Okellya sp. SL. With the tRNAs identified in fragmented plas-
tome lineages, the ancestral Cladophorales plastome would
have had at least 24 tRNAs for 19 aa, and 10 tRNAs (10 aa) are
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Figure 1. Evolution of Cladophorales plastid genome structure

(A) Light micrographs of our study organisms Okellya, Aegagropila, Chaetomorpha, and Boodlea. See Figure S1 for species confirmation.

(B) Schematic of Cladophorales plastid chromosomes, with chromosome topology (single circular molecule, multiple minicircles, or multiple hairpin chromo-
somes) indicated as symbols beside names. All chromosomes are to scale, with a scale bar on the left. The gene position and orientation of minicircular
chromosomes are random and not in reference to any feature on chromosomes.

See also Figures S2 and S3, Table S1, and Data S1.

shared between the Okellyeacea and fragmented lineages. At  no correlation with tRNA anticodon GC content and retention
least 17 tRNAs (16 aa) would have been present in the ancestral  in higher GC plastomes.

Okellyaceae genome, while at least 20 tRNAs (16 aa) would have In Okellya plastomes, both 16S and 23S genes contain
been present in the ancestor of fragmented genomes. There is  large internal deletions, and 16S genes show evidence of
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Figure 2. Details of Okellya plastid genomes

(A) Circular representation of Okellya plastid genome assemblies, indicating coding regions, tRNA genes, 16S and 23S genes, and the repeat region in O. marina.

Genomes are not to scale.
See also Figure S4 for details of Okellya sp. SL plastome assembly.

(B) Details of the repeat region of the Okellya marina plastid. Colors indicate matching repeats. Internal, more complex repeats within larger ones are not shown.
(C) Details of Okellya plastid rRNA genes. Lengths of the 23S and 16S rRNA Infernal models (from Rfam RF02541 and RFO0017 alignments) are shown above.
Below are indicated regions of alignments on Okellya plastids. tRNAs are labeled by cognate aa.

rearrangements, but rRNA genes are very similar between Okel-
lya species (Figure 2C). The gene order of the two Okellya plas-
tids differs markedly, suggesting a high degree of recombination
in this lineage (Figure 1B).

Using representative genes from minicircular chromosomes
(STAR Methods), a 17-plastid gene phylogeny highlights the
extremely elevated substitution rates in Cladophorales, which,
by comparison of branch lengths, are particularly elevated in
Okellyaceae (Figure 3A). Both dN and dS values are highly
elevated in Cladophorales compared with other green algae
plastids, and ratios indicate relaxation of purifying selection
(Figure 3B). With this, Okellya plastids reveal that elevated
substitution rates and extreme streamlining of coding content
occurred prior to fragmentation into minicircles in other
Cladophorales.

4 Current Biology 36, 1-16, April 6, 2026

In all sequenced genomes presented here, the GC content
of coding and non-coding regions was similar. We compared
the GC content of plastid coding regions available from
other Cladophorales, grouped by major clades in branching
order, indicating that the GC content of plastid genomes
shows a phylogenetic pattern across Cladophorales lineages,
with later-diverging clades having higher GC content than
earlier-diverging ones (Figure 3C). Okellya plastid coding
sequences have an average GC content of 34%, whereas
averages of 39%, 51%, and 55% are found in Pithophora-
ceae, Cladophoraceae, and the Siphonocladus clade (Boo-
dleaceae and other families), respectively. GC content does
not appear to be directly tied to genome architecture, as mini-
circular genomes are found in both Pithophoraceae and
Cladophoraceae.
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Figure 3. Divergence of coding sequences and stepwise elevation of GC content across Cladophorales plastomes

(A) Maximum-likelihood phylogeny of 17 plastid genes, showing the accelerated evolution in Cladophorales compared with other green algae. Nodes with circles
represent 100% bootstrap support out of 200 replicates. The scale bar denotes aa changes per site.

(legend continued on next page)
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Minicircular genomes are highly heterogeneous
Hundreds of minicircular chromosomes were assembled for
both Aegagropila and Chaetomorpha plastomes. The diversity
of aligned reads, particularly HiFi reads in Aegagropila, which
are 99.9% accurate, suggests that assembled chromosomes
should be regarded as consensus sequences of many variants.
When raw assemblies are clustered at 90% nucleotide identity,
743 final chromosomes in Aegagropila and 243 in Chaetomorpha
were recovered, referred to hereafter as “nr90 chromosomes”
(STAR Methods; Data S1A) (Figure 4A). To estimate the propor-
tion of total plastid-derived reads represented in Aegagropila
HiFi assemblies, we performed sequence binning of all reads
by k-mer composition and coverage. This created a bin that con-
tained 95% of plastome-mapping reads, which comprised 73%
of all reads within this bin. Likely due to limited coverage of this
large sequence population, in both species a minority of nr90
chromosomes did not assemble as a closed circle, and their
exact topology could not be confirmed. Of those that did
assemble circularly, chromosomes are on average larger in Ae-
gagropila (mean 6.3 kb) than in Chaetomorpha (mean 4.6 kb),
which in turn are larger than the linear chromosomes of Boodlea,
where the total of 136 plastid contigs assembled have a mean of
2 kb, while the 34 published and annotated contigs have a mean
of 2.6 kb."*

Alignment of lllumina reads to individual minicircular chromo-
somes highlights that many polymorphisms (SNVs and small in-
dels) exist in both coding and non-coding regions (Figure 4B).
Among both Aegagropila and Chaetomorpha plastomes, poten-
tially functional variants of genes are found (those with a few aa
differences, small in-frame insertions/deletions, or extended
ORFs), while many more non-functional copies of each gene
are present, such as gene fragments and genes with internal
stop codons and frame-shift mutations, many of which were
verified in sequence by inspection of long-read alignments and
are therefore not assembly artifacts (Figures 4C and S5). To
assist in determining which gene copies are functional, we
assembled RNA transcripts de novo. For some genes in Aega-
gropila, the representative copy (the most conserved gene
copy determined by BLASTX to Chlorophyta proteins) was pre-
sent full-length in transcripts and found in individual reads but
was not present in assembled chromosomes and was unable
to be assembled by targeted assembly, likely due to low
sequencing coverage of these specific copies (noted in
Table S1). Complete rRNA genes were also not found but are
instead found as diverse fragments on separate chromosomes
(Figure 4D). We searched for evidence of trans-splicing in tran-
scriptomes but did not find more complete rRNA sequences.
In total, genes or pseudogenes were detected on 61% and
91% of nr90 chromosomes in Aegagropila and Chaetomorpha,
respectively. In addition, in Aegagropila, some chromosomes
have long ORFs (some >600 aa) with full-length transcripts
aligned but no detectable homology, indicating that unknown
genes are present and expressed. Heterogeneity is also exten-
sive in Boodlea, whose plastome assembly contains many

Current Biology

gene fragments, and the authors report a “large and heteroge-
neous population” of reads of low molecular weight without
genes encoded.'”

