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improved de novo assemblies, analyze expression patterns and
transcript speciation, and evaluate diversity among laboratory
strains and wild isolates

Sean D. Gallaherl”*, Sorel T. Fitz-Gibbon?2, Daniela Strenkert!, Samuel O. Purvine3, Matteo
Pellegrini?, and Sabeeha S. Merchant!
1Department of Chemistry and Biochemistry, University of California, Los Angeles, CA 90095

2Department of Molecular, Cell, and Developmental Biology, University of California, Los Angeles,
CA 90095

SEnvironmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland,
WA 99352

Abstract

Chlamydomonas reinhardtiiis a unicellular chlorophyte alga that is widely-studied as a reference
organism for understanding photosynthesis, sensory and motile cilia, and for development of an
algal-based platform for producing biofuels and bio-products. Its highly repetitive, ~205 kbp
circular chloroplast genome and ~15.8 kbp linear mitochondrial genome were sequenced prior to
the advent of high-throughput sequencing technologies. Here, high coverage shotgun sequencing
was used to assemble both organellar genomes de novo. These new genomes correct dozens of
errors in the prior genome sequences and annotations. Genome sequencing coverage indicates that
each cell contains on average 83 copies of the chloroplast genome and 130 copies of the
mitochondrial genome. Using protocols and analyses optimized for organellar transcripts, RNA-
Seq was used to quantify their relative abundances across 12 different growth conditions. 46% of
total cellular mRNA is attributable to high expression from a few dozen chloroplast genes. RNA-
Seq data were used to guide gene annotation, to demonstrate polycistronic gene expression, and to
quantify splicing of psaA and psbA introns. In contrast to a conclusion from a recent study, we
found that chloroplast transcripts are not edited. Unexpectedly, cytosine-rich polynucleotide tails
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Accession Numbers and Data Availability

The chloroplast and mitochondrial assemblies, gene annotations, variants from 20 strains, and RNA-Seq coverage data can all be
viewed on the UCSC Genome Browser hosted at http://genomes.mcdb.ucla.edu/CreOrganelles/ The DNA-Seq data from strain
CC-503 that was used to generate de novo assemblies CPv4 and MTv4 and to produce cv11 is available from the NCBI Short Read
Archive at accession SRR1797945. All RNA-Seq data including raw sequencing reads, assemblies, annotations, and processed mMRNA
abundance tables are available from the NCBI Gene Expression Omnibus at accession GSE101944.

Previously available DNA-Seq data from additional strains was used for the comparative genomics analysis. These strains and the
related accession numbers are detailed in Table S4.
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were observed at the 3" end of all mitochondrial transcripts. A comparative genomics analysis of
8 laboratory strains and 11 wild isolates of C. reinhardtii identified 2658 variants in the organellar
genomes, which is one tenth as much genetic diversity as is found in the nucleus.

Keywords

Plastid; organelles; RNA-Seq; transcript editing; trans-splicing; rooCI; rps2, Wendy transposon;
ftsH. ycfl

Introduction

Chlamydomonas reinhardtii is a widely studied unicellular alga of the chlorophyte lineage. It
has been a premiere model organism for studies of photosynthesis, nutrient homeostasis, and
cilia structure and function (Harris, 2008). More recently, C. reinhardtii has shown great
promise as a reference platform for the production of biofuels and bio-products (Rosales-
Mendoza et al., 2012; Scranton et al., 2015). Endemic to soil and fresh water with a world-
wide distribution, C. reinhardltii grows vegetatively as a haploid organism. Upon certain
stress conditions, such as N deprivation, vegetatively growing cells become gametes, and
matched pairs of “mt+’ and “mt=" gametes can fuse to undergo sexual recombination. These
features make C. reinhardltii a highly tractable species for genetic studies. Much of the
research in C. reinhardtii is conducted on a few dozen standard laboratory strains whose
lineage can be traced to a common ancestor isolated in 1945 (Gallaher et a/., 2015).
Additionally, a number of interfertile wild isolates of the species are available, and were
found to have a sequence diversity of ~3% (Flowers et a/., 2015). In 2007, the sequence of
the ~112 Mbp nuclear genome of C. reinhardtii laboratory strain CC-503 was published
(Merchant et al., 2007). This work facilitated a decade of important systems biology-scale
study. However, the organellar genomes of the chloroplast and mitochondrion were not
included in this work, and have been largely ignored by subsequent transcriptomics studies.

Each cell of C. reinhardltii has a single, large, cup-shaped chloroplast. This organelle is
responsible for ~40% of the cell volume, and is the site of photosynthesis as well as
considerable primary metabolism, including N and S assimilation. The chloroplast contains
multiple copies of a 205 kbp circular genome, which is inherited uniparentally from the miz+
parent by daughter cells following sexual recombination. The sequence of that genome was
first published by David Stern’s group in 2002 and was reported to contain 72 protein coding
genes, a full complement of 29 tRNAs, and 5 rDNAs (Maul et a/., 2002). This 2002 version
of the genome was assembled from Sanger sequencing of cloned fragments from a number
of laboratory strains, including CC-503. Notably, it was observed that the chloroplast
genome contains over 20% repetitive DNA, mostly short dispersed repeats, and this feature
is nearly unique to Chlamydomonas among chlorophyte species. The genome contains two
~21 kbp inverted repeats that are separated by ~80 kbp single copy regions. The 2002
sequence is referred to in this work by its GenBank accession number: BK000554.2.

An improved chloroplast genome was assembled some years later as part of a study on
genetic drift (Smith and Lee, 2009). The 2009 version, referred to here as FJ423446.1, was
assembled from public sequencing data of strain CC-503 made available from the
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Chlamydomonas nuclear genome sequencing project. The researchers identified 471 single
nucleotide variants (SNVs) and 955 small insertions/deletions (InDels) relative to
BK000554.2.

Aside from its role in photosynthesis, the chloroplast is an important target for the
production of recombinant proteins in Chlamydomonas. Methods for the transformation of
the nuclear genome have been developed, but expression from nuclear transgenes is typically
anemic and unstable (Cerutti et al., 1997). In contrast, the chloroplast has been shown to
readily incorporate transgenes by homologous recombination, and is capable of high level
expression. This approach has been used successfully to express subunit vaccines,
therapeutic antibodies, and nutraceuticals (Scranton et al., 2015).

Each Chlamydomonas cell contains multiple mitochondria, which together comprise ~1-3%
of the cell volume (Harris, 2008). The complete ~15.8 kbp mitochondrial genome was
submitted to GenBank in 1993 as accession U03843.1 (Vahrenholz et al., 1993). The
mitochondrial genome is inherited uniparentally from the m# parent by daughter cells
following sexual recombination. The C. reinhardtii mitochondrial genome is much reduced
relative to other plant species both in size and number of genes. Like animals, but to a higher
degree than in plants, the Chlamydomonas mitochondrial genome is highly derived relative
to its presumed free-living ancestor and ancestral mitochondrial genomes. It contains only 8
protein coding genes, 3 tRNA genes, and 15 rRNA genes. The mitochondrial genome is
linear in structure, with 532 bp terminal inverted repeats followed by long single stranded 3
extensions that may play a role in replication (Vahrenholz et al., 1993).

While dozens of RNA-Seq studies in C. reinhardltii have been published to date, the
contribution of organellar transcripts has been largely neglected for two reasons. First,
organellar transcripts are mostly excluded from RNA-Seq libraries. In the majority of
studies, poly-adenylated transcripts are enriched from total RNA with oligo-d(T) beads as a
means of diminishing the presence of rRNA. In contrast to most nuclear transcripts,
organellar transcripts in C. reinhardtii are poly-adenylated to a much lesser degree, if at all,
and poly-adenylation of organellar transcripts may function as a degradation signal (Komine
et al., 2000). Therefore, most organellar mMRNA is excluded from contributing to RNA-Seq
libraries, and any transcripts that do leak through may not quantitatively reflect /in vivo
proportions. Second, the chloroplast and mitochondrial genomes and their annotations are
not included with the commonly used reference sequence for C. reinhardtii (currently v5.5,
Phytozome). Therefore, whatever organellar transcripts are present in RNA-Seq libraries are
routinely discarded as unmapped reads. As of this writing (July 2017), none of the 29
published studies on RNA-Seq analysis in C. reinhardtii quantify transcription from
chloroplast or mitochondrial genes.

Given the importance of the organelles for bioenergetic metabolism, we sought to
systematically study the genomes and transcriptomes of the Chlamydomonas organelles.
Could we improve on the existing genome sequences by leveraging the abundance of high-
throughput data? How much variation is there in the chloroplast and mitochondrial genomes
between different laboratory strains and wild isolates of C. reinhardtii, and how does that
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compare to variation in the nuclear genome? Lastly, what can RNA-Seq analysis reveal
about transcript abundance and transcript editing in the chloroplast and mitochondria?

De novo assembly of the organellar genomes

Previously, we re-sequenced the total cellular DNA of a number of laboratory strains of C.
reinhardtii, and reported on the degree of variation among their nuclear genomes (Gallaher
et al., 2015). As expected, a significant percentage (averaging ~25%) of those reads did not
map to the nuclear genome. Assuming that many of these originated from the organellar
genomes, we performed a de novo assembly on all DNA-Seq reads from strain CC-503 that
did not map to the reference nuclear genome. Reads were re-mapped to the scaffolds to
extend their ends until they could be joined manually. With each step in this iterative
process, mapping of DNA-Seq reads was used to correct any discrepancies that were
identified.

The final product of this process, referred to here as CPv4, is a circular genome of 205,535
bp (Figure 1 and Data S1). This is slightly larger than the versions presently available in
GenBank: FJ423446.1 at 204,159 bp and BK000554.2 at 203,828 bp (Table 1). The average
GC content is 34.6%, which is considerably lower than that of the nuclear genome: 64.1%
(Figure S1). The final sequence was supported by DNA-Seq reads that align to the assembly
ata 17,000x average coverage depth. Relative to FJ423446.1 (2009), the new sequence had
one large 2.4 kbp inversion, 18 SNVs, and 22 InDels (Table S1).

