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Abstract
Cannabis sativa has undergone over 10,000 years of domestication, resulting in

extensive genetic and phenotypic diversity among cultivated chemotypes. Increased

medical and recreational use of specialized metabolites accumulating in cannabis

glandular trichomes—primarily the cannabinoids ∆9-tetrahydrocannabinol (THC)

and cannabidiol (CBD)—has amplified research interest and a need to develop

supporting genomic tools. Here, we present PacBio Iso-Seq-based transcriptome

assemblies for two contrasting cannabis drug-type chemotypes (THC- and CBD-

dominant) and their characterization. These assemblies encompass approximately

60% of the annotated loci in the cs10 reference genome, consistent with the com-

monly expressed fraction of the genome, and identify 1145 novel transcribed loci not

present in the cs10 reference. Each assembly defines >50,000 transcripts and 15,000

alternative splicing events. Their accuracy is exemplified by confirming the conser-

vation of alternative splicing events for Rubisco activase and a serine/argine-rich

protein (SR45). We further highlight their utility by characterizing a novel cis-

regulatory long non-coding RNA associated with the transcription factor NITRATE

REGULATORY GENE 2. In addition, alternative splicing events for SPX DOMAIN

Abbreviations: AS, alternative splicing; CBD, cannabidiol; FI, female inflorescence; lncRNA, long non-coding RNA; LR, lateral roots; THC,

∆9-tetrahydrocannabinol; TPM, transcripts per million; YL, young leaf; YS, young stems.
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4, a key regulator of phosphate homeostasis, identified expression of transcripts

encoding proteins with altered domain structure. Quantification of transcript abun-

dances of these genes across different organs and varying phosphate supplies revealed

isoform-specific expression patterns that differ between chemotypes, suggesting

novel regulatory mechanisms for nitrogen and phosphate acquisition not previously

described in either model or crop plant species. Our transcriptome assemblies provide

a rich resource for the functional characterization of transcript and protein diversity

in cannabis.

Plain Language Summary
We provide transcriptome assemblies of two Cannabis sativa drug-type chemotypes

generated by PacBio Iso-Seq. These provide a resource to interrogate the diversity

of transcript isoforms and their contribution to the expression of gene function and

encoded proteins. We demonstrate the utility of the transcript assemblies by providing

evidence for alternative splicing events with importance for nutrient acquisition not

shown previously in any other plant species.

1 INTRODUCTION

Cannabis (Cannabis sativa L.) is one of the oldest domes-

ticated plants. Human selection for the production of fiber,

seed, and drugs has led to a diverse genetic and pheno-

typic variation within the species (Clarke & Merlin, 2016).

Decarboxylated forms of specialized metabolites accumu-

lating within the trichomes of female flowers, that is, the

cannabinoids ∆9-tetrahydrocannabinol (THC) and cannabid-

iol (CBD), are used as pharmaceutical and recreational drugs

(Lu & Mackie, 2016). This makes cannabis a high-value crop

with increased production across the globe and a heightened

interest in research to improve plant performance, yields,

and drug mode of action on the human endocannabinoid

pathway (UNODC, 2023). Specific selection for the genes

of the cannabinoid pathway, especially tetrahydrocannabino-

lic acid synthase (THCAS) and cannabidiolic acid synthase

(CBDAS), combined with their targeted (re)introgression, has

generated drug-type cannabis varieties termed chemotypes

with high specific accumulation of either THC, CBD, or both

(Clarke & Merlin, 2016; Small, 2015).

Over recent years genomic resources to understand the

interaction of valuable traits and their genetic determinants

in cannabis have been generated by the assembly and annota-

tion of genomes (Gao et al., 2020; Grassa et al., 2021; Laverty

et al., 2019; Ryu et al., 2024). In addition, large-scale whole

genome (re)sequencing of diverse accessions has provided

insight into the genetic diversity across the pangenome and

the domestication history of cannabis (Lynch et al., 2025; Ren

et al., 2021). These studies also provided resources to interro-

gate the expression of genes by generating information on the

cannabis transcriptome largely based on short-read sequenc-

ing (RNA-seq) and subsequent read mapping to the reference

genome. This has the advantage of providing the high read

coverage essential for quantitative studies, tracing transcrip-

tionally active loci and their functional annotation. However,

transcript assembly using short-read RNA-seq-based meth-

ods by bioinformatic approaches is challenging. Determining

transcript diversity and complexity is also limited by frequent

artifacts (Steijger et al., 2013).