RNA editing of coding regions can be a feature of organellar
genomes.?>?* To inspect for RNA editing, we mapped assem-
bled transcripts to nr90 chromosomes. For a majority of our
representative genes, we found long transcripts aligned with
100% nucleotide identity across the entire coding sequence
(Table S1). We also mapped both RNA and DNA lllumina reads
to chromosomes, finding 402 and 332 variants exclusively in
RNA reads in Aegagropila and Chaetomorpha, respectively.
These can be indicative of RNA editing; however, 18,445 and
4,825 variants were exclusive to DNA reads, which greatly com-
plicates accurate detection of editing events and also confirms
that a larger population exists than what is captured in our
long-read assemblies. As transcripts were found identical to
genes, RNA editing of coding regions is unlikely, as was inferred
in Boodlea.' It is reported that post-transcriptional addition of
poly(U) or poly(A) tracts to mRNA 3’ termini is present in Clado-
phorales,?® which were found in some of our transcripts immedi-
ately downstream of stop codons in both species. In other heter-
oplasmic organellar genomes, different gene variants have been
found to be expressed without editing.® We found some evi-
dence of gene variant expression in small transcript fragments,
and a small number of variants were identified in both RNA
and DNA lllumina mappings; however, RNA read coverage sup-
porting these inferences was very low. Additionally, alternative
transcript isoforms were not assembled for most plastid genes.
Our data indicate that Cladophorales generally express a single
copy per gene at high levels, but future single-molecule RNA
sequencing is warranted to fully decipher gene variant expres-
sion dynamics.

Non-coding regions of minicircular chromosomes were also
very dissimilar from each other across the entire plastome pop-
ulation. In Aegagropila, few chromosomes cluster at higher
nucleotide identity thresholds, whereas in Chaetomorpha,
more clusters are present (Figure 5A). There are, however,
conserved motifs detected in each genome, as was found in
the Boodlea plastome, which were found in minicircular ge-
nomes as recurring groups of motifs (Figure 5B). No motifs
were found shared between species. Compared with Aegagro-
pila, Chaetomorpha has more motifs shared across more chro-
mosomes, and motifs are generally more conserved, including
a region present on every chromosome with mean pairwise
identities >90%. GC content of motif occurrences ranged
from 18% to 69% in Aegagropila and 34% to 84% in Chaeto-
morpha. Motifs were not found in a consistent placement in
respect to genes; however, in Aegagropila, one motif was
almost always found once per chromosome, while in Chaeto-
morpha, eight motifs were almost always found once per
chromosome and/or always found in a consistent orientation
in respect to representative genes, which more strongly sug-
gests they play a functional role such as transcription or repli-
cation control, while others could be a result of recombination

(B) Estimated rates of synonymous (dS) and non-synonymous (dN) mutations of 17 plastid genes, contrasting the higher rates of Cladophorales compared with
those of other green algae, with larger ratios () indicating relaxation of purifying selection.
(C) GC content of 17 plastid coding sequences from different algal groups, showing that later-diverging lineages have higher GC content than earlier-diverging

clades. Boxplots display median and interquartile length ranges.
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Figure 4. Minicircular chromosomes are extremely heterogeneous

(A) Length distributions of nr90 chromosomes in Aegagropila and Chaetomorpha, grouped by those that assembled as a closed circle and those that are un-
confirmed in topology. Boxplots display median and interquartile length ranges. Color indicates GC content, and a filled circle indicates a gene or gene fragment
is detected. See also Figure S2, Data S1A, and Table S2.

(B) Number of polymorphisms called by lllumina read alignments in coding and non-coding regions of the O. marina plastid (top) and individual chromosomes
containing genes labeled on the x axis from Aegagropila and Chaetomorpha (bottom), normalized by region length and coverage.

(C) Examples of pseudogenes present on minicircular chromosomes. Amino acid sequences of best representative gene copies (top sequence) are aligned to
pseudogene translations (bottom sequence). Internal reassigned UGA stop codons are in gray boxes, while UAG and UAA stop codons are in black and denoted
by red triangles, and frame-shift mutations by blue triangles. Numbers above alignments indicate positions on the functional gene copy. See also Figure S5.
(D) Unique rRNA gene fragments on chromosomes of Aegagropila and Chaetomorpha. Scales above represent lengths of Ulvophyceae rRNA infernal covariance
models, and colors indicate alignment regions.

between chromosomes. We did not recover any head-to-tail O. marina containing most of the plastome in a head-to-head

homoconcatemer reads that would support rolling-circle repli-
cation, nor did we recover long (i.e., longer than chromosomes)
heteroconcatemer reads supporting recent recombination be-
tween different assembled chromosomes. However, we did
recover reads likely resulting from recombination between
the same (or very similar) chromosomes, resulting in a head-
to-head configuration (Figure 5C). Two such reads from

configuration were also found, but their mechanistic origin
could not be discerned.

Differential stop codon reassignment in Cladophorales
lineages

In Cladophorales plastids, the UGA stop codon has been reas-
signed, while canonical stop codons UAA and UAG terminate
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Figure 5. Analysis of sequence similarity across minicircular plastomes and evidence of recombination
(A) lllumina coverage of Nr90 chromosomes, normalized by the total number of reads aligned to all chromosomes in each species. Dots display genes or gene
fragments detected on each chromosome. Colored lines below plots show groups of chromosomes when clustered at various sequence identity thresholds. See

also Data S1A and Table S2.

(B) Conserved motifs in Aegagropila and Chaetomorpha plastomes. Shorter motifs were found recurring in groups, and groups are displayed as colored rect-
angles. Circles below rectangles indicate original motifs within each group, colored by pairwise identity across all instances on all chromosomes. Percentages
indicate the percentage of nr90 chromosomes each motif was found on. Gray boxes on chromosomes indicate genes.

(C) Left: examples of individual plastid-mapping IR reads from Aegagropila (top, PacBio HiFi) and Chaetomorpha (bottom, uncorrected nanopore). Colored boxes
denote regions of BLASTn mappings of plastid chromosomes to reads, with the color scale showing percent similarity. Black regions below reads represent
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translation.’* However, assessment of UGA positions in the Boo-
dlea was unable to determine what aa UGA now encodes.'* Us-
ing our new plastomes, a comparison of internal UGA codons
within genes shows stark differences between Okellyaceae
genes and those of other clades. By examining homologous po-
sitions in other Chlorophyta, Okellya appears to use UGA to
encode tryptophan (W), which requires a single base-pair
change from UGG (Figures 6A-6C). Not all tryptophan codons
have become UGA—31 and 44 UGG tryptophan codons remain
in Okellya marina and Okellya sp. SL, respectively.

In other Cladophorales, as was found in Boodlea, homology
comparisons give little indication as to UGA usage (Figures 6A
and 6B). To account for the possibility of misalignments from
using too-divergent genes, we collected all potentially func-
tional copies of each gene from Aegagropila and Chaetomor-
pha and aligned each separately to the Chlorophyta gene set.
Doing so revealed that UGA codons within better-aligned
genes and regions more commonly occurred where a cysteine
residue was conserved in other Chlorophyta (Figure 6C).
Cysteine, typically encoded by UGU or UGC codons, also re-
quires a single base-pair change to become UGA and is likely
the reassignment in non-Okellyaceae lineages, although it is
not impossible that a single codon could encode more than
one amino acid.”®*” Canonical cysteine codons are also found
in these genes.

