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Abstract

Alternate isoforms are an important contributor to phenotypic diversity across
eukaryotes. While short read RNA-sequencing has increased our understanding of isoform
diversity, it is challenging to accurately detect full-length transcripts, preventing the
identification of many alternate isoforms. Long-read sequencing technologies have made it
possible to sequence full length alternative transcripts, accurately characterizing alternative
splicing events, alternate transcription start and end sites, and differences in UTR regions. Here,
we utilize PacBio long read RNA-sequencing (Iso-Seq) to examine the transcriptomes of five
organs in threespine stickleback fish (Gasterosteus aculeatus), a widely used genetic model
species. The threespine stickleback fish has a refined genome assembly where gene annotations
are based on short-read RNA sequencing and predictions from coding sequence of other species.
This suggests some of the existing annotations may be inaccurate or alternative transcripts may
not be fully characterized. Using Iso-Seq we detected thousands of novel isoforms, indicating
many isoforms are absent in the current Ensembl gene annotations. In addition, we refined many
of the existing annotations within the genome. We noted many improperly positioned
transcription start sites that were refined with long-read sequencing. The Iso-Seq predicted
transcription start sites were more accurate and verified through ATAC-seq. We also detected
many alternative splicing events between sexes and across organs. We found a substantial
number of genes in both somatic and gonad samples that had sex-specific isoforms. Our study
highlights the power of long-read sequencing to study the complexity of transcriptomes, greatly

improving genomic resources for the threespine stickleback fish.
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Introduction

The ability to generate alternative isoforms from a finite number of genes is a widespread
phenomenon across eukaryotes that has been hypothesized to play a key role in the evolution of
phenotypic diversity (reviewed in Graveley 2001; Keren et al. 2010; Baralle and Giudice 2017).
Alternative isoforms can arise through multiple mechanisms. For one, the coding sequence can
be altered by alternative splicing. This can be achieved through the retention of introns, the
inclusion or exclusion of entire exons, or the usage of alternative splice sites within exons
(reviewed in Smith et al. 1989; Keren et al. 2010). Isoform diversity can also be increased
through the inclusion of alternate transcription start sites (TSSs) or transcription termination sites
(TTSs), leading to differences in the 5’ or 3’ untranslated regions (UTRs). These variants do not
alter the underlying coding sequence, but can alter transcriptional regulation and underlying
stability of the mMRNA transcript (Gupta et al. 2014; Wang et al. 2016b; Zhang et al. 2017).
These positions are also important for some experimental applications such as SCRNA-seq which
utilizes 3’ tags to select or enrich transcripts during library preparation (Hashimshony et al.

2012; Macosko et al. 2015).

Short read RNA-seq has greatly expanded our ability to survey the complexity of
transcriptomes (reviewed in Costa et al. 2010), including the computational prediction of
alternative splicing events (Trapnell et al. 2009; Anders et al. 2012; Kim et al. 2015; Kim et al.
2019). However, short-read RNA-seq cannot accurately detect all isoforms. In order to detect all
splice junctions among alternative isoforms there must be sufficient read depth at alternative
exon-exon boundaries (Bryant et al. 2012; Steijger et al. 2013). For experiments with insufficient
read coverage, lowly expressed isoforms are challenging to recover and predict (reviewed in

Conesa et al. 2016). Alternative isoform identification is further confounded as short reads map
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to multiple isoforms causing reads to collapse into a single isoform. To properly differentiate

alternative transcripts, full-length transcripts are needed (Steijger et al. 2013; Wang et al. 2016a).

Long-read sequencing technologies have made it possible to sequence a single full-length
transcript with high accuracy (Wang et al. 2016a; Wang et al. 2019).With sufficient sequencing
coverage, isoforms can be identified unambiguously, classifying the complete catalog of splice
junctions and alternate TSSs and TTSs (Wang et al. 2019). This technology has been
successfully applied to multiple species of plants and animals (Sharon et al. 2013; Abdel-Ghany
et al. 2016; Wang et al. 2016a; Cheng et al. 2017; Kuo et al. 2017; Li et al. 2018; Nudelman et
al. 2018; Deslattes Mays et al. 2019; Zhang et al. 2019). Long-read RNA sequencing has refined
existing gene annotations as well as characterized pervasive alternative splicing among organs

(Abdel-Ghany et al. 2016; Wang et al. 2016a; Kuo et al. 2017; Li et al. 2018; Zhang et al. 2019).

Although transcriptome complexity has been increasingly studied at the organ level,
comparatively little is known about the sex-specificity of isoforms. Sexual dimorphism in
alternative splicing may be important in regulating many of the phenotypic differences observed
between sexes. For instance, male and female somatic differentiation in Drosophila is controlled
by alternatively spliced transcripts of the doublesex gene (Dmel\dsx) (Burtis and Baker 1989). In
addition, alternative splicing can be a mechanism to resolve intralocus sexual antagonism, where
the expression of a gene is beneficial to one sex yet harmful to the other (reviewed in Ellegren
and Parsch 2007; Stewart et al. 2010). Alternative splicing could allow antagonistic exons to be
restricted to a single sex or alternative TSSs and TTSs could create opportunities for sex-specific
transcriptional regulation. At a genome level, there is growing evidence that alternative splicing
is widespread between sexes (Mclintyre et al. 2006; Blekhman et al. 2010; Brown et al. 2014;

Gibilisco et al. 2016; Rogers et al. 2020). However, all surveys have utilized either short-read
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RNA-seq or microarray probes targeting known transcripts. This raises the possibility that the

true amount of alternative splicing between sexes may be underestimated.

