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ABSTRACT Microalgae are key ecological players with a complex evolutionary his-
tory. Genomic diversity, in addition to limited availability of high-quality genomes,
challenge studies that aim to elucidate molecular mechanisms underlying micro-
algal ecophysiology. Here, we present a novel and comprehensive transcriptomic
hybrid approach to generate a reference for genetic analyses and resolve the
microalgal gene landscape at the strain level. The approach is demonstrated for a
strain of the coccolithophore microalga Emiliania huxleyi, which is a species com-
plex with considerable genome variability. The investigated strain is commonly
studied as a model for algal-bacterial interactions and was therefore sequenced
in the presence of bacteria to elicit the expression of interaction-relevant genes.
We applied complementary PacBio Iso-Seq full-length cDNA and poly(A)-inde-
pendent Illumina total RNA sequencing, which resulted in a de novo-assembled,
near-complete hybrid transcriptome. In particular, hybrid sequencing improved
the reconstruction of long transcripts and increased the recovery of full-length
transcript isoforms. To use the resulting hybrid transcriptome as a reference for
genetic analyses, we demonstrate a method that collapses the transcriptome into
a genome-like data set, termed “synthetic genome” (sGenome). We used the sGenome
as a reference to visually confirm the robustness of the CCMP3266 gene assembly, to
conduct differential gene expression analysis, and to characterize novel E. huxleyi genes.
The newly identified genes contribute to our understanding of E. huxleyi genome diver-
sification and are predicted to play a role in microbial interactions. Our transcriptomic
toolkit can be implemented in various microalgae to facilitate mechanistic studies on
microalgal diversity and ecology.

IMPORTANCE Microalgae are key players in the ecology and biogeochemistry of our
oceans. Efforts to implement genomic and transcriptomic tools in laboratory stud-
ies involving microalgae suffer from the lack of published genomes. In the case of
coccolithophore microalgae, the problem has long been recognized; the model
species Emiliania huxleyi is a species complex with genomes composed of a core
and a large variable portion. To study the role of the variable portion in niche ad-
aptation, and specifically in microbial interactions, strain-specific genetic information is
required. Here, we present a novel transcriptomic hybrid approach, and generated
strain-specific genome-like information. We demonstrate our approach on an E. huxleyi
strain that is cocultivated with bacteria. By constructing a “synthetic genome,” we gen-
erated comprehensive gene annotations that enabled accurate analyses of gene
expression patterns. Importantly, we unveiled novel genes in the variable portion of E.
huxleyi that play putative roles in microbial interactions.
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The ocean is rich in phytoplankton, namely, microalgae, which play key roles in global
biogeochemical cycles and marine food webs (1–3). A well-studied microalgal represen-

tative is Emiliania huxleyi (4, 5); a coccolithophore species that creates vast annual blooms,
covering hundreds of thousands of square kilometers of ocean surface (6–9). The algal
blooms collapse in a sudden process that is largely attributed to viral infection (10–13); how-
ever, mounting evidence suggests that bacteria also play pivotal roles in the sudden demise
of E. huxleyi (14–19).

To mechanistically study the influence of algal-bacterial interactions on E. huxleyi
physiology and bloom dynamics, well-characterized E. huxleyi model systems are required.
An emerging model is E. huxleyi CCMP3266 (derived from xenic culture RCC1216 [20]), a dip-
loid and calcifying strain that resembles the predominant state of E. huxleyi under natural
bloom conditions (21). Strain CCMP3266 can be cultured in the absence of bacteria (axenic)
(20), allowing for controlled addition of selected bacteria in cocultivation experiments. Initial
studies found that cocultivation of E. huxleyi CCMP3266 with the bacterium Phaeobacter
inhibens, an ecologically relevant member of the Roseobacter group, changes the algal physi-
ology and results in altered alkenone lipid metabolism (22). Furthermore, algal exudates
were found to be modified by P. inhibens into growth-stimulating and protective agents (14,
23). Over time, interactions of E. huxleyi CCMP3266 with P. inhibens trigger a programmed
cell death-like response in the alga (14, 19). This response was also observed for other pairs
of E. huxleyi and bacteria (17) and resembles the sudden demise of E. huxleyi under natural
bloom conditions (9, 12, 24). Yet, the mechanisms underlying E. huxleyi-bacterial interactions
are still poorly understood.

Mechanistic studies on E. huxleyi face a tremendous challenge; E. huxleyi is a morphotypi-
cally and phenotypically diverse species complex with genomes composed of a core and a
relatively large variable portion (25–27). The variable portion appears to contribute to the
global success of E. huxleyi, which thrives under a wide variety of environmental conditions
(25). Algal genome variability may also reflect a history of algal-bacterial interactions, as indi-
cated by strain-specific responses of E. huxleyi towards bacterial cues (15, 17, 28, 29). Despite
the complexity of E. huxleyi, to date only a single deep-sequenced, assembled, annotated,
and partially curated draft genome is publicly available, generated for E. huxleyi CCMP1516
(25). Genome sequencing is still costly to conduct and, in the case of E. huxleyi, it is further
complicated by gene duplications, repetitive sequences, ploidy, a high GC content, and pos-
sibly overlooked bacterial contaminations (25). As a result, genetic analyses that rely on the
genome as sole reference cannot resolve the contribution of variable genes to the life and
death of E. huxleyi strains other than CCMP1516.

There is a pressing need to generate accurate gene information for individual E.
huxleyi strains. In the absence of strain-specific genomes, transcriptomes can be used
as an alternative. Indeed, 17 E. huxleyi transcriptomes are currently available at the
DDBJ/EMBL/GenBank Transcriptome Shotgun Assembly Sequence Database. Among
them, 16 were generated as part of the Marine Microbial Eukaryotic Transcriptome
Project (30; BioProject accession numbers PRJEB37159 and PRJEB37164), and one was
created in order to study E. huxleyi CCMP371 calcium metabolism (31). However, tran-
scriptomes have several known caveats: the genes of interest may not be transcribed
under the applied laboratory conditions, resulting in their absence from the final tran-
scriptome. In addition, transcriptomes may contain incomplete transcripts or partially frag-
mented transcript isoforms. Transcript isoforms originate from single genes that are differ-
entially processed, involving, e.g., the utilization of alternative start/stop sites and splice
sites (32). Transcript isoforms are usually assembled from short Illumina RNA sequencing
reads, a computational approach that falls short of reconstructing accurate, full-length
sequences from differentially processed transcripts (33, 34). The PacBio long-read sequenc-
ing platform overcomes this shortcoming; it produces assembly-free, full-length transcript
isoforms, but at the expense of a lower sequencing depth that hampers the detection of
low-abundance RNA (35). Novel hybrid approaches integrate reads from complementary
short-read and long-read sequencing platforms, thereby increasing transcriptome depth, ac-
curacy, and transcript isoform reconstruction efficiency (36–41). Transcriptome complexity
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can be further increased by applying total RNA sequencing, also termed whole-transcrip-
tome sequencing. Total RNA sequencing is poly(A) independent and detects biologically im-
portant RNAmolecules, which may be derived from chloroplasts and mitochondria (42), pro-
tein-coding circular RNA (circRNA [43]), or noncoding RNA with regulatory functions (44).
However, total RNA sequencing is not yet commonly applied for the construction of hybrid
transcriptomes.

