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Supplementary Methods

Cell cultures. HEK293FT cells (Invitrogen) were cultured in complete DMEM medium
containing 4.5g/L glucose and 6mM L-glutamine (Gibco), supplemented with 10% Fetal Bovine
Serum (Sigma-Aldrich), 0.1mM MEM Non-essential Amino Acids (Gibco), ImM Sodium
Pyruvate (Gibco) and 100 pg/mL Pencillin/Streptomycin (Gibco). Cells were dissociated using
TrypLE express (Gibco) and stained with Propidium lodide, to exclude dead cells, before
distribution into 96 or 384 well plates containing 3uL lysis buffer using a BD FACSMelody 100
um nozzle (BD Bioscience). The Smart-seq3 lysis buffer consisted of 0.5 unit/uL Recombinant
RNase Inhibitor (RRI) (Takara), 0.15% Triton X-100 (Sigma), 0.5mM dNTP/each (Thermo
Scientific), 1uM Smart-seq3 oligo-dT primer (5’-Biotin-ACGAGCATCAGCAGCATACGA T3pVN-3’
; IDT), 5% PEG (Sigma) and 0.05 pL of 1:40.000 diluted ERCC spike-in mix 1 (For HEK293FT

cells). The plates were spun down immediately after sorting and stored at -80 degrees.

Primary mouse fibroblasts were obtained from tail explants of CAST/EiJ X C57/Bl6J derived
adult mice (with ethical approval from the Swedish Board of Agriculture, Jordbruksverket:
N343/12). Cells were cultured and passaged twice in (DMEM high glucose (Invitrogen), 10%
ES cell FBS (Gibco), 1% Penicillin/Streptomycin (Invitrogen), 1% Non-essential amino acids
(Invitrogen), 1% Sodium-Pyruvate (Invitrogen), 0.1mM b-Mercaptoethanol (Sigma), before
stained with Propidium lodide, and sorted in to 384 well plates containing 3uL Smart-seq3

lysis buffer. Again, plates were spun down and stored at -80 degrees immediately after sorting.

The Human Cell Atlas (HCA) reference sample consisting of a mix of Human PBMCs, Mouse

colon, as well as fluorescent labelled cell-lines HEK-293-RFP, NiH3T3-GFP and MDCK-Turbo650
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were thawed according to specified instructions®. Cells were stained with Live/Dead fixable
Green Dead cell stain kit (Invitrogen), facilitating the exclusion of dead cells as well as NIH3T3-
GFP cells. Additionally, both debris and doublets were excluded in the gating. Cells were index
sorted into 384 well plates, containing 3uL Smart-seq3 lysis buffer, using a BD FACSMelody

sorter with 100um nozzle (BD Bioscience).

Generation of Smart-seq2 libraries. Smart-seq2 cDNA libraries were generated according the
published protocol??2. For Smart-seq2-UMI, cDNA libraries were generated as previously
published®?. Recipes for other “intermediate” Smart-seq2 reactions can be found in Table S1.
Tagmentation was performed with similar cDNA input and volumes as for Smart-seq3

described below.

Generation of Smart-seq3 libraries. To facilitate cell lysis and denaturation of the RNA, plates
were incubated at 72 degrees for 10 min, and immediately placed on ice afterwards. Next, 1uL
of reverse transcription mix, containing 25 mM Tris-HCL pH 8.3 (Sigma), 30 mM NaCl
(Ambion), 1 mM GTP (Thermo Scientific), 2.5 mM MgCIl2 (Ambion), 8 mM DTT (Thermo
Scientific), 0.5 u/uL RRI (Takara), 2 uM of different Smart-seq3 Template switching oligo (TSO)
(see additional table for list of evaluated TSOs; 5’-Biotin-
AGAGACAGATTGCGCAATGNNNNNNNNrGrGrG-3’; IDT) and 2 u/pL Maxima H-minus reverse
transcriptase enzyme (Thermo Scientific), were added to each sample. Reverse transcription
and template switching were carried out at 42 degrees for 90min followed by 10 cycles of 50
degrees for 2min and 42 degrees for 2 min. The reaction was terminated by incubating at 85
degrees for 5 min. PCR preamplification was performed directly after reverse transcription by

adding 6 pL of PCR mix, bringing reaction concentrations to 1x KAPA HiFi PCR buffer (contains
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2mM MgCl2 at 1X) (Roche), 0.02u/ul DNA polymerase (Roche), 0.3mM dNTPs, 0.1uM
Smartseq3 Forward PCR primer (5'-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATTGCGCAATG-3’ ; IDT), 0.1uM Smartseq3
Reverse PCR primer (5'-ACGAGCATCAGCAGCATACGA-3’ ; IDT). PCR was cycled as follows:
3min at 98 degrees for initial denaturation, 20-24 cycles of 20 secs at 98 degrees, 30 sec at 65
degrees, 6 min at 72 degrees. Final elongation was performed for 5 min at 72 degrees. For
various iterations and optimization conditions, see Supplementary table 1 for information

about specific conditional changes to library preparation.