Recent advances in long-read RNA sequencing method-

ologies (PacBio Iso-Seq and Oxford Nanopore Technologies

RNA sequencing), which directly sequence single molecules

with high accuracy, have become the gold standard to gen-

erate plant transcriptomes with highly resolved information

on sequence diversity (Amarasinghe et al., 2020). This com-

plexity is largely due to alternative splicing (AS), where

the posttranscriptional processing of pre-mRNA leads to

mature transcript isoforms with varying sequence composi-

tion (Alhabsi et al., 2025; Tognacca et al., 2022). In contrast

to other phyla, the most common AS event in plants is the

retention of introns (∼40%–50%), which is likely due to either

slow maturation or a form of storage as part of a regula-

tory mechanism (Petrillo, 2023). The usage of alternative

splice sites at the 5′ or 3′ ends of exons (∼30%–40%) and

exon skipping (∼10%–20%) are other frequently observed

AS events. A potential consequence of AS is the genera-

tion of different coding sequences for proteins and thus an

increased potential to diversify protein function. While this

alters domain composition or the occurrence of catalytic

residues within proteins, important mechanisms for the con-

trol of metabolic pathways or their regulation, the impact of
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AS on the protein sequence level is often not investigated

(Alhabsi et al., 2025; Tognacca et al., 2022). The number

of annotated transcripts for current cannabis genome assem-

blies, with 1.3 and 1.4 transcripts per gene for the cs10 and

Pink Pepper reference assemblies (Grassa et al., 2021; Ryu

et al., 2024), is likely an underestimation of the isoform

diversity. This is expected given that annotation pipelines

are largely focused on obtaining the main isoform(s) sup-

ported by RNA-seq and covering gene loci. Two studies based

on transcript assembly from short-read sequencing predicted

about 10,000 and 28,000 AS events, respectively (Severson

& Adams, 2023; Wu et al., 2021), while another study using

direct long-read RNA sequencing identified only 1170 AS

events (Jiang et al., 2022). Thus, current knowledge on the

diversity and complexity of the cannabis transcriptome is

limited.

We have performed PacBio Iso-Seq to generate a high-

quality compendium of transcript isoforms with >15,000

AS events for each of the two cannabis chemotypes (THC-

dominant, CBD-dominant) analyzed. We demonstrate the

utility of these chemotype-specific assemblies by character-

ization of transcript isoforms, novel regulatory non-coding

RNAs, and quantification of their abundances using RNA-

seq data for selected genes. We also provide examples for

changes in domain composition of proteins caused by AS

events. Thus, our transcriptome assemblies are a rich resource

for the analysis and quantification of transcript diversity in

cannabis.

2 MATERIALS AND METHODS

2.1 Plant material, RNA isolation, and
PacBio sequencing

Plant material, growth conditions, and sample collection were

described in detail previously (Jost et al., 2025). Briefly,

two cannabis chemotypes with contrasting cannabinoid pro-

files (CBD-dominant chemotype Cannatonic, THC-dominant

chemotype Northern Lights) were grown in a glasshouse

under standard growth conditions for about 2 months before

tissue harvest at the mature flowering stages. In addition, a

leaf sample was also taken from a 4-month-old mother plant

of each chemotype. About 100 mg of each tissue (lateral root

[LR], old stem [OS], young stem [YS], senescing leaf [SL],

old leaf [OL], young leaf [YL], terminal flower [TF], and

leaf, mother plant [LMP]) was collected, snap frozen in liq-

uid nitrogen, and stored at −80˚C until further processing

(Jost et al., 2025). Total RNA isolation and genomic DNA

removal were performed with the Plant Total RNA including

DNase kit according to the manufacturer’s protocol (Sigma–

Aldrich). PacBio Iso-Seq library generation, quality control,

and sequencing were carried out by the Australian Genomic

Core Ideas
∙ Generation of transcriptomes for two contrasting

cannabis chemotypes by PacBio Iso-Seq serve as

crucial resource for further functional studies.

∙ More than 50,000 transcripts covered 60% of gene

loci for each chemotype.

∙ >15,000 alternative splicing events for each

chemotype were identified.

∙ There is evidence for functional diversity of pro-

teins encoded by specific transcript isoforms.

Resource Facility (AGRF Brisbane Node) using a PacBio

Sequel II SMRT Cell 8 M.

2.2 Bioinformatic analyses

See Figure 1 for an overview of the complete bioinformatic

pipeline. Initial preprocessing of HiFi reads (consensus call-

ing, demultiplexing, refining, and clustering) to the Iso-Seq

HQ and LQ transcript stage was performed by the Australian

Genome Research Facility following the default IsoSeq3

pipeline (https://github.com/PacificBiosciences/IsoSeq).

To further remove transcript redundancy, HQ transcripts

were then collapsed using default parameters with the

“pbmm2” (with –sort –preset ISOSEQ parameters) and

“isoseq collapse” (with default parameters) tools to generate

chemotype-specific transcripts. These were then mapped

to the cannabis cs10 reference genome, downloaded from

the Ensembl Plants database (https://plants.ensembl.org/

Cannabiscannabis_sativa_female), with minimap2 (-ax

splice:hq -t 32 -G 100000 -uf –secondary = no parameters)