Here, we report on the construction of an E. huxleyi CCMP3266 hybrid transcriptome,
while addressing the caveats of generating transcript-based reference gene information. To
elicit the expression of genes relevant for microbial interactions, we harvested RNA from
cocultures of E. huxleyi CCMP3266 with the bacterium P. inhibens DSM17395. To resolve
full-length transcript isoforms and increase transcriptome complexity, we applied two com-
plementary sequencing approaches: (i) PacBio Iso-Seq cDNA sequencing and (ii) poly(A)-
independent, stranded Illumina total RNA sequencing. Sequencing data were de novo
assembled into a hybrid transcriptome, using the novel hybrid rnaSPAdes algorithm (40). To
evaluate the quality of the assembled transcripts, we compared the hybrid transcriptome
with three nonhybrid control transcriptomes, using a tailored analysis based on conserved
E. huxleyi reference genes. The evaluation indicates that the hybrid transcriptome was nearly
complete and contained comparatively long transcripts and more full-length transcript
isoforms. Finally, we demonstrate a novel approach to use strain-specific transcriptomes as a
reference for genetic analyses. To this end, we generated a “synthetic genome” (sGenome),
which is based on the published E. huxleyi CCMP1516 reference genome but that also
includes CCMP3266-specific gene constructs. This approach allowed us to cluster de novo
assembled E. huxleyi CCMP3266 transcript isoforms into CCMP3266 gene loci in a genome-
guided manner (using TAMA [45]), without discarding CCMP3266 transcripts that were
absent from or dissimilar to the published reference genome.

The sGenome approach was applied to visually compare CCMP1516 and CCMP3266
gene annotations, to accurately conduct differential gene expression analyses, to identify
gaps in the reference genome, and to gain novel insights into the functioning of E. huxleyi
variable genes. The latter analysis indicates an involvement of E. huxleyi variable genes in
microbial interactions. With the growing need for accurate microalgal genetic information,
the approach we describe can be applied to resolve the strain-specific gene landscape of
various microalgae.

RESULTS AND DISCUSSION
Sampling the algal transcriptome during dynamic microbial interactions. A

transcriptome can be highly dynamic. Groups of genes may be transcribed only at specific life
phases or under specific environmental conditions (46, 47). To capture the complete E. huxleyi
CCMP3266 transcriptome during algal-bacterial interactions, we sampled algal-bacterial cocul-
tures at different phases of their interaction. Therefore, axenic E. huxleyi CCMP3266 algal cul-
tures were inoculated with the bacterium P. inhibens. This algal-bacterial pair was previously
shown to engage in a dynamic interaction of ecological relevance (14). Briefly, it was shown
that bacterial growth depends on metabolites exuded by the algae. However, as the culture
ages, bacteria trigger an algal death, which is observed as bleaching of the culture. In the
present study, cocultures largely followed the algal-bacterial dynamics that were previously
described (Fig. 1). By closely monitoring algal and bacterial growth in cocultures, we identi-
fied four time points that represent key phases in the algal-bacterial interaction (Fig. 1).
Cultures were sampled for RNA extraction during the algal exponential growth phase (day
6) and the algal stationary phase (day 9), as well as in the early and late bleaching phases
(days 13 and 17). Sampled RNA extracts (see Fig. S1 in the supplemental material) were sub-
jected to sequencing and used for transcriptome construction and gene expression analysis.

Sequencing the transcriptome with two complementary methods. Our sequenc-
ing approach was designed with the aim to generate a comprehensive and accurate tran-
scriptome of E. huxleyi CCMP3266. First, the PacBio Sequel I platform was used to sequence
the mRNA with the Iso-Seq protocol. The protocol produces long sequencing reads that are
suitable to detect full-length cDNA transcript isoforms, thereby reducing downstream assem-
bly errors during transcript isoform reconstruction. Second, the Illumina NextSeq 500 platform
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was used to sequence rRNA-depleted total RNA, producing short sequencing reads with high
sequencing depth, thereby improving the detection of genes with low expression levels. In
contrast to the first protocol, the latter protocol also targets nonpolyadenylated RNA. Detailed
information about the PacBio and Illumina sequencing results are provided in the supplemen-
tal material (see Table S1 and Fig. S2, as well as Table S2, respectively). Raw sequencing data
from both platforms were processed into PacBio circular consensus sequence (CCS) reads and
Illumina quality-controlled (QC) reads, as described in Materials andMethods, and are summar-
ized in Fig. 2a. The PacBio method yielded 336,459 CCS reads (623 Mb), with a mean length of
1,850 bp. The Illumina method yielded 314 M QC reads (48 Gb), with a mean length of 155 bp
(77 1 78-bp paired reads). As expected, the PacBio method produced less reads (930-fold),
which, however, were significantly longer (12-fold). The processed reads from both platforms
were characterized by an equally high median quality of Q35 (probability of 3.2 errors per
10,000 bp). In summary, sequencing yields and read qualities were within the upper bounda-
ries of the manufacturers’ instrument specifications.

Constructing a hybrid transcriptome. The generated PacBio CCS and Illumina QC
reads were used to construct a hybrid transcriptome (Fig. 2a). For this purpose, we
applied the hybrid rnaSPAdes algorithm, which de novo assembles short RNA sequencing
reads into contiguous sequences (contigs), and integrates exon structure information of
long-reads (40). The hybrid rnaSPAdes software produced an assembly with 69,353 contigs
(Fig. 2a). We further implemented filtering steps, which removed 3,579 P. inhibens contigs
(no other, possibly contaminating transcripts were detected; see Fig. S3), 11,073 redundant
contigs (based on CD-HIT-EST clustering), and 1,502 erroneously assembled contigs derived

FIG 1 Algal and bacterial growth during cocultivation. For each time point, four replicate cocultivation
flasks were sampled for growth monitoring. (a and b) Algal growth was determined using three technical
replicates per coculture (a), and bacterial growth was measured using technical duplicates per coculture (b).
The data are presented as the means of the technical replicates. Error bars indicate the standard deviations.
RNA was extracted from three cocultures at four time points during the algal-bacterial interaction (orange).
A pool of RNA extracts from all four time points was used for PacBio Iso-Seq sequencing, while individual
Illumina RNA sequencing libraries were prepared for each of the 12 RNA samples to allow time-resolved
differential gene expression analyses.
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from rRNA (see Fig. S4). In addition, 10,513 poorly supported contigs were removed, which
were identified by multimapping Illumina QC reads to the hybrid assembly (,5 read sup-
port). The final hybrid transcriptome contained 42,686 contigs. Of note, we refrained from
removing short, partially unassembled sequences (e.g., 200-bp cutoff). These sequences are
potential artifacts; however, they may also include short RNAs with biological functions,
such as previously described RNAs in E. huxleyi extracellular vesicles (48, 49). The final hybrid
transcriptome, including functional transcript annotations are given in the supplement (see
Data Sets S1 and S2, respectively).

Acquiring control transcriptomes to assess transcript qualities. To assess the
quality of the hybrid transcriptome, we generated two nonhybrid control transcriptomes

FIG 2 Complementary long- and short-read sequencing of E. huxleyi CCMP3266 resulted in a hybrid transcriptome with improved transcript length, and
full-length transcript isoform recovery. (a) PacBio long reads (LR) and Illumina total RNA short reads (SR) were used to construct a hybrid transcriptome,
and two nonhybrid LR and SR control transcriptomes. A third nonhybrid E. huxleyi CCMP371 control transcriptome was downloaded from the
Transcriptome Shotgun Assembly (TSA) database (31). (b) The quality of the hybrid transcriptome was evaluated by comparing it to the three nonhybrid
control transcriptomes.
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(Fig. 2a). First, a long-read (LR) transcriptome was constructed, based on PacBio CCS reads
that were processed into high-quality consensus transcript isoforms, using the default
PacBio Iso-Seq3 pipeline. Second, a short-read (SR) transcriptome was constructed, based
on Illumina QC reads that were processed with the hybrid transcriptome pipeline, while
omitting the CCS read integration step. It is noteworthy that the hybrid transcriptome, as
well as the two control transcriptomes, was filtered for technical redundancy using CD-HIT-
EST with identical clustering options (95% nucleotide identity cutoff). This step ensured the
presence of biologically relevant transcript isoforms, and allowed to compare the efficiency
of transcript isoform reconstruction between the transcriptomes. In addition, a third E.
huxleyi Illumina short-read transcriptome of strain CCMP371 was downloaded from the
Transcriptome Shotgun Assembly database (TSA; Fig. 2a). The CCMP371 control tran-
scriptome was generated with a similar, stranded, total RNA sequencing protocol as
used for CCMP3266 total RNA sequencing (31), making it a suitable reference to evaluate
the Illumina RNA sequencing and assembly strategy that we applied. The quality of the
transcriptomes was assessed as described in “Assessment of transcriptome quality” in
Materials and Methods. Briefly, we collected basic assembly statistics and quantified the
number of protein-coding transcripts. In addition, transcriptome completeness and transcript
isoform reconstruction efficiency were assessed with BUSCO (50), using a set of conserved eu-
karyotic reference genes (n = 255), as well as with a tailored BLAT-based method, using a
newly compiled set of conserved E. huxleyi reference genes (n = 13,168; see Data Set S3).

