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ABSTRACT

A major challenge for RNA-seq analysis of gene expression is to achieve sufficient coverage of informative nonribosomal
transcripts. In eukaryotic samples, this is typically achieved by selective oligo(dT)-priming of messenger RNAs to exclude
ribosomal RNA (rRNA) during cDNA synthesis. However, this strategy is not compatiblewith prokaryotes inwhich function-
al transcripts are generally not polyadenylated. To overcome this, we adoptedDASH (depletion of abundant sequences by
hybridization), initially developed for eukaryotic cells, to improve both the sensitivity and depth of bacterial RNA-seq.
DASH uses the Cas9 nuclease to remove unwanted cDNA sequences prior to library amplification. We report the design,
evaluation, and optimization of DASH experiments for standard bacterial short-read sequencing approaches, including
software for automated guide RNA (gRNA) design for Cas9-mediated cleavage in bacterial rDNA sequences. Using these
gRNA pools, we effectively removed rRNA reads (56%–86%) in RNA-seq libraries from two different model bacteria, the
Gram-negative pathogen Salmonella enterica and the anaerobic gut commensal Bacteroides thetaiotaomicron. DASH
works robustly, even with subnanogram amounts of input RNA. Its efficiency, high sensitivity, ease of implementation,
and low cost (∼$5 per sample) render DASH an attractive alternative to rRNA removal protocols, in particular for materi-
al-constrained studies where conventional ribodepletion techniques fail.
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INTRODUCTION

The advent of high-throughput RNA sequencing (RNA-
seq) has revolutionized the field of bacterial RNA biology
(Croucher and Thomson 2010; Hör et al. 2018). RNA-seq
has shown that bacterial transcriptomes, once believed
to be simple in terms of structure and regulation, can be
almost as complex as their eukaryotic counterparts
(Sorek and Cossart 2010), and helped to realize that bacte-
ria amply use post-transcriptional control to regulate gene
expression (Hör et al. 2018). In RNA-seq, the experimental
steps prior to sequencing are universal and consist mainly
of RNA extraction, enzymatic digestion of genomic DNA,
depletion of ribosomal RNA (rRNA), and conversion of
the remaining RNA pool into complementary DNA
(cDNA) libraries. The removal of rRNA (typically ∼90% of
the total cellular RNA) is important as it much increases

coverage of messenger RNA (mRNA) and regulatory non-
coding RNA. A straightforward method to avoid rRNA
reads in eukaryotic RNA-seq studies harnesses oligo(dT)
oligonucleotides that anneal to the poly(A) tail of mRNAs
to selectively prime reverse transcription (RT). However,
prokaryotic transcripts are not normally polyadenylated
(Dreyfus and Regnier 2002), which necessitates the devel-
opment of alternative rRNA removal strategies.
Themost popularmethods for rRNAdepletion frompro-

karyotic samples follow a “pull-out” strategy whereby
rRNA molecules are depleted from a sample with comple-
mentary oligonucleotides coupled tomagnetic beads. This
strategy underlies several commercial ready-to-use kits, es-
pecially the popular MICROBExpress and RiboMinus kits
(Thermo Fisher Scientific) as well as the Ribo-Zero technol-
ogy (Illumina). While it generally achieves excellent results
formodel bacteria such asEscherichia coli, these kits areas-
sociated with both, high cost ($60–80 per sample) and a
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limited efficiency for nonmodel species such as the vast
majority of those >1000 different bacteria in the human
microbiota. In addition, Ribo-Zero—long considered the
gold standard for bacterial rRNA depletion (Giannoukos
et al. 2012; Petrova et al. 2017)—was recently discontin-
ued. This has renewed efforts in the community to develop
in-house solutions for rRNA depletion (Kim et al. 2019;
Culviner et al. 2020).