Despite UGA codons occurring near the ends of some of our
representative genes (including Boodlea genes), in these cases
BLAST alignment to other algal genes continued past these po-
sitions, and therefore, in contrast to what was reported in Boo-
dlea,* we did not find evidence of UGA being used as a genuine
stop codon, and instead, UAA or UAG were used. In addition,
while AUG is likely used as a start codon in some plastid genes,
in many cases the start codon was ambiguous. In all genomes,
the tRNA-M(cat) identified is an elongator tRNA rather than an
initiator.

The sister order of the Cladophorales is the Trentepohliales,
whose chloroplast genomes have reassigned UAG and UGA
stop codons to encode arginine and possibly other aa but can
also be used as a genuine termination codon.'® Analysis of
Cladophorales UGA reassignments therefore shows that UGA
reassignment appears to have occurred independently in Tren-
teponhliales, Okellyaceae, and non-Okellyaceae Cladophorales.

DISCUSSION

Sequencing new Cladophorales plastid genomes has uncovered
key transitions underlying their unique evolutionary trajectory.
We show that Cladophorales plastid genomes were ancestrally
circular and that elevated mutation rates and reduction of coding
content to the current repertoire preceded fragmentation. Plas-
tome fragmentation produced many heterogeneous minicircular
chromosomes, which were an evolutionary intermediate to
hairpins of Boodlea, and only the Boodlea plastome contains

¢? CellPress

OPEN ACCESS

extensive IRs enabling hairpin formation. Comparisons of UGA
codons also reveal their likely reassignment, and this reassign-
ment occurred independently in Okellyaceae and non-Okellya-
ceae lineages and in sister order Trentepohliales. Figure 7
presents an outline of our findings, which allow us to formulate
more informed hypotheses, particularly around genome frag-
mentation, gene loss and sequence divergence, and the emer-
gence of IRs in this lineage.

An elevated mutation rate is ancestral to Cladophorales plas-
tids, and elevated rates (though somewhat lower) are also found
in plastids of the sister order Trentepohliales, whose genomes
are conversely expanded and have decreased in GC content.'®
By comparison of branch lengths (Figure 3A), it appears plastid
mutation rates increased in the ancestor of Cladophorales and
Trentepohliales, then accelerated in Cladophorales, particularly
in Okellyaceae. Mutational burden likely favored loss of non-
essential genes, while other genes were rescued by gene trans-
fer to the nucleus, as nuclear evidence of other plastid genes was
found in Boodllea.'* This aligns with the “mutational burden hy-
pothesis,” which proposes that the risk of deleterious mutations
favors more compact genomes,>® and can also explain non-cod-
ing sequence contraction in the Okellyaceae. However, this the-
ory conflicts with the expansion of intergenic space of Trente-
pohliales plastomes. In fact, there are multiple examples where
mutational load does not correlate with organelle genome
size,? likely due to differences in the interplay of a range of
both adaptive and non-adaptive processes. Terrestrial algae
such as the Trentepohliales have larger plastomes in general,'®
suggesting adaptations to environmental pressures are involved
in that lineage. In Cladophorales plastomes, we believe that
relaxation of selection on mutations is a stronger driver of struc-
tural genomic changes.

The 21 protein-coding genes remaining in Cladophorales
plastids are all major components of electron transport chain
complexes, with the sole exception of rbcL, which encodes
the large subunit of the ribulose-1,5-bisphosphate carbox-
ylase/oxygenase (RuBisCO) complex. Twelve of these genes
(atpA, atpB, petB, petD, psaA, psaB, psbA-E, and psbT) over-
lap with the 13 protein-coding genes retained in peridinin dino-
flagellate plastids.®° These genes are highly conserved across
plastids, although individual losses of each have occurred in
more gene-rich plastomes.®' Conservation of major electron
transfer components parallels gene retention patterns of
reduced mitogenomes, and complementary hypotheses have
been put forward to explain this phenomenon. Together,
they suggest that these components must be retained to con-
trol early assembly steps of these complexes and to be subse-
quently regulated by complex levels (co-location for control of
assembly [COCOAJ*° and control by epistasy of synthesis
[CES] hypotheses,** which can both necessitate rbcL reten-
tion for RuBisCO*®) and to retain tight control of redox levels
within organelles (co-location for redox regulation [CORR]
hypothesis).**

repeats (>20 bp, <30% mismatches). Right: examples of evidence that such reads result from recombination of chromosomes. Head-to-head mappings of a
chromosome (i.e., plus and negative strand mappings of the same region) are shown as blue and red arrows. On reads, mappings overlap at short sequences
(larger, bold text) that correspond to either palindromic sequences or separate regions on chromosomes that are identical or nearly identical in reverse com-
plement. Therefore, recombination with plus and negative strands from original chromosomes would result in the head-to-head concatemers found.

See also Data S1C.
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Figure 6. Concurrent stop codon reassignment in Cladophorales plastid genomes
(A) Multiple sequence alignment of Chlorophyta plastid genes, subsetted to positions containing internal UGA codons in Cladophorales, denoted by a black X.
(B) Sequence logo displaying the frequency of aa across Chlorophyta found in each UGA position, derived from the matrix in (A).
(C) Plots of aa frequencies across Chlorophyta for all UGA positions in species. Mean pairwise identity of the entire alignment of each protein to all other
Chlorophyta is on the y axis, while mean pairwise identity of a 10 aa window centered on the UGA position is on the x axis. UGA positions in better-aligned proteins
and regions are closer to the top right corner. Each aa shows the most common one found across Chlorophyta, and shapes denote the frequency with which it is

found.

See also Data S1D and Table S1.

The fact that, over several hundred years of evolution under
considerable mutation rates, Cladophorales plastomes have re-
tained nine more protein-coding genes than those of the dinofla-
gellates suggests lineage-specific requirements for a minimal
photosynthetic plastome. This could be due to differences in
complex assembly or expression systems within the plastid,
and Cladophorales plastome coding requirements can still be
governed by the aforementioned hypotheses. For instance,
translational feedback loops that govern the CES hypothesis
are not completely preserved across green algae and land
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by the plastid.

h,36'37

plants,®® and therefore retention of specific genes within Clado-
phorales plastids may be required for proper complex regulation

In addition to reduced coding capacity, other evolutionary paral-
lels are now revealed between the minicircular plastomes of peri-
dinin dinoflagellates and those of Cladophorales. Dinoflagellate
minicircular chromosomes are ~1.5-6 kb in lengt
size to those of Chaetomorpha but smaller than Aegagropila,
with some larger minicircles up to 10 kb found.*® They contain
1-3 genes each, which are also highly divergent in sequence,*

similar in
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including the SSU and LSU rRNA genes, which are likely frag-
mented, and only a small set of tRNAs have been identified.>"*°
Interestingly, 3'-polyuridylylation editing of transcripts is common
only to plastomes of both lineages,*' as well as some species of
dinoflagellate relatives Chromera.*” GC content of dinoflagellate
plastomes are also slightly elevated, but it is possible this occurred
before plastome fragmentation.*® The most striking difference be-
tween the two lineages with fragmented plastomes is the extreme
heterogeneity exhibited by Cladophorales. In peridinin dinoflagel-
lates, only a few species contain additional variants of a few
genes,”® and the number of “empty” minicircles found ranges
from only 1 to 10 per species.>**” They also have non-coding
“core” regions that are conserved within a species,* whereas Cla-
dophorales non-coding regions have only small, irregular motifs.
Dinoflagellate plastomes also undergo transcript editing,*® which
is not detected in Cladophorales.