(Li, 2018), and consensus transcripts of both chemotypes

were called and classified with gffcompare with -C -V

-e 500 -d 500 parameters (Pertea & Pertea, 2020) (for

classification codes see Table S1). Transcripts of the cs10

assembly and Iso-Seq transcripts were merged into a non-

redundant assembly using gffcompare. Functional annotation

of novel transcripts was performed via BLAST and Mercator

(Schwacke et al., 2019). The longest open reading frames

were predicted for each transcript using Transcoder (Haas

et al., 2013) (with -G ‘Universal’ –retain_long_orfs_mode

dynamic –single_best_only -T 500 parameters), and the

corresponding proteins then aligned for every locus using

ClustalOmega (Sievers & Higgins, 2018). Transcript abun-

dances as transcripts per million (TPM) and estimated

counts were quantified by pseudo-aligning RNA-seq reads of

previously published datasets consisting of three biological

replicates per tissue and/or treatment (PRJNA884161, [Jost

https://github.com/PacificBiosciences/IsoSeq
https://plants.ensembl.org/Cannabiscannabis_sativa_female
https://plants.ensembl.org/Cannabiscannabis_sativa_female
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F I G U R E 1 PacBio Iso-Seq analysis pipeline for eight tissues of two cannabis chemotypes. PacBio Iso-seq was separately conducted for eight

tissues of two cannabis chemotypes (∆9-tetrahydrocannabinol [THC]- or cannabidiol (CBD)-dominant) (step 1). Raw reads (step 2) were processed,

refined, and clustered before merging for each chemotypes to high-quality transcripts (limma, pbmm2, and IsoSeq3) and subsequent further

collapsing (IsoSeq3). For each transcript, the longest open reading frame and the corresponding encoded protein sequences were also determined.

These protein sequences were aligned by Clustal Omega for every locus (step 3). Transcripts were then mapped to the cs10 reference genome, and for

each gene locus, the representative transcript was also determined for the two chemotype-specific PacBio Iso-seq data sets (step 4). The overlap of

these representative transcripts with annotated reference gene loci is indicated by the Venn diagram. Transcripts identified as novel, that is, not

matching any annotated loci of cs10, were further characterized by BLAST and Mercator for functional annotation (step 5). In parallel, the

chemotype-specific PB transcripts (step 3) and the cs10 transcriptome were merged. For this, non-redundant PacBio transcripts of the two

chemotypes replaced transcripts of the cs10 assembly for all covered loci (step 6). Isoform-specific expression (step 7) and alternative splicing (step

8) were analyzed using independently generated RNA-seq data sets (NCBI SRA Project ID PRJNA884161, PRJNA884162, and PRJNA1278883).

Numbers of transcripts resulting from each analysis step are highlighted in read. Bioinformatic tools used to process data are indicated in italics.
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et al., 2025]; PRJNA1278883 [Wee et al., 2025]). For this,

a k-mer index built from the transcript models for the

merged cs10-PacBio transcript assemblies using the kallisto

program with default parameters and 100 bootstraps (Bray

et al., 2016). For further analysis of AS, splice junctions

determined by STAR (Dobin et al., 2013) and read coverage

quantified by deeptools (Ramírez et al., 2016) were used for

visualization by splicejam (Farris et al., 2019). AS events

were categorized using SUPPA2 (Trincado et al., 2018) (for

category codes, see Table S1). Transcript assemblies in fasta

format are deposited at the European Nucleotide Archive

(ENA) under Project ID PRJEB90527.

3 RESULTS AND DISCUSSION

3.1 PacBio Iso-Seq and transcript
assemblies for two contrasting drug-type
cannabis chemotypes

To increase knowledge on transcript diversity in cannabis,

we carried out PacBio RNA sequencing (Iso-Seq) on eight

tissue samples (see Methods for details) collected from two

contrasting chemotypes, that is, one THC-dominant and one

CBD-dominant chemotype with high accumulation of these

two cannabinoids, respectively.

PacBio Iso-Seq (Figure 1; step 1) resulted in about 3

million and 3.8 million raw reads for the THC- and CBD-

dominant chemotype, respectively (Figure 1; step 2). Further

read processing (CSS calling, refining, clustering, and col-

lapsing; Figure 1; step 3) generated a final 51,991 and

60,598 high-quality transcripts for the THC- and CBD-

dominant chemotypes, respectively (Table S1). The longest

open reading frame for every transcript was also identified

and translated to obtain the encoded protein sequences and

their alignments for each locus. For the two assemblies, we

also determined the representative PB transcripts for each

locus covered (Figure 1; step 4). Together, the two PacBio

Iso-Seq assemblies covered 60% of all genes annotated in

the cs10 reference genome, consistent with the proportion

of genes typically detected as expressed in RNA-seq exper-

iments (Klepikova & Penin, 2019). There was a 47% overlap

between the two chemotypes and the cs10 reference, and

some chemotype-specific, partially overlapping transcripts

(Figure 1, Venn diagram). In both chemotypes, we identi-

fied novel transcripts that were not part of the cs10 reference

annotation, with 347 novel transcripts detected in both chemo-

types, 275 transcripts only detected in the THC-dominant

chemotype, and 523 transcripts detected only in the CBD-

dominant chemotype (Figure 1; step 5). About one-third

of these novel transcripts had a hit using BLAST searches

(E < 10−50) and a similar number were also expressed with

TPM > 5 querying available RNA-seq data we generated

previously (Jost et al., 2025), confirming these novel tran-

scripts are active transcriptional units (Table S2). To allow for

additional analyses, the two chemotype transcript assemblies

and the cs10 transcript assembly were combined into a non-

redundant assembly of all transcripts serving as a reference

transcriptome (Figure 1; step 6).