Available alternative bacterial rRNA removal strategies
use RNase H-mediated digestion of RNA:DNA hybrids
(Huang et al. 2020), size-selection of mRNAs through
liquid chromatography (Castro et al. 2013), or selective ex-
clusion of rRNAs from cDNA conversion with “not-so-ran-
dom” hexamers (Hirakawa et al. 2011; Chugani et al.
2012); the latter is also available as part of the Universal
Prokaryotic RNA-Seq kit (NuGen). Overall, these methods
achieve good to excellent (∼70%–99%) rRNA depletion
rates. However, each of these protocols depletes rRNA
at the RNA level, that is, prior to multiplexing. This limits
the applicability of these techniques for studies with low-
input material or high-throughput analysis including sin-
gle-cell RNA-seq. Some recent library preparation alterna-
tives such as RNAtag-seq (Shishkin et al. 2015) barcode
RNA samples and pool them for joint rRNA depletion,
thereby reducing cost. However, since barcoding at the
RNA level requires high input amounts, it too, is little suit-
ed for low-input bacterial RNA-seq.

Instead of removing rRNA from the input sample, rRNA
fragments might as well be removed at the cDNA level,
that is, following library preamplification and multiplexing.
An early study digested rRNA-derived cDNAs with a dou-
ble strand-specific DNase after melting and reannealing
(Yi et al. 2011). However, this method requires substantial
optimization of the reannealing conditions. Moreover, the
protocol is yet to be combined with
multiplexing of cDNA. In other words,
it still requires nanogram amounts of
input RNA, while its efficiency of
rRNA read depletion is inferior to the
above-described methods (Yi et al.
2011; Giannoukos et al. 2012). A sec-
ond study introduced cDNA-level
depletion of rRNAs through probe-di-
rected degradation (PDD; [Archer et
al. 2014]), in which DNA probes are
annealed to rRNA-derived cDNAs
and degraded with double strand-
specific DNase. While promising,
this method requires circularization
of the cDNA fragments, hampering
its introduction in common RNA-seq
protocols.

Recently, programmed DNA cleav-
age by the CRISPR-associated nucle-
ase Cas9 has been introduced as a

novel technology to deplete with high sequence speci-
ficity “unwanted” fragments from eukaryotic cDNA librar-
ies. In this so-called DASH (depletion of abundant
sequences by hybridization) approach (Gu et al. 2016),
a pool of single-guide RNAs (sgRNAs) is used to direct
Cas9 cleavage of rRNA-derived cDNA molecules during
library preparation. Since the cleaved fragments are not
amplified in the subsequent PCR step, intact non-rRNA
fragments become enriched (Fig. 1). To illustrate the
power of DASH, a pool of tiled (roughly every 50 bases)
sgRNAs against human mitochondrial rRNAs reduced
the corresponding cDNA reads by more than 1000-fold,
while it concomitantly increased coverage of nonriboso-
mal transcripts by ∼2.4-fold. DASH has also been used
to increase coverage of nonabundant transcripts in
human small RNA-seq libraries by targeting adapter di-
mers and tissue-specifically highly expressed microRNAs
(Hardigan et al. 2019) and to deplete hemoglobin tran-
scripts from polar bear peripheral blood RNA samples
before long- and short-read sequencing (Byrne et al.
2019). Similar to DASH of eukaryotic cDNA, a thermosta-
ble Cas9 variant was recently used to cleave E. coli 16S
rRNA sequences in cDNA during PCR-mediated library
amplification (Schmidt et al. 2019).

The promise of DASH to provide a generic approach
notwithstanding, the method is yet to be fully established
for bacterial transcriptomics. In this study, we evaluate
DASH for bacterial short-read RNA-seq for two intensely
studied bacteria: Salmonella enterica serovar
Typhimurium (henceforth, Salmonella), which is a major
model species of both, bacterial RNA biology and patho-
genesis; and Bacteroides thetaiotaomicron as an example
of an abundant human microbiota species. The presented
sgRNA design software and optimized wet-lab protocols

FIGURE 1. Overview of the bacterial DASH workflow. Schematic of the principle behind
DASH-mediated removal of rRNA-derived cDNA fragments from sequencing libraries. The in-
dividual steps in the bacterial DASH pipeline are indicated in the zoom-in at the bottom.
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bear great potential for efficient, sensitive, and economic
removal of unwanted rRNA sequences for RNA-seq analy-
sis of any bacterium of interest.