Long-reads resolve transcript isoforms but lack complexity. Using the above analyses,
we found that the LR transcriptome contained the longest transcripts (1,656-bp mean length),
with the highest relative number of protein-coding sequences (95.3%), and the highest num-
ber of full-length transcript isoforms per complete E. huxleyi reference gene (2.0; Fig. 2b).
However, the LR transcriptome also contained the lowest number of detected eukaryotic
and E. huxleyi reference genes (44.7% eukaryotic genes; 69.6% E. huxleyi genes), and the
lowest number of complete E. huxleyi genes (34.7%). The low complexity of the LR tran-
scriptome arises from the lower PacBio sequencing depth and/or the absence of nonpo-
lyadenylated transcripts in the PacBio sequencing library. In conclusion, the PacBio long-
read sequencing method generates valuable, full-length transcript isoform information
but was insufficient in resolving a complex E. huxleyi CCMP3266 transcriptome when used
as a stand-alone method.

Short-reads increase transcriptome complexity. In comparison, all three other tran-
scriptomes, which were assembled from total RNA Illumina short-reads, were found to
be near complete (95.7 to 95.8% detected E. huxleyi genes; Fig. 2b). However, we found
marked differences in the quality of the transcriptomes. To analyze the differences, we
first compared the SR transcriptome with the CCMP371 transcriptome (Fig. 2b), which
were both generated with a similar poly(A)-independent sequencing approach, and
did not integrate PacBio long-reads. The SR transcriptome contained longer transcripts
(a 1,294-bp versus 826-bp mean length) and a higher relative number of protein-coding
sequences (85.7% versus 43.5%). The SR transcriptome also contained more detected eu-
karyotic reference genes (83.2% versus 76.5%), fewer fragmented eukaryotic genes (11.0%
versus 20.0%), and more full-length transcript isoforms per complete eukaryotic gene
(11.4% versus 0.8% duplicated copies). Likewise, the SR transcriptome contained more
complete E. huxleyi reference genes (61.1% versus 44.0%) and more full-length transcript
isoforms per complete E. huxleyi gene (1.39 versus 1.00). The results indicate that the
Illumina total RNA sequencing strategy we applied was suitable for generating a short-
read transcriptome of high quality.

The hybrid transcriptome harbors transcripts with improved length. To assess
the outcome of integrating long-reads during short-read assembly, we compared the hybrid
transcriptome with the SR transcriptome (Fig. 2b). Both transcriptomes were similarly com-
plex and contained the same amount of detected reference genes (83.2% versus 83.2% eu-
karyotic genes; 95.7% versus 95.7% E. huxleyi genes). However, the hybrid transcriptome
contained more transcripts (42,686 versus 41,913), which were longer (a 1,406-bp versus
1,294-bp mean length), and encoded a slightly higher relative number of proteins (86.9% ver-
sus 85.7%). The hybrid transcriptome also contained more full-length transcript isoforms per
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complete eukaryotic reference gene (16.9% versus 11.4% duplicated copies). Furthermore,
the hybrid transcriptome contained more complete E. huxleyi reference genes (63.2% versus
61.1%) and more full-length transcript isoforms per complete E. huxleyi gene (1.66 versus
1.39). We further assessed the number of E. huxleyi reference genes that were represented by
longer transcripts in the hybrid transcriptome (.5% higher coverage). This analysis revealed
that long-read integration improved the transcript length for 480 E. huxleyi reference genes.
Noteworthy, the 480 improved E. huxleyi genes were 1.6-fold longer, compared to the total
of 13,168 E. huxleyi reference genes (a 2,424-bp versus 1,488-bp median length; see Fig. S5).
This highlights that long-read integration helps in reconstructing transcripts that originate
from long genes. In summary, we found that the hybrid transcriptome approach did not
notably alter the overall transcriptome complexity but gave rise to more complete transcripts
and was advantageous in reconstructing full-length transcript isoforms. Complete transcripts
are required to generate uninterrupted protein sequences and accurate functional annota-
tions. In addition, full-length transcript isoforms are required to analyze differential transcript
splicing—a mechanism that controls cellular differentiation in multicellular eukaryotes but is
understudied in single-celled microalgae (51).

Generating a “synthetic genome” reference for genetic analyses. Transcriptomes
contain redundant transcript isoforms, which should be clustered into nonredundant
gene loci for accurate downstream genetic analyses (52). Therefore, we used the hybrid
transcriptome to generate a “synthetic genome” (sGenome), which is a genome-like data
set that is based on the existing CCMP1516 reference genome assembly but also includes
CCMP3266-specific genes. For sGenome construction, we first identified CCMP3266-specific
transcripts in the hybrid transcriptome that had low similarity to the CCMP1516 reference
genome (,95% nucleotide identity, ,95% coverage) or which were completely
absent from the genome. This step identified 19,537 CCMP3266-specific transcripts.
Next, CCMP3266-specific transcripts were processed with COGENT to reconstruct the
originating genes (53). COGENT clusters similar transcripts into families and then
attempts to reconstruct the gene for each family based on shared exons and alternative
introns. This step collapsed 19,537 CCMP3266-specific transcripts into 16,416 COGENT
sequences. An example of a reconstructed COGENT gene sequence is presented in Fig. S6.
Since COGENT cannot reconstruct single genes for each family, we additionally applied CD-
HIT-EST filtering with a low nucleotide identity threshold (80% identify cutoff). This step
selects a single representative sequence for clusters of similar sequences. The combination
of COGENT with CD-HIT-EST resulted in 13,264 less-redundant sequences, which represent
CCMP3266-specific genes. The representative CCMP3266-specific gene sequences were
appended to the CCMP1516 genome (including mitochondrion and plastid), resulting in the
preliminary sGenome. Finally, non-CCMP3266 regions were removed by mapping the hybrid
transcriptome to the preliminary sGenome and masking unmapped regions (see Data Set
S4). The mapping coordinates were also used to define CCMP3266 gene loci with TAMA (45;
see also Data Set S5). As a result, 42,686 E. huxleyi CCMP3266 transcripts in the hybrid tran-
scriptome were collapsed into 30,553 CCMP3266 genes. In comparison, the E. huxleyi
CCMP1516 reference genome contains 38,554 NCBI genes and 33,341 JGI genes. In sum-
mary, the sGenome is a set of E. huxleyi CCMP3266 genes, which are based on transcrip-
tional evidence and that harbor transcript isoform information.

Controlling for the robustness of E. huxleyi CCMP3266 genes. An advantage of
the synthetic genome approach is that the resulting CCMP3266 sGenome has the same “chro-
mosomal” structure as the CCMP1516 reference genome (scaffold names and lengths are pre-
served). This allows to visually compare the newly generated E. huxleyi CCMP3266 gene anno-
tations, with those publicly available for CCMP1516. A representative region of the CCMP3266
sGenome is shown in Fig. 3. This region includes two novel E. huxleyi CCMP3266 genes, which
were not annotated in the CCMP1516 genome (Fig. 3, loci D and E). Vice versa, the region
includes two CCMP1516 genes that were not supported by CCMP3266 expression data (Fig. 3,
loci C and H). Those unsupported CCMP1516 genes are possible pseudogenes and require ex-
perimental validation. The visualization further shows that CCMP3266 gene length and com-
plexity was improved by combining PacBio long reads with poly(A)-independent Illumina
short reads (compare to Fig. 2b). For example, one CCMP3266 gene presented in the region
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was incompletely covered by partially 59-end degraded PacBio long reads (transcription start
site) but extended by Illumina short reads (Fig. 3, locus D). In addition, two CCMP3266 genes
presented in the region were only detected by short-read sequencing (Fig. 3, loci F and J). In
these cases, the E. huxleyi transcript abundance was either below the PacBio detection thresh-
old (Fig. 3, locus F), or transcripts were inefficiently detected by poly(A)-dependent long-read
sequencing (Fig. 3, locus J), as indicated by relative differences in short-read coverages (Fig. 3,
track 4). The visualization further exemplifies how E. huxleyi genes, which were described as
“hypothetical” in the CCMP1516 genome, were now assigned with a function in the
CCMP3266 sGenome. Taken together, the visualization supports the robustness of
the generated E. huxleyi CCMP3266 genes.