Questions remain as to how mutation rates have elevated
considerably in Cladophorales plastids, how heteroplasmy and
fragmentation have occurred in non-Okellyaceae lineages, and
how these features are connected. Elevated mutation rates
and recombinational errors in several plastid genomes have
been shown (experimentally or by correlation) to be associated
with defects in DNA repair proteins such as MSH1,%® RECA,*’
and WHY1/3.“%%? Defects can also coincide with the formation
of minicircles in mitochondria. For example, loss of RAD52 coin-
cides with minicircles in Stylonematophyceae,” and loss of
mtSSB coincides with minicircles in lice.° Furthermore, gene
conversion (allele mismatch repair during homologous recombi-
nation) is believed to be a leading contributor to organellar homo-
plasmy,® and although we find evidence of recombination in
minicircular chromosomes, gene conversion may be defective
in heteroplasmic lineages. In Cladophorales, as fragmentation
occurred after the divergence of Okellyaceae, if alterations
in DNA repair are responsible for elevated mutation rates, heter-
oplasmy, and fragmentation into minicircles, there would pre-
sumably be separate mechanisms at play, one ancestral to all
Cladophorales and one specific to non-Okellyaceae lineages.

Fragmentation of organellar genomes is often proposed to
occur through structural errors that arise during defective DNA
recombination or repair. However, an alternate theory has sug-
gested that if heteroplasmy was able to be sustained in the ances-
tral intact plastome, this may have allowed multi-gene molecules
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to whittle down to single-gene fragments over time through the
ability to withstand knockout mutations on alternate fragments.®
For instance, if there are two copies of a chromosome, each with
genes A and B, alternate knockout mutations in A and B on each
chromosome copy would necessitate selection to maintain both
copies in the population, each now encoding a single functional
gene. The fact that fragmented plastomes are massively heteroge-
neous while Okellyaceae plastomes are not would be in line with
this theory. In addition to dinoflagellate plastomes, the presence
of non-functional gene copies and fragments has been reported
in other cases of fragmented mitochondrial genomes,®’ as has
the presence of empty chromosomes.®>*®> However, the extent
of heterogeneity in Cladophorales appears to be unparalleled
across all organelle genomes sequenced to date, and why non-
functional chromosomes are allowed to persist in the population
is unclear, as their replication would subject the plastome to addi-
tional energy costs. As gene conversion can also govern effective
germline variant sorting,”*° it is possible that the proposed lack of
gene conversion also results in a breakdown of germline selection
against non-functional chromosomes.

Another theory to explain plastome fragmentation in Boodlea
was the possibility of foreign DNA insertion into the plastome. It
was reported that non-coding sequences of Boodlea plastid chro-
mosomes were found in nuclear reads containing retrotranspo-
sons, prompting the suggestion that the introduction of repetitive
sequences into the plastid from nuclear retrotransposons leads
to fragmentation and hairpin topologies.'* Like what was found
in Boodlea, we also found plastome sequences adjacent to retro-
transposon-like gene remnants in long reads from O. marina, Ae-
gagropila, and Chaetomorpha (Figure S6). Given the length and
GC content of reads, and at times the presence of non-plastid
genes, these reads are likely nuclear. As they are present in
O. marina, if such reads derive from retrotransposon-plastid inter-
actions, these interactions preceded fragmentation. It is still
possible that the effects of retrotransposon insertion were exacer-
bated by a DNA-repair-defective background specific to non-
Okellyaceae lineages, precipitating fragmentation. However,
plastid DNA sequences often insert into the nucleus, where they
have been shown to then be associated with retrotranspo-
sons.”® % |nsertion of mobile DNA elements into plastids is rare
compared with mitochondria, likely because plastids are more
resistant to DNA uptake than mitochondria,®® but such events
have been reported.®>°’ Moreover, repetitive sequences are not
prevalent in minicircular plastomes. Overall, with current data, it
appears more likely that nuclear plastid-derived sequences in Cla-
dophorales result from DNA transfer out of the plastid rather than
the introduction of those nuclear sequences into the plastid.

If repetitive sequences of Boodlea do not derive from retrotrans-
posons, the transition from IR-lacking minicircles to single-
stranded hairpins is drastic, particularly if gene conversion is
defective in these plastomes, as this is proposed to create homog-
enous telomeric-type and other repeat sequences in linear
genomes.®” However, we report reads with head-to-head config-
urations (i.e., IRs) in Cladophorales that likely formed via recombi-
nation (Figure 5C). In Aegagropila and Chaetomorpha, 51 and 96
such reads were found. Their presence may signify a pathway
for Boodlea-type chromosomes to form. Theoretically, Boodlea
plastome replication mechanisms would have needed to be
ancestrally established to allow the emergence of hairpin
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chromosomes, and this replication system may have been able to
replicate recombination artifacts such as these. Currently, replica-
tion mechanisms of Cladophorales hairpins are unknown, as well
as how hairpin ends are protected from exonuclease activity.
Replication in Boodlea is possibly not hairpin-dependent, as not
all assembled linear chromosomes appear to form hairpins, and
in other Siphonocladus clade members, no evidence of terminally
bound proteins that might assist in replication of linear sequences
was found,®® although other experiments suggest ends are pro-
tected in some manner."” It is currently unclear if there are evolu-
tionary advantages to hairpin formation in the absence of gene
conversion, but one possibility is that replication systems involved
with linear or hairpin chromosomes are more efficient, leading to
their propagation. Additionally, drastic mutations in hairpin chro-
mosomes would more likely lead to loss of structural integrity,
leading to better selection against these.

Stronger base pairing resulting from high GC content of the
Siphonocladus clade is likely a structural necessity for stable
hairpin chromosomes. Plastome GC content increases in a
phylogenetic manner across Cladophorales lineages, similar to
minicircular mitogenomes of Stylonematophyceae.” Changes
in GC content can occur for a variety of reasons. One common
process is DNA repair by GC-biased gene conversion, which ap-
pears to be defective in Cladophorales, although other DNA
repair mechanisms can be GC-biased.® Environmental factors
can select for GC changes; however, species here are sampled
from similar environments. In Cladophorales, GC increase ap-
pears to be linked to fragmentation and has an inverse relation-
ship with mean chromosome size, but ultimately, the drivers
behind GC changes are unknown.

