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This protocol begins with raw RNA-seq reads collected from 
all samples, and it produces several useful outputs, including  
lists of genes, transcripts and expression levels for each sample, 
tables showing differentially expressed genes between the two 
conditions and accompanying statistical measures of significance. 
First, reads from each sample are mapped to the reference genome 
with HISAT (Fig. 1). The user can provide a file of annotated  
gene positions as an option, and HISAT will use that file but it 
will also detect splice sites missing from the annotation. Next, 
the alignments are passed to StringTie for transcript assembly. 
StringTie assembles the genes for each data set separately, esti-
mating the expression levels of each gene and each isoform as 
it assembles them. After assembling each sample, the full set of 
assemblies is passed to StringTie’s merge function, which merges 
together all the gene structures found in any of the samples. This 
step is required because transcripts in some of the samples might 
be only partially covered by reads, and as a consequence only 
partial versions of them will be assembled in the initial StringTie 
run. The merge step creates a set of transcripts that is consist-
ent across all samples, so that the transcripts can be compared 
in subsequent steps. The merged transcripts are then fed back 
to StringTie one more time so that it can re-estimate the tran-
script abundances using the merged structures. The re-estimation  
uses the same algorithm as the original assembly, but reads  
may need to be re-allocated for transcripts whose structures  
were altered by the merging step. StringTie also provides addi-
tional read-count data for each transcript that are required  
by Ballgown. Finally, Ballgown takes all the transcripts and  
abundances from StringTie, groups them by experimental con-
dition and determines which genes and transcripts are differen-
tially expressed between conditions. Ballgown includes plotting 
tools as part of the R/Bioconductor package that help visualize  
the results.

This protocol does not require programming expertise, but it 
does assume familiarity with the Unix command-line interface 
and the ability to run basic R scripts. Users should be comfortable 
running programs from the command line and editing text files 
in the Unix environment.

Alternative analysis packages
HISAT, StringTie and Ballgown provide a complete analysis pack-
age (the ‘new Tuxedo’ package) that begins with raw read data 
and produces gene lists and expression levels for each RNA-seq 
sample, as well as lists of differentially expressed genes for an 
overall experiment. Other RNA-seq analysis packages have been 
developed that can be used instead of, or in combination with, 
these tools, most notably the TopHat2 and Cufflinks systems (the 
original ‘Tuxedo’ package). The alignment step requires a spliced 
alignment algorithm that allows reads to span introns and that 
does not require annotation, for which several alternative tools are 
available4,10,11. Alignments from these other tools could be used as 
input to StringTie. Alternative methods have been developed for 
the transcriptome assembly and quantification steps as well5,12,13. 
Several methods can reconstruct transcripts de novo, without the 
use of a reference genome14–16, a different problem from the one 
considered in this protocol. Other RNA-seq analysis programs can 
quantitate transcripts by using annotated, known genes17–19; by 
skipping the transcript assembly step, these programs offer sub-
stantial speed advantages. We note that even for very well-studied 
organisms such as human, mouse and fruit fly, the annotation of 
protein-coding genes, splice variants and noncoding RNA genes is 
far from complete, and these alternative programs cannot report 
any novel transcripts or splice variants.

After all samples have been assembled, our protocol uses 
StringTie to merge the transcripts, but the cuffmerge program, 
which is part of the Cufflinks package, could be used instead. 
Finally, multiple tools for computing differential expression have 
been developed20–22, and these could be used as alternatives to 
Ballgown. The input requirements for some of these alternative 
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Figure 1 | An overview of the ‘new Tuxedo’ protocol. In an experiment 
involving multiple RNA-seq data sets, reads are first mapped to the genome 
using HISAT (Steps 1 and 2). Annotation of reference genes and transcripts 
can be provided as input, but this is optional, as indicated by the dotted 
line. The alignments are then passed to StringTie (Step 3), which assembles 
and quantifies the transcripts in each sample. (In the alternative protocol, 
the alignments from Step 2 are passed directly to Step 6, skipping all 
assembly steps. Step 6 will then estimate abundance only for known, 
annotated transcripts.) After initial assembly, the assembled transcripts 
are merged together (Step 4) by a special StringTie module, which creates 
a uniform set of transcripts for all samples. StringTie can use annotation in 
both of these steps, as shown by the dotted lines. The gffcompare program 
then compares the genes and transcripts with the annotation and reports 
statistics on this comparison (Step 5). In Step 6, StringTie processes 
the read alignments and either the merged transcripts or the reference 
annotation (through the diamond labeled ‘OR’). Using this input, StringTie 
re-estimates abundances where necessary and creates new transcript 
tables for input to Ballgown. Ballgown then compares all transcripts across 
conditions and produces tables and plots of differentially expressed genes 
and transcripts (Steps 7–21). Black and curved blue lines in the figure 
represent input to and output from the programs, respectively. Optional 
inputs are represented by dotted lines.