Using the sGenome as a reference to track gene expression of known processes. To
assess the applicability of the E. huxleyi CCMP3266 sGenome as a reference for gene
expression analyses, we mapped the Illumina QC reads to the sGenome and quantified
CCMP3266 gene expression during cocultivation (Fig. 1). Using these expression data, we first
conducted a targeted analysis to investigate the presence and temporal expression of genes
involved in algal sulfur uptake and dimethylsulfoniopropionate (DMSP) biosynthesis. These cel-
lular functions are well studied in E. huxleyi, are of major ecological importance, and have well-
characterized expression patterns (54, 55). Our analysis indicated that key genes involved in
sulfate uptake, reductive sulfate assimilation, and DMSP synthesis present in the E. huxleyi
CCMP3266 sGenome were correctly annotated and, indeed, exhibited predicted expression
patterns (Fig. 4). Examination of expression levels indicated that an ion permease involved in
sulfate uptake exhibited the highest expression during growth (day 6), which decreased
towards the stationary phase (day 9). In contrast, the expression levels of genes involved in
reductive sulfate assimilation and DMSP synthesis were highest at the stationary phase (day 9)
and decreased with the onset of bleaching (day 13). These data suggest that sulfate uptake
takes place in dividing algal cells, while sulfur assimilation and DMSP synthesis are more pro-
nounced in nondividing cells. These observations are in accordance with recent reports on
high DMSP concentrations in stationary E. huxleyi cultures (17). It should be noted that a gene
associated with the cleavage of DMSP to DMS (DMSP lyase, termed Alma1 [56]) was not found

FIG 3 E. huxleyi CCMP3266 genes were generated by clustering transcript isoforms into gene loci. Visualized is a representative region of the E. huxleyi
CCMP3266 sGenome (CCMP1516 reference genome plus CCMP3266-specific gene constructs). The visualization includes newly generated CCMP3266 gene
annotations (left, track 1) and CCMP1516 gene annotations downloaded from NCBI (track 2). Bottom characters indicate gene loci discussed in the main
text. The visualization includes alignments generated for PacBio CCS reads (track 3), Illumina QC reads (track 4), and contigs of the hybrid transcriptome
(track 5). Track 4 is depicted as coverage track (light gray) with numbers on the scale indicating how often a read mapped to a specific position. Tracks 3
and 5 show individual transcripts (light red, 1 strand; light blue, – strand). The visualization was done with JBrowse (69), using the E. huxleyi CCMP3266
sGenome as reference (aee Data Sets S4 and S5).
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in strain CCMP3266, which corroborates reports on E. huxleyi strain variability regarding DMS
production (57).

Applying differential expression analysis to unravel biologically relevant genes.We
further wished to gain an overview of algal genes and processes that were regulated
during the cocultivation with bacteria. First, a principal component analysis was conducted,
which shows that biological triplicates, which were collected for four different time points

FIG 4 Analysis of sulfur metabolism in E. huxleyi CCMP3266. (a) A sulfate ion permease gene exhibited high transcript abundance in dividing cells (day 06)
and decreased as cultures aged. (b and c) Genes involved in reductive sulfate assimilation (b) and DMSP synthesis (c) exhibited the highest expression at
stationary phase (day 9). Gene G28044 was identified as DSYB (methylthiohydroxybutryate methyltransferase), which catalyzes the last step of DMSP
synthesis (99.7% amino acid identity), with the E. huxleyi CCMP1516 DSYB sequence reported by Curson et al (103). Information provided above the
graphs include strain CCMP3266 gene annotations (bold), GeneID (red), and locus tag names of CCMP1516 homologues genes (gray). CCMP3266 GeneID,
transcript IDs, and functional annotations are listed in Data Set S2; nucleotide sequences can be retrieved from Data Set S1, using the respective GeneID
and/or transcript IDs.

FIG 5 Changes in E. huxleyi CCMP3266 gene expression patterns are most pronounced during the transition
from growth to stationary phase. (a) A principal component analysis plot of algal gene expression in the
different samples indicates that biological triplicates cluster closely together. The transition from growth (day 6)
to stationary phase (day 9) is accompanied by global changes in gene expression, illustrated by the distance
between the time points on the PC1 axis. Smaller differences in gene expression are observed during the
transition from stationary phase to the early and late bleaching phase (days 9 to 17). (b) A heatmap with 2,842
differentially expressed genes (DEG) reveals clusters of E. huxleyi CCMP3266 genes that are characteristic for the
different algal life phases. (c and d) Clusters of 1,189 downregulated (c) and 518 upregulated (d) DEGs were
identified for subsequent GO enrichment analysis. Gene expression values are shown as z-scores. DEGs and
down- and upregulated genes are indicated in Data Set S2 (columns 11 to 13).
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(Fig. 1), clustered closely together (Fig. 5a). The observed patterns in the PCA plot further
suggest that E. huxleyi underwent major transcriptional rearrangements when transitioning
from growth to stationary phase (day 6 to day 9). Fewer transcriptional changes were associ-
ated with the transition from stationary phase to algal demise (days 9 to 17). A likelihood-ra-
tio test identified 2,842 algal genes that were differentially expressed (DE) during the four
sampled time points (see Data Set S2, column 11). Gene expression is visualized as a heat-
map (Fig. 5b), exhibiting clusters of genes that were characteristic for the different life phases
of E. huxleyi (Fig. 1). A cluster of 1,189 downregulated, and 518 upregulated DE genes were
extracted (Fig. 5c and d; see Data Set S2, columns 12 and 13) and analyzed for enrichment
of biological processes based on Gene Ontology (GO) annotations (Table 1).

Processes that were downregulated during the transition from exponential growth
(Fig. 1, day 6) to algal demise (Fig. 1, day 17) were associated with photosynthesis, ATP
metabolism, and lipid biosynthesis, as well as DNA transcription and translation (Table 1). The
identified processes are central for cell division, and their downregulation over time appears
to be consistent with algal decline. Some downregulated DE genes were annotated with the
GO term “interspecies interaction” and are therefore promising candidates for future studies
on algal-bacterial interactions. We also found a rewiring of isoprenoid biosynthesis (i.e., the
mevalonate pathway, which includes down- and upregulated genes; Table 1), which was pre-
viously reported to play an essential role in E. huxleyi during viral infections (58).