Here we use PacBio long-read RNA sequencing (Iso-Seq) to explore the extent of
alternative isoforms across organs and between sexes in threespine stickleback fish
(Gasterosteus aculeatus). Threespine stickleback fish are an emerging genetic model system for
evolutionary biology, ecology, behavior, physiology, and toxicology (Bell and Foster 1994;
Barber and Nettlseship 2010; Hendry et al. 2013). Although the genome sequence has been
curated well (Peichel et al. 2001; Jones et al. 2012a; Glazer et al. 2015; Peichel et al. 2017), the
gene annotations are based entirely on the Ensembl annotation pipeline (Yates et al. 2020),
which incorporates expressed sequencing tags (ESTs), publicly available short-read RNA-seq,
and known homology from other organisms (Yates et al. 2020). Our study utilizes 1so-Seq to
sequence the transcriptomes of five organs to high coverage in both sexes (liver, brain,
pronephros, testis, and ovary) to expand and refine the existing Ensembl annotations. In addition,
we survey the extent of alternative isoforms among organs and sexes. These transcriptomes will
be an important resource in exploring the overall contribution of alternative isoforms to sexual
dimorphism as threespine stickleback fish exhibit pronounced phenotypic differences between
the sexes (Kitano et al. 2007; Leinonen et al. 2011; Kotrschal et al. 2012; McGee and

Wainwright 2013).

Results

The 1s0-Seq3 pipeline produced an accurate transcriptome
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We extracted total RNA from the brain (including the optic bulb), liver, pronephros or
head kidney, and meiotic gonads (ovary and testis) from both sexes. The entire organ was
extracted and both nuclear and cytoplasmic RNAs were collected for long-read RNA sequencing
(I1so-Seq). On average, 618,000 circular consensus sequences (CCS) per organ were produced
from the raw subreads (Supplemental Table S1). These CCS reads were then filtered, clustered
into full-length transcripts, and polished, producing an average of 41,000 high quality consensus
reads per sample (Supplemental Table S1). We then tested the effect of different aligners on the
produced transcriptomes. minimap?2 identified 26,432 isoforms whereas deSALT found 48,345
isoforms. Utilizing universal single-copy orthologs (BUSCO) (see supplemental methods:
Optimizing long-read transcriptome pipeline), we found the minimap2 transcriptome was more
complete, containing more complete single copy orthologs than the deSALT transcriptome

(Supplemental Fig S1). Therefore, we used minimap2 for the final Iso-Seq transcriptome.

We explored whether the number of BUSCO genes we observed in the Iso-Seq
transcriptome was affected by the stringent filtering implemented in the 1so-Seq3 pipeline. We
identified isoforms using only the CCS reads, created prior to running Iso-Seq3, from the female
brain as a representative sample (see supplemental methods: Optimizing long-read transcriptome
pipeline). The CCS transcriptome produced more isoforms, but the full I1so-Seq transcriptome
produced 10-fold more complete single copy orthologs (Supplemental Fig S2). This suggests the
Iso-Seq3 pipeline may not be driving the difference in complete single copy orthologs when
comparing with the Ensembl annotations, although it is important to note we cannot fully rule

out the effect of size selection bias in the sequencing protocol (see size bias described below).

PacBio long-read sequencing identified several thousand isoforms
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Using the Iso-Seq3 pipeline and SQANTI filtering, we recovered a final 1so-Seq
transcriptome composed of 26,432 isoforms (13,703 genes; annotated genes: 7,754; novel genes:
5,949; Supplemental Files S1-S4, Supplemental Table S2). In comparison, the Ensembl
transcriptome (build 97) had 22,443 genes and 29,245 isoforms. Although we found a smaller
number of genes in the Iso-Seq transcriptome, we identified a similar number of isoforms
suggesting that alternative splicing and/or alternative TSSs and TTSs may be more pervasive
than predicted through the Ensembl annotations. Consistent with this, we identified 18,271 novel
isoforms that did not match previously annotated Ensembl isoforms. Furthermore, within single
genes we also observed a greater breadth of alternative isoforms. There was a higher percentage
of genes that had two or more isoforms in the 1so-Seq transcriptome compared to the Ensembl

transcriptome (Ensembl: 24%; 1so-Seq: 31%; Supplemental Fig S3).

One possibility why we did not capture more single copy orthologs was that our libraries
may not have been sequenced to an adequate depth. To test this, we created subsamples of the
CCS reads (Workman et al. 2018). We recovered at least 90% of the predicted isoforms with
only 35% to 85% of the original CCS reads (Supplemental Fig S4). This indicates that each
library was nearly saturated with reads and including additional sequencing of these organs

would not greatly increase the transcriptome completeness.

Long-read sequencing technologies are biased towards sequencing short isoforms (2 kb
or smaller) (Byrne et al. 2019; Amarasinghe et al. 2020). To examine if our 1so-Seq
transcriptome was enriched for short isoforms, we compared the isoform lengths between the
Iso-Seq transcriptome and the Ensembl isoforms missing from our dataset. The 1so-Seq
transcriptome was missing 23,794 isoforms that were annotated in the Ensembl transcriptome.

Among these isoforms, 18,283 isoforms (76.7%) were less than 2 kb in length. This was
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enriched compared to the percentage of isoforms less than 2 kb in length in the remaining Iso-
Seq transcriptome (15,091 isoforms; 57.1%; chi-squared test; X-squared: 2189.7; p < 0.001).
These results suggest many of the missing transcripts in our assembly may be due to a size bias

against short transcripts in the sequencing protocol.

We used short-read RNA sequencing to verify the accuracy of alternative splicing among
the 1so-Seq isoforms. We sequenced each sample to high coverage in order to target a complete
set of alternative splice junctions (~166 million reads per sample were produced; Supplemental
Table S3, Supplemental File S5). We searched for the presence of uniquely mapping and
multimapping short reads that spanned the splice junctions of isoforms with two or more exons
(17,853 isoforms). The short-read sequencing showed that the Iso-Seq sequencing was highly
accurate at detecting alternative isoforms. A majority of the isoforms (16,826 isoforms, 94% of
isoforms with two or more exons) had all splice junctions confirmed by short read sequencing
through both uniquely mapping reads and multimapping reads. Only 321 isoforms (2%) had no
short reads supporting the splice junctions. The remaining 706 isoforms (4%) had one or more

splice junctions that were not confirmed by the short-read data.