RESULTS

Proof-of-concept of bacterial DASH and optimization
of Cas9 reaction conditions

Thewell-studiedGram-negative bacterium Salmonella has
been the subject of many RNA-seq studies (Kroger et al.
2013; Westermann et al. 2016). Unless depleted,
Salmonella rRNA typically represents ∼95% of all cDNA
reads in a library (Fig. 2A; Betin et al. 2019). Salmonella
rRNA is transcribed from seven ribosomal operons (rrn)
across the chromosome, giving rise to each seven homo-
logs of the 16S (genes rrsA-G) and 23S (rrlA-G), and eight
copies of 5S rRNA (the rrnD locus carries two 5S rRNA-en-
coding rrf genes). Generally speaking, the sequences of
the rRNA genes are highly conserved across all loci, but
they do show indels and point mutations.

To deplete ribosomal fragments in cDNA from
Salmonella total RNA, we initially designed a pool of
sgRNAs targeting the consensus sequence of each rRNA
gene. To this end, we wrote a Python script that identifies
SpCas9 target sites within rRNA genes based on the fol-
lowing selection criteria: (i) perfect complementarity to at
least five out of the seven (16S and 23S) or six out of the
eight (5S) rRNA copies, (ii) a GC content of 35%–70%,
(iii) a predicted low tendency to form secondary structures,
and (iv) followed by the “NGG” protospacer adjacent mo-
tif (PAM) for recognition by the SpCas9 nuclease (Jinek
et al. 2012). The script aimed at identifying one target
site that satisfied the set criteria on average every ∼50
bp along the target space, as this density proved sufficient
in eukaryotic DASH (Fig. 2B; see Materials and Methods
for details on sgRNA design; Gu et al. 2016). As a result,
our script proposed 113 sgRNAs in total. We then ordered
DNA oligonucleotides, each comprising a T7 promoter, a
single target site, and the first part of the SpCas9 sgRNA
scaffold. To these sense oligonucleotides, we added a uni-
versal, partially overlapping reverse DNA oligonucleotide
containing the remaining portion of the sgRNA scaffold.

The resulting annealing products
were filled up with the corresponding
nucleobases, giving rise to the dou-
ble-stranded DNA templates that
were subjected to in vitro transcrip-
tion with T7 RNA polymerase to yield
the sgRNA pool.

Salmonella cDNA was preamplified
in two PCR cycles and subsequently
incubated with the in vitro-transcribed
sgRNA pool and SpCas9 nuclease for
2 h at 37°C. We used a molar sgRNA:
Cas9:cDNA ratio of 1000:100:1—as
inferred as optimal in the original
DASH protocol (Gu et al. 2016).
Following digestion, we removed
Cas9 with a silica-based column purifi-
cation kit and proceeded with 16 cy-
cles of PCR to amplify the uncleaved
cDNA fragments. Sequencing of the
resulting library revealed that, even
after Cas9 cleavage, ∼83% of the ob-
tained Salmonella reads derived from
rRNA, thus a mere ∼13% reduction
over the control library (Fig. 2C).

Using the same sgRNA pool, we
then tested whether different reaction
conditions would increase depletion
efficiency. However, higher Cas9 con-
centrations only made rRNA deple-
tion less efficient, suggesting that—
among the concentrations tested—
the above sgRNA:Cas9 ratio of

B

A C

FIGURE 2. Initial DASH run on Salmonella total RNA. (A) Composition of total RNA extracted
from exponentially growing Salmonella as deduced from RNA-seq reads. (B) Conservation of
Salmonella rRNAs genes and location of the identified sgRNA target sites. The per-base con-
servation of each rRNA gene across all Salmonella rRNA homologs is plotted.Above each con-
sensus sequence (represented as a gray rectangle), the designed sgRNAs target sites are
indicated by a black triangle. (C ) Pilot run of DASH-mediated rRNA depletion in Salmonella.
(Left) The fraction of ribosomal-derived reads over the total number of mapped reads for a con-
trol and a DASH-treated library. (Right) Same data are expressed as efficiency of DASH-medi-
ated rRNA depletion.
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1000:100 was optimal for bacterial DASH, too (Fig. 3A).
However, preincubation of Cas9 with the sgRNA pool,
meant to allow for more time for the ribonucleoprotein
complex to form prior to addition of the cDNA substrate,
did increase rRNA depletion efficiency to ∼20% (Fig. 3B).
Based on this finding, a Cas9:sgRNA preincubation step
was included in all further reactions.