Overall, Cladophorales plastid genomes present an extraordi-
nary case study on genome evolution, and many questions
remain that warrant further investigation of this lineage. For
instance, how do plastid functions remain unimpaired despite
streamlining and extreme sequence divergence in core compo-
nents? How are highly fragmented 16S and 23S genes func-
tional? Why do hundreds of non-functional chromosomes
persist in fragmented plastomes? How does replication occur
on vastly different topologies? Furthermore, sequencing of fam-
ilies within the Siphonocladus clade more closely related to Boo-
dlea is warranted, as this would greatly assist in understanding
the emergence of IRs that characterize this unique plastome.
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Guppy v6.4.6 Oxford Nanopore Technologies RRID: SCR_023196

ccs v.6.40 PacificBiosciences RRID: SCR_021174

BLAST+ National Center for Biotechnology https://ftp.ncbi.nim.nih.gov/blast/executables/
Information blast+/

R studio 4.4.1 R https://www.r-project.org/

Jackhmmer HMMER http://hmmer.org

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Algae collection and culturing
Collection, culture, and identification of Okellya marina strain 56A is described in Wetherbee et al. (2024).°° Okellya marina was
collected from an intertidal pool at Narooma Inlet, New

South Wales, Australia (-36.2077222, 150.125111) in March 2019. A clonal culture was established by isolating filaments into
K-enriched seawater medium,®® and maintained in 60 ml at 21 °C under Sylvania 58 Luxline Plus and Gro-Lux fluorescent lamps
with a 10:14 hour light:dark cycle. This culture is in the Australian National Algal Culture Collection (ANACC) with accession CS-
1486. Okellya sp. SL was found as an epiphyte on Yonagunia ligulata (Meise Botanic Garden herbarium specimen
BR5010116037406V, field ID Tylotus sp.) in Sri Lanka (5.95824,80.42267), collected at a depth of < 1m on January 16th, 2003.
Y. ligulata was preserved in silica gel until DNA extraction and sequencing, from which the presence of Okellya sp. SL was discovered.
Aegagropila linnaei was obtained from the Aquafy online aquarium shop in Australia (https://aquafy.com.au/) in 2023, and cultured in
tap water at 27 °C under 30 pmol photons m= s™! with a 12:12 light-dark cycle. Chaetomorpha tokyoensis was collected growing
epiphytically on Avicennia pneumatophores in Malaysia (4.83568,100.63197) on August 20th, 2014, and cultured in Modified Provas-
oli’s Enriched Seawater®® at 19-21 °C under 4-10 umol photons m-2 s~! with a 12:12 light-dark cycle. Species confirmation of all algae
was done by a maximum-likelihood phylogeny of nuclear 18S genes (Figure S1).

METHOD DETAILS

To aid future research on Cladophorales minicircular genomes, graphical workflows of the more complex or manual methods with
additional commentary are provided as Data S1A-S1D.

DNA and RNA extraction and sequencing

DNA extraction for short-read sequencing was performed using the cetyltrimethylammonium bromide (CTAB) protocol optimized for
green algae.® Briefly, 40mg of freeze-dried algae sample was added to an Eppendorf tube and ground into a fine powder with a
micropestle, to which 800 pL of pre-warmed lysis buffer was added (see below for preparation). This was incubated for one hour
at 62°C with inversion every few minutes, followed by the addition of 15uL Prot-K (20 mg/mL) and another 50 minutes of incubation
and inversion. The temperature was then lowered to 56°C, and 3 pL RNase-A (10 mg/mL) was added and incubated for 30 minutes,
followed by a 10 minutes at room temperature. DNA was isolated by adding an equal volume of chloroform:isoamyl alcohol (24:1)
followed by centrifugation at 13,000 rpm for 10 minutes, from which the clear upper layer was transferred to a new Eppendorf
tube. DNA was precipitated by adding a two-thirds volume of ice-cold 80% isopropanol, inverting and incubating at -20°C for
30 min, which was then centrifuged for 10 minutes at room temperature, and supernatant was discarded. The DNA pellet was
washed by adding 1.5 mL 80% ethanol, inverting, and centrifuging to discard supernatant, which was repeated twice, after which
the DNA air-dries for 10 minutes. DNA was then dissolved in 50 pL nuclease-free water and incubated for 15 minutes at room
temperature.

Lysis buffer:

2% CTAB

1% polyvinylpyrrolidone
0.25% SDS

0.25% sodium sulfite (Na,SOs)
100 mM Tris-HCI

1.4 M NaCl

20 mM EDTA

RNA was extracted using the Qiagen RNeasy Plant Mini Kit. Library prep and paired-end lllumina 150 bp sequencing was carried
out by Novogene (Cambridge, England) for DNA from Okellya sp. SL, and by Azenta Life Sciences (Guangzhou, China) for DNA and
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RNA from Okellya marina, Aegagropila linnaei and Chaetomorpha tokyoensis, all using the lllumina NovaSeq platform. Reads were
trimmed of adaptors and low-quality sequences using Trimmomatic v0.39 (ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10:2:True
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:30 MINLEN:36).°®

For DNA extraction for long-read sequencing, an adapted phenol:chloroform protocol was used following Nakamura-Gouvea et al.
(2022)."%° Briefly, from each algae, 340 mg of material was harvested from fresh culture and snap-frozen in liquid nitrogen. This ma-
terial was then ground in pestle and mortar in liquid nitrogen into fine powder, and divided into four aliquots. For each, 524 pl of HB
buffer and 376 pl of LB buffer (prepared immediately before use, see below for preparation), and 3ul of RNase A (10 mg/mL) was
added and mixed by inversion, then incubated on a heated shaker at 1,000 RPM at 65°C for 30 minutes. Following this, 1 ml of phe-
nol:chloroform:isoamyl alcohol in a 25:24:1 ratio was added and mixed by inversion, and centrifuged at 8,000g for 30 minutes at room
temperature. Supernatant was transferred to 2 ml Eppendorf tubes, and 100 pul of 3M sodium acetate and 900 pl of pre-cooled 80%
isopropanol was added to incubate at -20°C for 1 hour. This was centrifuged at 8,000g for 30 minutes at 4°C, and supernatant was
removed. Pellets were washed with 500 pl of pre-cooled 70% ethanol, centrifuged again for 5 minutes, and washed again with 500 pl
of pre-cooled 99% ethanol. Supernatant was removed and dried further in a sterile hood for 20 minutes. Finally, 20 pl of nuclease-free
water was added to each tube and left to incubate overnight at 4°C. Prior to library preparation, DNA was checked for concentration
using a Qubit fluorometer, for purity using NanoDrop A260/280 and A260/230 values, and for fragment size using an Agilent
TapeStation 4200.