The length distributions of the two assemblies were simi-

lar with an average length of 1883 bp and a longest transcript

of 7982 bp for the THC-dominant chemotype and an aver-

age length of 1765 bp and a longest transcript of 9590 bp for

the CBD-dominant chemotype (Figure 2A). The number of

transcripts per gene locus was similar for both chemotypes,

with an average of 3.2 for the THC-dominant chemotype and

3.6 for the CBD-dominant chemotype, as was their frequency,

which resembled a one-sided normal distribution (Figure 2B).

This represents a threefold higher number than the current ref-

erence genomes cs10 and Pink Pepper (1.3 and 1.4 transcripts

per gene, respectively). In comparison to the cs10 transcripts,

the chemotype-specific PacBio transcripts overlapping anno-

tated gene loci had a higher number of exons, with averages of

4.9 for the cs10 reference, 6.6 for the THC-dominant, and 6.4

for the CBD-dominant chemotype (Figure 2C), also suggest-

ing that our PacBio assemblies captured a higher transcript

diversity. The novel transcripts had lower exon numbers, with

averages of 1.4 for both chemotypes (Figure 2D). Using RNA-

seq data for different tissues previously generated in our labs

showed that differences in transcript abundances between the

two chemotypes were only minor (Jost et al., 2025) (Figure 1;

step 7). Across the analyzed tissues, the majority of transcripts

were lowly expressed with TPM < 2, with another set of

transcripts more highly expressed around a secondary peak

between 10 and 30 TPM (Figure 2E). Novel transcripts were

generally expressed at lower levels (Figure 2E).

We next classified each PacBio transcript by characterizing

their exon structure according to their match with overlap-

ping cs10 reference transcripts (Pertea & Pertea, 2020) (Table

S1). For both chemotypes, about 40% of their transcripts

were an exact match and in agreement with the cs10 refer-

ences (Figure 3A; “exact match” class). Another 10% had

the same exon structure but were longer or shorter than the

reference—likely due to alternative transcriptional start sites

or degradation of RNA ends (Figure 3A; “intron compatible”

class). In addition, AS events in the form of exon skipping

and alternative splice sites made up 25% of the difference

between the representative cs10 and chemotype assemblies

(Figure 3A; “multi-exon” class). Interestingly, about 5% of

the transcripts were classified as overlapping with a gene

but transcribed from the opposite strand, suggesting these are

natural antisense transcripts transcribed from the same locus

(cis-NATs; Figure 3A; “exonic overlap on opposite strand”

class). The distribution of transcript abundances for each ref-

erence comparison class was similar, mostly skewed to lower

expression. The exceptions were comparison classes with
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F I G U R E 2 Characterization of PacBio Iso-seq transcripts identified in the two cannabis chemotypes. Key characteristics of the PacBio Iso-seq

transcript assemblies for the ∆9-tetrahydrocannabinol (THC)-dominant (THC) and cannabidiol (CBD)-dominant (CBD) cannabis chemotypes. (A)

Transcript length distribution for the two transcript assemblies. (B) Number of PacBio Iso-seq transcripts overlapping with gene loci annotated in the

cs10 genome. For each chemotype, the frequency distribution is shown. (C) Shown is the distribution of exon numbers per transcript annotated in

cs10 reference genome, in PacBio transcripts overlapping with these genes, and for novel transcripts not annotated in cs10 for the two chemotypes

(THC and CBD). (E) Expression of PacBio Iso-seq transcripts not annotated in the cs10 genome (novel) compared to those overlapping with

annotated gene loci (LOC). Shown are density plots representing the distribution of the log-transformed transcripts per million (TPM) values in four

tissues (lateral root [LR], young stem (YS), young leaf [YL], and female inflorescence [FI]) of the two chemotypes (THC and CBD). RNA-seq data

were obtained from Jost et al. (2025).

good match to the cs10 reference and a broader distribution

toward higher expression (Figure 3C, subplots A, C, D). This

suggests that the other comparison classes with substantial

difference to the cs10 reference represent rarer transcripts, as

might be expected.

AS events for the two PacBio transcript assemblies were

also further characterized in detail with SUPPA2 (Trincado

et al., 2018) (Figure 3B; Table S3). Consistent with read cov-

erages (Figure 1), this identified about 15,000 and 17,000 AS

events for the THC-dominant and CBD-dominant chemotype,

respectively (Figure 3B). For both chemotypes, the largest

fraction was intron retention with about 40% of all events.