Sequence library preparation. Following PCR preamplification, all samples, regardless of
protocol used, were purified with either AMpure XP beads (Beckman Coulter) or home-made
22% PEG beads (see step 27 in protocol doi:10.17504/protocols.io.p9kdr4w at protocols.io).
Library size distributions were checked on a High sensitivity DNA chip (Agilent Bioanalyzer)
and all cDNA concentrations were quantified using the Quant-iT PicoGreen dsDNA Assay Kit
(Thermo Scientific). cDNA was subsequently diluted to 100-200pg/uL. Tagmentation was
carried out in 2 uL, consisting of 1x tagmentation buffer (10mM Tris pH 7.5, 5mM MgCl2, 5%
DMF), 0.08-0.1 uL ATM (lllumina XT DNA sample preparation kit) or TDE1 (lllumina DNA
sample preparation kit), 1 uL cDNA and H20. Plates were incubated at 55 degrees for 10min,
followed by addition of 0.5 uL 0.2% SDS to release Tn5 from the DNA. Library amplification of
the tagmented samples was performed using either 1.5 uL Nextera XT index primers (lllumina)
or 1.5 ul custom designed Nextera index primers containing either 8 or 10 bp indexes (0.1 uM
each), differing with a minimal levenshtein distance of 2 between any two indices. 3 uL PCR
mix (1x Phusion Buffer (Thermo Scientific), 0.01 U/uL Phusion DNA polymerase (Thermo

Scientific), 0.2 mM dNTP/each) was added to each well, and incubated at 3 min 72 degrees;
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30 sec 95 degrees; 12 cycles of (10 sec 95 degrees; 30 sec 55 degrees; 30 sec 72 degrees); 5
min 72 degrees; in a thermal cycler. For the experiments optimizing the UMI fragment
conditions, following changes to the tagmentation procedure (cDNA input, amount of ATM,
and time at 55 degrees) are shown in Figure 1c. After tagmentation samples were pooled, and
the pool purified with Ampure XP beads or 22% home-made PEG beads at 1:0.6 ratio. Libraries
were sequenced at 75 bp single-end, or 150 bp paired-end on a high output flow cell using the

Illumina NextSeq500 instrument, or on a NovaSeq S4 flow cell 150 bp paired-end.

Gel cutting pilot. We additionally experimented with selecting for certain lengths of libraries
prior to sequencing of the mouse fibroblast cells. We used 20uL of purified sequence ready
library and loaded it onto a 2% Agarose E-Gel EX and ran the gel for 12min. We manually cut
the gel in the regions corresponding to 550-2000bp and re-purified the library using Qiagen
QiaQuick gel extraction kit following the manufacturers protocol. We observed a modest
improvement, however selecting for longer fragments could likely improve reconstruction

lengths.

Read alighments and gene-expression estimation. Raw non-demultiplexed fastq files were
processed using zUMls (version 2.4.1 or newer) with STAR (v2.5.4b), to generate expression
profiles for both the 5’ ends containing UMlIs as well as combined full length and UMI data. To
extract and identify the UMI-containing reads in zUMIs, find_pattern: ATTGCGCAATG was
specified for filel as well as base_definition: cDNA(23-75; Single-end), (23-150bp, paired-end)
and UMI(12-19) in the YAML file. UMIs were collapsed using a Hamming distance of 1. Human
cells were mapped to hg38 genome and mouse fibroblast cells were mapped against mm10

genome with CAST SNPs masked with N to avoid mapping bias, both supplemented with
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additional STAR parameters “--limitSjdbinsertNsj 2000000 --outFilterIntronMotifs --
RemoveNoncanonicalUnannotated --clip3pAdapterSeq CTGTCTCTTATACACATCT”.
Experiments containing HEK293FT cells were quantified with gene annotations from Ensembl
GRCh38.91. Mouse primary fibroblast data was quantified with gene annotations from

Ensembl GRCm38.91.

Allele-calling of F1 mouse molecules. CAST/EiJ strain specific SNPs were obtained from the
mouse genome project?®> dbSNP 142 and filtered for variants clearly observed in existing
CAST/EiJ x C57/Bl6J F1 data, yielding 1,882,860 high-quality SNP positions. Uniquely mapped
read pairs were extracted and CIGAR values parsed using the GenomicAlignments package?*.
Reads with coverage over known high-quality SNPs were retained and grouped by UMI
sequence. Molecules with >33% of bases at SNP positions showing neither the CAST nor the
C57 allele were discarded and we required >66% of observed SNP bases within molecules to

show one of the two alleles to make an assignment.

Inference of transcriptional burst kinetics. Allele-resolved UMI counts were used to generate
maximum likelihood inference of bursting kinetics from scRNA-seq data as described

previously!?. Inference scripts are available at https://github.com/sandberg-lab/txburst. To

ensure a fair comparison with the data generated in this study, we reprocessed the Smart-
seq2 data deposited at the European Nucleotide Archive accession E-MTAB-7098 using zUMls

and the same SNP set as described above.