Next, we analyzed processes that were upregulated during algal demise. Upregulated
processes were associated with DNA repair and protein folding, as well as with the

TABLE 1 E. huxleyi CCMP3266 gene expression in cocultures exhibits down- and upregulation of key biological processes during the
transition from exponential growth to algal demise (Fig. 1)a

Process no. GO iD Term Annotated Significant Expected P
Downregulated
1 GO:0006412 Translation 683 51 31.83 3.5E–04
2 GO:0009765 Photosynthesis, light harvesting 79 29 3.68 3.4E–17
3 GO:0044419 Interspecies interaction between organisms 535 28 24.93 1.4E–04
4 GO:0006633 Fatty acid biosynthetic process 172 26 8.02 4.4E–07
5 GO:0002181 Cytoplasmic translation 183 22 8.53 6.5E–05
6 GO:0046034 ATP metabolic process 162 22 7.55 4.4E–03
7 GO:0018298 Protein-chromophore linkage 49 19 2.28 1.9E–13
8 GO:0006413 Translational initiation 177 15 8.25 4.2E–03
9 GO:0006084 Acetyl-CoA metabolic process 91 13 4.24 1.4E–04
10 GO:0010142 Farnesyl diphosphate biosynthetic process, mevalonate pathway 59 11 2.75 7.4E–05
11 GO:0006614 SRP-dependent cotranslational protein targeting to membrane 65 11 3.03 1.8E–04
12 GO:0000184 Nuclear-transcribed mRNA catabolic process, nonsense-mediated decay 87 11 4.05 2.2E–03
13 GO:0006352 DNA-templated transcription, initiation 117 9 5.45 3.2E–03
14 GO:0034975 Protein folding in endoplasmic reticulum 31 7 1.44 4.5E–04
15 GO:0016126 Sterol biosynthetic process 34 7 1.58 2.4E–03

Upregulated
1 GO:0006633 Fatty acid biosynthetic process 172 10 2.86 1.8E–03
2 GO:0006986 Response to unfolded protein 85 7 1.42 6.3E–05
3 GO:0051085 Chaperone cofactor-dependent protein refolding 21 6 0.35 8.7E–07
4 GO:0006099 Tricarboxylic acid cycle 30 6 0.5 8.4E–06
5 GO:0008340 Determination of adult lifespan 92 6 1.53 4.3E–03
6 GO:0042026 Protein refolding 29 5 0.48 8.2E–04
7 GO:0010142 Farnesyl diphosphate biosynthetic process, mevalonate pathway 59 5 0.98 2.9E–03
8 GO:0006101 Citrate metabolic process 22 4 0.37 4.3E–04
9 GO:0098630 Aggregation of unicellular organisms 40 4 0.67 4.3E–03
10 GO:0042823 Pyridoxal phosphate biosynthetic process 10 3 0.17 5.0E–04
11 GO:0051131 Chaperone-mediated protein complex assembly 17 3 0.28 2.6E–03
12 GO:0000722 Telomere maintenance via recombination 19 3 0.32 3.6E–03
13 GO:0009647 Skotomorphogenesis 4 2 0.07 1.6E–03
14 GO:0034461 Uropod retraction 5 2 0.08 2.7E–03
15 GO:0097552 Mitochondrial double-strand break repair via homologous recombination 6 2 0.1 4.0E–03

aThe “Annotated” column indicates the number of E. huxleyi CCMP3266 genes that were specified with the respective GO iD (see Data Set S2, column 21). The “Significant”
column indicates the number of genes that were down- or upregulated. The “Expected” column indicates the theoretical number of down- and upregulated genes in the
absence of an enrichment.
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tricarboxylic acid cycle involved in metabolite recycling and respiration. The upregulated
genes are related to aging, and correspond to a general stress response in algae (46, 59). The
increased expression of genes involved in DNA double-strand breaks during algal demise is in
agreement with previous reports on programmed cell death in E. huxleyi (14, 60). Double-
strand breaks could also be involved in meiosis, a cellular process that was shown to be trig-
gered in E. huxleyi under viral infection (61). Noteworthy, the GO enrichment analysis identified
genes involved in cell aggregation, a process that is extensively described in E. huxleyi (62), but
for which no associated genes have yet been reported (63). Using the sGenome, we identified
E. huxleyi candidate genes that are of biological and possibly ecological importance.

Expanding the E. huxleyi gene landscape.Genomic diversity is assumed to contribute
to the global success of E. huxleyi; however, the molecular functions encoded by variably
distributed genes are poorly understood (25). To gain a better understanding of E. huxleyi
variable genes, we sought to identify novel E. huxleyi genes that are expressed in CCMP3266
but absent from the E. huxleyi CCMP1516 reference genome. Therefore, we mapped the
CCMP3266 genes (using the longest transcript per gene; see Data Set S2, column 7) to the
genome of CCMP1516 (including mitochondrion and plastid). With this approach, we found
that 6.3% of CCMP3266 genes (1,931 of 30,553) were not present in the CCMP1516 genome.
Similarly, Read et al. (25) reported that 4.5 to 6.6% of CCMP1516 genes were absent from
three other deep-sequenced E. huxleyi strains. The CCMP3266 genes absent in CCMP1516
were further filtered for those that contain functional annotations, resulting in a set 420
novel E. huxleyi genes (see Data Set S6).

Validating the novelty of the 420 new genes. It is possible that part of the 420
novel E. huxleyi genes (see Data Set S6) are missing from the CCMP1516 reference genome
due to technical constrains. To explore this possibility, we searched for the presence of the
420 novel genes in 17 publicly available E. huxleyi transcriptomes using BLAT (.10% cover-
age). Our analysis found that 142 of the 420 novel genes were present in all 17 transcriptomes
(see Data Set S6, column 7). The common occurrence of these 142 genes suggests that they
are missing from the CCMP1516 reference genome due to technical reasons. Indeed, among
the 142 missing genes, we found a highly expressed nitrate reductase (GeneID G26296; see
Data Set S6). The absence of this gene from the reference genome was previously noted (64),
and was surprising due to its centrality in E. huxleyi nitrogen assimilation (65). In addition, we
identified a gene encoding a decarboxylating phosphogluconate dehydrogenase (EC 1.1.1.44;
GeneID G28049; see Data Set S6). This enzyme is required for the oxidative branch of the pen-
tose phosphate pathway, a key biosynthetic pathway that produces essential 5-carbon sugars.
In addition, an aminomethyl-transferring glycine dehydrogenase gene was detected (EC
1.4.4.2; GeneID G28787; see Data Set S6), which is necessary for photorespiration in mitochon-
dria. In accordance with our findings, the three above-described genes are not represented in
the public E. huxleyi KEGG metabolic pathway maps (66). In conclusion, the rediscovery of key
metabolic E. huxleyi genes illustrates the importance of deep transcriptome sequencing from
different growth stages and conditions, as well as the use of complementary long- and short-
read sequencing methods in gene discovery and genome refinement.

E. huxleyi variable genes are potentially involved in microbial interactions.
Microalgae and bacteria have evolved together, and it appears plausible that E. huxleyi
genome variability is influenced by microbial interactions (67). To address this hypothesis,
we screened the list of 420 novel E. huxleyi genes (see Data Set S6) for genes that are varia-
bly distributed among E. huxleyi strains. Therefore, we filtered the list of 420 novel E. huxleyi
genes for those that were detected in less than 50% of all 17 E. huxleyi transcriptomes (see
Data Set S6, column 7). We further removed genes that lack PacBio long-read support (see
Data Set S6, column 6) to increase the confidence of the functional annotations. The filtering
resulted in a set of 86 variably distributed E. huxleyi CCMP3266 genes.

The set of 86 variable E. huxleyi genes was screened for functional annotations that
indicate an involvement in algal-bacterial interactions. First, we searched for functions
related to sensing bacteria. We found two genes that encode leucine-rich repeats (LRRs;
G2551 and G5223; see Data Set S6 and Fig. S7) and which are part of a well-established
plant-bacterium recognition mechanism (68). LRRs could play similar roles in algal-bacte-
rial recognition.
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Next, we searched for functions that alter the algal sugar profile. Algal sugars are important
growth substrates for P. inhibens (69), and alterations in algal sugar compositions affect the
assemblages of surrounding bacteria (70). Algal sugars are also found attached to the outer
cell membrane, where they mediate interspecies communication (71). We identified several
E. huxleyi CCMP3266 variable genes that are putatively involved in depolymerizing, modifying,
and transporting sugars (see Fig. S6). These identified genes encode an alpha-amylase (G851;
EC 3.2.1.1; see Data Set S6 and Fig. S7), which hydrolyses hexose polysaccharides, as well as an
a-L-arabinofuranosidase (G548; EC 3.2.1.55; see Data Set S6 and Fig. S7), which hydrolyzes pen-
tose polysaccharides. Two additional variable genes were found that can modify sugars by
adding sulfur groups, including a galactose-3-O-sulfotransferase gene (G3328; EC 2.8.2.11; see
Data Set S6 and Fig. S7) and a [heparan sulfate]-glucosamine 3-O-sulfotransferase gene
(G1190; EC 2.8.2.30; see Data Set S6 and Fig. S7). In addition, a fucose/H1 symporter gene was
found, which participates in transporting hexoses across cell membranes (G333; see Data Set
S6 and Fig. S7).