Intron retention represents splicing intermediates of not (yet)

fully processed transcripts, and these are usually found at low

expression levels (Zhang et al., 2022). Events with different

splice site positions in 5′ or 3′ of an exon made up about

12% and 25%, respectively (Figure 3B). Variation in first and

last exons was detected for 10% and 2% of transcripts, respec-

tively, and exon skipping for about 8%. While the read depth

for our PacBio Iso-Seq was moderate, the overall distribution
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F I G U R E 3 Comparison of PacBio transcripts with the cs10 reference transcriptome and alternative splicing analysis. (A) Comparison of the

exon/intron structures of two chemotype-specific PacBio Iso-seq transcript sets (∆9-tetrahydrocannabinol [THC] and cannabidiol [CBD]-dominant)

with the cannabis cs10 reference transcripts. Codes for comparison classes, either in absolute numbers (left) or percent (right), were assigned using

gffcompare (Pertea & Pertea, 2020); see Table S1 for details. Only the eight major classes are shown and letters in brackets in the legend identify

classes for plots in (C). The ‘unknown, intergenic’ class indicates transcripts not annotated in the reference genome and hence represents novel

transcriptional units. (B) Categorization of alternative splicing events determined across PacBio Iso-seq transcripts. All transcripts were analyzed for

their exon structure against each other using the SUPPA2 pipeline (Trincado et al., 2018; see Table S3). Number of splicing events for transcripts of

the two cannabis chemotypes is given in absolute numbers (left panel) and percent (right panel). Letters in brackets in the legend identify classes for

plots in (D). C. Expression of transcripts in each transcript comparison class. Letters indicating classes are the same as in the legend of (A). Shown

are density plots representing the distribution of the log-transformed transcripts per million (TPM) values for transcripts in each class for four tissues

of the two chemotypes. (D) Expression of transcripts in alternative splicing category (letters indicating events are the same as in the legend of [B]),

with addition of transcripts with no observed alternative splicing in subplot (H) Shown are density plots representing the distribution of the

log-transformed TPM values for transcripts in each class for the four tissues of the two chemotypes. RNA-seq data used for (C) and (D) was obtained

from a previous publication (Jost et al., 2025). Tissue lateral root (LR), young stem (YS), young leaf (YL), and female inflorescence (FI).

of these events aligns with reports in other plant species (Feng

et al., 2019; Li et al., 2017; Martín et al., 2021; Zhang et al.,

2022). The distribution of expression levels of transcripts in

each event category was similar, and transcripts with lower

expression were found more often (Figure 3D). Only the rare

AS event categories had secondary peaks in their distribution

and at higher TPM (“alternative last exon,” “mutually exclu-

sive exons”; Figure 3D, subplots D and E), which were based

on only a few individual genes with higher expression levels

(Tables S2 and S3).
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In summary, the generation of our PacBio assemblies for

two contrasting cannabis chemotypes, identification of non-

redundant transcripts, their comparison with the reference

transcriptome, and characterization of AS events serve as

crucial resource for further functional studies. This includes

the analysis of novel transcripts, variation of transcript-level

expression, and impact of AS on gene function.

Below we provide examples of such analyses as “proof-of-

concept” for the utility of these assemblies, which also provide

novel insights not previously reported in other plant species.

3.2 A novel antisense lncRNA involved in
the regulation of nitrogen assimilation

In our assembly, 1382 transcripts were classified as tran-

scribed opposite to the corresponding gene at the same locus

(denoted with “x” in ST1), suggesting these are potential

regulatory natural antisense transcripts (cis-NATs, [Reis &

Poirier, 2021]). Among them were two long non-coding

RNAs (lncRNAs; defined as > 200 nucleotides or longer

and not translated into a protein [Palos et al., 2023]) match-

ing the two loci encoding NITRATE REGULATORY GENE
2 (NRG2-1, LOC115717108; NRG2-2, LOC115715863). In

Arabidopsis, NRG2 is a key regulator of the nitrogen starva-

tion responses by controlling the expression of transporters

involved in nitrate uptake (Xu et al., 2016). Recently we gen-

erated tissue-specific RNA-seq data on hemp-type cannabis

grown under different phosphorus supplies (NCBI SRA

project ID PRJNA1278883; Jost et al., 2025). Given phos-

phorus limitation also affects nitrogen homeostasis (Krouk &

Kiba, 2020), we used this RNA-seq dataset to investigate the

abundance of sense and antisense transcripts for the NRG2
loci. For both lncRNAs, this confirmed their antisense expres-

sion, overlapping with the first two exons of the annotated

NRG2 genes (Figure 4A,B). In addition, there were tissue-

specific differences in expression, with highest expression of

the NRG2-1 and NRG2-2 genes in the YS and the female inflo-

rescence (FI) and lowest expression in the LR and mature

leaves (ML) (Figure 4C; Table S4). While the lncNRG2-1
and lncNRG2-2 transcript abundance was also low in the LR,

for the other tissues, they contrasted with the NRG2 genes.