Maximizing sgRNA density

The above-described initial∼20%depletion of rRNA reads
from Salmonella total RNA libraries was a far cry from the
>99% depletion previously reported for human RNA sam-
ples (Gu et al. 2016). Inspection of the read length distribu-
tion obtained from our “DASHed” Salmonella libraries
(1000:100 sgRNA:Cas9 ratio) confirmed efficient deple-
tion of rRNA-derived reads >50 nt (Fig. 3C). However,
shorter rRNA reads were even enriched over the untreated
control sample. For comparison, the DASH treatment
hardly affected the read length distribution of nonriboso-

mal reads (Fig. 3D). This suggested that short ribosomal
cDNA fragments evaded Cas9 cleavage, presumably
because they were less likely to contain a full-length
sgRNA target sequence.

To test whether covering more sites within the rRNA se-
quences would more efficiently remove those refractory
short rRNA reads, we modified our design tool to obtain
a sgRNA pool with the maximal number of target sites
(Fig. 4A). This new sgRNA pool targeted all copies of the
rRNA genes individually rather than just their consensus
sequences. Discarding sgRNAs with potential off-target
effects, this final pool consisted of 797 sgRNAs. With the
same molar ratio of 1000:100:1 (sgRNA:Cas9:cDNA) as
above, this pool brought rRNA depletion efficiency to
38% (Fig. 4B).

Given the much larger number of sgRNAs in this
new pool, we speculated that higher molar excess of
Cas9:sgRNA over cDNA could further improve deple-
tion efficiency. Indeed, changing the molar ratio to
35,000:3500:1 (sgRNA:Cas9:cDNA) further increased the

depletion efficiency, up to 56% (Fig.
4B). Consequently, the number of de-
tected (RPKM>1) Salmonella tran-
scripts at the set sequencing depths
of ∼5–12 M reads increased from
2724 in the untreated sample to
3875 in the DASH-treated library
(Supplemental Fig. S1A).
To assess whether any sgRNA in

this larger pool showed signs of off-
targeting, we compared gene-wise
read counts between the DASH-treat-
ed and cognate untreated libraries.
Excluding rRNA, read counts for all
genetic features showed very high
correlation between the two libraries
(Fig. 4C). Likewise, read coverage
across rRNA genes decreased upon
DASH, liberating more informative
reads that mapped to mRNAs (e.g.,
dnaK) or regulatory small RNA
(sRNA) sequences (PinT, InvR, ChiX;
Fig. 4D). Together, this demonstrates
that our design pipeline indeed se-
lects sgRNAs with very little off-tar-
geting and so enables specific
removal of rRNA reads.

Increasing the sensitivity of DASH

One key advantage of rRNA deple-
tion at the cDNA level is that it
does not lower the amount of start-
ing material for library preparation.
Therefore, we tested whether DASH

BA
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D

FIGURE 3. Optimization of DASH reaction conditions. (A) rRNA depletion efficiency upon
DASH cleavage with varying amounts of Cas9 and the sgRNA pool. Cas9 and sgRNA amounts
are indicated as molar excess over a single fragment of the cDNA library. (B) Impact of prein-
cubation of sgRNA and Cas9 prior to DASH on rRNA depletion efficiency. (C ) Length distribu-
tion of the mapped portions of reads aligning to rRNAs after DASH compared with an
untreated control. Frequency values are expressed as fraction (%) of the total number of reads
mapping to rRNAs. (D) Same as in C but for reads aligning to non-rRNA genes.
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could improve the sensitivity of our RNA-seq protocol by
systematically decreasing the quantity of input RNA from
∼800 ng to∼0.4 ng (Fig. 5A). Using a fixed 1000:100:1mo-
lar ratio of sgRNA:Cas9:cDNA, we observed efficient rRNA
depletion with each of the four amounts tested, albeit effi-
ciency varied from ∼30% to ∼50% (Fig. 5A). Importantly,
the number of detected genetic features (which is a
more robust readout) with RPKM>1 was stable in the

two highest RNA input amounts and
decreased only in the lowest one
(Supplemental Fig. S1B, top), likely
due to the stochastic loss of low-abun-
dance transcripts. For high-abun-
dance transcripts (RPKM>25), DASH
increased the number of detected
genes irrespective of input amount
(Supplemental Fig. S1B, bottom).