Finally, we searched for E. huxleyi CCMP3266 variable genes that can modify algal
lipids composition. Bacteria were previously shown to influence the abundance of lipid bodies
in algal populations (22). Lipid bodies are also known to facilitate host defense in plants (67).
In addition, virus-infected E. huxleyi cells were shown to accumulate lipid bodies that contain
triacylglyerols (TAGs) and that can be secreted via extracellular vesicles (48, 72). Our search
identified two variable CCMP3266 genes that are putatively involved in lipid modifications.
First, we found a TAG-producing diacylglycerol acyltransferase gene, which was upregulated
during algal demise (G26748; EC 2.3.1.20; see Data Set S6 and Fig. S7). Second, we identified a
phospholipase A2 gene that can produce fatty acids and lysolipids and that was similarly up-
regulated during algal demise (G2440; see Data Set S6 and Fig. S7). Interestingly, the produc-
tion and oxidation of fatty acids creates polyunsaturated aldehydes, known to be involved in
grazer-defense of diatoms (73). Furthermore, lysolipids have known antimicrobial activity and
were previously shown to protect certain protists against competing bacteria (74).

In conclusion, we identified E. huxleyi CCMP3266 genes that are variably distributed
among E. huxleyi strains and that are promising candidates to be involved in microbial inter-
actions. Our findings suggest that E. huxleyi genomic variability can be in part influenced by
coevolution with bacteria. Our data further highlight the need to generate accurate gene in-
formation for individual E. huxleyi strains due to genomic variability between closely related
strains. The pipeline we describe for hybrid transcriptome sequencing and analysis can facili-
tate further studies aimed at revealing strain-specific adaptations, which could provide
broad insights into microalgal speciation and diversity.

MATERIALS ANDMETHODS
Strains and culture conditions. The algal strain E. huxleyi CCMP3266 was purchased as an axenic

culture from the National Center for Marine Algae and Microbiota (Bigelow Laboratory for Ocean Sciences, East
Boothbay, ME). Algal axenic cultures were regularly controlled for the absence of bacteria, as described previ-
ously (14). To allow for cultivation under defined and reproducible conditions, cultures were grown in artificial
seawater (ASW) prepared according to Goyet and Poisson (75). ASW contained mineral salts (NaCl, 409.41 mM;
Na2SO4, 28.22 mM; KCl, 9.08 mM; KBr, 0.82 mM; NaF, 0.07 mM; Na2CO3, 0.20 mM; NaHCO3, 2 mM; MgCl2,
50.66 mM; SrCl2, 0.09 mM), L1 vitamins (thiamine HCl, 100 mg/L; biotin, 0.5 mg/L; vitamin B12, 0.5 mg/L), F/2
trace elements (FeCl3 � 6H2O, 3.15 mg/L; Na2EDTA � 2H2O, 4.36 mg/L; CuSO4 � 5H2O, 9.8mg/L; Na2MoO4 � 2H2O,
6.3 mg/L; ZnSO4 � 7H2O, 22 mg/L; CoCl2 � 6H2O, 10 mg/L; MnCl2 � 4H2O, 180 mg/L), and L1 nutrients (NaNO3,
882 mM; NaH2PO4, 36.22 mM). ASW was adjusted to pH 8 using HCl. Algal cultivation was conducted at 18°C,
with a light/dark cycle of 18/6 h and an illumination intensity of 130-mm photons m22 s21.

The bacterial strain Phaeobacter inhibens DSM17395 was purchased from the German collection of
microorganisms and cell cultures (DSMZ, Braunschweig, Germany) and stored at 280°C with 20% glycerol.
Cultivation of P. inhibens was conducted in ASW medium with additional carbon (glucose, 2 mM), nitrogen
(NH4Cl, 5 mM), phosphorous (KH2PO4, 2 mM), and sulfur (Na2SO4, 33 mM), referred to as ASW1CNPS. Bacteria
were cultivated at 30°C under constant shaking at 130 rpm.

Cocultivation. E. huxleyi was cocultivated with P. inhibens to elicit the expression of “microbial inter-
action” genes. To avoid altering growth dynamics in cocultures during repetitive sampling, 24 replicate
cocultures were setup in parallel flasks (1-L Erlenmeyer flasks, 150 ml of ASW). All 24 flasks were inocu-
lated with 50,000 exponentially growing axenic E. huxleyi cells (day 24) and acclimated for 4 days.
Cocultivation commenced by adding 300 CFU of a P. inhibens pure culture to all 24 flasks (day 0). To pre-
vent glucose carryover, P. inhibens was precultivated for 48 h in ASW1CNPS until reaching stationary
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phase, while exhausting the glucose in the medium. Starting from day 4, four cocultivation flasks were
randomly sampled per time point and then discarded after sampling (Fig. 1).

Growth monitoring. Algal growth was determined for each sampled flask with three technical repli-
cates by using a CellStream flow cytometer (Merck, Darmstadt, Germany). Bacterial growth was determined for
each sampled flask with technical duplicates, by CFU counting on 1/2 YTSS agar plates, as previously described
(14). Algal and bacterial growth is depicted in Fig. 1.

RNA sampling and quality control. To capture E. huxleyi transcripts from different physiological
states and different phases of the algal-bacterial interaction, four characteristic time points were chosen
for RNA extraction (Fig. 1). At each of the four time points, RNA was extracted from three selected flasks,
resulting in a total of 12 RNA samples (Fig. 1, orange dots). For RNA extraction, the sampled flasks were
harvested (2 h after the beginning of the light cycle) by centrifugation of a 50-ml coculture at 18°C for
5 min at 3,220 relative centrifugal force using a 5810 R swing-out centrifuge (Eppendorf, Hamburg,
Germany). The supernatant was removed with vacuum, and cell pellets were resuspended in 450 ml of
RLT lysis buffer (Qiagen, Hilden, Germany). Cells were immediately disrupted by bead beating at room
temperature with 300 mg of 150- to 220-mm acid-washed glass beads for 5 min at 30 s21 in a mixer mill
MM 400 (Retsch, Haan, Germany) and then directly subjected to RNA extraction. The RNA extraction was
conducted using an RNeasy Plant minikit in combination with the RNase-Free DNase Set (Qiagen) for
on-column DNase treatment. The final elution volume was 60 ml. RNA integrity was assessed using a
4150 TapeStation instrument with RNA ScreenTapes (Agilent, Santa Clara, CA; see Fig. S1 in the supple-
mental material). RNA purity was assessed using a NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA; see Fig. S1). The RNA quantity was assessed using a Qubit 2.0
Fluorometer with a Qubit RNA HS assay kit (Thermo Fisher Scientific; see Fig. S1). RNA extracts were
stored at280°C.

PacBio library preparation, sequencing, and raw read processing. For PacBio long-read full-
length cDNA sequencing, the non-size-selected, poly(A)-targeted PacBio Iso-Seq library protocol v06
was used (Pacific Biosciences, Menlo Park, CA). We constructed a single PacBio sequencing library with
the intention to capture all E. huxleyi RNA transcripts expressed at the four sampled time points (Fig. 1,
orange dots). Therefore, all 12 RNA samples were pooled (1ml per sample; see Fig. S1), and the RNA pool used
as the template for reverse transcription with the SMARTer PCR cDNA synthesis kit (two parallel reactions; 1mg
of pooled RNA per reaction; TaKaRa, Mountain View, CA). The resulting cDNA was amplified with 12 PCR cycles
(see Fig. S8), and the product was used for SMRTbell template preparation as described in the protocol. The
resulting SMRTbell template (see Fig. S9) was annealed to the sequencing polymerase, using a Sequel binding
kit 3.0. Sequencing was conducted with a 8 pM on-plate concentration using a Sequel I System in CCS mode
and a single SMRT Cell (1M; PacBio). PacBio raw reads (polymerase reads) were processed into circular consen-
sus sequence (CCS) reads ($Q20; also termed HiFi reads), using the SMRT Link software (v8.0). SMRT Link out-
puts that summarize sequencing productivity and quality are listed in Table S1. Diagnostic plots generated dur-
ing CCS read generation are provided in Fig. S2.