For both lncNRG2s, expression was high in ML and low in

FI. For the YS, the contrast between expression of NRG2
genes and their corresponding lncNRG2 was more intricate,

with higher transcript abundance of the lncRNAs in cannabis

plants under P-limitation (0 mM P supplied) and lower NRG2
transcript abundance. This reversed with increasing P sup-

ply, that is, higher NRG2 and lower lncNRG2 transcript

abundance, respectively. It has been suggested that cis-NATs

have a regulatory role on the corresponding gene through

gene silencing, although experimental evidence for this is

limited (Reis & Poirier, 2021). Quantification of their interac-

tions is complicated, as RNA-seq experiments usually capture

steady-state transcript abundances, as in our case, and not

their dynamic relationship. Only about 4% of sense/antisense

transcript show positive or negative correlation of their abun-

dances in Arabidopsis (Deforges et al., 2019). Hence, the

cannabis NRG2 genes might provide a rare example where

data suggest a regulatory function for cis-NATs, that is, the

two novel lncNRG2 transcripts, under varying phosphate sup-

plies. This indicates an additional level for the regulation of

nutrient acquisition not reported before in any other plant

species.

3.3 AS leads to functional diversity in
encoded proteins

AS increases the number of transcripts emanating from

the same gene and is therefore a mechanism to regulate

gene expression on the post-transcriptional level. In addi-

tion, encoded proteins may have altered amino acid sequence

and domain structure. This can change their activity and/or

post-translational regulation; that is, AS also represents an

important mechanism to diversify protein function (Kashkan

et al., 2022).

To investigate if such events are represented in our

assemblies, we interrogated the PacBio transcripts first

by focusing on genes with well-established AS. One

of these is the RIBULOSE BISPHOSPHATE CARBOXY-
LASE/OXYGENASE ACTIVASE (RCA) gene, the first plant

gene identified in Arabidopsis and spinach showing AS

of its transcripts (Werneke et al., 1989). Further analyses

revealed that the two transcript isoforms, the longer Rca-

α isoform and the shorter Rca-β isoform, encode proteins

with varying C-terminal ends. Rca-α contains two conserved

cysteine residues in the C-terminal extension (CTE), which

confer redox-sensitive regulation of its enzymatic activity

(Zhang & Portis, 1999). RCA is expressed extremely highly

in photosynthetic tissues of plants, and, correspondingly,

in Arabidopsis 27 RCA transcript isoforms are detectable

(Zhang et al., 2022). Our PacBio Iso-Seq identified an even

higher number with 45 transcript variants for cannabis RCA

(LOC115708105). Of these, the majority had only minor

variations at the 5′ and/or 3′ terminal exons, while eight

transcript isoforms were showing considerable variation in

their exon structure and encoded proteins missing substan-

tial parts of functional domains, for example, ATPase or

RBCS-interacting domain (Figure 5). Three isoforms showed

sufficient support by RNA-seq data generated previously for

the same chemotypes and tissues (Figure 5; Table S5) (Jost

et al., 2025), suggesting that the other transcripts are rare.

Two of the major three transcripts, RCA.2 and RCA.26,

showed only minor differences at their 5′ and 3′ ends and

were encoding proteins including a CTE, that is, these
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F I G U R E 4 Identification and expression of lncRNAs transcribed in antisense to the two cannabis NITRATE REGULATORY GENE
2-encoding loci. For the two orthologs of the NITRATE REGULATORY GENE 2 (NRG2) in cannabis (CsNRG2-1, LOC115717108; CsNRG2-2,

LOC115715863), PacBio Iso-seq identified long non-coding RNAs (lncRNAs) transcribed in antisense. The strand-specific RNA-seq read coverage

for the CsNRG2-1 locus (A) and for the CsNRG2-2 locus (B) in tissues (lateral roots [LR], mature leaves [ML], young stems [YS], and female

inflorescences [FI]) of hemp-type plants grown with two phosphorus supplies (low P: 0.025 mM, high P: 1 mM) is shown. The bottom panels

indicate the exon-intron structure of transcripts for both loci. Numbers indicate the position in base pairs on chromosome 5. Light and dark gray

shading highlight strand-specific coverage for NRG2 genes and their lncRNAs. (C) Quantification of transcript abundances for both NRG2 transcripts

and their corresponding lncRNAs across tissues of hemp-type plants with four different phosphorus supplies. Shown are heatmaps for TPM

(transcripts per million) values quantified from RNA-seq after z-scoring. RNA-seq data from NCBI SRA Project ID PRJNA1278883).

isoforms are homologous to the Rca-α isoform of other plant

species (Figure 5). By contrast, RCA.1 was homologous to

the shorter Rca-β isoform lacking the CTE extension. As

expected, expression of these isoforms was lower in the root

(R) than in the photosynthetically active tissues (FI, YL, and

YS) (Figure 5). Interestingly, for the latter, the expression of

the Rca-β isoform (RCA.1) was higher in the THC-dominant

than in the CBD-dominant chemotype, while the Rca-α iso-

forms (RCA.2 and RCA.26) were expressed at similar levels

in both chemotypes. The ratio of Rca-α to Rca-β controls the

redox sensitivity of Rubisco activation under varying irradi-

ance (Carmo-Silva & Salvucci, 2013). Thus, the expression

of both isoforms observed suggests a difference in control of

photosynthetic performance for the two chemotypes via AS

under the growth conditions at time of harvest.