Full-length isoform sequencing refined many of the previously predicted transcription start

and end sites

SQANTI characterizes isoforms into nine categories based on the splice junctions
between exons (Tardaguila et al. 2018). We condensed these categories into three broad classes:
Ensembl isoform matches, novel isoforms, and novel genes. Ensembl isoform matches
corresponded to known Ensembl gene and transcript annotations while novel isoforms matched a

known Ensembl gene but did not match any of the annotated transcripts. Novel genes did not
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match any annotated gene in Ensembl. We also aligned the 1s0-Seq transcriptome to the most
recent genome assembly (Nath et al. 2021) (Supplemental Table S4). Of the 26,432 isoforms,
only 6,410 exactly matched the Ensembl predicted splicing (FSM; 25%; Fig 1, Table 1). The
remainder of the isoforms overlapping Ensembl annotations did not match the existing splicing
annotations fully and likely represent alternative splicing events that exclude some internal exons
(ISM; 1,551 isoforms; Fig 1, Table 1). We found that a majority of isoforms that fully matched
internal Ensembl splice junctions had differences in TSSs and TTSs (FSM isoforms that did not
match annotated TSS: 99%; FSM isoforms that did not match annotated TTS: 98%). On average,
the TSSs were 99 bp upstream of the annotated TSS (Fig 2). This pattern was more pronounced

in the TTSs where the average distance from the Ensembl TTS was 500 bp upstream (Fig 2).

We confirmed the new TSSs by utilizing liver ATAC-seq chromatin accessibility data
from a different population of fish. ATAC-seq reads are expected to be enriched around the
nucleosome-free region of TSSs (Mavrich et al. 2008; Buenrostro et al. 2013; Meers et al. 2018).
We compared the read coverage in the 4 kb surrounding Ensembl annotated TSSs and in the 4 kb
surrounding the new Iso-Seq TSSs. We found an increased enrichment of ATAC-seq reads
narrowed exactly at TSSs identified by Iso-Seq (Fig 3, Supplemental Fig S5). This enrichment
was much weaker around Ensembl TSSs, indicating greater inaccuracy in placement. There may
be some variation in enrichment of ATAC-seq reads around TSSs due to population-specific
differences in liver transcript expression (the ATAC-seq and Iso-Seq data were derived from
different populations of fish). However, the strong enrichment we observed around 1so-Seq TSSs

indicates many of the transcripts must be common across populations.
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Table 1: Characterization of 1so-Seq transcripts.

Isoform Category Isoform Count

Isoform match with Ensembl: protein coding
Full splice match 6,401
Incomplete splice match 1,125

Isoform match with Ensembl: non-protein coding

Full splice match 209
Incomplete splice match 426
Novel Isoform: protein coding
Genic 964
Fusion 39
Novel in Catalog 5,948
Novel Not in Catalog 2,325
Novel Isoform: non-protein coding
Genic 1,461
Fusion 2
Novel in Catalog 756
Novel Not in Catalog 151
Novel Gene: protein coding
Intergenic 981
Antisense 152
Intronic 123
Novel Gene: non-protein coding
Intergenic 4,349
Antisense 316
Intronic 704
Total Isoforms* 26,432

Work in other species has shown chromatin accessibility at TSSs is a good predictor of
transcriptional activity, but it does not accurately predict overall expression level of genes
(Connelly et al. 2014). We examined whether the depth of ATAC-seq reads at the newly defined
TSSs were positively correlated with RNA-seq expression levels. We found weak positive
correlations in both male and female liver samples (male liver: Spearman’s rank correlation;

average rho = 0.049; P > 0.05; female liver: Spearman’s rank correlation; average rho = 0.082; P
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206 < 0.05; Supplemental Fig S6), indicating the degree of chromatin accessibility in the sample is

207  not a predictor of gene expression level in threespine stickleback fish.
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Fig 1. In-depth characterization of isoforms by SQANTI for 1so-Seq transcriptome. Isoforms are classified into
nine different splice categories by SQANTI: FSM (full splice matches), ISM (incomplete splice match), NIC
(novel in catalog), NNC (novel not in catalog), Genic, Antisense, Fusion, Intergenic, and Intronic. Each splice
category is divided into predicted protein coding isoforms (gold) and predicted non-protein coding isoforms

rey).
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Fig 2. 1so-Seq full splice matches have different transcription start sites (TSS) and transcription termination sites
(TTS) compared to Ensembl annotations. Full splice matches are isoforms that have the same exon boundaries as
Ensembl transcripts (6,610 isoforms). (A) On average, full splice match isoform TSSs are located 99 bp upstream
of the annotated TSS. (B) Full splice match isoform TTSs are located on average 500 bp upstream of the
annotated TTS.
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Fig 3. Accessible chromatin is localized in narrow peaks around the 1so-Seq transcription start sites. We
compared ATAC-seq read coverage at all Ensembl TSSs and 1so-Seq TSSs across the autosomes in the male
liver (A) and female liver (B). ATAC-seq reads show an enrichment at the Iso-Seq TSS compared to the
Ensembl TSS. This indicates a more accurate positioning of the TSS using 1so-Seg. A second male and female
replicate is shown in Supplemental Fig S5.

A majority of the Iso-Seq transcriptome was previously unannotated

Nearly 70% of isoforms detected in the 1so-Seq transcriptome (18,271 isoforms) were
classified as novel isoforms or novel genes. Novel isoforms represent a completely new isoform
of a previously annotated gene in the Ensembl transcriptome where novel genes represent a
completely novel gene not previously annotated. A majority of the novel isoforms (64%; 11,646)
overlap currently annotated genes, indicating long-read sequencing captures alternative splicing
events not readily annotated by current pipelines or identifies errors in current exon/intron
boundaries (Table 1). The remaining isoforms represented completely novel genes (36%; 6,625),
either located entirely within an Ensembl intergenic region, an Ensembl annotated intron, or on

the antisense strand (Table 1). To examine the functions of the novel protein-coding isoforms
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(11,646), we searched for Gene Ontology (GO) matches and similarities to known protein
domains. We found 10,107 novel isoforms that shared sequence identity with at least one known
protein domain (Supplemental File S6). Many GO terms were enriched for general components
of the cell (e.g. membrane components or organelle components) and general molecular
functions such as catalytic activity and biogenesis (Supplemental Fig S7, Supplemental Table
S5). There was also enrichment in various biological processes such as biological regulation,
response to stimulus, reproduction, and immune processes (Supplemental Fig S7, Supplemental
Table S5). Over 50% of the novel isoforms appear to be unique to threespine stickleback fish

(Supplemental Fig S8).