HB buffer:

® 144 mM Tris

® 36 mM EDTA

® 1584.4 mM NaCl
® 40.6 mM CTAB
® 60.5 mM Na2803

LB buffer:

e 32.75 mM PVP-40
® 6.2 mM Sarkosyl
® 18.9 mM borax

e 21.4 mM CTAB

For Aegagropila PacBio sequencing, libraries were prepared with the SMRTbell prep kit 3.0 and sequenced on the PacBio Sequel
lle platform. Consensus HiFi reads were extracted from subread bam files using ccs v.6.40 (https://github.com/PacificBiosciences/
ccs). For Okellya marina and Chaetomorpha nanopore sequencing, libraries were prepared with the Oxford nanopore Ligation
Sequencing Kit (SQK-LSK114) and sequenced on the PromethlON platform with FLO-PRO114M flow cells. Raw FASTS5 files were
base-called with Guppy v6.4.6 software obtained from Oxford nanopore Technologies.

Plastid genome assembly

Nanopore reads of O. marina were assembled using Flye v.2.8,°° with the—meta flag enabled and two polishing iterations. Assembly
of lllumina paired-end reads of Okellya sp. SL was done with the CLC Genomics Workbench (https://digitalinsights.giagen.com/) us-
ing SPAdes v3.15.5"° with default parameters.

For assembly of minicircular genomes, a Canu v2.2”" assembly of Aegagropila HiFi reads was first performed, with options
stopOnLowCoverage=0 minlnputCoverage=0 and various genome sizes attempted. This failed to assemble an identifiable plastid
genome. A search for contigs within the estimated plastome GC range (34%-45% GC) found 195 potential contigs, many composed
of tandem repeats, and only 4 had detectable plastid genes.

Instead, assembly was conducted with SLAG v1.0.0,”2 which uses an iterative BLAST-based local assembly by searching a query
sequence against reads and assembling only matching reads. As we expected genes to be divergent, we sought to use plastid-en-
coded genes from the species themselves to use as SLAG queries. To do so, long reads were translated into all reading frames with
SeqKit v2.5.0”° and protein sequences from available Cladophorales species were searched against translations using jackhmmer
(E-value < 0.001) (hmmer.org). To target rRNA-containing contigs, Infernal v1.1.5”* was used to build covariance models (commands
cmbuild and cmcalibrate) from rRNA sequences of Boodlea and Okellya, as well as from alignments of Cyanobacteria rRNA genes
and Ulvophyceae plastid rRNA genes, and from Rfam bacterial 5S (RFO0001), 23S (RF02541) and 16S (RF00017) alignments. % Al
jackhmmer and Infernal alignment regions were extracted from reads and their corresponding nucleotide sequences were clustered
with CD-HIT-EST v4.8.17° at 97% identity. These sequences were then searched with BLASTx to UniProtKB reference proteomes
database and BLASTn to the NCBI nt database to remove bacterial sequences. SLAG was run with each query separately, using the
Canu assembler with options -nanopore-raw for nanopore reads and -pacbio-hifi for HiFi reads, and setting
stopOnLowCoverage=0 mininputCoverage=0. The OverlapErrorAdjustment.pm file of Canu was also edited to allow assemblies
with fewer than 100 reads. Within SLAG, the evalue, secevalue and carryforwardevalue were set to 107, extractionoption set to
“increment”, and a maximum cycle of 20 was used. Resulting contigs were then inspected in Geneious,”® and any bacterial and mito-
chondrial sequences assembled were removed by BLASTx and BLASTn searches.
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After these initial SLAG assemblies, in attempt to recover as many contigs as possible, sequences that were shared across multiple
contigs were identified in Geneious Repeat Finder v1.0.1,”® with 30 bp minimum repeat length and 20% maximum mismatches, and
these common sequences were extracted and used as queries in SLAG. Finally, all assembled contigs were used themselves as
queries for a final round of SLAG. All assembled contigs were then clustered together at 90% nucleotide identity with CD-HIT-
EST, which takes the longest contigs from the cluster as representative, referred to as nr90 contigs. To estimate the amount of total
plastid-derived reads represented in nr90 contig assemblies in Aegagropila, MetaBCC-LR v1.0.1”” was used to cluster all reads into
bins with parameters -e tsne -c 100000 -bs 30 -bc 30 -k 5 -s 10. See also Data S1A.

Delimitation of final Aegagropila and Chaetomorpha chromosomes and confirming circularity

Initial inspections in Geneious’® suggested that most nr90 contigs over-assembled, as one end of the contig overlapped with the
other, suggesting circularity. These were verified by extracting non-overlapping units, concatenating the units and aligning long reads
with Minimap2 v2.27® to inspect mappings visually in the Integrative Genomics Viewer (IGV)"° to confirm read coverage across unit
boundaries, as well confirm the absence of reads aligning longer than the length of a single unit to both concatenated units and raw
assemblies (Figure S2). Out of our original nr90 contigs, some contigs assembled linearly. We attempted to further scaffold these
contigs with long reads using LRScaf v1.1.10,%° which closed a minority contigs assemblies in a circular manner, while most re-
mained linear.

Guided by both IGV mappings and Geneious repeat identification, final nr90 chromosomes were extracted from nr90 contigs. In
some instances (particularly in more error-prone nanopore assemblies), nr90 contigs appeared as a long overlapping assembly of
shorter mixed reads from similar chromosomes. From these, one or two final chromosomes may have been extracted, depending
on regions of read coverage. Extracted chromosomes were independently verified in topology be read mappings as above. All
raw assemblies and extracted chromosome sequences and notes on their likely topology are available in Table S2 and at Mendeley
Data (DOI: 10.17632/684wwdffjh.1). See also Data S1A.

Annotation of plastid genomes and selection of representative genes

Annotations of plastid genes were made using MFannot,®' as well as jackhmmer and BLASTx searches against the UniProtKB Swiss-
Prot and NCBI nr databases (E-value < 0.001). Protein annotations were manually curated based on homology mappings and ORF
predictions in Geneious.”® rRNA genes were annotated with Infernal searches with Rfam rRNA alignments’*'°* tRNAs were anno-
tated with tRNAscan-SE v2.0.9 using the -O option.®” Repeats were annotated with Geneious Repeat Finder. Boodlea chloroplast
sequences and annotations were obtained from NCBI GenBank (accessions MG257795.1 - MG257828.1).

As multiple variants of each gene exists in Aegagropila, Chaetomorpha and Boodlea plastids, the “best” representative for each
gene was determined as the copy with the lowest E-value from a BLASTx search to UniProtKB Swiss-Prot and NCBI nr databases. In
most representative genes, de novo assembled transcripts were found with the same coding sequence. For some genes in Aega-
gropila, transcripts contained better gene sequences than those found in assembled chromosomes, and corresponding sequences
were found in individual, unassembled reads. SLAG’? assembly using these exact coding sequences or reads as queries failed to
produce the same sequence. In these cases, gene sequences from individual reads were used as representatives. See Table S1
for details on individual gene annotations.

18S phylogeny for species confirmation

For species confirmation, 18S genes were found in long reads (O. marina, Aegagropila, Chaetomorpha) or short-read assemblies
(Okellya sp. SL) with Infernal v1.1.5”* (Figure S1). 18S sequences of other Cladophorales members were downloaded from the
SILVA database,*® or obtained from references.'®'%%1°” Sequences were aligned with MAFFT v7.520 (-auto)®® and trimmed with
trimAl v1.4 (=gt 0.5).%* ModelFinder®® implemented in IQ-TREE v2.3.3%° was used to select GTR+F+R3 as the best fit evolutionary
model according to Bayesian Information Criterion. Bootstrap support was estimated using 250 non-parametric bootstrap
replicates.