The serine/arginine-rich (SR) proteins are a family of key

regulators of AS, and their transcripts themselves are widely

alternatively spliced. For example, in Arabidopsis 95 tran-

scripts have been detected for the 15 SR genes in the genome.

Many transcripts contain a premature stop codon and thus are

not encoding functional proteins. These are processed through

nonsense-mediated decay, which has been postulated as
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F I G U R E 5 Quantitative analysis of alternative splicing for transcripts encoding cannabis Rubisco activase. Transcript isoforms for the

cannabis Rubisco activase gene (RCA, LOC115708105) identified by PacBio Iso-seq was confirmed in the two cannabis chemotypes

(∆9-tetrahydrocannabinol [THC] and cannabidiol [CBD]) using RNA-seq data of four tissues (lateral root [LR], young stem [YS], young leaf [YL],

and female inflorescence [FI]) (Jost et al., 2025). The sashimi plot (top left panel) shows read coverage across exons after normalization for total read

number of individual samples and numbers indicate support of exon-exon junctions by intron-spanning reads. The panel below indicates the exon

structure for representative isoforms (black boxes), with the sequences encoding RCA protein isoforms highlighted in gray and positions of

corresponding functional domains as boxes (chloroplastic transit peptide, cTP; ATPase; RBCS-binding, RBCS; C-terminal extension, CTE).

Numbers indicate the position in base pairs on chromosome 1. The panel on the right shows the expression level of each of these isoforms across

tissues and chemotypes quantified from the same RNA-seq data set.
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F I G U R E 6 Quantitative analysis of alternative splicing for transcripts encoding a cannabis homolog of the SERINE/ARGININE-RICH 45
gene. Transcript isoforms identified by PacBio Iso-seq for a cannabis homolog of the SERINE/ARGININE-RICH 45 gene (SR45, LOC115716272)

resulting from alternative splicing were confirmed in two cannabis chemotypes (∆9-tetrahydrocannabinol [THC] and cannabidiol [CBD]) using

RNA-seq data of four tissues (lateral root [LR], young stem [YS], young leaf [YL], and female inflorescence, [FI] [Jost et al., 2025]). The sashimi

plot (top left panel) shows read coverage across exons after normalization for total read number of individual samples, and numbers indicate support

of exon-exon junctions by intron-spanning reads. The panel below indicates the exon structure for representative isoforms detected by PacBio Iso-seq

(black boxes), with the sequences encoding SR45 protein isoforms highlighted in gray and positions of corresponding functional domains (RS:

arginine/serine-rich domain, RRM: RNA recognition motif) as boxes. Numbers indicate the position in base pairs on chromosome 5. The panel on

the right shows the expression level of each of these isoforms across tissues and chemotypes as quantified from the same RNA-seq data set.

regulatory mechanism to fine-tune SR protein abundance and

subsequently the processing of their target transcripts (Palusa

et al., 2007). We screened our PacBio transcripts encoding SR

proteins and found LOC115716272, with sequence similarity

to Arabidopsis SR45, as an example for a cannabis SR gene

showing extensive AS of its transcripts (Figure 6). Out of the

seven PacBio transcripts in our assembly, expression and exon

structure were sufficiently supported for five transcripts by

RNAseq data. While none of these encoded for protein with

the same length as Arabidopsis SR45, the cannabis SR45.7

transcript encodes a protein that contains the two characteris-

tic, terminal arginine/serine-rich (RS) domains and an RNA
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F I G U R E 7 Quantitative analysis of alternative splicing for transcripts encoding the cannabis SPX4 gene. Transcript isoforms identified by

PacBio Iso-seq for the cannabis SPX DOMAIN GENE 4 (SPX4, LOC115700481) resulting from alternative splicing were confirmed in the two

cannabis chemotypes (∆9-tetrahydrocannabinol [THC] and cannabidiol (CBD) dominant; RNA-seq data obtained from [Jost et al., 2025]) and

hemp-type plants grown with differing phosphorus supplies (low P: 0.025 mM P; high P: 1 mM P; RNA-seq data from NCBI SRA Project ID

(Continues)
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F I G U R E 7 (Continued)

PRJNA1278883) across four tissues (lateral root [LR], young stem [YS], young leaf [YL], and female inflorescence [FI]). The sashimi plots (left

panels) show read coverage across exons after normalization for total read number of individual samples, and numbers indicate support of exon-exon

junctions by intron-spanning reads. The bar charts on the right show the expression levels of each these isoforms across tissues of the two

chemotypes and P treatments of hemp-type quantified from the same RNA-seq data sets. The bottom panel indicates the exon structure for

representative isoforms detected by PacBio Iso-seq (black boxes), with the sequences encoding SPX4 protein isoforms highlighted in gray and the

positions of corresponding functional SPX subdomains are represented by boxes. Position of amino acids involved in sensing of the plant phosphorus

status by binding phosphate or inositol polyphosphates are highlighted by red and blue lines, respectively. The position of a conserved lysine

identified as ubiquitination site for rice SPX4 is indicated in green. Numbers indicate the position in base pairs on chromosome 8.