For the mitochondrion, de novo assembly produced a 15,789 bp linear genome called MTv4
(Figure 2 and Data S1). This is comparable in size to GenBank U03843.1, at 15,758 bp. The
average GC content was 45.2% (Figure S1). The average coverage depth of DNA-Seq reads

aligned to MTv4 was greater than 25,000-fold. We observed 11 SNVs and 12 InDels relative
to U03843.1 (Table S1).

Evaluation of four different chloroplast genome versions

In addition to the final de novo chloroplast assembly presented with this work, CPv4, and
the two separate accessions that are currently part of GenBank, BK000554.2 (2002) and
FJ423446.1 (2009), a fourth version of the chloroplast genome was produced by us in
parallel using a different approach. DNA-Seq reads from strain CC-503 were aligned to
FJ423446.1 (2009), and used to identify likely variants. The GenBank sequence was then
manually edited to reflect these variants, and the edits were verified by re-aligning the DNA-
Seq reads to the resulting edited genome in an iterative process. The final 205,713 bp
version of this variant-edited reconstruction is referred to here as cv11 (Table 1 and Data
S2).

With four different versions of ostensibly the same ~200 kbp molecule prepared by different
methodologies, we evaluated the relative quality of each approach. To that end, a set of 99

million paired-end DNA-Seq reads were aligned in parallel to each genome version, and the
resulting alignments were analyzed using a variety of different metrics. Given that the same
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pool of DNA-Seq reads was aligned to each genome version, any differences in alignment
quality metrics should be the result of errors in the underlying genome version.

First, the per-base error frequency was examined; defined here as the percentage of base
calls that differ from the reference sequence, including InDels, for each position in the
genome. It was assumed that there is some basal error frequency that is inherent to the
technology, but that differences between the genome versions above the basal frequency
would indicate inaccuracies in the reference sequence. When averaged across the entire
chloroplast genome, BK000554.2 (2002) had a significantly higher mean error frequency of
0.497% than the other genome versions (Table 1). FJ423446.1, cv1l, and CPv4 had mean
error frequencies of 0.168%, 0.139%, and 0.136%, respectively. To determine if the errors
were uniformly or heterogeneously distributed, the per locus error frequency was averaged
across non-overlapping 1 kbp windows, and plotted for each genome version (Figure 3). In
BK000554.2 (2002) and FJ423446.1 (2009), there were distinct regions with high error
frequencies, reaching maximums of 2.99% and 1.42%, respectively. By contrast, the errors
in cv11 and CPv4 were more evenly distributed, and reached maximums of 0.624% and
0.357%, respectively. The distribution of error frequencies in 1 kbp windows is presented as
a violin plot in Figure 4A.

Next, the per-locus depth of coverage was evaluated. While some variation in depth of
coverage is expected (Benjamini and Speed, 2012), extremely high or extremely low
coverage suggest the presence of inaccuracies in the reference sequence. The mean depth of
coverage was nearly uniform at ~17,000 reads per locus across all four genome versions
(Table 1). However, as with the error frequency, we observed heterogeneity in the coverage
depth. To examine this, the coverage depth was averaged across non-overlapping 1 kbp
windows. For each window, the percentage of loci that were more than 1.5 times the mean or
less than 0.5 times the mean were plotted for each genome version (Figure S2). The
distribution of coverage depth for all ~200,000 loci in each genome version is presented in
Figure 4B. While the median coverage for all four genomes is nearly identical, cv1l and
CPv4 have fewer extremes than the two GenBank versions. Only cv11 and CPv4 have no
loci where the coverage drops to zero, with minimum coverage depths of 16 and 1,345
reads/locus, respectively.

Lastly, we examined the inferred fragment sizes of the paired end DNA-Seq libraries. This
determination is based on the relative positions of the alignments of the left-end read and the
right-end read for each sequenced fragment. While some distribution in fragment sizes is
expected, extremes of fragment size suggest missing or extraneous sequence in the
reference. As expected, the mean inferred fragment size was nearly identical at ~360 bp for
each of the four genome versions (Table 1). However, the inferred insert size was not
uniform across each genome version. The inferred fragment size was averaged across non-
overlapping 1 kbp windows, and the percentage of loci with insert sizes greater than 1.5
times the mean or less than 0.5 times the mean were plotted for each genome version (Figure
S3). In this analysis, hot spots of high variation are observable in the two GenBank versions,
and to a lesser extent in cv11 and CPv4. The distribution of inferred fragment sizes is shown
in Figure 4C. BK000554.2 (2002) has the widest distribution with 3.6% of loci having
inferred fragment sizes outside of the mean + 2 standard deviations versus 0.74% for CPv4.
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Relative copy number of organellar genomes

In the DNA-Seq libraries of strain CC-503, 19.4% of reads aligned to the chloroplast
genome and 2.1% aligned to the mitochondrial genome (Figure 5A). From this and the
known sizes of the three genomes, we wished to estimate the relative copy number of the
organellar genomes per cell. Raw read counts do not correspond in a one-to-one fashion with
template copy number as a result of differences in GC content, which can skew PCR
amplification, as well as differences in the mappability of short sequencing reads (Benjamini
and Speed, 2012). In the case of C. reinhardtii, the GC content of the three genomes are
significantly different (Figure S1). To account for this, the coverage at each locus was
corrected for GC content and mappability using Hidden Markov Model approach (Ha et a/.,
2012). The resulting distribution of coverage is presented in Figure 5D. Based on the median
coverage for each genome, there are an estimated 83 copies of the chloroplast genome for
every one copy of the nuclear genome. This is in excellent agreement with a previous study
that estimated 80 — 90 copies of the chloroplast genome per cell by fluorescence microscopy
of DAPI-stained chloroplasts (Misumi et al., 1999). We estimate that there are 130 copies of
the mitochondrial genome per cell (Figure 5D). An earlier study of the mitochondrial
genome estimated that its per cell copy humber was similar to that of the chloroplast genome
(46 copies for the mitochondria versus 52 copies for the chloroplast), which is lower than
our estimate (Ryan et a/., 1978).

RNA-Seqg-guided gene annotations

To annotate the chloroplast de novo assembly, CPv4, putative protein coding ORFs were
identified computationally in the nucleotide sequence. Then, RNA-Seq libraries prepared
with an rRNA-depletion protocol on samples of RNA from a variety of conditions were
sequenced and aligned to CPv4. The resulting coverage was then used to validate or reject
the computationally identified ORFs (Data S3). When the resulting genes were compared to
the annotations in FJ423446.1 (2009), 68 protein coding ORFs were identical between the
GenBank annotations and those of CPv4. However, there were some exceptions.

In the first publication of the chloroplast genome, 7p0C1, the gene encoding the p” subunit
of the plastid-encoded RNA polymerase (PEP), was split into two genes labeled rpoClaand
rpoC1b (Maul et al., 2002). This was due to an inability to identify a single ORF spanning
the two regions, or to identify a full-length transcript by RT-PCR. The annotation of rpoC1
as two separate genes was propagated in the subsequent genome version (Smith and Lee,
2009). Curiously, we found that the intergenic region between rpoClaand rpoC1b almost
perfectly overlaps with the 2.4 kbp inversion that distinguishes the GenBank versions from
CPv4 (see de novo assembly section above). In contrast to the GenBank versions, CPv4
includes a single, continuous 5799 bp ORF that spans rpoC1a, rpoC1b and the “intergenic”
region between them. We observed high coverage of RNA-Seq reads across the full-length
CPv4 rpoC1 gene, which suggests that the updated gene model is correct (Figure 6A). To
further validate this, total soluble protein from Chlamydomonas cultures was subjected to a
proteomics analysis by mass spectrometry. We identified 24 distinct peptides uniquely
attributable to the 1932 aa rpoC1 protein predicted in CPv4 (Data S4). These were
distributed throughout the protein, including 8 peptides from the portion of the gene that is
intergenic in the prior annotations (Figure 6A, purple boxes). Based on these results, it
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seems likely that the choice to split 7p0C1 into two separate genes in the earlier versions was
made erroneously, albeit justifiably, due to an error in the underlying assembly.

In the 2002 BK000554.1 assembly and the corresponding manuscript, two adjacent genes,
ORF570and ORF208, were proposed to contribute to the S2 ribosomal small subunit
protein (Maul et al., 2002). These were labeled rps2-1 and rps2-2, respectively, and this
labeling persisted in work by other groups (Smith and Lee, 2009). Relative to CPv4, there is
a single nucleotide insertion in BK000554.1 near the 3" end of the 7ps2-1 gene. The
resulting frame shift leads to a stop codon a few bases further downstream. In CPv4, a single
OREF spans rps2-1, rps2-2, and the intervening sequence. High coverage of RNA-Seq reads
throughout the combined 7ps2 gene suggests that the CPv4 version of the gene is expressed
(Figure 6B). Further, peptides were identified by mass spectrometry for most of the rps2
protein as annotated in CPv4 (Data S4 and Figure 6B).

A few ORFs, such as 0rf2971, were identified in the GenBank chloroplast genome versions,
but were never assigned a gene name or function. Based on the RNA-Seq analyses described
below, we observed that this gene is expressed at moderate levels under most conditions
(Data S5), and the protein product of this gene was identified by 11 distinct peptides by
mass spectrometry (Data S4). When orf2971 was compared to the nr database with
BLASTP, there were 22 hits with E-values less than 1x107190 in species other than C.
reinharatii (Data S6). All of the 22 hits were to genes found in chloroplasts of various
chlorophyte species, and all but two of them were annotated as f#sH, with the remaining two
receiving generic descriptors.