Non-protein coding isoforms are enriched for long non-coding RNAs

We identified 8,374 non-protein coding isoforms (32% of the 26,432 total isoforms). This
fraction was much larger than the proportion of non-protein coding isoforms currently annotated
in the Ensembl transcriptome (10%; 2,767 non-protein coding isoforms of 29,245 total
isoforms), indicating long-read sequencing may have captured a broader sampling of regulatory
non-coding RNAs (ncRNAs). We first examined whether any of our isoforms overlapped with
currently annotated regulatory ncRNAs. We recovered 29% of the previously annotated Ensembl
ncRNASs in the Iso-Seq transcriptome. This low percentage of previously annotated ncRNAs
recovered in our dataset is likely due to the limited number of organs we sequenced. Of the 2,767
annotated Ensembl ncRNAs, we found only 209 exactly matched the 1so-Seq annotations (from
the Ensembl isoform match: non-protein coding category; Table 1) and 582 partially overlapped
an existing ncRNA annotation (distributed among the Ensembl isoform match: non-protein

coding category and the novel isoform: non-protein coding category; Table 1).
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We characterized the remaining novel non-protein coding isoforms and genes (7,583 total
distributed among the novel gene: non-protein coding and novel isoform: non-protein coding
categories; Table 1) by overall length and genome location. Short ncRNAs are under 200 bp in
length and include miRNAs, endo-siRNAs, and piRNAs (reviewed in Farazi et al. 2008; Pauli et
al. 2011). Long ncRNAs (IncRNAS) are greater than 200 bp in length (Mercer et al. 2009). A
majority of the novel short and long ncRNAs we identified were classified as intergenic (short
ncRNASs: 306 isoforms, 69%; long ncRNAs: 4,135 isoforms, 58%). Far fewer ncRNAS were
intronic (short ncRNAs: 44 isoforms, 10%; long ncRNAs: 584 isoforms, 8%) or antisense (short
NncRNASs: 27 isoforms; 6 %; long ncRNAs: 498, 7%). There were 69 (16%) short ncRNAs and
1,920 (27%) long ncRNAs that did not fall into these three regions. These uncategorized

ncRNAs did not overlap with known ncRNAs, but did overlap with other annotations.

Many isoforms have sex-specific alternative splicing

Alternative splicing plays a key role in increasing protein diversity using a limited
number of genes. Isoforms of the same gene can regulate specific developmental and
physiological processes (Graveley 2001; Baralle and Giudice 2017). Alternative splicing is
important for sex determination in Drosophila (Burtis and Baker 1989) and for the development
of sex-specific organs in other species (Telonis-Scott et al. 2009; Gibilisco et al. 2016; Planells et
al. 2019). However, the overall importance of sex-specific alternative splicing remains largely
underexplored (Mcintyre et al. 2006) because detecting full-length isoforms from short read
RNA-seq is difficult. We searched for evidence of sex-specific alternative splicing among the

somatic and gonad samples in our dataset. Using the female and male transcriptomes
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(Supplemental Table S1), we found that a substantial number of isoforms were specific to one
sex. Of genes expressed in both sexes (4,842 total genes), we found 1,590 (33%) had female-
specific isoforms and 2,103 (43%) had male-specific isoforms (Supplemental File S7). In total,
there were 2,363 female-specific isoforms and 3,664 male-specific isoforms. Of these isoforms,
nearly half exhibited alternative splicing in only one sex (female specific: 1,146 isoforms, 49%;
male specific: 1,531 isoforms, 42%). The remainder of isoforms had alternate TSSs/TTSs
(female specific: 425 isoforms, 18%; male specific: 968 isoforms, 26%) or exhibited both
alternative splicing and alternate TSSs/TTSs (female specific: 792 isoforms, 34%; male specific:

1,165 isoforms, 32%).

We explored whether the alternative sex-specific isoforms we identified were driven by
the inclusion of the gonads by analyzing the male and female somatic transcriptomes separately
(brain, liver, and pronephros combined, Supplemental Table S1). After removal of the gonads,
we recovered a similar number of alternative isoforms in females (2,218, 94% of the total sex-
specific isoforms recovered from all samples combined), but a reduced number from males
(2,579, 70% of the total sex-specific isoforms recovered from all samples combined). This
suggests that the ovary transcriptome does not contribute greatly to sex-specific alternative
isoforms. The testis transcriptome, on the other hand, contains many genes with isoforms unique

to males, suggesting this organ has a much greater transcriptional complexity.

We verified that the sex-specificity we found among the isoforms was not simply due to
variation in expression among the organs. If an isoform was only expressed in a single organ,
there would be a greater chance to falsely categorize the isoform as sex-specific if this organ was
not sequenced to sufficient coverage in the other sex. Our saturation analysis

suggested variability among organs was not driven by an inadequate sequencing depth, but
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we also explored this by quantifying the expression level of all sex-specific alternatively spliced
isoforms in the female and male organs. Across female-specific isoforms, 88.3% of the isoforms
were expressed in all four female samples (Supplemental Fig S9). In males, 89.1% of the
isoforms were expressed across all four male samples (Supplemental Fig S9). This indicates that
most sex-specific isoforms are expressed across multiple organs and are likely robust to

sampling artifacts.

Sex-biased genes are often enriched on sex chromosomes (reviewed in Ellegren and
Parsch 2007; Dean and Mank 2014). Gene expression has revealed that X Chromosomes can
become feminized over time (Leder et al. 2010; White et al. 2015). However, feminization in the
context of alternative isoforms has not been explored. We found female-specific isoforms were
highly enriched on the X Chromosome compared to the autosomes (X Chromosome: 160;
average autosomes: 98.2; Fisher’s exact test; p < 0.001; Supplemental Table S6). Male-specific
isoforms, on the other hand, were under-enriched (X Chromosome: 111; average autosomes:
159.9; Fisher’s exact test; p < 0.001; Supplemental Table S6). Our results highlight feminization

of the X Chromosome also involves the evolution of female-specific isoforms.

