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Supplementary Analysis
Assessing reliability of MAJIQ’s short reads junction detec-
tion

To further strengthen the reliability of our junction analysis, we elaborate on MAJIQ’s short-

read junction detection process. We stress that the initial detection of junction spanning reads

is done by the mapper (STAR in this case) and not MAJIQ. Nonetheless, to be considered as

‘reliably detected’ in a sample, MAJIQ sets a threshold not only on the number of reads (default

= 3 for annotated junctions and = 5 for de novo) but also on the minimum number of read posi-

tions that must each contain at least one read (default = 2). This criterion ignores soft-clipped

bases, which are not aligned segments of reads and is in addition to the typical overhang re-

quirements (8 bases) on both ends of the junction. This default usage prevents detection based

on a single PCR duplication. Elaborate work based on simulated data indicates a false discov-

ery rate (FDR) of ≈ 2% in a sample when two different positions are used1. Furthermore, only

if enough samples in a sample group (e.g., tissue/cell type) have the junction reliably detected

will the junction be considered and added to the splicing graph and subsequent analysis. We

used the default setting of 51% of the group’s samples, which translates to 2 of the 3 samples

in the consortium’s replicates. Assuming mapping errors in different samples are independent

and using the above estimate for a single sample leads to an estimate of 0.04% falsely detected

junctions. To assess the robustness of our detection criteria, we also tested the effect of tak-

ing the 50% most trustworthy junctions by requiring a minimum of 4 different read positions,

rather than the default 2, for each junction. As expected, we observed a drop in the number of

identified junctions. In the PDX cell line sample derived from a patient with relapsed B-Cell

Acute Lymphoblastic Leukemia (B-ALL), referenced in Supplemental Fig. S1, the total num-

ber of junctions decreased from 428,265 (with 15,563 being de novo) to 426,784 (with 14,082
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being de novo). Thus, the overall effect was only a 0.35% drop in detected junctions, though,

for the ≈ 3.6% subset of those that are de novo (15.5K/428K), there was a higher relative drop

of ≈ 9.5%. This higher ratio is to be expected, given that de novo junctions are generally less

frequent/abundant. While the observed drop should not necessarily be attributed to false posi-

tives, it indicates that short-read false positive junctions are not a significant component of our

results.

Supplementary Figures

Supplemental Fig. S1. Splice junctions comparative analysis in GTEx and PDX cell line
samples. Bar charts corresponding to the aforementioned six categories. Mean and standard
error bars are computed using matched datasets from three samples of human heart atrial ap-
pendage, brain frontal cortex, and liver sequenced by GTEx. PDX cell line derived from a
patient with a relapsed B-ALL contains only one sample. This data includes short reads pro-
cessed by STAR and MAJIQ, Long reads from ONT assays, and four long read algorithms used
to process the long reads data. Note that heart atrial appendage, brain frontal cortex, and liver
samples are only processed with FLAIR.
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Supplemental Fig. S2. Additional splice junctions comparative analysis when there are
coverage differences between short and long reads. (A) Bar charts corresponding to the
aforementioned six categories. Mean and standard error bars are computed using matched
datasets from three samples of human heart atrial appendage, brain frontal cortex, and liver
sequenced by GTEx. This data includes short reads processed by STAR and MAJIQ, Long
reads from ONT assays. GTEx samples are only processed with FLAIR. Note that Illumina
has 1.7-fold more coverage than ONT in three GTEx tissues. (B) Bar charts corresponding to
the aforementioned six categories. Mean and standard error bars are computed using matched
datasets from three replicates of human cell line sequenced by the LRGASP14. This data in-
cludes short reads processed by STAR and MAJIQ, Long reads from PacBio and ONT assays,
and four long read algorithms used to process the long reads data. Note that PacBio has 1.3-fold
and ONT has 2.4-fold more coverage than Illumina in this figure. (C) Bar charts correspond-
ing to the aforementioned six categories. Mean and standard error bars are computed using
matched datasets from one PDX cell line sample derived from a patient with a relapsed B-ALL.
This data includes short reads processed by STAR and MAJIQ, Long reads from ONT assays,
and four long read algorithms used to process the long reads data. Note that ONT has 2.9-fold
more coverage than Illumina in PDX cell line sample.
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B