The ftsH gene was originally identified as cell division gene in Escherichia coli (Ogura et
al., 1991). To examine the relationship between C. reinharatii orf2971 and other fisH family
members, a protein similarity network was constructed that included f¢sH proteins from 41
different species including £. coli (Figure S4A and Table S2). C. reinhardtii orf2971
clustered with the ftsH family members from the chloroplast genomes of 21 other
chlorophyte species. This group was distinct from, but still connected to, a second group of
ftsH orthologs in cyanobacteria, streptophytes, and fungi. Interestingly, this second cluster
included several nucleus-encoded fzsH-family genes from the chlorophyte lineage, such as
FTSH4 and FTSH11 from C. reinhardtii. Sequence similarity with the other ftsH-family
proteins was largely localized to a conserved AAA domain (PFAMO00004: ATPase family
associated with various cellular activities). The 22 chloroplast-encoded chlorophyte genes
were all predicted to encode for large proteins, with a median size of 3480 aa (Table S2).
This is significantly larger than the other proteins in this analysis, which had a median size
of 706 aa, or the 644 aa E. coli ftsH. Based on sequence similarity and the conserved
domains, this analysis suggests that C. reinhardtii orf2971 is an ortholog of the other
chloroplast-encoded ftsH genes from the chlorophyte lineage, and we have labelled it as
such. However, the much larger size of these chlorophyte lineage proteins suggest that they
may have diverged significantly from other members of the fzsH family.

A second chloroplast gene, orf1995, was identified in both GenBank versions and in CPv4,
but did not receive a gene name. RNA-Seq analysis indicates that the gene is expressed at
high levels in vegetatively growing cells (Data S5), and 46 distinct peptides were identified
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by mass spectrometry that could be attributed to the 0rf1995 gene product (Data S4).
Previously, the orf1995 gene was found to encode a large transmembrane protein that is
essential for cell survival (Boudreau et a/., 1997). This work speculated that the gene might
be a ycf1 ortholog, despite significant sequence divergence from the ycf7 genes of land
plants. When compared to the nr database with BLASTP, we found 42 hits with E-values
less than 1x107190 in species other than C. reinhardtii (Data S6). 41 out of 42 of these hits
were annotated as ycfZ, with the remaining one given a generic gene name, orf2032. A
protein similarity network reveals that C. reinhardtii orf1995 s tightly clustered with genes
annotated as ycfI in 40 other chlorophyte species (Figure S4B and Table S2). A second,
unconnected cluster grouped ycfI genes from 12 streptophytes species. This analysis agrees
with the work of de Vries and colleagues, in which they found that the ycfZ gene sequence
had diverged significantly between chlorophytes and streptophytes (de Vries et al., 2015).

The C. reinhardtii chloroplast genome carries two copies of the Wendy Transposon (Fan et
al., 1995). Wendy |1, which lies between psaA exon 3 and psbH, is not annotated in
FJ423446.1. There was low, but clearly observable expression at that locus of a transcript
that would encode a 202 aa polypeptide (Figure S5A). This is labeled orf202in CPv4.
Wendy |, which lies between rpoC1 and petA, expresses a much larger transcript that would
encode an 854 aa polypeptide labeled orf854 (Figure S5B). Interestingly, this transcript
extends beyond the boundary of Wendy | by an additional 508 nt. There is 80% identity
between the first 200 aa of orf202and orf854, which suggests significant sequence
divergence. Previously, Wendy | was reported to contain two ORFs; one of 140 aa and
another of 271 aa (Fan et al., 1995). However, the nucleotide sequence reported in that work
has a 1 nt insertion relative to the sequence of CPv4. This InDel creates a stop codon that
divides what would otherwise be a single large ORF into two smaller ones.

Previous versions of the C. reinharadtii chloroplast genome annotated only the CDS portion
of the genes. However, coverage of RNA-Seq reads to the chloroplast suggest that all genes
have 5" and 3" UTRs of variable lengths. Further, the RNA-Seq coverage confirmed that
several chloroplast genes are co-transcribed in clusters as polycistronic transcripts (Figure
S6). Some of these, such as rpl23-rpl2-rps19 (Figure S6B), psbB—psbT (Figure S6F), atpA-
psbl-cemA-atpH-atpF (Figure S6K), and chIN-tscA (Figure S6L), have been reported
previously (Rymarquis et al., 2006; Drapier et al., 1998; Hahn et al., 1998). We identified at
least 16 clusters of co-transcribed genes (Figure S6).

In addition to the protein-coding genes, #scA, which aides in the trans-splicing of psaA, 29
tRNA genes, and 5 rRNA genes were annotated in CPv4 (Goldschmidt-Clermont et af.,
1991).

The new mitochondrial assembly, MTv4, was annotated as described above for the
chloroplast (Data S3). Consistent with previous studies (Gray and Boer, 1988), all genes
appear to be expressed as two polycistronic messages from a bi-directional transcription start
site between nad5and coxI (Figure 2).
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Quantification of organellar transcripts by RNA-Seq

The majority or RNA-Seq work in C. reinhardltii has been performed using libraries that are
prepared from poly(A)-enriched RNA. Since chloroplast and mitochondrion-encoded
transcripts are not poly-adenylated to the same degree as most nucleus-encoded transcripts,
it is expected that organellar transcripts are underrepresented in most RNA-Seq work. To test
this directly, libraries were prepared from a common sample of total RNA using either a
poly(A)-enrichment protocol or rRNA-depletion protocol, and then aligned to the nuclear,
chloroplast, and mitochondrial genomes (Figures 5B and C). Surprisingly, nearly half of the
RNA-Seq reads (46.0%) were chloroplast-encoded when the rRNA-depletion strategy was
used. In contrast, only 0.2% of reads originated from the chloroplast when poly(A)-enriched
libraries were analyzed. This amounts to a greater than 400-fold enrichment. Similarly,
mitochondrial transcripts increased from 0.1 to 1.4% of total reads when the two protocols
were compared, which equates to a 27-fold enrichment.

In order to examine RNA metabolism from both the chloroplast and mitochondrion, RNA-
Seq libraries were prepared from a wide variety of conditions including: diurnally grown
cultures sampled in the dark and in the light, and cultures grown in medium with and
without Fe or Cu. A previous RNA-Seq study of nuclear transcription in C. reinhardtii
during the sexual cycle was performed using an rRNA-depletion protocol (Lopez et al.,
2015). That data was reanalyzed here to examine organellar transcript abundance. The
expression of each chloroplast gene was quantified in terms of fragments per kbp of gene per
million mapped reads (FPKMs) for each of these experiments, and is presented on a logqg
scale on the left portion of Figure 7. Fold-change comparisons between pairs of matched
samples are presented on the right. The transcript abundances of nucleus-encoded subunits
of photosystem I, photosystem Il, and cytochrome g fare also included for comparison.
Across all conditions examined, transcript abundance from chloroplast genes is high:
ranging from 100 — 100,000 FPKMs. Differences in transcript abundance between
conditions are relatively minor; an exception being gametes compared to vegetatively
growing cells. The eight protein coding genes of the mitochondrion are presented in a
similar fashion in Figure 8. As a validation of this analysis, the abundance of nucleus-
encoded transcripts from sentinel genes known to be up or down-regulated under these
conditions were examined using the same pipeline, and found to have the expected
expression patterns (Figure S7).

Next, we wished to identify the nuclear genes with expression patterns most similar to that
of the chloroplast genes. The RNA-Seq expression estimates of all nuclear, chloroplast, and
mitochondrial genes were calculated as the fold change between pairs of conditions, as
described above for Figures 7 and 8, and the complete dataset was subjected to a A~means
clustering analysis. With 10 centers, the majority of chloroplast genes, 56 out of 75 (75%),
co-clustered with 498 nuclear genes (Data S7). As expected, this cluster contained many
nucleus-encoded, chloroplast-targeted members of the photosynthetic apparatus, such as
PSAD, PSBOand PETM. The GreenCut is a list of ~600 genes that are conserved in plants
and green algae but absent from non-photosynthetic organisms (Karpowicz et al., 2011). 108
out of 498 (22%) of the nuclear genes that co-clustered with the chloroplast genes are
members of the GreenCut, which represents a significant enrichment (o = 2.6x10755). Next,
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we queried the nuclear genes in this cluster for enrichment of gene ontology (GO) terms.
There was statistically significant enrichment (p < 0.05) of 12 GO terms for biological
processes, which included photosynthesis, chlorophyll metabolic processes, and carbon
fixation. The full list of genes in this cluster, their annotations, membership in the GreenCut,
and GO term enrichment are in Supplemental Data S7.

Given that 75 protein coding genes in the chloroplast are responsible for nearly half of RNA-
Seq reads (Figure 5C), it would be expected that the majority of the most highly expressed
genes in the cell are in the chloroplast. All transcripts across 12 different experimental
conditions were quantified in terms of FPKMs and ranked. The 100 most abundant
transcripts for each experiment are included in Data S8. The top 20 were classified as
originating in either the nucleus, chloroplast, or mitochondrion, and are presented
graphically in Figure 9. As many as 19 of the top 20 genes are chloroplast derived,
depending on condition. The only conditions where chloroplast transcript abundance is
significantly reduced are the ones in which gametogenesis is induced. A single
mitochondrial transcript, coxZ, is in the top 20 for one sample; the mt gamete. For the most
abundant nucleus-encoded transcripts, many, including LHCBM1, RBCS2and PCY1,
encode proteins that are chloroplast targeted.

Comparison of RNA-Seq preparation methods

Despite the fact that most organellar RNA is filtered out during the preparation of RNA-Seq
libraries by the poly(A)-enrichment approach, a small number of transcripts do remain
(Figure 5B). We wished to determine what effect the choice of library preparation method
has on quantification of chloroplast and mitochondrial transcripts. RNA-Seq libraries were
prepared from a common set of samples of total RNA using either poly(A)-enrichment or
rRNA-depletion, and then sequenced and aligned to the nuclear, mitochondrial, and
chloroplast genomes.

The result is presented as a series of pair-wise comparisons in Figure 10. While the majority
of nucleus-encoded transcripts are minimally affected by the choice of library preparation
protocol, a few transcripts, such as those expressed from most histone genes, are detected at
significantly higher levels in rRNA-depletion libraries. As expected, the chloroplast and
mitochondrial transcripts are quantified at levels many orders of magnitude higher when the
rRNA-depletion method is used. The effect is much more pronounced for chloroplast
transcripts than it is for mitochondrial transcripts. Interestingly, the degree to which
chloroplast transcripts are underestimated by the poly(A) enrichment method is not a linear
function. Instead it increases with increasing transcript abundance. This is evident by the
slope of linear regressions fit to the comparison of transcript abundances by poly(A)-
enrichment versus rRNA-depletion (Figures 10C and D). For nucleus encoded genes, the
line is close the diagonal, with slopes of 0.96 and 0.94 for the +Fe and —Fe samples,
respectively. For the chloroplast genes, the corresponding slopes are 0.44 and 0.39.