Primary data processing for mixed-species benchmarking sample. The complete dataset was

mapped against a combined reference genome for human (hg38), mouse (mm10) and dog
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(CanFam3.1). Cells mapping clearly (> 75% of reads) to the mouse or dog were removed.
Remaining cells representing HEK293, PBMCs and potential low quality libraries were

processed using zUMls (version 2.5.5) and mapped against the human genome only.

Analysis of human HCA benchmark samples. First, cells were filtered for low quality libraries
requiring >10,000 raw reads, >75% of reads mapped to the genome and >25% exonic
fractions. Further analysis was done within v3.1 of Seurat?® retaining cell with > 500 genes
detected (intron+exon quantification). Data was normalized (“LogNormalize”) and scaled to
10,000 as well as regressing out the total number of counts per cell. The top 2,000 variable
genes were found using the “vst” method and used for PCA dimensionality reduction. The first
20 principal components were used for both SNN neighborhood construction as well as UMAP
dimensionality reduction. Lastly, louvain clustering was applied (resolution = 0.7) to find cell
groupings. Major cell types were readily identifiable by common marker genes: CD4+ T-cells
(CD4, IL7R, CD3D, CD3E, CD3G), CD8+ T-cells (CD8A, CD8B), CD14+ Monocytes (CD4, CD14,
S100A12), FCGR3A+ Monocytes (FCGR3A), B-cells (MS4A1, CD19, CD79A), NK-cells (NKG7, LYZ,
NCAM1) and HEK cells (high number of genes detected). Naive T-cells were separated from
activated by CCR7, SELL, CD27, IL7R and lack of FAS, TIGIT, CD69. y6 T-cells were separated

from other T-cells by TRGC1, TRGC2, TRDC and lack of TRAC, TRBC1, TRBC2.

Isoform reconstruction of UMI-linking fragments from Smart-seq3. The genomic alignments
of 5" UMI containing reads and their paired reads from same fragments were generated by
zZUMI (version 2.4.1 or newer) with UMI and cell barcode error correction. Unique and multi-
mapped reads from same molecules mapping to exonic regions were used for isoform

reconstruction. The genomic positions of exons from each isoform were based on reference
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gene annotation from Ensembl GRCm38.91 for mouse fibroblast data and Ensembl GRCh38.95
for human HCA data. Reads mapping to same molecule were compared to annotated
transcripts structures, and represented as a Boolean string indicating which exon were found
in read pairs and junctions (“1”) and junctions supporting the exclusion of exons (“0”). For
exons not covered with reads, “N” was used to signify lacking. The Boolean string from the
reconstructed molecule were matched to the string corresponding to each reference isoforms
of same gene to return compatible isoform(s) for each molecule. Molecule isoform
assignments were further corrected based on reads aligning to alternative 5’ and 3’ splice sites

of overlapping exons from different isoforms.

Isoform assignments by integrating non-UMI reads. Transcriptome bam files generated using
zUMI were demultiplexed per cell and isoform abundances quantified using Salmon®®
(v0.14.0) quant command and using he following settings “--fldMean 700 --fldSD 100 --fldMax
2000 --minAssignedFrags 1 --dumpEgWeights”. We corrected the Salmon output for cases
where all reads were assigned to one out of many possible isoforms belonging to the same
equivalent classes. For each cell, isoforms with TPM > 0 from salmon were considered
expressed, and used to filter compatible isoforms of the reconstructed molecules.

If more than one isoform was compatible with a reconstructed molecule (after Salmon
filtering), each compatible isoform obtained a partial molecule count (1/N compatible

isoforms).

Strain-specific isoform expression in mouse fibroblasts. To investigate mouse strain-specific
isoform expression, we used all molecules with both an allele assigned and only a unique

isoform assigned. We only considered genes for which we detected two or more isoforms and
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expression from both alleles. For each gene, we constructed a contingency table based on the
counts of molecules assigned to each allele and isoform. Significance was tested was by using
Chi-square test and the resulting p-values were corrected for the multiple testings using the
Benjamini-Hochberg procedure. We further scrutinized the significant strain-isoform
interactions (with an adjusted p-value < 0.05). For each significant gene, we performed
thousand independent randomizations of allele and isoform labels of all molecules, and we
computed the Chi-square test on each permutation, and we further required that the real p-

value obtained were below 5% lowest p-values from the randomizations.

Supplementary Methods References:

22. Picelli, S. et al. Full-length RNA-seq from single cells using Smart-seq2. Nat. Protoc. 9,
171-181 (2014).

23. Keane, T. M. et al. Mouse genomic variation and its effect on phenotypes and gene
regulation. Nature 477, 289-294 (2011).

24. Lawrence, M. et al. Software for computing and annotating genomic ranges. PLoS
Comput. Biol. 9, €1003118 (2013).

25. Stuart, T. et al. Comprehensive Integration of Single-Cell Data. Cell 177, 1888-1902.e21

(2019).

29


https://doi.org/10.1101/817924
http://creativecommons.org/licenses/by-nc-nd/4.0/