In the original eukaryoticDASHpro-
tocol (Guet al. 2016), theCas9enzyme
is removed after the cleavage reaction
by purification over a column, which
runs the risk of losing cDNA as well.
Here, we implemented digest of the
Cas9 protein by proteinase K (Hardi-
gan et al. 2019) as an alternative to col-
umn purification in bacterial DASH.
Treatment with proteinase K did not
affect the removal of rRNA reads (Fig.
5A), but resulted in increased cDNA
yields after the post-DASHPCR ampli-
fication (Supplemental Table S1).

Lastly, we tested whether DASH
works with a library preparation kit
that is optimized for low input sam-
ples. Using the Takara SMARTer
Stranded Total RNA-Seq kit with 1
ng total Salmonella RNA as input,
we successfully removed more than
half of the rRNA reads (Fig. 5B). Con-
comitantly, and similar to the above li-
braries generated with the NEBNext
kit, the proportion of mRNA and
sRNA reads increased by approxi-
mately ninefold (Fig. 5C). However,
DASH treatment led to a slight in-
crease in the fraction of reads <12 nt
in length, which should not be amajor
concern since these reads are typi-
cally filtered out during read process-
ing (Supplemental Fig. S2A). Taken
together, this demonstrates that
combining DASH with a library con-
struction protocol optimized for mi-
nute RNA amounts enables robust
RNA-seq analysis of low-input sam-

ples extracted from as few as ∼1000 bacteria, and poten-
tially even fewer.

DASHing Bacteroides thetaiotaomicron RNA

To address generalizability of bacterial DASH, we selected
a phylogenetically distant species. The Bacteroidia repre-
sentative and human intestinal microbiota member B.

B

A

C

D

FIGURE 4. Improved DASH efficiency by maximizing sgRNA target site density. (A) Workflow
of the software developed for the design of high-density sgRNA pools. The number of sgRNAs
passing each step is indicated to the right. (B) rRNA depletion efficiency using the 797 sgRNA
pool in different ratios of Cas9 and sgRNA. Cas9 and sgRNA amounts are indicated as molar
excess over a single fragment of the cDNA library. (C ) Correlation of transcript abundances in
the control versus DASHed (3500:35,000 excess of Cas9:sgRNA) libraries. Red dots (n=22)
represent rRNA transcripts, blue ones (n=1511) the genetic features with at least 15 reads
in the control and 150 reads in the DASH library, and gray dots (n=3469) the genetic features
below this threshold. The regression line and correlation coefficient were computed for the
blue dots only. (D) Sequence read coverage of a representative rRNA locus and the dnaK,
pinT, invR, and chiX genes in the control and DASH libraries (3500:35,000 excess of Cas9:
sgRNA).

rRNA depletion in bacteria via DASH

www.rnajournal.org 1073

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075945.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075945.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075945.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075945.120/-/DC1


thetaiotaomicronharbors five rRNAoperons in its genome,
each carrying one 23S, 16S, and 5S gene copy. Using our
custom script, we designed 651 sgRNAs targeting all B.
thetaiotaomicron rRNA operons individually (same selec-
tion criteria as for the optimized Salmonella rRNA deple-
tion; see Fig. 4A). These sgRNAs were tested in parallel
with the two different library construction kits and sgRNA:
Cas9:cDNA molar ratios used for Salmonella samples
(Figs. 4A, 5), on nanogram amounts of B. thetaiotaomicron
RNA (Fig. 6A). We observed depletion of rRNA reads up to
86% for the standard library preparation kit (NEB) and up to
76% for the low-input protocol (Takara), with a correspond-
ing increase in coverageof non-rRNA transcripts (Fig. 6B,D;
Supplemental Fig. S2B). As before, there was a high corre-
lation within abundance of genetic features between the
untreated and theDASH samples (Fig 6C), arguing for neg-
ligible if any off-targeting by the sgRNAs.

DISCUSSION

First systematic evaluation of DASH for bacterial
transcriptomics

This study reports the adaptation of the DASH technology
to prokaryotic RNA samples. Through Cas9-mediated
cleavage of rRNA-derived cDNA fragments prior to library

amplification, our protocol increases
coverage of nonribosomal transcripts
in Salmonella and Bacteroides total
RNA samples by∼12- or∼3.8-fold, re-
spectively. Only a few changes to the
normal library preparation protocol
were necessary to implement our
DASH protocol into a standard Illu-
mina short-read sequencing pipeline.
Since it removes rRNA fragments