Multi-gene phylogeny

Phylogenetic analysis (Figure 3A) was done using 17 chloroplast protein-coding genes (atpA, atpB, atpH, atpl, petA, petB, petD,
psaA, psaB, psaC, psbA, psbB, psbC, psbD, psbE, psbF and rbcL). Coding sequences of these genes for other green algae and cy-
anobacteria were obtained from Del Cortona et al. (2017).'* Genes from Okellya and representative genes from Aegagropila and
Chaetomorpha were added to this dataset. Amino acid sequences of each gene were aligned with MAFFT v7.520 (~linsi),®* trimmed
with trimAl v1.4 (-gt 0.8),2* from which a concatenation and partition file was made with PhyKIT v1.19.4 create_concat.?” A maximum-
likelihood tree was estimated with IQ-TREE v2.3.3,%° using the generated partition file (-p)*® and ModelFinder (-m MFP+MERGE),**
and conducting 200 non-parametric bootstrap replicates.

Estimates of dN/dS in algal genes

Estimated dN/dS rates (Figure 3B) were made on the same dataset used to build the 17-gene ML phylogeny, with some very short
sequences from other Cladophorales species removed. Nucleotide sequences were threaded onto amino acid sequences to create
codon-aware alignments with PAL2NAL.%° Internal UGA stop codons were converted to “NNN”. The 17-gene ML phylogeny was
used with Cladophorales branches labelled as foreground and other Chlorophyta branches labelled as background, with bootstrap

Current Biology 36, 1-16.e1-€8, April 6, 2026 e5



https://doi.org/10.17632/684wwdffjh.1

Please cite this article in press as: Bjornson et al., Stepwise evolutionary transitions in Cladophorales plastid genomes reveal origins of hairpin chro-
mosomes, Current Biology (2026), https://doi.org/10.1016/j.cub.2026.02.038

¢? CellPress Current Biology

OPEN ACCESS

values deleted. Rates of non-synonymous and synonymous mutations in each group were estimated with the codeml program from
the PAML package.®® Codeml non-zero control file options were: model = 2, method = 1, codonFreq = 2, kappa = 2, clean data = 1,
fix_alpha = 1, omega = 1, ncatG = 10, Small_diff = 1e-8, fix_blength = 1.

Polymorphism quantification on individual chromosomes

For polymorphism quantification on individual chromosomes (Figure 4B), lllumina DNA reads were aligned with Bowtie2 v2.4.4°" and
duplicates were marked and removed with SAMtools v1.21.9> Coverage of chromosomes was capped at 1000 with jvarkit bio-
star154220 (https:/github.com/lindenb/jvarkit) and variants were called with Freebayes v1.3.6,%° which to our knowledge is the
only variant caller that can handle multiple ploidy levels. Ploidy was set arbitrarily to 10 and minimum observation number set to
3. Variants were filtered by quality > 20. SAMtools was used to estimate coverage, and the number of variants called in coding
and non-coding regions on chromosomes was normalized by coverage and length of those regions. The first and last 100 bp of chro-
mosomes (as linear representations) were not considered in analysis.

lllumina coverage estimation of Aegagropila and Chaetomorpha chromosomes and iterative sequence clustering
To estimate coverage of nr90 chromosomes (Figure 5A), Bowtie2 v2.4.4°" was used to align paired-end lllumina reads to chromo-
somes, and coverage of each base was determined from bam files with BEDTools v2.31.1 genomeCoverageBed (-bga).’* Coverage
of the entire chromosome was calculated by summing the coverage of all positions, divided by length of the chromosome. Then,
coverage of chromosomes in both Aegagropila and Chaetomorpha was normalized relative to each other by dividing by total number
of reads aligned to all chromosomes in each species (24,997,163 in Aegagropila and 15,892,082 in Chaetomorpha) and multiplying
by 10°.

lterative clustering by decreasing sequence identity thresholds (Figure 5A) was accomplished with MeShClust v2,°° which can
accommodate nucleotide clustering at low identities. After a clustering round, the “center” chromosome of each cluster (assigned
by MeShClust v2) were taken, which the next round of clustering would be performed on. Cluster assignment of each member of this
second round would then be assigned to all other members of the cluster it belonged to in the previous round. This was done because
clustering cannot be performed group-wise, and re-clustering of all chromosomes at each step results in differences in cluster as-
signments at different thresholds. See also Data S1A.

Transcriptome assembly, identification of gene variant expression and RNA editing

lllumina paired-end RNA reads of Okellya marina, Aegagropila and Chaetomorpha were assembled with rnaSPAdes v3.15.57° using
options -k 21,33,55,77,99,121. Assembled transcripts were aligned to nr90 chromosomes using BLAT v34% with options -t=dna
-g=rna -oneoff=2 -minScore=10. Transcripts that had at least 90% of their length aligned to chromosomes were extracted and en-
coding genes were identified by jackhmmer (hmmer.org) search of six-frame translations to the UniProtKB Swiss-Prot database
(E-value < 0.001). Transcripts containing plastid-encoding genes were extracted and re-aligned to nr90 chromosomes in Geneious’®
using Minimap2 v2.2"® long-read spliced alignment. If more than one transcript encoding the same gene aligned to chromosomes,
these were inspected for differences in coding sequences in Geneious. If a long, gene-containing transcript was not identical to chro-
mosomes, its sequence was searched for in reads by BLASTn to confirm it was not a result of editing.

Additionally, RNA and DNA lllumina reads were aligned to all assembled chromosomes of Aegagropila and Chaetomorpha, clus-
tered at 99% identity (instead of nr90 chromosomes). DNA reads were aligned with Bowtie2 v2.4.4°" and RNA reads with Hisat2 (-sp
10,3 —pen-noncansplice 6 —max-intronlen 1000).97 Duplicates were marked and removed with SAMtools.” Variants were called
with Freebayes v1.3.6,%° with ploidy set to 10 and minimum observation number set to 3. Variants were filtered by quality > 20.
See also Data S1B.

Motif identification across minicircular chromosomes

Common motifs on nr90 chromosomes (Figure 5B) were found in each genome with MEME v5.5.5 (-minsites 10 -maxsites 300 -maxw
300 -nmotifs 20) from the MEME suite.®® Motifs were searched back against the genomes with FIMO of the MEME suite and matches
with g-value < 107"° were extracted. Pairwise identity of each motif across all instances on all chromosomes was calculated with
PhyKIT v1.19.4 pairwise_identity.®®> Smaller motifs were found recurring together in groups, and for better visualizing these assigned
groups were plotted in Figure 5B. Motif annotations were plotted with R package gggenes v0.5.1.%°

Estimation of internal UGA reassignments

To estimate the amino acid internal UGA codons code for, amino acid alignments used in the 17-gene ML phylogeny were subsetted
to selected green algae (Figure 6A). These alignments were then subsetted to only positions where a UGA codon was present in a
Cladophorales member, and visualized with Jalview v1.8."°° Sequence logos of these positions (Figure 6B) across other green algae
were made with the R package ggseqglogo v0.2,"?" setting method = “probability”.