Supplemental Fig. S3. Additional analysis of de novo elements in LRGASP dataset. (A)
Short reads de novo splice junctions reported by MAJIQ (green junctions) can be classified as
those involving novel splice sites (light green) or a novel combination of known splice sites
(dark green). For clarity, de novo junctions extend from exon 1 to exon 3, whereas the anno-
tated junctions are constitutive. The pie chart shows that compared to long reads processed
with FLAIR, ESPRESSO, and Bambu, ∼ 90% of MAJIQ de novo splice junctions involve
novel splice sites. (B) Breakdown of all cases involving de novo junctions reported by FLAIR,
ESPRESSO, and Bambu using either PacBio (top) or ONT (bottom) long reads. Notably, almost
all of those cases also include pTSS/pTES. (C) Breakdown of long reads novel splice junctions
(light purple in Fig 3-b) into the four different categories shown in Fig 3-d when using FLAIR,
ESPRESSO, and Bambu to analyze PacBio (top) and ONT (bottom) matched reads.
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Supplemental Fig. S4. Additional analysis of de novo elements in LRGASP when there
are coverage differences between short and long reads. (A) Short reads de novo splice
junctions reported by MAJIQ (green junctions) can be classified as those involving novel splice
sites (light green) or a novel combination of known splice sites (dark green). The pie chart
shows that compared to long reads processed with IsoQuant, FLAIR, ESPRESSO, and Bambu,
∼ 90% of MAJIQ de novo splice junctions involve novel splice sites. (B) Breakdown of all
cases involving de novo junctions reported by FLAIR, ESPRESSO, and Bambu using either
PacBio (top) or ONT (bottom) long reads. Notably, almost all of those cases also include
pTSS/pTES. (C) Breakdown of long reads novel splice junctions (light purple in Fig 3-b) into
the four different categories shown in Fig 3-d when using FLAIR, ESPRESSO, and Bambu to
analyze PacBio (top) and ONT (bottom) matched reads. Note that PacBio has 1.3-fold and ONT
has 2.4-fold more coverage than Illumina in figures (a)-(c).
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Supplemental Fig. S5. Additional analysis of de novo elements in GTEx heart atrial ap-
pendage and PDX cell line samples (A) Short reads de novo splice junctions reported by
MAJIQ (green junctions) can be classified as those involving novel splice sites (light green) or
a novel combination of known splice sites (dark green). The pie chart shows that compared
to long reads processed with IsoQuant, FLAIR, ESPRESSO, and Bambu, ∼ 94% of MAJIQ
de novo splice junctions involve novel splice sites in PDX cell line sample. Compared to long
reads processed with FLAIR, ∼ 85% of MAJIQ de novo splice junctions involve novel splice
sites in heart atrial appendage samples. (B) Breakdown of all cases involving de novo junctions
reported by IsoQuant, FLAIR, ESPRESSO, and Bambu using ONT long reads. Notably, almost
all of those cases also include pTSS/pTES. (C) Breakdown of long reads novel splice junctions
(light purple in Fig 3-b) into the four different categories shown in Fig 3-d when using Iso-
Quant, FLAIR, ESPRESSO, and Bambu to analyze ONT matched reads. Note that heart atrial
appendage samples are only processed with FLAIR.
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Supplemental Fig. S6. Additional analysis of de novo elements in GTEx heart atrial ap-
pendage and PDX cell line samples when there are coverage differences between short and
long reads. (A) Short reads de novo splice junctions reported by MAJIQ (green junctions) can
be classified as those involving novel splice sites (light green) or a novel combination of known
splice sites (dark green). The pie chart shows that compared to long reads processed with Iso-
Quant, FLAIR, ESPRESSO, and Bambu, ∼ 94% of MAJIQ de novo splice junctions involve
novel splice sites in PDX cell line sample. Compared to long reads processed with FLAIR,
∼ 90% of MAJIQ de novo splice junctions involve novel splice sites in heart atrial appendage
samples. (B) Breakdown of all cases involving de novo junctions reported by IsoQuant, FLAIR,
ESPRESSO, and Bambu using ONT long reads. Notably, almost all of those cases also include
pTSS/pTES. (C) Breakdown of long reads novel splice junctions (light purple in Fig 3-b) into
the four different categories shown in Fig 3-d when using IsoQuant, FLAIR, ESPRESSO, and
Bambu to analyze ONT matched reads. Heart atrial appendage samples are only processed with
FLAIR. Note that ONT has 2.9-fold more coverage than Illumina in PDX cell line sample, and
Illumina has 1.7-fold more coverage than ONT in heart atrial appendage samples.
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Supplementary Fig. 7: Analysis of splice site changes. Changes in the number of splice
sites associated with each category (color) as a function of ’fuzzy’ matching window size. Here
the window size (x-axis) represents the distance between long reads based splice sites and those
reported by MAJIQ or the annotation at which they are still considered to match. As the window
size increases the number of splice junctions in the categories All (blue), Both de novo (light
green), or long reads and annotation (olive) increases, while the categories for junctions short
reads and annotation (green) or detected only by long reads (magenta) drop. However the total
number of splice junctions switching their categories remains small. From all four long reads
algorithms FLAIR (top left) was the most affected by the ’fuzzy’ matching.
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A B