Transcript splicing

The C. reinhardtii chloroplast genome contains a few genes whose transcripts require
splicing to generate mature mMRNA. One of these is psaA, which encodes photosystem |
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chlorophyll a binding apoprotein, Al. The psaA gene is split into three independently
transcribed genes at distant loci on the chloroplast genome (Kiick et af., 1987). Two group Il
introns assemble from portions of these three transcripts plus one additional non-coding
RNA, #scA, and are then spliced out with the aid of a number of nucleus-encoded proteins
(Goldschmidt-Clermont et al., 1991). In order to quantify the degree of splicing of the psaA
transcript, a pseudo-assembly was constructed to contain both the spliced and unspliced
versions of the gene, and reads from a number of RNA-Seq studies were aligned to it. The
depth of coverage at the splice sites was used to estimate the relative abundance of the
spliced and unspliced forms. In each case for psaA, the large majority of transcripts, 71.7%
to 96.7%, were in the spliced form (Figure 11A). Differences between conditions, such as
light versus dark or plus versus minus Fe, were minor and generally not statistically
significant.

The gene encoding photosystem Il D1 protein, psbA, is present in two copies within the
inverted repeat regions. The gene is divided into five exons by the presence of four large
group-I introns that must be spliced out to form the mature psbA transcript (Erickson et al.,
1984; Holloway et al., 1999). As with psaA, RNA-Seq data was used to quantify the
percentage of spliced versus unspliced transcripts. In contrast to a prior study of psbA
transcript splicing in response to light, we observed nearly complete splicing under all
conditions examined (Deshpande et a/., 1997). This ranged from 97.7 to 99.7% in all
samples, including those from diurnally grown cultures sampled in the light and dark phases
(Figure 11B).

Lastly, there are two copies of 23S rRNA gene, rriL, within the inverted repeats that are split
by a group-I intron called /-Cre/ (Dirrenberger and Rochaix, 1991). The fact that an rRNA-

depletion protocol was used to generate the RNA-Seq data precludes quantitative analysis of
rrL splicing. Qualitatively, however, it appears that the significant majority of r7nL is in the
spliced form (Figure 1).

Chloroplast transcripts are not edited

Editing of chloroplast transcripts — primarily C to U deamination — is widespread in land
plants, but is generally understood to be absent in the chlorophyte lineage (Stern et al.,
2010). In contrast to this, Shi and colleagues recently reported that they had identified 68
examples of edited loci in C. reinharadltii chloroplast transcripts (Shi et al., 2016). For their
analysis, they aligned RNA-Seq reads to BK000554.2 (2002), and identified non-reference
base calls. In contrast to that study, we did not observe evidence for editing in the alignments
of our RNA-Seq data when using the same criteria (frequency of non-reference base call
>50%, base call quality score = 20, 10 counts minimum).

To resolve this discrepancy, we identified two procedural differences between the Shi study
and this work. First, Shi and colleagues used PASS for RNA-Seq read alignment, while
STAR was used in this work (Campagna et al., 2009; Dobin et al,, 2013). To determine if the
different analysis pipelines could be the cause of our discordant results, we aligned RNA-
Seq data with both alignment tools, PASS and STAR, in parallel, and compared the results.
Second, the previous study aligned reads to BK000554.2 (2002), which has hundreds of
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inaccuracies relative to CPv4 (see section above). To examine this effect, reads were aligned
to BK000554.2 and CPv4 in parallel, and compared.

Each of the 68 loci identified by Shi were then evaluated to compare the effects of using
BK000554.2 versus CPv4 as a reference sequence, and of using PASS versus STAR for the
alignment. The results are detailed in Table S3. 40 of the 68 loci were attributable to single
nucleotide errors in BK000554.2. An additional 10 loci were due to 1 — 3 nt InDels at or
within a few nts of the putative edit site in BK000554.2 that lead to misalignment of the
RNA-Seq reads. Of the putative editing sites, 10 were at intron-exon boundaries. In contrast
to STAR, the PASS aligner was developed for DNA-Seq reads and does not properly account
for gaps in the alignment due to mRNA splicing. The remaining 8 sites are all within highly
repetitive sequences. PASS aligner, but not STAR, was found to align reads too
promiscuously between different degenerate repeat sequences, which creates a number of
non-reference base calls. Taken together, it seems that both the choice of alignment tool, and
the choice of a reference sequence contributed to erroneously identifying 68 edited loci in
the chloroplast transcripts in the previous study.

Heterogeneous polynucleotide 3’ tails on mitochondrial transcripts

Upon inspection of RNA-Seq read alignments to the mitochondrial genes, we observed
evidence for heterogeneous polynucleotide tails at the 3" end of all eight protein coding
transcripts (Zimmer et al., 2009). Examples of this for each of the mitochondrial genes are
presented in Figure S8. These tails varied in their start site by up to 6 nt, and varied a great
deal in terms of nucleotide composition. While all four nucleotides were observed, C was
over represented at 65%, and G was under represented at 1%. A and U were observed at
14% and 21%, respectively. Given the degenerate nature of these sequences, their length was
difficult to determine. The polynucleotide 3" tails appeared in all samples examined, and
regardless of which alignment tool was used (STAR, PASS, BWA-MEM). We did not
observe this phenomenon in the chloroplast-encoded transcripts.

Comparative genomics analysis

The chloroplast and mitochondrial genomes presented here were generated from the DNA of
the same strain as the reference nuclear genome, strain CC-503. However, dozens of other
strains are commonly used in laboratory research. In order to examine the degree of genetic
divergence between strains for the organellar genomes, we performed a comparative
genomics analysis on seven additional standard laboratory strains and 11 wild isolates. As a
control, we re-analyzed strain CC-503 sequence data from two independent sources. A
VVCF-formatted table of all variants is included in Data S9.

The eight standard laboratory strains that were included in this analysis are all descended
from a single zygospore isolated in 1945 (Gallaher et al., 2015). For these strains, only one
SNV and two InDels were identified in the chloroplast genome (Table 2). This low number
of variants is consistent with the uniparental inheritance of the organelle genomes from a
recent common ancestor. Likewise, the mitochondrial genome had five SNVs and one InDel.
The reference strain, CC-503, was sequenced both by this group and by a group from NYU
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(Flowers et al., 2015). Curiously, four of the five mitochondrial SNVs detected were unique
to strain CC-503 as sequenced by the NYU group.

For the 11 wild isolates, we detected 1,754 SNVs and 492 InDels in the chloroplast genome
and 130 SNVs and 13 InDels in the mitochondrial genome (Table 2). For any one strain, this
ranged between 447 and 944 total organellar variants. Given the size of the organellar
genomes, this corresponds to a variant frequency of between 0.20% and 0.43%, which is 10-
fold lower than the ~3% variant frequency that was previously reported for the nuclear
genomes of these same strains (Flowers et a/., 2015).

Next, we wished to determine what effects the 2,397 total combined variants might have
chloroplast and mitochondrial genes. In the chloroplast, the majority of variants,1465 out of
2249 (65.1%), were found outside of protein coding sequences (Table 3). A similar
distribution, 97 out of 148 (65.5%), was found outside of protein coding sequences in the
mitochondrial genome. Within the chloroplast protein coding genes, 724 (32.2%) were
SNVs that change one codon to another. The altered codons were split almost equally
between synonymous and non-synonymous codons. There were 50 codon-altering SNVs in
the mitochondrial genes, but 46 of those were synonymous changes. There were 60 InDels
within the coding sequences of chloroplast genes, but 58 of those maintain the gene’s
reading frame (i.e. occur in multiples of three). Only two frameshifting InDels were found in
the chloroplast; one in strain CC-2342 and the other in strains CC-2936 and CC-2937. Both
of these variants disrupt the orf854 gene of the Wendy | transposon, which is likely
unnecessary for normal chloroplast function. The only intragenic InDel in the mitochondrion
removes two codons in the nadl gene of strain CC-1373.

The C. reinhardtii chloroplast genome harbors two copies of the Wendy transposon. It is
believed that these integrated into the chloroplast genome sometime since the divergence of
C. reinhardtiiand C. moewusii approximately 500 MYA (Fan et a/., 1995; Munakata et a/.,
2016). We examined the DNA-Seq reads extending outward from the terminal inverted
repeats of Wendy for each copy in each of the 11 wild isolates to see if we could find
evidence for transposition. In each case, the DNA-Seq coverage indicated that the Wendy
transposons have been stably located in the chloroplast genome for at least as long as the
divergence of the North American isolates of C. reinhardtiiincluded in this analysis.

In the previous study, the distribution of variants within the nuclear genomes of the wild
isolates of C. reinhardtii corresponded to the geographic distribution of those strains
(Flowers et al., 2015). For comparison, we performed a similar analysis on the organellar
variants in the same strains. As expected, there was a nearly perfect overlap for all of the
laboratory strains (Figure 12). There was also a near overlap of the two strains from
Minnesota, USA: CC-1952 and CC-2290. However, for the other wild isolates, there was no
clear correlation between the principal components and the geographic origin as had been
observed for the nuclear genomes (Flowers et al., 2015).
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Discussion

Due in large part to the high degree (~20%) of repetitive sequence, the C. reinhardtii
chloroplast genome was a singular challenge to assemble. Different assembly tools (Ray and
SPA) were tried and only minimally successful on their own, despite having 17,000-fold
coverage of high quality 100+100 paired end DNA-Seq data. In this work, we developed a
number of tools to leverage this abundant sequencing data to identify and resolve
problematic loci in the assembly based on heterogeneity of base-call error frequency,
coverage depth, and inferred DNA-Seq fragment size. Even armed with these tools,
significant manual intervention was necessary to solve such a repetitive sequence.