The testis had the greatest number of alternative isoforms

More than 25% of all genes in the male pronephros, female pronephros, and testis had
two or more isoforms per gene. For the remaining organs, only 5-15% of all genes had more than
two isoforms. The pronephros samples from both sexes had the largest percentage of novel
isoforms (female pronephros: 57%; male pronephros: 55%; Fig 4). Most of the isoforms were

predicted to be protein-coding (Supplemental Fig S10).
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Fig 4. Novel isoforms are found across all samples and sexes. (A) More than 25% of genes in the testis and
pronephros had more than one isoform. For the remaining organs, less than 15% of the genes had more than
one isoform. (B) Over half of the isoforms identified in the pronephros samples are novel isoforms. The testis
has the next largest count of novel isoforms.

To determine if an organ produced more alternative transcripts relative to the other
organs, we limited the comparison to genes that were expressed in all organs. Among these
genes, both the testis and ovary had the largest number of alternative transcripts (testis: 787
isoforms, 47%; ovary: 145 isoforms, 28%; Supplemental Table S7, Supplemental File S8). A
majority of these transcripts were alternatively spliced (brain: 74%; liver: 68%; pronephros:

66%; testis: 44%; ovary: 53%; Supplemental Table S7). The testis had the largest proportion of

alternate TSSs/TTSs or both alternative splicing and alternate TSSs/TTSs (Supplemental Table
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S7). These results suggest that while the pronephros has the largest percentage of organ-specific

isoforms, this was largely driven by organ-specific gene expression.

We explored whether the stickleback testis exhibited any expression patterns in common
with the mammalian testis. In mammals, the testis is the most transcriptionally complex,
expressing more protein-coding genes than any other organ (Ramskold et al. 2009). Using the
organ-specific alternatively spliced isoforms, we observed a similar pattern in threespine
stickleback fish, where the testis had more protein-coding genes compared to all organs except
for the pronephros (Supplemental Table S8). The mammalian testis also has a disproportionately
large number of INCRNAs (Soumillon et al. 2013). However, we found that the threespine
stickleback testis had the smallest number of InCRNAs (Supplemental Table S8). Intron retention
is the most common type of splicing within the mammalian testis (Soumillon et al. 2013). From
the SQANT!I categories, full or partial intron retention can be observed in NIC isoforms as well
as genic isoforms. We found that the threespine stickleback testis had the lowest percentage of
intron retention relative to other organs (testis: 16.5%; ovary: 27.4%; pronephros: 50.7%; liver:
54.7%, brain: 43.6%). We also expanded our analysis to identify isoforms overlapping Ensembl
annotations with known functions in spermatogenesis, using the following search terms: meiosis,
spindle, sperm, male germ line, and recombination. We found that 36 isoforms (6.2%) contained

at least one of these terms (Supplemental Table S9).

Gonad-specific isoforms are enriched on the Y Chromosome, but not the X Chromosome

We investigated whether the Y Chromosome (Peichel et al. 2020) had accumulated male-

specific isoforms. Using all male organs, we identified 961 Y -specific isoforms (Supplemental
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Table S4). Y Chromosomes tend to accumulate genes important for spermatogenesis (Skaletsky
et al. 2003; Murphy et al. 2006; Hughes et al. 2010; Paria et al. 2011; Soh et al. 2014; Janecka et
al. 2018; Hughes et al. 2020). We therefore explored whether testis-specific isoforms were
enriched on the Y Chromosome of threespine stickleback fish. Among the 146 testis-specific
genes detected genome-wide, there was a strong enrichment on the Y Chromosome (44 of the
146; 30.1%; Fisher’s exact test; P < 0.001). These 44 genes had 72 isoforms (Supplemental

Table S10, Supplemental Table S11).

We also examined the distribution of ovary-specific genes to look for enrichment on the
X Chromosome (Supplemental Table S10). There were 140 ovary-specific genes with
alternatively spliced isoforms. Unlike testis-specific genes on the Y Chromosome, ovary-specific
genes were not enriched on the X Chromosome (7 of 140; 5%; Fisher’s exact test; P = 0.591) In
addition, there were only eight ovary-specific isoforms on the X Chromosome from the

following genes: chtf8 (two isoforms), arf5, ktil2, imo2, slc25a44a, ppcdc, and hmg20a.

Discussion

PacBio Iso-Seq greatly improved the gene annotations in threespine stickleback

Using long-read sequencing of several organ transcriptomes, we refined the existing
isoform annotations across the threespine stickleback genome, adding previously undocumented
isoforms, modifying existing splice junctions, and correcting previous estimates of TSSs and
TTSs. The modified splice junctions were highly accurate, verified through deep RNA-seq. TSSs
and TTSs may still have some error in their exact location as the clustering algorithm used by

Iso-Seq3 allows for 100 bp of variability at the 5° end and 30 bp of variability at the 3* end of the
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transcript. Transcripts with start or end positions within this range are collapsed into a single
isoform, creating a small window of possible TSS and TTS locations (see supplemental methods:
Long-read RNA alignment and isoform identification). Despite this potential variability, we
show many of the Iso-Seq TSSs were accurate, confirmed by patterns of accessible chromatin
from ATAC-seq. Correct TSSs/TTSs are particularly important for future work in threespine
stickleback fish in understanding gene regulation. Additional work mapping accessible

chromatin with ATAC-seq in multiple organs will be useful to further refine annotations.

We detected many new ncRNAs, similar to patterns seen in other systems using long read
technologies (Kuo et al. 2017). These ncRNAs were found across all samples, where the brain
contained the highest percentage. ncRNAs are known to perform a variety of functions in the
cell, including housekeeping and regulatory functions, and contain ribosomal RNA and transfer
RNAs (reviewed in Jacquier 2009; Pauli et al. 2011). IncRNAs were previously reported to be
important for the evolution of the human brain and are associated with specific regions of the
brain in mice (Mercer et al. 2008). We also found IncRNAs were prevalent in pronephros
samples. The teleost fish pronephros is an integral component of immune response, containing
cytokine-producing lymphoid cells (reviewed in Geven and Klaren 2017). In mammals,
IncRNAs are important in the development of immune cell lineages (Atianand et al. 2017,
reviewed in Ahmad et al. 2020). Functional characterization will be necessary to determine if

these INcCRNAs have a similar role in the threespine stickleback pronephros.