Illumina library preparation, sequencing, and raw read processing. For total RNA sequencing, a
poly(A)-independent, stranded library preparation protocol was used. The protocol was adapted from Avraham
et al. (76) (see Fig. S10), with minor modifications. As input, 100 ng of RNA extract was used for each of the
samples collected from 12 cocultures (Fig. 1; see also Fig. S1). Fragmented RNA samples were individually
tagged by 39 ligation with the barcoded adapters 1 to 12 (desalted; Merck/Millipore/Sigma, Israel) to allow for
downstream temporal gene expression analyses. Tagged RNA samples were pooled, and rRNA depleted with a
RiboMinus kit using a combination of universal rRNA depletion probes for plants and bacteria (Invitrogen,
Carlsbad, CA). The depleted RNA was purified using an RNA Clean & Concentrator-5 column (Zymo Research,
Irvine, CA). First-strand cDNA synthesis was conducted with a SuperScript IV reverse transcriptase (Invitrogen)
and an AR2 primer, which binds to the barcoded adapter region. The cDNA was 39 ligated with adapter 3Tr3
and amplified with the adapter-binding primers P5 and P7_tagged_880 using an optimized eight-cycle PCR
(see Fig. S11a). The PCR product was purified using 0.6� and 0.75� RNAClean XP SPRI beads for right- and
left-sided cleanup, respectively (see Fig. S11b). Sequencing was conducted using an Illumina NextSeq 500
instrument in paired-end mode (881 78 cycles), a high-output v2.5 sequencing cassette (400 M), and 2 pM of
prepared library with 1% PhiX as an internal control. Sequencing yields and quality are summarized in Table
S2. Illumina raw reads were demultiplexed with fastq-multx (v1.3.1 [77]), allowing one mismatch per barcode.
The demultiplexed reads were Q20 quality filtered with cutadapt (--nextseq-trim=20 [78]). Sequencing adapters
and poly(A) tails were trimmed, and reads of,30 bp were discarded, resulting in processed raw reads, referred
to as Illumina QC reads. Illumina read statistics were generated with FastQC (79) and MultiQC (80).

Transcriptome construction. A hybrid transcriptome was constructed by integrating PacBio and
Illumina sequencing data. To this end, PacBio CCS reads and Illumina QC reads were de novo assembled with
hybrid rnaSPAdes (v3.14.0; --pe --ss rf --pacbio; 40). The resulting hybrid assembly was filtered, using the follow-
ing steps in the given order: P. inhibens transcripts were identified and removed by mapping the hybrid assem-
bly to the genome of P. inhibens DSM17395 (accession number GCF_000154765.2) with GMAP (v2019-02-26;
--nosplicing [81]). Redundant transcripts were removed with CD-HIT-EST (-c 0.95 -n 10 [82]). Erroneously
assembled rRNA fragments were curated by mapping the hybrid assembly to three manually constructed nu-
cleus-, plastid-, and mitochondrion-encoded rRNA consensus sequences (nucleotide sequences of rRNA con-
structs are given in Table S3). The mapping was conducted with GMAP (v2019-02-26; -n 1 -z sense_force
--canonical-mode 0 --no-chimeras --split-large-introns --totallength 5000 --max-intronlength-middle 5000
--cross-species [81]). Mapped fragments were removed and replaced by the curated rRNA consensus sequen-
ces (see Table S3 and Fig. S4). Contigs with poor expression support were identified by multimapping the
Illumina QC reads (allowing up to 100 alignments per read) to the hybrid assembly with STAR (v2.7.5c;
--outSAMattributes All --alignIntronMax 5000 --alignMatesGapMax 5000 --outSAMtype BAM SortedByCoordinate
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--outFilterMultimapNmax 100 --outSAMmultNmax 100 [83]). Mapped reads were counted with featureCounts
(v2.0.0; -p -C -F SAF -M [84]), and contigs with,5 mapped reads were discarded. Finally, N-characters introduced
by rnaSPAdes were removed with SeqKit (85), resulting in the final hybrid transcriptome (see Data Set S1).
Functional annotations were created for each transcript by conducting a blastx search (blastx-v2.7.1; -db nr -soft_
masking “true” -strand “plus” -num_alignments 10 -max_hsps 10 -evalue 1e-5 -outfmt 14 [86]) and using
blast2GO, InterProScan, and EggNOG (v5.0) implemented in the OmicsBox (v1.3.11) (87–89). The functional
transcript annotations are given in Data Set S2.

Two additional, nonhybrid transcriptomes were constructed as controls. First, a PacBio long-read
transcriptome was constructed (LR transcriptome), by processing the PacBio CCS reads with the Iso-
Seq3 pipeline, using the SMRT Link software (v8.0). As part of the pipeline, PacBio CCS reads that contain
both cDNA primers and a poly(A) tail were trimmed at the ends, and artificial concatemers were
removed (reads with additional cDNA primers in the middle of the sequence), resulting in full-length
nonconcatemer reads (PacBio FLNC reads; see Table S1). FLNC reads with a minimum of seven sub-reads
(inserts that were passed $7 times by the polymerase), at least two representative sequences (FLNC
reads that differ by ,100 bp on the 59 end and by ,30 bp on the 39 end and have no internal gaps of
.10 bp) and .0.99 accuracy (.Q20; less than 1 in 100 incorrectly called bases) were clustered and col-
lapsed into consensus transcripts, referred to as PacBio HQ isoforms. Possible P. inhibens contaminations
were removed by genome mapping, and redundant transcripts were discarded with CD-HIT-EST, as
described above for the hybrid transcriptome, resulting in the final LR transcriptome. As a second non-
hybrid control, an Illumina short-read transcriptome was constructed (SR transcriptome). The SR tran-
scriptome was constructed with the same pipeline as described above for the hybrid transcriptome,
including all filtering steps, but by using rnaSPAdes without PacBio CCS read integration (omitting the
--pacbio option). An overview of the steps involved in transcriptome construction is given in Fig. 2a.