Given these difficulties, it is not surprising that many errors were identified in the previous
classical sequencing-based assemblies. The hundreds of SNVs and small InDels identified in
BK000554.2 (2002) could be attributed to the fact that that assembly was based on data from
a few different laboratory strains. However, our comparative genomics data suggests that this
is unlikely. We found a total of only six variants in eight different strains, despite the fact
that these strains have all been maintained as separate cultures for many decades. The
majority of the InDel variants we identified in FJ423446.1 (2009) relative to CPv4, were due
to repetitive sequence. Many of the single nucleotide errors identified in FJ423446.1 relative
to CPv4 were found to flank larger insertions and deletions. This suggests that they may be a
second-order effect of trying to assemble sequencing data across large gaps.

The research presented here demonstrates the importance of having an accurate reference
sequence. For example, Shi and colleagues published a report in which they identified 68
examples of editing in chloroplast transcripts. We demonstrate that 50 of the 68 editing
examples are directly due to SNV and small InDel errors in the BK000554.2 (2002)
chloroplast genome that they used as their reference sequence (Table S3). As another
example, it has been understood since 2002 that the B subunit of the chloroplast PEP was
encoded by two genes (Maul et al., 2002). Here we show that this erroneous belief was due
to a 2.4 kbp inversion in previous versions of the chloroplast genome that falls within the
rpoC1 gene.

We had to optimize both the library preparation protocols, and our analysis pipeline to
perform RNA-Seq studies on the chloroplast and mitochondrial transcriptomes of C.
reinhardltii. For the RNA-Seq library preparation, choosing an rRNA-depletion approach
instead of a poly(A) selection resulted in a 400-fold increase in the contribution of
chloroplast transcripts to the library. The reduced contribution of chloroplast mMRNA in
libraries prepared by the poly(A) method reduced the transcript abundance estimates by
several orders of magnitude. More alarmingly, this reduction was non-linear; high
abundance transcripts were underestimated to a greater degree than were low abundance
transcripts. This suggests that attempts to examine chloroplast gene expression with
poly(A)-enrichment libraries should be met with skepticism.

We found the rRNA-depletion kit to be highly effective in removing nuclear and chloroplast
rRNA, but not mitochondrial rRNA, from our libraries. However, rRNA is the dominant
form of RNA in the cell, and a significant portion remained. Additionally, some of the oligo
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probes from the kit remained as contaminants in the RNA-Seq library preparation and were
detectable in the sequencing data. For the most accurate quantification of total cellular
protein coding transcripts, we found that it was necessary to filter out any remaining rRNA
in silico. Additionally, as a consequence of using rRNA-depletion instead of a poly(A)
enrichment to exclude rRNA, other types of non-coding RNA were detected in the data and
affected the quantification of protein-coding transcripts. We identified numerous examples
of non-coding snoRNA genes in the intronic and UTR portions of protein coding genes that
artificially inflated the expression estimates of the adjacent protein coding genes. For
example, we found that the U3 snoRNA gene is located in the 3" UTR of Cre07.9g350976
(Antal et al., 2000). Unless the snoRNA sequence is filtered out 7 silico, Cre07.9350976
artificially appears among the most highly abundant transcripts in the cell. To facilitate
removal of these non-coding sequences, we compiled the nuclear, chloroplast and
mitochondrial rRNA sequences and over 300 snoRNA sequences (Chen et al., 2008) into a
multi-fasta file that can be used to filter non-coding reads from RNA-Seq data prepared by
rRNA-depletion (Data S10).

In plants, editing of the chloroplast transcripts is wide-spread (Stern et a/., 2010). Based on
the extremely low mismatch frequency that we observed between the RNA-Seq data and the
CPv4 chloroplast genome, we found no evidence for transcript editing in C. reinharatii. The
unexpected observation of Shi et al. of wide-spread editing of chloroplast transcripts in
Chlamydomonas appears to be wrong (Shi et a/., 2016). Our analysis suggests that all
examples of transcript editing in Chlamydomonas are better explained by inaccuracies in the
reference chloroplast genome sequence that they used, their failure to account for intron
splicing, and abundance of highly repetitive DNA in the chloroplast genome.

A particularly unexpected result in this work was the observation of C-rich polynucleotide
tails at the 3’ ends of all eight mitochondrial protein coding transcripts. This observation
was recapitulated across each of the different RNA-Seq conditions examined, and regardless
of which alignment program was used (STAR, PASS, BWA-MEM). Previous studies have
reported on 3" poly(A) tails, as well as poly(U) tails, on mitochondrial transcripts that are
thought to be a signal for degradation (Zimmer ef a/., 2009). In our data, runs of poly(A) and
poly(U) were present, albeit at a lower frequency than poly(C). Interestingly, mitochondrial
transcripts were less reduced than chloroplast transcripts by the use of the poly(A)-
enrichment library preparation method as compared to the rRNA-depletion method (Figure
10). This could be due to stretches of poly(A) being common in the polynucleotide tails of
the mitochondrial transcripts.

The degenerate nature of these polynucleotide tails, and their placement at the 3" ends of the
transcripts suggest that ribonucleotides are added in a template-independent manner,
possibly by a polynucleotide phosphorylase (PNPase) or nucleotidyltransferase (NTR)
(Schuster and Stern, 2009). The nucleus-encoded PAP4 protein (Crel4.9625950) has NTR
activity, and there is evidence from a GFP-fusion that it can translocate to mitochondria, thus
making it a good candidate for this activity (Zimmer et al., 2009). Another possibility is the
nucleus-encoded PNP1 protein (Cre04.9g214501). This protein is known to poly-adenylate
transcripts in the chloroplast, but may also be targeted to the mitochondria (Zimmer et al.,
2009).

Plant J. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gallaher et al.

Page 16

One striking result of this study is that there is approximately one tenth as much genetic
variation between strains in the organellar genomes as had been reported for the nuclear
genome (Flowers et al., 2015). This is despite the fact that the abundance of reactive oxygen
species in both the chloroplast and the mitochondrion make those compartments somewhat
inhospitable to DNA. One factor that is likely to be important for the relative paucity of
variants in the chloroplast and mitochondrion is the high copy humber of the organellar
genomes relative to the nuclear one. Since C. reinhardtii grows vegetatively as a haploid
organism, each cell contains just one copy of each chromosome in its nucleus. Any
spontaneous mutations, unless lethal, will be propagated to all daughter cells during
vegetative growth. In contrast, we determined that there are over 80 copies of the chloroplast
genome, and approximately 130 copies of the mitochondrial genome per cell (Figure 5D).
Any spontaneous mutations that occur in the organellar genomes will be in competition with
many other wild type alleles. Double strand breaks in DNA are mainly repaired by one of
two pathways, homologous recombination (HR) or non-homologous end joining (NHEJ). It
would be expected that DNA repair by HR, which uses a homologous DNA strand as a
template for error-free repair, would be facilitated by the high genome copy number
observed in the organelles. In support of this, DNA repair by HR has been demonstrated in
the C. reinhardtii chloroplast (Cerutti et al., 1995). In contrast, only the more error-prone
NHEJ pathway is available to repair double strand breaks in the haploid nuclear genome of
vegetatively growing cells. In cases where a copy of an organelle genome is damaged and
not repaired, the new mutation will be present at a very low allele frequency, which makes it
susceptible to loss from genetic drift (Kimura and Ohta, 1968). Lastly, the organellar
genomes are inherited uni-parentally during meiosis: the mitochondrial genome from the mt
— parent and the chloroplast genome from the mt+ parent (Harris, 2008). Any variants that
had accumulated in the organelle genomes of the opposite sex parent would therefore be lost
following sexual recombination.

Experimental Procedures

De novo assembly of organellar genomes

DNA-Seq data for strain CC-503 was published previously (Gallaher et a/., 2015), and is
available from NCBI’s Sequence Read Archive (SRA) at accession SRR1797945. The raw
sequencing data, consisting of 99,579,111 100+100 nt paired end reads, were aligned to the
C. reinhardltii reference nuclear genome (v5) from Phytozome using bwa-mem (v.0.7.7) with
default settings. The resulting sam-formatted alignment file was filtered using samtools view
(v.1.3) to retain only reads that did not map to the nuclear genome. The resulting unmapped
reads were converted back to fastq format with Picard tools samtofastq (v1.77). This yielded
42,733,538 total reads. Next, the reads were used for a de novo assembly using Ray (v.2.3.1)
with default parameters. The scaffolds produced by Ray were compared to the newest
existing mitochondrial and chloroplast genomes (GenBank accessions U03843.1 and
FJ423446.1, respectively) using a local instance of the blastn tool (v.2.2.26). Those scaffolds
with significant hits to the chloroplast and mitochondrial genomes were used as a base to
manually assemble complete genomes. To fill in the missing sequence, the sequencing reads
described above were re-aligned to the assembly and evaluated by manual examination with
Integrative Genomics Viewer (IGV v2.3.94) from the Broad Institute. This process was used
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to extend and join the contigs in an iterative process until both organelle genomes were
complete. The final versions of each de novo assembly are identified here as CPv4 and
MTv4 for the chloroplast and mitochondrial genomes, respectively (Data S1).

Like the previous versions of the C. reinhardtii chloroplast genome, CPv4 contains two ~22
kbp inverted repeats, separated by two single copy regions. Reads spanning the transitions
between the inverted repeats and the single copy regions validate that the inverted repeats are
in the correct position and orientation. The continuity in the depth of DNA-Seq coverage
between the inverted repeats and the single copy regions suggest that each region is present
in CPv4 in the correct ratio. However, the relative orientations of the two single copy regions
relative to each other cannot be inferred from relatively short Illumina sequencing data. The
choice of orientation for these two regions is arbitrary, but was chosen to be consistent with
GenBank U03843.1 and FJ423446.1.

Variant-corrected chloroplast genome reconstruction

In parallel to the de novo chloroplast genome assembly described above, a version of the
chloroplast genome was produced by editing GenBank FJ423446.1 (2009). The same DNA-
Seq reads used above were aligned to the GenBank assembly with bwa-mem. Variants were
identified with the Genome Analysis Toolkit (GATK) from the Broad Institute as described
previously (Gallaher et al., 2015). GenBank FJ423446.1 was manually edited to reflect the
high confidence variants identified by GATK. Changes were evaluated by re-mapping the
DNA-Seq reads, followed by manual review of the edits on IGV. Changes were made as
needed in an iterative process. The final result of this approach is referred to here as “cv11”
and is included in fasta format as Data S2.