Supplemental Fig. S8. Number of junctions identified by FLAIR, ESPRESSO, and Bambu
from the junctions that MAJIQ finds. (A) Bar plots showing the fraction of LSV reported
by MAJIQ’s short reads analysis, which were ’non-quantifiable’ by FLAIR, ESPRESSO, and
Bambu using PacBio (orange) and ONT (light blue) matched long reads data. Here a ’quan-
tifiable’ LSV require at least 10 reads covering its respective junctions. Of note, a substantial
fraction of LSV remain unjustifiable by long reads even for those with extremely high short read
coverage (>100 reads). (B) Taking the splice junctions reported in (B) by MAJIQ (green) and
assessing the number of those also identified when using PacBio (tomato) or ONT (blue) long
reads, as a function of the PSI values. Here FLAIR, ESPRESSO, Bambu were used for long
reads data. Note that if a junction appears in multiple LSV, the lowest PSI values are chosen
(x-axis). The graph on the right is the CDF for the histogram shown on the left. Dashed lines
denote splice junctions with a PSI of 20% or more.
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A B

Supplemental Fig. S9. LSV non-quantifiability and 3’ to 5’ bias analysis in FLAIR,
ESPRESSO, and Bambu. (A) Bar plots showing the fraction of LSV reported by MA-
JIQ’s short reads analysis, which were ’non-quantifiable’ by FLAIR, ESPRESSO, Bambu using
PacBio (orange) and ONT (light blue) matched long reads data. Here a ’quantifiable’ LSV re-
quires at least 10 reads covering its respective junctions. Of note, a substantial fraction of
LSV remain unjustifiable by long reads even for those with extremely high short read coverage
(>100 reads). (B) Same plot as in (A) for the fraction of non-quantifiable LSV by long reads
data, but here as a function of distance from transcript 3’ end. When LSV involved transcripts
with multiple 3’ ends, the shortest distance was used as a conservative estimate.
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Supplemental Fig. S10. GA content at splice junctions between short and long reads.
Boxplots showing GA content across various distances from the transcript 3’ end. Each boxplot
represents the GA content in distance from 3’ end (x-axis). The median is denoted by the
horizontal line in each box, the upper and lower quartiles are denoted by the box, and the
whiskers show points that lie within 1.5 IQRs of the lower and upper quartiles. P-values were
calculated using the Mann–Whitney U test.
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A B

Supplemental Fig. S11. Intron Rention (IR) events found between MAJIQ and FLAIR,
ESPRESSO, Bambu in GTEx and LRGASP samples. (A) Upset plot (left) showing overlap
and total IR events reported by MAJIQ from short reads and MAJIQ and FLAIR, ESPRESSO,
Bambu using PacBio or ONT matched long reads (LRGASP dataset). Boxplots (right) showing
IR length distribution across seven categories in upsetplot. Each boxplot represents the IR
length (y-axis) in each category (x-axis). The median is denoted by the yellow line, the upper
and lower quartiles are denoted by the box, and the whiskers show points that lie within 1.5 IQRs
of the lower and upper quartiles. The number of events in each category corresponds to those
in upsetplot. (B) Upset plot (left) showing overlap and total IR events reported by MAJIQ from
short reads and MAJIQ and FLAIR using ONT matched long reads (GTEx). Boxplots (right)
showing IR length distribution across three categories in upsetplot. Each boxplot represents
the IR length (y-axis) in each category (x-axis). The median is denoted by the yellow line, the
upper and lower quartiles are denoted by the box, and the whiskers show points that lie within
1.5 IQRs of the lower and upper quartiles. The number of events in each category corresponds
to those in upsetplot.
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Supplemental Fig. S12. Number of introns identified by MAJIQ from the introns that
FLAIR, ESPRESSO, Bambu find. Taking the introns by FLAIR, ESPRESSO, Bambu PacBio
(tomato) or ONT (blue) and assessing the number of those also identified by MAJIQ (grey) as
a function of the PSI values (left). Note that if an intron appears multiple times, the lowest
PSI values are chosen. The histogram shows the number of introns (y-axis) in each PSI value
(x-axis). The number of FLAIR, ESPRESSO, Bambu’s introns using PacBio or ONT identified
by MAJIQ as a function of the number of long reads covering the introns (right). The histogram
shows the number of introns (y-axis) as a function of read number (x-axis).
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Supplemental Fig. S13. GC content of Intron Retention (IR) in GTEx samples. Boxplots
showing GC content of IR between short and long reads in GTEx tissues. Each boxplot rep-
resents GC content (y-axis) in each technology (x-axis). The median is denoted by the yellow
line, the upper and lower quartiles are denoted by the box, and the whiskers show points that lie
within 1.5 IQRs of the lower and upper quartiles.
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Supplemental Fig. S14. Comparative Analysis of long read algorithms before and after
enforcing default cutoff thresholds. We experimented with relaxing the cutoffs for isoform
detection across four different algorithms on a human cell line from LRGASP PacBio dataset.
In general, transcript discovery involves a balance between sensitivity and precision, and each
algorithm uses different parameters to control for that:

• Bambu uses Novel Discovery Rate (NDR) threshold for isoform detection. The NDR
threshold approximates the proportion of novel candidates output by bambu, relative to
the number of known transcripts it found, i.e., an NDR of 0.1 would mean that 10% of
all transcripts passing the threshold are classified as novel. We increased NDR from 0.1
(default setting) to 1.0.

• IsoQuant can discover more transcripts at a cost of precision using model construction strategy
parameter. We included this parameter in our new run.

• ESPRESSO sets the minimum perfect read count for de novo detected candidate splice
junctions to be 2. We lowered the threshold to 1.

• FLAIR can correct long-read alignments using matched short-read junctions to improve
transcript discovery.
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We tried varying the above parameters. For FLAIR, incorporating short-read junctions did
not lead to any improvement in transcript discovery. We received feedback from the FLAIR au-
thor suggesting that including short-read junctions might not enhance the correction step if both
annotated and Illumina-derived splice junctions are already being used. As for ESPRESSO, it
encountered a memory overload and was subsequently terminated on several occasions. Thus,
we focus on the results we got for the two remaining algorithms.

Before relaxing the cutoff, Bambu identifies 6,500 Bambu & Annotation junctions and 6,900
de novo junctions. After the relaxation, the numbers increased to 8,750 and 9,278 junctions.
While relatively these numbers mark a significant increase of ∼34% in detected junction, the
overall picture compared to the annotation and short reads remains quite similar with detection
by all increasing from 56% to close to 62%, MAJIQ and Annotation (no LR) dropping from
∼34% to ∼27%, and Bamboo only increasing from ∼3.5% to ∼4.5%.

For IsoQuant, prior to relaxing the cutoff, IsoQuant detects 11,491 IsoQuant & Annota-
tion junctions and 12,839 IsoQuant only de novo junctions (no short reads). Upon easing the
cutoff criteria, the count of IsoQuant & Annotation junctions marginally decreased by approxi-
mately 11,105 while IsoQuant only de novo junctions (no short reads) experienced a significant
increase of roughly 40% to 17,949. Yet again, if we look at the overall picture with short
reads, the picture remains quite similar: The fraction of junctions supported by all stays almost
the same (∼66.2%), SR+Annotation drops from 19.3% to 18.2% and LR only increases from
∼5.9% to ∼8.1%.

Overall, these results indicate that relaxing the default execution parameters of LR algo-
rithms does make the expected change of increased sensitivity at a likely price of an increase
in false positives, yet the overall picture/conclusions regarding the relation between Annota-
tion/SR/LR remains quite similar.
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Supplementary Table

Supplemental Table S1. Coverage summary statistics of human cell line datasets in LARGASP.
For each sample, replicates were combined when reporting statistics. Note that the number in-
side the parentheses denotes the number of reads before subsampling. PacBio has 1.3-fold and
ONT has 2.4-fold more coverage than Illumina.
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Supplemental Table S2. Coverage summary statistics in B-ALL. Note that the number in-
side the parentheses denotes the number of reads before sub-sampling. ONT has 2.9-fold more
coverage than Illumina.
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Supplemental Table S3. Coverage summary statistics in GTEx. Note that the number inside
the parentheses denotes the number of reads before sub-sampling. Illumina has 1.7-fold more
coverage than ONT.
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Supplemental Table S4. Long read tools Command line options and software versions
FLAIR, IsoQuant, Bambu, and ESPRESSO were run using the same BAM file, reference anno-
tation, and reference genome as input.
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