Assessment of transcriptome quality. Basic fasta file statistics were collected for the transcrip-
tomes with assembly_stats (v0.1.4 [90]). The number of transcripts with protein-coding sequences
($100 amino acids) were quantified by predicting open reading frames with ANGEL (v2.7; dumb_
predict.py --min_aa_length 100; angel_make_training_set.py --random; angel_train.py; angel_predict.py
--output_mode=best --min_angel_aa_length 100 --min_dumb_aa_length 100 [91]). Transcriptome complete-
ness was assessed with BUSCO v4 (Benchmarking Universal Single-Copy Orthologs [50]), using a eukaryotic
reference data set with 255 conserved genes (eukaryota_odb10.2019-11-20). In addition, transcriptome com-
pleteness and transcript isoform reconstruction efficiency were assessed using a tailored analysis, which is
conceptually similar to the BUSCO (50) and rnaQUAST (92) methods but relies on a newly compiled set of con-
served E. huxleyi reference genes. For this analysis, a complete list of 33,341 E. huxleyi CCMP1516 genes was
downloaded from the JGI PhycoCosm hub (25, 93) (reduced “haploid” gene model set). The gene list was fil-
tered for those that are part of the E. huxleyi core genome (n = 20,055), and which were supported by
expressed sequence tags (ESTs), based on data given by Read et al. (25). The nucleotide sequences of the genes
were extracted from the E. huxleyi CCMP1516 genome assembly (Emihu1_scaffolds.fasta), using the associated
annotation file (Emihu1_reduced_genes.gff). The result was a set of 13,168 conserved E. huxleyi CCMP1516 ref-
erence genes, which include intron and exon features (see Data Set S3). To identify which of these E. huxleyi ref-
erence genes were present in the analyzed transcriptomes, we ran a BLAT search (v35 [94]) using the reference
genes as the database and the transcriptomes as queries (-tileSize=10 -stepSize=5 -extendThroughN). The BLAT
output table was analyzed with basic Linux bash programs (awk, sort, and uniq), and the results are summarized
in Fig. 2b. The coverage of an E. huxleyi reference gene was calculated based on the BLAT output table, using the
columns for gene length (T size), target start (T start), and target end (T end), to include gaps. We considered an
E. huxleyi reference gene to be detected in a transcriptome query if the gene exhibited at least 10% coverage by
a matching transcript. Nucleotide identities between CCMP1516 reference genes and CCMP3266 matching tran-
scripts were calculated based on the match andmismatch columns. A reference gene was considered to be com-
plete if it exhibited at least 95% coverage by a matching transcript (= full-length transcript). To assess the effi-
ciency of full-length transcript isoform reconstruction for each of the transcriptomes, we calculated the average
number of full-length transcripts found per complete E. huxleyi reference gene. We also evaluated the outcome
of hybrid transcriptome sequencing by quantifying the number of E. huxleyi reference genes that exhibited at
least 5% higher coverage by the best matching transcript in the hybrid transcriptome compared to the best-
matching transcript in the SR transcriptome (= reference genes with “improved length”; Fig. 2b).

Synthetic genome construction. To generate a genome-like data set, a “synthetic genome”
(sGenome) was constructed. The hybrid transcriptome was first mapped to the E. huxleyi CCMP1516 ref-
erence genome consisting of the main genome assembly (GCF_000372725.1), the plastid (JN022705.1), and
the mitochondrion (JN022704.1). The mapping was conducted with GMAP (v2019-02-26; -n 1 -z sense_force
--canonical-mode 0 --no-chimeras --split-large-introns --totallength 5000 --max-intronlength-middle 5000
--cross-species [81]). Unmapped transcripts and transcripts with,95% identity and,95% coverage alignment
accuracy were identified with TAMA (tama_collapse.py -x no_cap -icm ident_map -c 95 -i 95 [45]) and sub-
jected to reference-free transcript clustering and gene reconstruction with COGENT (v8.0.0; default options
[53]). The COGENT output, which includes reconstructed genes and unassigned contigs, was used with CD-
HIT-EST (v4.8.1; -c 0.80 -n 5 -d 0 -g 1 [82]) to reduce redundancy. The CD-HIT-EST output, which represents E.
huxleyi CCMP3266 specific genes, was appended to the E. huxleyi CCMP1516 reference genome (including
plastid and mitochondrion), resulting in a preliminary sGenome. For final sGenome generation (see Data Set
S4), the hybrid transcriptome was mapped to the preliminary sGenome with GMAP (v2019-02-26; options as
above [81]), and unmapped regions in the preliminary sGenome were masked with bedtools (v2.26.0 [95]). The
GMAP mapping coordinates were further used as input for TAMA to assemble the mapped transcripts into
genes (-x no_cap -icm ident_map -c 10 -i 10 [45]) and to generate a CCMP3266 gene annotation file. The anno-
tation file was modified with AGAT to convert it into GFF3 format and to add additional feature attributes (96)
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(see Data Set S5). The E. huxleyi CCMP3266 sGenome (see Data Set S4) was used together with the gene anno-
tation file (see Data Set S5) as a reference for visualization with JBrowse (v1.16.6 [97]; Fig. 3). The visualization
includes expression data generated by mapping PacBio CCS reads (GMAP v2019-02-26, with options as
described above [81]) and Illumina QC reads (STAR v2.7.5c, with options as described above [83]) to the
sGenome.

Differential gene expression analysis. E. huxleyi CCMP3266 gene expression analysis was conducted by
mapping Illumina QC reads to the sGenome with STAR (v2.7.5c; --outSAMattributes All --alignIntronMax
5000 --alignMatesGapMax 5000 --outSAMtype BAM SortedByCoordinate --outFilterMultimapNmax 30
--outSAMmultNmax 1 [83]). The alignment output was used with the above generated GFF3 annotation file to
count mapped reads per gene with featureCounts (-p -C -O --fraction; v2.0.0 [84]). For compatibility with
featureCounts, the NH:i attribute of the STAR output was changed to “1,” using SAMtools (98) and Linux sed
(STAR reports the number of alternative alignments in the NH:I attribute, which interferes with featureCounts frac-
tional counting). The resulting count table was normalized to transcripts per million to account for differences in
sample size and gene length. In addition, the nonnormalized count table was used as input for differential gene
expression analysis with the DESeq2 package (v1.28.1 [34]) for R (v4.0.3). Sample variability was analyzed using
the DESeq2 rlog transformation (blind=TRUE) and plotPCA function (ntop=2000), shown in Fig. 5a. Since the RNA
sequencing data were from a time-course experiment, we identified differentially expressed genes across all sam-
ples by using the DESeq2 likelihood ratio test (adjusted P cutoff = 0.001), following recommendations of the
Harvard Chan Bioinformatics Core Unit (99). The DESeq2 normalized counts for the DEGs were extracted, and
then scaled (z-score) and plotted with pheatmap (100) (Fig. 5b). To extract groups of downregulated and upregu-
lated genes, DESeq2 rlog-transformed counts were used as input, together with the list of DEGs, for the
DEGReport package (101). The extracted DEG groups (Fig. 5c) were used as input for GO-term enrichment analy-
sis with topGO, using the weight01 algorithm and Fisher test statistics (v2.40.0 [102]; Table 1).

Identification of novel E. huxleyi genes. To identify CCMP3266 genes that are absent from the
CCMP1516 reference genome, the CCMP3266 gene annotation file (see Data Set S5) was used with
AGAT (96) to extract the longest representative transcript for each gene. The representative transcripts
were mapped to the genome assembly of E. huxleyi CCMP1516 (including mitochondria and plastid)
using GMAP (v2019-02-26; options as above [81]). Unmapped transcripts were used as query with BLAT (v35;
-tileSize=10 -stepSize=5 -extendThroughN [94]) to search for homologues sequences in 17 E. huxleyi transcrip-
tomes downloaded from the TSA database (accession numbers GHJP00000000, HBIR00000000, HBNU00000000,
HBOB00000000, HBOC00000000, HBPW00000000, HBQI00000000, HBTF00000000, HBTI00000000,
HBTL00000000, HBTO00000000, HBTP00000000, HBTT00000000, HBTU00000000, HBTV00000000,
HBTW00000000, and HBTX00000000). The BLAT output table was filtered for matches with at least
10% coverage, as described in Materials and Methods under “Assessment of transcriptome quality.”

Data availability. PacBio CCS reads, Illumina QC reads, and the hybrid transcriptome were deposited
under the BioProject ID PRJNA698293. PacBio CCS reads and Illumina QC reads were uploaded to the Sequence
Read Archive (SRA; accession numbers SRR13590462 to SRR13590474). The hybrid transcriptome was deposited
at the Transcriptome Shotgun Assembly Sequence Database (TSA; master record, GIZZ00000000; assembly ver-
sion, GIZZ01000000). The hybrid transcriptome described in the manuscript (see Data Set S1) slightly differs from
the uploaded version; upload to the TSA database required the removal of 1,043 short transcripts (,200 bp), 14
contaminating transcripts, and the trimming of putative sequencing adapters for 164 transcripts (;20 bp). The
transcript IDs generated by hybrid rnaSPAdes were renamed for TSA submission (see Data Set S2, columns 3 and
4). A BLAST search of the E. huxleyi CCMP3266 hybrid transcriptome can be conducted from the NCBI webpage
upon selecting the TSA Database. Supplemental Data Sets S1 to S6 can be downloaded from Zenodo (https://
zenodo.org/record/5702921).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.5 MB.
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