Evaluating assemblies

The DNA-Seq reads described above were aligned to four different chloroplast genome
versions in parallel by bwa-mem using default parameters. This included BK000554.2 and
FJ423446.1 from GenBank, and cv11 and CPv4 described above. The resulting alignment
files were analyzed using in-house PERL scripts as follows.

Base call errors were determined by sam2errorFreq.pl (v1.3), which compares each base call
to the assembly. Base calls that are soft-clipped, as indicated by the cigar string, are ignored.
Base calls flagged as being a deletion or insertion by the cigar string were treated as errors
and charged to the adjacent locus. The percentage of errant base calls relative to the total
was calculated for each locus, and for non-overlapping 1000 nt windows. The resulting data
were then plotted using ggplots2 in R.

Coverage depth was calculated for each set of alignments with bedtools genomeCov
(v2.25.0) with the -d and -split parameters. The resulting data were further analyzed by
bam2covDep.pl (v1.0), which determines the overall mean coverage for the assembly. Next,
the script determines the percentage of loci in non-overlapping 1000 nt windows that fall
within various bins relative to the overall mean.

Inferred fragment length analysis was performed by sam2length.pl (v1.3), which takes
fragment length data from the alignments of paired-end DNA-Seq data, and determines the
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mean inferred length for all fragments aligned to the assembly. Next, the script determines
the percentage of loci in non-overlapping 1000 nt windows that fall within various bins
relative to the overall mean.

The PERL scripts used in these analyses (sam2errorFreq.pl, bam2covDep.pl, and
sam2length.pl) are available as the evaluatingAssemblies suite via BitBucket at https://
bitbucket.org/gallaher/evaluatingassemblies.

Variants between the different chloroplast and mitochondrial genome versions were
identified by multiple sequence alignment with MUSCLE v3.8.31 (Edgar, 2004).

RNA-Seq strains and culture conditions

This analysis incorporated RNAseq data from twelve different conditions from four different
studies as follows:

Dark versus Light dataset—Strain CC-4351 (Matagne 325, cw15 arg7-8) was
transformed with pCB412, an ARG 7-expressing plasmid. Cultures of this strain were grown
in a photobioreactor in high salt medium (HSM) supplemented with Kropat’s trace elements
(Kropat et al., 2011) Cells were entrained on a 12 h/12 h light-dark cycle. Total RNA was
collected from triplicate samples collected at the end of the dark phase (“dark™) and 1 h into
the light phase (“light”) (Strenkert et al., manuscript in preparation). Total RNA was
collected and purified as described previously (Strenkert et al., 2011). The RNA was
depleted of rRNA by means of the RiboZero plant leaf kit, and the remaining RNA was used
to generate RNA-Seq libraries by means of the KAPA Stranded RNA-Seq kit. Sequencing
was performed on an Illumina HiSeq 2000 with 50 nt single end reads.

Fe dataset—Strain CC-4532 was grown in flasks on a shaking platform in tris-acetate-
phosphate (TAP) medium supplemented with Hutner’s trace elements including 20 uM Fe
(Urzica et al., 2012). At t=0, a sample of RNA was collected (“20 uM Fe”). The remaining
samples were washed, and grown for an additional 4h in Fe free medium and then collected
(“<0.01 pM Fe™). Total RNA was collected and purified as described previously (Urzica et
al., 2012). RNA-Seq libraries were constructed and sequenced using two approaches. In the
first, libraries were made by means of the Illumina Stranded Total RNA Library kit, which
enriches for poly-adenylated mRNA by binding to oligo(T) magnetic beads. The resulting
libraries were sequenced as 100 nt single end reads on an Illumina HiSeq 2000. In the
second case, the same samples of purified RNA were subjected to rRNA-depletion by means
of the RiboZero plant leaf kit, followed by a modified Illumina Stranded Total RNA Library
kit protocol that omitted the oligo-d(T) bead binding step. The resulting libraries were
sequenced as 100+100 nt paired end reads on an Illumina HiSeq 2000. For head to head
comparisons between the poly-A libraries and the rRNA-depletion libraries, only the first
read of the rRNA-depletion libraries were used.

Cu dataset—A strain resulting from a cross between CC-124 and CC-4425, was grown in
flasks in TAP medium supplemented with Kropat’s trace elements including 2 uM Cu (“2
UM Cu™) or without Cu (“<0.01 uM Cu”) for three consecutive rounds. Cells were collected
at a concentration between 6 — 8x106. RNA was collected and purified as described
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previously (Urzica et al., 2012). The RNA was depleted of rRNA by means of the RiboZero
plant leaf kit, and libraries were constructed from the remaining RNA by means of the
KAPA Stranded RNA-Seq kit. Sequencing was performed on an Illumina HiSeq 2000 with
50 nt single end reads.

Sexual cycle dataset—An mt+strain, CC-620, and an m¢ strain, CJU-, were used for
study of the Chlamydomonas sexual cycle described previously (Lopez et al., 2015).
Cultures of both the mt+and the m¢ strain were grown in HSM, and samples were
collected as “mi+ vegetative” and “mi¢- vegetative”, respectively. Cells were induced to
undergo gametogenesis by transferring to HSM minus N for 15 h, after which samples were
collected as “mit+gametes” and “mt- gametes”. The gametes of both mating types were
combined, and a sample was collected 1 d later as “zygote”. Zygotes were transferred to
TAP medium and incubated in the light for 24 h, after which a sample was collected as
“germinated”. Libraries were prepared using the RiboZero Plant Leaf kit and KAPA
Stranded RNA-Seq kit, and sequenced as 50 nt single end reads on an Illumina HiSeq 2000.

RNA-Seq data analysis

Sequencing data from the experiments described above were first aligned with RNA STAR
(v.2.5.1a —alignintronMax 5000 —outReadsUnmapped Fastx) to a pseudo-assembly
containing nuclear, chloroplast and mitochondrial rRNA and snoRNA loci (Data S10) to
exclude these from downstream analysis. The remaining unmapped reads were then aligned
to the nuclear (Phytozome v5), chloroplast (CPv4, this work), and mitochondrial (MTv4,
this work) genomes. Default parameters were used except for maximum intron size, which
was limited to 5 kbp. Counts of sequencing reads per gene and FPKMs were determined by
cuffdiff v2.0.2 (Trapnell ef al., 2013). Weighted rLog, transformation of counts and
differential expression significance testing were performed with DESeq?2 (Love et al., 2014).
Figures were produced in R.

The mRNA transcripts from all 12 conditions were ranked in abundance, and the top 20 for
each condition were plotted in R using ggplots2.

k-means Clustering Analysis

A table was generated of FPKMs from each sample described above for each nuclear,
chloroplast, and mitochondrial gene. Low expressing genes were filtered if their maximum
FPKM was less than 1 for all experiments. Next, the fold changes in FPKMs between pairs
of related samples (light vs. dark, Fe— vs. Fe+, Cu- vs. Cu+, mt+ gamete vs. vegetative, mt—
gamete vs. vegetative, and germinated vs. zygote) were calculated. Genes were sorted into
clusters with the Kmeans tool in the amap package in R with the following settings:
centers=10, iter.max=500, nstart=50, method= “euclidean”. The cluster with the highest
percentage of chloroplast genes was selected for further analysis. Enrichment of GO terms
was performed with the Algal Functional Annotation Tool (Lopez et al., 2011). Enrichment
of GreenCut genes was calculated by the hypergeometric distribution in R.
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Depth of coverage analysis

The DNA-Seq reads described above were simultaneously aligned to the nuclear genome
(Phytozome v5), and to CPv4 and MTv4 (this work) using bwa-mem. The resulting sam-
formatted alignment files were compressed and sorted with samtools (v1.3). The percentage
of reads assigned to each of the three genomes was calculated using in-house scripts and
plotted as a pie chart using Microsoft Excel.

RNA-Seq libraries from the study of C. reinhardtii grown in medium with and without Fe
(described above) were prepared using either a poly-A or an rRNA-depletion protocol. The
resulting reads were aligned to the three genomes using STAR (v.2.5.1a) with default
parameters and —alignintronMax 5000 (Dobin et al., 2013). The percentage of reads
assigned to each genome was calculated using in-house scripts. Values presented in the
figure are the mean of two samples prepared by each protocol.

For the genome copy number analysis, DNA-Seq coverage was corrected for mappability
and GC-content with HMMcopy (v0.1.0) following the manufacturers standard protocol (Ha
et al., 2012). First, wiggle tracks of coverage, GC-content, and mappability were prepared
using readCounter, gcCounter, and mapCounter, respectively. The wiggle files were
imported into R and used to determine the corrected coverage at each locus with
correctReadcount. The mean, median, and standard deviation were determined for each
genome in R. Loci with coverage in excess of three standard deviations of the mean were
filtered to remove outliers. This filter excluded 0.18% of the data. Coverage data was plotted
as a violin plot with the ggplots2 package in R.