Although we captured over 50% of complete Metazoan BUSCO orthologs, our Iso-Seq
transcriptome did not approach the completeness within the Ensembl transcriptome. This is not
surprising as we only sequenced five organs, whereas the Ensembl transcriptome compiles data

across a wider representation of organs and also incorporates protein homology from other
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species to form gene predictions. Similar patterns of reduced completeness have been reported in
other species where only a few organs were examined (Workman et al. 2018; Minio et al. 2019).
We demonstrated that increasing sequencing depth at an individual sample would not increase
the total number of genes and isoforms detected in our dataset. However, we did see an
underrepresentation of short isoforms in our 1so-Seq transcriptome relative to the Ensembl
transcriptome (less than 2 kb in length). Long-read sequencing is biased against short transcripts
(Byrne et al. 2019; Amarasinghe et al. 2020), suggesting part of the incompleteness may be a
technical artifact. In order to survey transcriptome diversity at a greater number of genes, future
work focused on additional organs will be necessary. Additionally, measures should be taken
during library preparation to prevent bias against short transcripts through enrichment for longer

transcripts.

Sex-specific alternative transcripts are ubiquitous across organs in threespine stickleback

We found over 30% of alternative transcripts annotated in the Iso-Seq transcriptome were
present in only males or females, regardless of organ. Alternative transcripts may therefore be a
common mechanism to achieve sex-specific functions across organs in addition to sex-biased
gene expression. Sex-specific alternative transcripts have been documented in Drosophila, albeit
among a smaller proportion of genes than we observed in threespine stickleback fish (Mclntyre
et al. 2006; Telonis-Scott et al. 2009; Chang et al. 2011; Gibilisco et al. 2016). These surveys
utilized exon-specific microarrays or short-read RNA-seq, raising the possibility that the degree
of alternative splicing was underestimated due to limitations in the sequencing technologies. This

could also be a species-specific phenomenon, where alternative transcripts are more widespread
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among genes in threespine stickleback fish, including those that are processed in a sex-specific
manner. Some surveys have suggested that there is a greater number of genes with alternative
transcripts in vertebrates compared to invertebrates (Kim et al. 2007). Additional long-read
sequencing of transcriptomes will help clarify how extensive alternative transcripts are among

taxa.

Sex chromosomes evolve sex-biased gene content due to different selection pressures in
males and females (Rice 1984). The X Chromosome is transmitted 2/3 of the time through
females, leading to a favorable environment for the accumulation of female-beneficial mutations
and loss of mutations detrimental to males. This has led to the feminization of the X
Chromosome in many species (Reinke et al. 2000; Parisi et al. 2003; Gurbich and Bachtrog
2008; Reinius et al. 2012). Although this has been extensively explored in the context of
differential gene expression, a detailed characterization of sex-biased alternative isoforms has not
been conducted on sex chromosomes. We found that female-specific isoforms were enriched on
the X Chromosome, but not male isoforms. This suggests that similar selection pressures may be
acting to feminize transcript processing on the X Chromosome. Additional characterization will

be necessary to determine the function of these isoforms in female development.

Overall transcriptome complexity varied among threespine stickleback organs

Transcriptome complexity can be defined as the number of expressed genes, by transcript
diversity, and through gene expression differences (Ramskold et al. 2009). In mammals, the
brain is one of the most transcriptionally complex organs, with the largest number of isoforms

and organ-specific alternative splicing events (Xu et al. 2002; Kan et al. 2005; Barbosa-Morais et
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al. 2012; Mele et al. 2015). Unlike mammals, we found the threespine stickleback brain has
relatively low complexity compared to other organs. This difference may be even more striking
considering the mammalian brain transcriptome was surveyed using short-read RNA-seq, which
can underestimate the total number of isoforms (Bryant et al. 2012; Steijger et al. 2013; Conesa
et al. 2016; Wang et al. 2016a). This large difference in overall brain transcriptome complexity is
likely due to the increased number of neuronal cell classes that has accompanied mammalian
evolution (reviewed in Northcutt 2002). Indeed, distinct patterns of alternative splicing have

been found for many of the neuronal cell types in the mammalian brain (Zhang et al. 2014).

The testis exhibited a greater degree of transcriptome complexity in the threespine
stickleback, relative to the brain. Across mammals, the testis consistently exhibits one of the
highest transcriptome complexities, outside of the brain (Xu et al. 2002; Kan et al. 2005;
Ramskold et al. 2009; Barbosa-Morais et al. 2012; Schmid et al. 2013; Soumillon et al. 2013).
This pattern may be explained by the different cell types present during continuous
spermatogenesis (Schulz et al. 2010). In addition to support cells, adult testes contain
uninterrupted waves of spermatogenesis, with spermatogonia, spermatocytes, spermatids, and
spermatozoa, present at any given time. Mammalian testes have more protein coding genes
compared to other organs (Ramskold et al. 2009) with the greatest number of expressed protein-
coding genes at the early stages of spermatogenesis (spermatogonia) as well as within the
supporting Sertoli cells (Soumillon et al. 2013). During the later stages of mammalian
spermatogenesis (spermatids and spermatozoa), cells are enriched for INCRNAs as well as splice
variants with retained introns (Soumillon et al. 2013). Threespine stickleback fish offer an
interesting comparison to these pattern as they undergo synchronous spermatogenesis, rather

than continuous. In this form of spermatogenesis, a majority of the cells in the testes are at the
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same stage (Craig-Bennett 1931; Borg and VVan Veen 1982). The juvenile testes we sequenced
contained cells actively undergoing meiosis (spermatocytes) as well as spermatogonia and
support cells. Consistent with the mammalian patterns, we found protein-coding genes were
highly expressed in these early cell types. However, we did not see an enrichment of IncRNAs
and isoforms with intron retention. In mice, alternative splicing has an important role in meiosis,
affecting meiotic progression (Schmid et al. 2013). Key proteins involved in early meiosis and
spermatogenesis also have multiple isoforms such as spoll, meigl, and mnsl (Bellani et al.
2010; Kauppi et al. 2011). We found at least 36 isoforms with predicted functions in meiosis.
This characterization is likely an underestimate as we were limited to the existing annotations in
the Ensembl database and we did not query the large number of novel genes identified by
SQANTI. These isoforms will require further functional characterization to clarify the extent

alternative isoforms are involved in regulating meiosis in teleost fish.