recognition motif (RRM), thus resembling a functional SR45

homolog. The RS domain facilitates interaction with splicing

cofactors, and the RRM provides the interaction specificity

for target transcripts to be processed by the splicing com-

plex (Reddy, 2004). Domain composition and position in SR

proteins are highly variable and suggests functional flexibil-

ity. Higher abundance of alternative spliced transcripts that

contain a premature stop codon is common in plants, in con-

trast to animals and fungi (Barta et al., 2008). The SR45.7

transcript also showed the highest abundance of all isoforms,

while there were only minor differences in expression of iso-

forms between the two chemotypes across analyzed tissues

(Figure 6; Table S5).

The examples above confirmed conservation of AS events

previously identified in other plant species, also for cannabis

genes, and showed differential expression of transcript iso-

forms. In addition, we provided examples for AS events

leading to diversification in encoded proteins.

3.4 AS involving a key regulator of the
phosphate starvation responses

We were also able to identify an AS event not described or

characterized in any other plant species and with implica-

tions for the regulation of phosphate homeostasis. In plants,

the SPX DOMAIN (SPX) proteins are key regulators of the

phosphate starvation response (PSR), an acclimation mech-

anism that increases the plants’ ability to cope with limited

availability of phosphate in the soil. This includes the up-

regulation of phosphate transporter genes, changes in root

architecture, and adjustments in primary metabolism (Paz-

Ares et al., 2022). Binding of inositol pyrophosphates, which

signal the cellular phosphorus status, to SPX modulates its

interaction with the transcription factor PHOSPHATE STAR-

VATION RESPONSE 1 (PHR1), the major regulator of the

transcriptional responses. PHR1 directly binds to the pro-

moters of downstream genes, leading to their induction (for

review see [Collins et al., 2024]). In addition, SPX proteins

also coordinate the integration of phosphorus with nitrogen

metabolism (Hu et al., 2019; Ueda et al., 2020).

In our PacBio assembly we observed several transcripts

for the cannabis homolog of SPX4 (LOC115700481), which

showed distinct AS and covered the whole locus (Figure 7).

To the best of our knowledge, AS of SPX transcripts has not

been reported or analyzed for either their putative function

or expression in any other plant species. To cross-reference,

we also found similar AS events for the four SPX homologs,

which are contained in an Arabidopsis transcript database

(AtRTD; [Zhang et al., 2022]) (Figure S1). The CsSPX4.1

and CsSPX4.2 transcripts encode a canonical SPX family

protein, with three SPX domains, a phosphate binding clus-

ter (PBC), and a lysine surface cluster (LSC) (Figure 7)

(Wild et al., 2016). Intron retention in the CsSPX4.3 tran-

script leads to two open reading frames, with the 5′ ORF

encoding the PBC, LCS, and two-and-a-half SPX domains,

while the 3′ ORF encodes another half SPX domain and the

remainder of the full-length protein. The SPX4.4 transcript

only encodes the 5′ ORF, with the 3′ ORF disrupted by a

retained intron. The encoded protein is thus lacking the ubiq-

uitination site and part of the sensory inositol pyrophosphate

binding site (Figure 7; Figure S2). All PacBio transcripts

were independently supported by our two RNA-seq data sets,

with CsSPX4.1 showing highest expression across tissues,

followed by CsSPX4.4, in drug-type chemotypes. The other

two isoforms were expressed only at very low levels (Figure 7;

Table S6). There were only minor differences between the two

chemotypes for the analyzed tissues. Interestingly, for RNA-

seq data of hemp-type cannabis plants receiving different P

supplies, the CsSPX4.4 transcript abundance increased under

P limitation in ML by about threefold, while for CsSPX4.1 the

transcript level declined in FIs, YS, and LR (Figure 7). Given

the different composition of functional domains in proteins

encoded by the two transcript isoforms, changes in relative

isoform abundances could be part of a regulatory mechanism

to control the SPX-PHR1 interaction-dependent regulation of

the downstream PSR (Collins et al., 2024).

4 CONCLUSIONS

Our PacBio transcript assemblies for the two main cannabis

chemotypes—THC- and CBD-dominant—expand the num-

ber of annotated and classified transcript isoforms by about

threefold compared to the current reference annotations (cs10,

Pink Pepper) and AS events by about 10-fold to a previous
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study also using long-read sequencing methodology (Jiang

et al., 2022). The examples of transcript characterization pro-

vided here demonstrate the value of our assemblies to analyze

the diversity of isoforms, their expression and the potential

impact of AS on protein function. These insights lay a foun-

dation for future experimental investigations into the cannabis

transcriptome and proteome landscapes.
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