Annotations

First, ORFs were identified by IGV. These were then validated or rejected based on manual
examination of RNA-Seq alignments. Gene names were informed by the previous
annotations available from GenBank. The tRNA genes were predicted /n silico with
tRNAscan-SE (v2.0) (Lowe and Eddy, 1997) and cross-referenced with the PlantRNA
database (http://plantrna.ibmp.cnrs.fr/plantrna/, accessed on Feb. 17, 2017). The rRNA genes
were mapped forward from GenBank FJ423446.1 and U03843.1 to CPv4 and MTv4 by
sequence homology. The chloroplast rRNA genes were qualitatively validated by means of
an RNA-Seq library that was prepared as described below, except that the rRNA-depletion
protocol was performed improperly resulting in incomplete removal of the rRNA. The
protocol was repeated a second time on the same samples of RNA using the proper
procedure. Triplicate samples of both library preparation batches were aligned
simultaneously to CPv4, MTv4, the C. reinhardtii nuclear genome (Phytozome v5), and the
A. thaliana chloroplast rRNA locus (GenBank KX551970.1 bases 130,619 - 137,676). The
last of these was included to capture contaminating probes from the rRNA-depletion kit.
Secondary alignments were filtered out with samtools. Next, the coverage was determined
by bedtools genomecov (v2.25.0) using -ibam -d -split -strand flags. Coverage from each
library was normalized per 1x108 mapped reads. The ratio of coverage between the
incomplete versus complete rRNA-depletion libraries was calculated for each replicate, then
averaged over the three replicates, and logy transformed. This ratio was then plotted using
circos.
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Protein similarity networks

Protein sequences were selected from the NCBI database and this work, and compiled into a
multifasta file. Similarity was calculated via BLASTP with the following settings: -evalue
1e-10 -outfmt 6. The similarity network was constructed from the resulting file with the
BLAST2SimilarityGraph plugin in Cytoscape (v2.7.0).

Organelle genome maps

Gene maps of the chloroplast and mitochondrial genomes were produced with
OrganellarGenomeDRAW (v1.1.1) (Lohse et al., 2013). GC-coverage was calculated in non-
overlapping 25 bp windows with in-house scripts. Total MRNA coverage and rRNA
coverage were determined with bedtools genomecov (v.2.25.0). Concentric circular tracks of
MRNA coverage, rRNA coverage, GC content, and structure were generated for the
chloroplast genome map with circos (v0.69). Final compositing and labeling was performed
with Pixelmator (v.3.6).

Splicing of the psaA and psbA genes

Proteomics

Splice junctions for the psaA and psbA genes of the chloroplast were identified by the
position of split RNA-Seq reads aligned to chloroplast genome. A pseudo-assembly was
generated to contain both the fully spliced and fully unspliced versions of both genes. RNA-
Seq reads prepared by the rRNA-depletion protocol from each of the samples described
above were aligned to the pseudo-assembly using bwa-mem (v0.7.7). The depth of coverage
at each locus was determined with bedtools genomecov (v.2.25.0). Next, the depth of
coverage was averaged over a window of 50 bp adjacent to each splice site in both the
spliced and unspliced versions. Finally, the ratio of spliced depth of coverage relative to the
combined depth of coverage was calculated and plotted as a pie chart in Microsoft Excel.

Cells from diurnally grown cultures of C. reinhardtii were collected by centrifugation at
1450%g, 4°C. The cell pellet was washed once with 1 ml of 10 mM phosphate buffer (pH 7),
and then resuspended in fresh phosphate buffer. Cells were broken by two cycles of slowly
freezing to —80°C and thawing to room temperature. Soluble proteins were digested with
sequencing-grade modified porcine trypsin. The resulting polypeptides were loaded on a Q-
Exactive Plus Orbitrap mass spectrometer (Thermo Electron, Waltham, MA) coupled to
Waters NanoAcquity or Next-Gen 3 high performance liquid chromatography systems
(Waters Corporation, Milford, MA) through 75 um x 70 cm columns packed with
Phenomenex Jupiter C-18 derivatized 3 um silica beads (Phenomenex, Torrance, CA).
Samples were loaded onto columns with 0.05% formic acid in water and eluted with 0.05%
formic acid in Acetonitrile over 100 minutes. Twelve high resolution (17.5K nominal
resolution) data-dependent MS/MS scans were recorded for each survey MS scan (70K
nominal resolution) using normalized collision energy of 30, isolation width of 2.0 m/z, and
rolling exclusion window lasting 30 seconds before previously fragmented signals are
eligible for re-analysis. Unassigned charge and singly charge precursor ions were ignored.
The resulting MS/MS spectra were converted to ASCII text (.dta format) using MSConvert
(http://proteowizard.sourceforge.net/tools/msconvert.html) which precisely assigns the
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charge and parent mass values to an MS/MS spectrum as well as converting them to
centroid. The data files were then interrogated via target-decoy approach using MSGFPlus
with a +/- 20 ppm parent mass tolerance, partial tryptic enzyme settings, and a variable
posttranslational modification of oxidized Methionine. MS/MS search results were then
collated into tab separated ASCII text files listing the best scoring identification for each
spectrum. Results were filtered to 1% FDR using an MSGF+ supplied Q-Value that assesses
reversed sequence decoy identifications for a given MSGF score across each dataset. Filter
passing results were reported in an Excel file (Data S4). Using the protein references as a
grouping term, unique peptides belonging to each protein were counted, as were all PSMs
belonging to all peptides for that protein (i.e. a protein level observation count value).

Organelle transcript editing

RNA-Seq reads from each sample were filtered to remove rRNA and snoRNA reads, and
then aligned to the nuclear, chloroplast, and mitochondrial genomes as described above.
Alignment was performed in parallel using two different alignment programs. The first,
STAR (v2.4.0j), was run with default parameters except for —alignintronMax 1000. The
second, PASS (v2.31), was run using -flc 1 -fid 90 -fle 30 -sam -trim 5 20, to closely
approximate the analysis conducted by Shi and colleagues (Shi et a/., 2016). SNP calls were
made using PASS -program genotype -f 0.5 -g 20 -c 10 2000 as in Shi et al. Putative edit
sites were manually reviewed in IGV.

Evaluation of mitochondrial polynucleotide 3’ tails

Polynucleotide tails were observed as soft-clipped bases at the 3" ends of all eight
mitochondrial genes when RNA-Seq reads were manually examined with IGV. To quantify
this phenomenon, 100 nt RNA-Seq reads from the +/- Fe experiment (described above)
were trimmed by scythe (v. 0.981 https://github.com/vsbuffalo/scythe) to remove
contaminating Illumina adaptor sequence. Reads were further processed by sickle (v 1.210
https://github.com/najoshi/sickle) to trim base calls with quality scores less than 30 from the
edges of the reads. Next, the 3" terminal 25 nucleotides of each mitochondrial gene were
used as search terms for grep, a pattern matching algorithm, to isolate the relevant RNA-Seq
reads. The number of A, C, G, and U nucleotides downstream of the 3" terminal 25
nucleotides were counted for each gene in each sample, and calculated as a percentage of the
total.

Comparative genomics of organellar genomes

DNA sequencing data was published previously (Gallaher et al., 2015; Flowers et al., 2015).
Accession numbers and strain names are described in Table S4. Reads were mapped to CPv4
and MTv4 using bwa-mem with default settings. The resulting sam-formatted alignment
files were compressed and sorted with samtools (v1.3). Duplicate reads were marked, and
read groups were added with Picard Tools (v1.77) from the Broad Institute. Further analysis
was performed with the GATK suite of tools (v3.6) from the Broad Institute. Variants were
called on each bam-formatted alignment file using GATK HaplotypeCaller with the
following settings: —genotypeing_mode DISCOVERY, -ploidy 1, -stand_emit_conf 10, -
stand_call_conf 30, —emitRefConfidence GVCF. The resulting g.vcf files were combined
into a raw.vcf file with GATK GenotypeGVCFs. GATK BaseRecalibrator was run twice in
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series on the bam-formatted alignment files with the raw.vcf file used for -knownSites. The
base qualities of the reads were then recalibrated with GATK PrintReads, and GATK
HaplotypeCaller and GenotypeGVCFs were re-run as before. Finally, reads were filtered
with GATK VariantFiltration using “QD < 2.0 || FS > 60.0 || MQ < 25.0 || MQRankSum <
-12.5 || ReadPosRankSum < -8.0” for SNPs and “QD < 2.0 || FS > 200.0 ||
ReadPosRankSum < —20.0” for InDels. The final variant set was extensively reviewed by
visualization of HaplotypeCaller bamout files on IGV. The effect of variants on chloroplast
and mitochondrial genes was predicted with snpEff (v4.3r) using default settings (Cingolani
et al., 2012). High and moderate impact variants (i.e. those that fall within coding
sequences) were reviewed by visualization on IGV, and variant classifications were revised
as needed.

A data table of strains and their variants was used to construct a principle component
analysis in R. An unrooted phylogenetic tree was generated with the ape package in R, as
described previously (Saitou and Nei, 1987).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Map of C. reinhardtii chloroplast genome, CPv4
A map of the C. reinhardltii chloroplast genome, CPv4, is presented as a series of concentric

rings. From outer to inner ring, they are as follows: Gene models are presented as a series of
colored boxes. Genes transcribed in a clockwise fashion are placed outside of the line, and
genes transcribed counter-clockwise are placed inside of the line. Categories of genes are
color-coded according to the accompanying legend. Next, a green ring depicts RNA-Seq
coverage track from a representative experiment on a linear scale with 1x10° reads per locus
maximum. Strandedness is indicated as in the outer-most ring. Next, a red ring indicates the
rRNA on a logyg scale. Next, a plot of the GC content in non-overlapping 25 bp windows
with blue for %GC and gray for %AT. The 50% mark is indicated by a dashed white line,
and the overall average GC content is indicated at the bottom of the ring. Next, a ring to
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indicate the position of the two inverted repeats (IRa and IRb), the long single copy region
(LSC), and the short single copy region (SSC). A scale bar in the lower right indicates 10
kbp.
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Figure 2. Map of the C. reinhardtii mitochondrial genome, MTv4
A map of the C. reinhardltii mitochondrial genome, MTv4, is presented as a series of tracks.