The high transcriptome complexity in the pronephros is intriguing as the pronephros is
present across vertebrates, but only persists into adulthood in amphibians and fish (Smyth et al.
2017). Therefore, very little is known about this organ. In fish, the nephritic tissue degenerates
over time and the pronephros functions as part of the immune system (reviewed in Geven and
Klaren 2017). In mammals, transcriptome complexity of the immune system is high (reviewed in
Schaub and Glasmacher 2017), but often is below levels observed in testes and brain (Kan et al.
2005; Brawand et al. 2011; Soumillon et al. 2013; Mele et al. 2015). The high transcriptome
complexity we observed in the pronephros may be a unique feature of this organ and could
indicate the presence of a more heterogeneous cell population or a more diverse set of isoforms
among fewer cell types. More work is necessary to fully understand the function of the

pronephros and why the transcriptome of this organ is so diverse.
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Methods

Ethics statement

All procedures using threespine stickleback fish were approved by the University of Georgia

Animal Care and Use Committee (protocol A2018 10-003-A8).

Total RNA extraction, short-read, and long-read sequencing

All samples were obtained from laboratory-reared threespine stickleback fish, originally
collected from the Japanese Pacific Ocean population (Akkeshi, Japan). The fish were reared
under a 16 hour light: 8 hour dark light cycle mimicking the light cycle during the breeding
season of wild threespine stickleback fish. For all samples, the entire organ was collected. Brain
(including the olfactory bulb and excluding the pituitary) and liver samples were dissected from
one adult male (one year old, 6.2 cm in standard length) and one adult female fish one year old,
6.3 cm in standard length). The pronephros or head kidney samples were dissected from a
separate adult male (one year old, 6.1 cm in standard length) and female fish (one year old, 6.1
cm in standard length). Gonads were dissected from a juvenile male (six months old, 4.6 cm in
standard length) and a juvenile female (six months old, 4.8 cm in standard length). We selected
juvenile stages to capture gonads that were actively undergoing meiosis (Craig-Bennett 1931;
Borg and Van Veen 1982). Total RNA was extracted from all samples using TRIzol:chloroform
RNA extraction, following the manufacturer recommended protocols (Invitrogen, USA). RNA

from all samples was used for both the 1so-Seq library preparation and the Illumina strand-
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specific RNA library preparation. Iso-Seq library preparation and sequencing was completed at
the Georgia Genomics & Bioinformatics Core (University of Georgia, Athens, GA). Briefly, the
Iso-Seq library preparation was completed using the SMRTbell Template Prep kit 1.0 (#100-
259-100), Sequel® Binding Kit 3.0 (#101-613-900), and Sequel® Sequencing Plate 3.0 (#101-
613-700). Transcripts were selected using a standard bead concentration (1.6x) with the center of
the transcript length distribution falling around 2 kb. All samples were sequenced using a PacBio
Sequel 1 machine for 26 hours, using two SMRT cells per sample with 8 pM loading
concentration. Illumina strand-specific RNA library preparation and sequencing was completed
by GENEWIZ (New Jersey, USA). Strand-specific libraries were sequenced on an Illumina

HiSeq (2 x 150bp).

Nuclei Isolation and ATAC-seq library preparation

Liver samples were collected from two juvenile males (~4.4 cm in standard length) and
two juvenile females (~4.3 cm in standard length), originally collected from Lake Washington
(Washington, USA). ATAC-seq library preparation was performed using previously established
protocols (Lu et al. 2017) and primers (Supplemental Table S12; supplemental methods). ATAC-
seq libraries were sequenced on Illumina NextSeq (2 x 150 bp) (Georgia Genomics &

Bioinformatics Core, Athens, Georgia).

Long-read RNA alignment and isoform identification


http://genome.cshlp.org/
http://www.cshlpress.com

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

Downloaded from genome.cship.org on June 26, 2026 . Published by Cold Spring Harbor Laboratory Press

The eight samples produced an average of 40.3 million raw subreads per sample (583
gigabytes; Supplemental Table 1). We analyzed the raw subreads following the 1s0-Seq3
pipeline (v3.1; https://github.com/PacificBiosciences/IsoSeq). Circular consensus sequences
(CCS) were created from raw subreads and the cDNA primers were removed using lima
(supplemental methods). Nearly 70% of the CCS reads passed Lima default filters (Supplemental
Table 1). Full-length reads were then filtered, clustered, and polished (Iso-Seq3; v3.1;
supplemental methods). The polished high-quality reads were aligned to the threespine
stickleback genome (Ensembl build 97; (Jones et al. 2012b; Aken et al. 2016) using minimap?2
(v2.13) with the following parameters: -ax splice -uf —secondary=no -C5 (Li 2018). We also
aligned the high-quality reads using deSALT (v1.5.6) with the following parameters: -x ccs -T
(Liu et al. 2019). Redundant isoforms were removed prior to running SQANT]I isoform

characterization. Alignments from both deSALT and minimap2 were characterized by SQANTI.