As Cladophorales genes are very divergent, to consider alignment quality around UGA positions and the possibility of using non-
functional genes in alignments, we collected all possibly functional copies of each gene (no internal UAA/UAG stop codons, long
open reading frames, no frame-shift mutations). Amino acid alignments were remade for all genes without Cladophorales. For
each species, each potential protein was added to the relevant Chlorophyta alignment with MAFFT v7.520 linsi—add.®® The average
percent identity of alignment of the added protein compared to all other proteins was calculated with PhyKIT v1.19.4
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pairwise_identity.®” Likewise, for each UGA position on the added protein the average percent identity of a 10 AA window around that
position was calculated. For each UGA, the frequency of all other amino acids in that position across Chlorophyta was calculated.
These metrics were plotted in Figure 6C. See also Data S1D.

Search for trans-splicing of fragmented rRNA genes

As rRNA genes are present as fragments on separate chromosomes, a search for potential trans-splicing was performed by inspect-
ing de novo assembled RNA transcripts for longer rRNA sequences. Ribosomal RNA gene fragments from assembled chromosomes
were extracted and used as BLASTn queries to transcripts. On transcript hits, rRNA gene regions were better annotated by searches
with Infernal v1.1.5,”* as was done to annotate original rRNA fragments on chromosomes. These were then used as BLASTn queries
against the SILVA database'®" to remove bacterial sequences. Non-bacterial rRNA sequences were examined for rRNA Infernal pre-
dictions longer in length than those found in chromosomes, but none were found.

Search for homoconcatemers and heteroconcatemers in reads

A search for homoconcatemers of chromosomes in reads was conducted, as homoconcatemers may be evidence of rolling-circle
replication or recombination, while heteroconcatemers would indicate recombination between minicircles. In Okellya marina, nano-
pore reads were mapped to the plastid with Minimap2 v2.21.”® Only 11 reads mapped longer than the plastid, which were visually
inspected in Geneious.”® For Aegagropila and Chaetomorpha, all reads > 5 kb with GC within the plastid ranges (35%-46% for Ae-
gagropila, 49%-55% for Chaetomorpha) were inspected. Reads were masked with Tandem Repeats Finder (options 257 80 10 50
2000 -1 10 -h -d -m),'%? and reads with < 40% tandem repeats were used, unmasked.

To search for homoconcatemers, reads were mapped back against each other with BLASTn. Reads that mapped back to them-
selves with length > 2 kb in two non-overlapping locations with the same orientation (indicating head-to-head mappings) were
retrieved. These were then mapped back to all assembled chromosomes with BLASTn, and reads that aligned >2 kb to a plastid
chromosome were selected. These were visually inspected in Geneious for identical repeating regions that would indicate homocon-
catemers (i.e. two or more long, directly repeating regions covering the read), of which none were found.

To search for heteroconcatemers, reads were mapped to all assembled chromosomes with BLASTn. Reads that aligned with
length >2 kb to two separate chromosomes were retrieved. These were then used to search against all assembled chromosomes
in Geneious with Minimap2, and alignments were inspected visually for reads that mapped different assembled chromosomes to
different portions of the read, of which none were found. See also Data S1C.

Identification of plastid-mapping reads with inverted structure

To search for reads of plastid origin with large inverted repeats, long reads were mapped to all assembled chromosomes of Aega-
gropila and Chaetomorpha using Minimap2 v2.21.”® Mapped reads were extracted, and masked with Tandem Repeat Finder (op-
tions: 2 57 80 10 50 2000 -1 10 -h -d -m).'%* Reads with < 40% tandem repeats were used, and mapped back to themselves with
BLASTn. Reads that aligned with > 300 bp to themselves in opposite orientations were extracted, and again searched against plastid
nr90 chromosomes with BLASTn. Reads that aligned > 1000 bp to plastid chromosomes were then extracted. These were inspected
visually in Geneious’® for long inverted repeats with Geneious Repeat Finder (maximum 20% divergence), and for plastid mappings
to inverted areas by Minimap2,”® of which 51 in Aegagropila and 96 in Chaetomorpha fit this criteria. Example reads and annotations
were plotted with R package gggenes v0.5.1%° (Figure 5C). See also Data S1C.

Identification of reads with plastid sequences and retrotransposon-type elements

During our various mappings of reads back to plastid chromosomes, we became aware of long reads mapped that contained retro-
transposon-like gene fragments, as was found by the authors of the Boodlea plastome.’ To search specifically for these reads, long
reads were mapped to Okellya marina, Aegagropila and Chaetomorpha plastid chromosomes with Minimap2.”® For Aegagropila and
Chaetomorpha, reads that aligned to at least 25% of the chromosome length but were longer than the chromosome itself were ex-
tracted, while in O. marina reads > 10 kb in length with > 2000 bp mapped to the plastid were extracted. These were then translated to
all six reading frames with SegKit v2.5.0,”° and searched against the UniprotkKB Swiss-Prot database with jackhmmer (hmmer.org).
These were then searched for hits to retrotransposon polyprotein sequences with a minimum E-value of 1075, A total of 34 reads in
O. marina, 93 reads in Aegagropila and 13 in Chaetomorpha were found this way. Selected reads with annotations were plotted with R
package gggenes v0.5.1%° (Figure S6).

QUANTIFICATION AND STATISTICAL ANALYSIS

For estimation of plastid-derived reads represented in nr90 contig assemblies in Aegagropila, MetaBCC-LR v1.0.”” was used to clus-
ter all reads into bins with parameters -e tsne -c 100000 -bs 30 -bc 30 -k 5 -s 10.

For the 18S maximum-likelihood phylogeny, ModelFinder®® implemented in IQ-TREE v2.3.3°° was used to select GTR+F+R3 as
the best fit evolutionary model according to Bayesian Information Criterion. Bootstrap support was estimated using 250 non-para-
metric bootstrap replicates. For the phylogeny built from plastid genes, a partition file (-p)*® was generated and ModelFinder was
used to find to the best-fit models for each partition under the Bayesian Information Criterion (-m MFP+MERGE).° Bootstrap support
was estimated using 200 non-parametric bootstrap replicates. For estimation of dN/dS rates, CODEML®® non-zero control file
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options were: model = 2, method = 1, codonFreq = 2, kappa = 2, clean data = 1, fix_alpha = 1, omega = 1, ncatG = 10, Small_
diff = 1e-8, fix_blength = 1.

For polymorphism quantification on chromosomes, lllumina read coverage was capped at 1000 and the number of variants were
normalized by coverage and length of regions under inspection. To estimate lllumina read coverage on all chromosomes, coverage of
the entire chromosome was calculated by summing the coverage of all positions, divided by length of the chromosome, divided by
the total number of reads aligned to all chromosomes in each species and multiplied by 10°.

Additional statistical details of analyses including E-values and software parameters used are given in figure legends or in method
details.
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