Gene models are presented as colored boxes above and below the line to indicate
strandedness. Categories of genes are color-coded according to the accompanying legend.
The direction of transcription is indicated by gray arrows. Below that in red, an RNA-Seq
coverage track from a representative experiment. Strandedness is indicated as above. Next,
in blue and gray, a plot of the GC content in non-overlapping 25 bp windows, with blue for
%GC and gray for %AT. The 50% mark is indicated by a dashed white line, and the overall
average GC content is indicated at the far left. A scale bar in the upper right indicates 1 kbp.
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Figure 3. Error frequency heterogeneity of chloroplast genome versions
DNA-Seq reads were aligned to each of four genome versions in parallel using the same

parameters. An error rate was determined for each locus as the percentage of mismatched
base calls or InDels relative to the total. The per-locus error rate was averaged across non-
overlapping 1 kbp windows over the length of each genome version and plotted. Bars are
color coded as indicated by the legend. A gray bar below indicates the position of the
inverted repeats. The four genome versions are as follows: (A) BK000554.2 from NCBI
GenBank submitted in 2002, (B) FJ423446.1 from NCBI GenBank submitted in 2009, (C)
cv1l, which is a variant-corrected reconstruction of FJ423446.1, and (D) CPv4, which is a

de novo assembly.
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Figure 4. Evaluating genome versions
As in Figure 3, four different versions of the C. reinhardtii chloroplast genome were

compared using a variety of metrics. A set of 1x108 paired-end DNA-Seq reads (100 +100
nt) were aligned to each genome version in parallel using the same parameters. (A) The error
rate was determined as percentage of mismatched base calls relative to total base calls for
each locus in each genome version. This error rate was averaged across all loci in non-
overlapping 1 kbp windows, logqo-transformed, and then plotted as a violin plot. A base call
was considered errant if it differed from the reference, or if it represented an insertion or
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deletion. (B) The depth of coverage at each locus was determined, and logyg-transformed.
The distribution of coverage is presented as a violin plot for each genome version. (C) The
inferred size of the DNA fragments in the DNA-Seq library were determined by the relative
position of their alignments in each genome version. The average of the inferred fragment
sizes was calculated for each locus, logq-transformed, and then plotted as a violin plot. In
each panel, the median of the distribution is indicated by a horizontal line.
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Figure 5. DNA-Seq and RNA-Seq coverage
(A) A set of 1x10°8 paired-end DNA-Seq reads were aligned to the nuclear, chloroplast, and

mitochondrial genomes of strain CC-503. The percentage of reads aligned to each genome is
presented as a pie chart with the color scheme as indicated. (B and C) The percentage of
3x10/ reads generated from RNA-Seq libraries generated with a poly(A) based protocol (B)
or an rRNA-depletion protocol (C) from a representative experiment are presented as pie
charts. (D) The depth of DNA-Seq coverage at each locus was adjusted by HMMcopy to
account for variation in GC-content and sequence complexity. The distribution of corrected
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depth of coverage was plotted for each genome as a violin plot. A horizontal bar in each
violin indicates the median of coverage for that genome. Values in excess of the mean plus
or minus three times the standard deviation were trimmed. Brackets above the violin plot
indicate the ratio of the median for the chloroplast and mitochondrial genomes relative to the
nuclear genome.
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Figure 6. Corrected rpoC1 and rps2 gene models
In the course of this work, we identified many errors in the genetic sequence of the

previously available chloroplast genomes, such as GenBank BK000554.2. Some of these
errors likely resulted in mis-annotated chloroplast genes. Here, RNA-Seq coverage and
proteomics data were used to validate the improved CPv4 gene models. (A) In BK000554.2,
the gene encoding the B subunit of the plastid-encoded RNA polymerase, 7p0C1, was
annotated as two separate genes: rpoClaand rpoC1b (cyan bars). In contrast, CPv4 is
annotated with a single ORF (dark blue bar) encoding a 1932 aa protein that spans both of
the previous models. Relative to CPv4, there is a 2.4 kbp inversion (yellow bar) in
BK000554.2 in the region between rpoClaand rpoC1b. RNA-Seq coverage from a
representative sample is presented on a logyg scale in green. A gray bar indicates the protein
sequence encoded by CPv4 rpoC1, with purple boxes to indicate peptides that were
identified by mass spectrometry. (B) Similarly, the gene encoding the S2 ribosomal protein
was annotated as two genes in BK000554.2: rps2-1and rps2-2 (cyan bars). A single
nucleotide insertion (bent arrow) in that assembly causes a frame shift that leads to a
premature stop codon. The CPv4 rps2 ORF (dark blue bar) spans both genes and encodes a
910 aa protein.
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Figure 7. RNA-Seq analysis of chloroplast genes and related nuclear genes
Transcript abundances for all chloroplast-encoded genes were determined by RNA-Seq from

a series of experiments. The resulting transcript abundance determinations were calculated
in terms of logyq transformed FPKMs, and are presented as a heat map in the panel on the
left. Nucleus-encoded, chloroplast-targeted transcripts for subunits of photosystem I,
photosystem Il and cytochrome bgfare included for comparison. Chloroplast-encoded genes
and nucleus-encoded genes are distinguished by the presence of a dark gray or light gray
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bar, respectively, to the right of the figure. On the right, pairs of samples were compared in
terms of logo(N+1) transformed fold change.
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Figure 8. RNA-Seq analysis of mitochondrion-encoded genes and related nuclear genes
Transcript abundances for all mitochondrion-encoded genes were determined by RNA-Seq

from a series of experiments. The resulting transcript abundance determinations were
calculated in terms of logq transformed FPKMSs, and are presented as a heat map in the
panel on the left. Nucleus-encoded, mitochondrion-targeted transcripts for subunits of
complex I, complex 111 and complex IV are included for comparison. Mitochondrion-
encoded genes and nucleus-encoded genes are distinguished by the presence of a dark gray
or light gray bar, respectively, to the far right of the figure. On the right, pairs of samples
were compared in terms of logo(N+1) transformed fold change.
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Figure 9. Twenty most abundant cellular transcripts
Transcript abundances were quantified in terms of FPKMs by RNA-Seq from 12 different

cultures of C. reinhardtii grown under various conditions as indicated in the figure (see text
for details). The 20 most abundant transcripts in each sample were plotted on a logq scale
with following symbols: nucleus-encoded transcripts as blue circles, chloroplast-encoded
transcripts as green triangles, and mitochondrion-encoded transcripts as red squares.
Additional information on these genes, including gene names and FPKMs, can be found in
Supplemental Data S8.
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Figure 10. Comparison of RNA-Seq library preparation methods
Total RNA was collected from cultures grown in media with 20 pM Fe (+Fe) or 4 h after

transfer to media with <0.01 uM Fe (=Fe). The purified RNA was then used to construct
RNA-Seq libraries using either a poly(A)-enrichment protocol or an rRNA-depletion
protocol. Sequencing reads from each library were aligned to the nuclear, chloroplast and
mitochondrial genomes in parallel. The number of counts per gene were determined and
rLog, normalized by DESeq?2. The resulting counts per gene were plotted as pair-wise
scatter plots with nuclear genes as light blue circles, chloroplast genes as green squares, and
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mitochondrial genes as red triangles. Comparisons of the —Fe sample versus the +Fe sample
for libraries prepared by (A) the poly(A) protocol, or by (B) the rRNA-depletion protocol
are shown. Comparisons of the poly(A) protocol versus the rRNA-depletion protocol for (C)
the +Fe sample, or for (D) the —Fe sample are shown. For (C) and (D), a linear regression
was fit to each set of genes and plotted. The slope of the line is indicated.
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Figure 11. Splicing of psaA and psbA

Mature psaA mRNA is the result of trans-splicing between three independently transcribed
RNA fragments. Maturation of psbA mRNA requires the excision of four type | introns. To
quantify the efficiency of these splicing reactions, a pseudo-assembly containing both the
spliced and unspliced forms of the psaA and psbA transcripts was constructed /7 sifico, and
RNA-Seq reads from the light versus dark experiment were aligned to it. The mean depth of
coverage was determined for the 20 NTs upstream and downstream of each splice site in
both the spliced and unspliced forms. The ratio of depth of coverage from either the spliced

B
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form (black) or the unspliced form (gray) relative to the total is presented as a pie chart for
each splice site for (A) psaA and (B) psbA. The number in each pie indicates the percentage
that is spliced for that locus. RNA-Seq libraries were prepared from rRNA-depleted RNA
from samples collected at the end of the dark phase, or one hour into the light phase, as
indicated.
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Figure 12. Compar ative genomics analysis of organelles
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DNA-Seq reads from 11 wild isolates and 8 different laboratory strains of C. reinhardtii
were aligned to CPv4 and MTv4 and used to identify variants in the organellar genomes.

One strain, CC-503, was sequenced independently by this group (UCLA) and another

(NYU), and both samples were analyzed independently. (A) The full set of 2058 SNVs and
606 InDels was used to perform a principle component analysis. Strains are color coded by
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region as in (Flowers et al., 2015). (B) A neighbor-joining phylogenetic analysis of the same
strains. The strains in both panels are color coded by geographic origin as in Flowers et al.
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Comparison C. reinharatii chloroplast genome versions
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BK000554.2 FJ423446.1 cvll CPv4
(GB 2002) (GB 2009) (thiswork) (thiswork)

size, bp 203,828 204,159 205,713 205,535
error frequency per 1 kbp
mean * stdev, % 0.497 + 0.525 0.168 + 0.151 0.139 + 0.069 0.136 + 0.059
maximum, % 2.985 1.419 0.624 0.357
minimum, % 0.085 0.080 0.079 0.080
cover age depth
mean + stdev, count 16,648 + 3,825 | 16,582 + 3,758 | 16,711 £3,599 | 17,839 + 1,993
maximum, count 48,588 60,589 34,989 29,049
minimum, count 0 0 16 1,345
inferred insert size
mean =+ stdev, bp 364 £ 77 365+ 70 360 + 32 360 + 27
> mean + 2 x stdev, % 0.87 0.92 0.29 0.27
< mean - 2 x stdev, % 2.75 1.24 0.59 0.48
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Table 2
Summary of variants
CPSNVs [ CPInDels | MT SNVs [ MT InDels
lab strains 1 2 5 1
wild isolates | 1754 492 130 13
combined 1755 494 135 13
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Table 3
Predicted effects of variants
CPCount | CPPercent | MT Count | MT Percent
frameshift InDel 2 0.1% 0 0.0%
frameshift-preserving InDel 58 2.6% 1 0.7%
non-synonymous codon 363 16.1% 4 2.7%
synonymous codon 361 16.1% 46 31.1%
UTR 855 38.0% 27 18.2%
intronic 11 0.5% 0 0.0
intergenic 599 26.6% 70 47.3%
total 2249 100% 148 100%
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