An in-depth characterization of isoforms and removal of artifacts was completed using
SQANTI (Tardaguila et al. 2018). SQANTI classified isoforms into nine different descriptors
(see Supplemental Methods). These nine categories were cataloged into three broad classes for
the purposes of this study. If an isoform did not match a known Ensembl gene annotation, this
isoform was classified as a novel gene. If an isoform matched a known Ensembl gene, but
represented a new isoform, it was classified as a novel isoform. Lastly, if an isoform matched
both an Ensembl gene and an Ensembl isoform annotation, it was classified as an Ensembl
isoform match. Isoform characterization was completed using sganti_gc.py and filtering was
completed using sganti_filter.py. The filtered data set was rerun through sqganti_qc.py for the

final characterization. The SQANTI filtered isoforms were used for the remaining analyses.
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Benchmarking universal single-copy orthologs (BUSCO)

To assess transcriptome completeness, we utilized benchmarking universal single-copy
orthologs (BUSCO, v4.0.6) (Simao et al. 2015; Seppey et al. 2019). BUSCO examines predicted
genome annotations for completeness by using single-copy orthologs shared among Metazoans

(see supplemental methods). All BUSCO analyses were run with the same parameters.

Assessing the completeness of each transcriptome

To further assess whether our samples were sequenced to an adequate depth, we utilized
a subsampling approach (Workman et al. 2018). CCS reads were subsampled and were then
compared to the nucleotide sequences from the full tissue transcriptome using BLAST (v2.2.6,
BLASTN, default parameters) (Altschul et al. 1990; Altschul et al. 1997; Camacho et al. 2009).
The BLAST results for each sample were filtered using custom Python scripts. All BLAST
alignments that covered at least 50% of the subsampled CCS read and at least 50% of an isoform
from the full sample transcriptome were retained. The total proportion of isoforms detected in

each subsample compared to the full sample transcriptome was calculated.

Comparisons between transcriptomes

We assembled several different transcriptomes using SMRTIink (v. 6). To examine the
differences between the Ensembl transcriptome and the transcriptome produced using 1so-Seq,
we utilized all eight samples (hereafter referred to as the Iso-Seq transcriptome). To examine

sex-specificity, all five organs (brain, liver, pronephros, testis, and ovary) were combined for
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each sex (hereafter referred to as the female transcriptome and the male transcriptome). We also
examined sex-specificity in somatic organs, combining only the brain, liver, and pronephros of
each sex (hereafter referred to as the somatic female transcriptome and the somatic male
transcriptome). Lastly, we compared each sample’s transcriptome. All transcriptomes were

subject to the same Iso-Seq3 pipeline beginning with the removal of cDNA primers with Lima.

We assigned universal isoform identifications for the full 1so-Seq transcriptome. BLAST
was used to compare isoforms among individual tissue transcriptomes (v2.2.6, BLASTN, default
parameters) (Altschul et al. 1990; Altschul et al. 1997; Camacho et al. 2009). Duplicate isoforms
within the full 1so-Seq transcriptome were first removed by identifying any isoforms that aligned
exactly to another isoform (i.e. BLAST alignments were identical between the isoforms). This
removed 1,139 isoforms from the full 1so-Seq transcriptome. The other transcriptomes (i.e.
individual samples, female transcriptome, male transcriptome, somatic female transcriptome, or
somatic male transcriptome) were compared to the full transcriptome with BLAST. The BLAST
results were filtered using custom Python scripts. A positive alignment was identified if at least
50% of the query sequence matched at least 60% of the subject sequence. Query isoforms that
matched more than one subject isoform were collapsed to a single isoform, keeping the longest

alignment. Any isoforms that did not meet these criteria were discarded.

Aligning to the Y Chromosome

All male organs were aligned to the threespine stickleback reference Y Chromosome

assembly (Peichel et al. 2020) separately to identify Y-specific isoforms. The same Iso-Seq
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pipeline was run as for the rest of the genome. The individual male organs were also aligned to

the Y assembly to identify testis-specific Y Chromosome transcripts.

ATAC-seq genome coverage at TSSs

Residual adapter sequences from the Nextera primers were trimmed using Trimmomatic
(v0.36) (Bolger et al. 2014). Trimmed reads were aligned to the revised threespine stickleback
genome (Nath et al. 2021) using Bowtie 2 (v2.3.5) (Langmead and Salzberg 2012). The read
coverage per bp was calculated using BEDTools (v2.26, genomecov -d) (Quinlan and Hall
2010). Custom Python scripts were used to average the read coverage across a 4kb window

surrounding Ensembl and Iso-Seq TSSs.

Characterizing Non-coding RNAs by size and genome location

Non-coding RNAs (ncRNAs) were characterized by size and genome location using
custom Python scripts (supplemental methods). All ncRNAs did not have detectable protein
coding potential. NcRNAs are generally classified based on overall length: short ncRNAs are
less than 200 bp and long ncRNAs are greater than 200bp (Jacquier 2009; Pauli et al. 2011). We
then separated ncRNAs into these two length categories as well as three main classes: intergenic,

intronic, or antisense. Any remaining ncRNAs were added to an unknown category.

Novel genes protein domain search through InterProScan
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603 We used InterProScan (v.5.32) (Jones et al. 2014) to identify protein domains novel
604  proteins. The amino acid sequences from all novel protein coding genes from the full 1so-Seq
605  transcriptome were used. All available databases in IntroProScan were used. InterProScan was

606  run with default parameters and GO terms and pathway information was recorded.

607

608  Gene Ontology Analysis

609 Gene Ontology (GO) enrichment analysis was completed using custom Python scripts
610  (see supplemental methods). P-values were adjusted for multiple testing using a Bonferroni
611  correction based on the total number of observed GO terms in each set. Enriched GO terms were

612  visualized using web Gene Ontology annotation plot (WEGO) (Ye et al. 2006; Ye et al. 2018).

613

614  Data Access

615 The Iso-Seq and short-read RNA-seq data have been submitted to the NCBI BioProject

616  database (https://www.ncbi.nlm.nih.gov/bioproject/) under accession number PRINA633846.

617  The liver ATAC-seq data has been submitted to the NCBI BioProject database

618  (https://www.ncbi.nlm.nih.gov/bioproject/) under accession PRINA667175. The 1so-Seq

619  transcriptome has also been submitted to the TSA repository

620  (https://www.ncbi.nlm.nih.gov/genbank/tsa/) under accession GJAP00000000 (V
621  GJAP01000000). All custom scripts are available as Supplemental Code and on GitHub under

622 ASNaftaly: https://github.com/ASNaftaly/IsoSeq3_Stickleback.

623
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