after RT, DASH offers the major ad-
vantage that an initial amplification
of the cDNA library can be performed
before Cas9 cleavage. This increases
the overall amount of cDNA and min-
imizes stochastic fragment loss. For
this reason, our approach reaches
good depletion (∼50%–80%) even
with minute RNA amounts well below
the lower recommended limit of the
common rRNA depletion kits and
techniques (Supplemental Table S2).
Importantly, the recommended mini-
mal input amount of the “gold stan-
dard” Ribo-Zero kit was 500 ng RNA,
whereas our DASH approach works
robustly for ∼400 pg of input RNA
(Fig. 5A). Given that we have succeed-
ed in combining DASH with state-of-

the-art library preparation kits used in eukaryotic single-
cell transcriptomics, we expect to be able to further reduce
the necessary amount of starting material in the future.
Obviously, this would open bacterial RNA-seq to many ex-
citing areas of microbiology; to give just one example, it
would allow one to perform gene expression profiling on
bacteria recovered from insect guts.

While the upfront investment for purchasing all DASH
reagents is high (Supplemental Table S4), we estimate a
cost of $3–7 per sample for RNA-seq libraries, which is
>10-fold lower than for commercial rRNA depletion kits
(Supplemental Table S2). In this regard, bacterial DASH
will remain competitive even with a very recently released
new Ribo-Zero kit (“Ribo-Zero Plus,” Illumina catalog num-
ber: 20037135), which despite now using enzymatic rRNA
depletion instead of rRNA pull-out, still runs at ∼$80 per
sample. What is more, DASH bears potential for further
cost reduction, for example, through in-house production
of the Cas9 protein or the T7 RNA polymerase for in vitro
transcription.

Although optimized on Salmonella RNA samples, the
conditions established here enabled us to successfully run
DASH on a phylogenetically distant bacterium, B. thetaio-
taomicron. This argues that our protocol is applicable to to-
tal RNA fromdiverse bacterial species and, potentially, even
toorganismsbeyond thebacterial kingdom. Inprinciple, the

B
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FIGURE 5. DASH of low-input RNA samples. (A) DASH efficiency for steadily decreasing input
RNA amounts and for different Cas9 removal methods. DASH was performed on 1/5th of the
cDNA resulting from reverse transcription. Cas9 and the sgRNA pool were used in a 1000 and
10,000 excess over a single fragment of the cDNA library, respectively. The indicated RNA
amounts correspond to the reverse transcription input, while the cDNA amounts refer to
what was used for DASH. (B) Depletion efficiency of DASH (3500:35,000 excess of Cas9:
sgRNA) when combined with different library preparation kits. The indicated RNA amounts
correspond to the reverse transcription input. (C ) RNA class distribution of sequencing reads
in the control and DASH samples shown in panel B.
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modularity of our DASH approach should allow for the de-
sign of combined sgRNA pools targeting different species
for ribodepletion of samples derived from mixed popula-
tions, such as metatranscriptomic samples or RNA mixtures
isolated from infected host cells and tissues.

Comparison to previous DASH protocols

The original description of DASH on eukaryotic samples
(Gu et al. 2016) reported a reduction of the targeted frag-

ments by 99%, substantially higher
than what we achieved here in bacte-
ria. How can this difference be ex-
plained? Both the original DASH (Gu
et al. 2016) and a recently updated
protocol (Dynerman et al. 2020) were
combined with long-read sequencing
where average insert size was ∼300
nt. Similarly, the previous DASH-like
experiment with thermostable Cas9
was applied to an E. coli cDNA library
with an average insert size of 300–400
nt (Schmidt et al. 2019). In contrast,
we describe the application of DASH
to a standard Illumina RNA-seq pipe-
line with a maximal read length of 75
nt. Obviously, the longer the inserts,
the higher the number of targetable
fragments, which biases DASH to-
ward longer reads (Fig. 3C). However,
short-read sequencing is the standard
in the field of bacterial RNA-seq and
we therefore predict our DASH ver-
sion to be particularly useful for any
transcriptomics approach that in-
volves bacteria. Additionally, our im-
proved DASH protocol omits the
multiple phenol/chloroform extrac-
tion or column purification steps of
eukaryotic DASH (Gu et al. 2016;
Dynerman et al. 2020). Instead, we re-
move Cas9 with a simple proteinase K
treatment prior to further library am-
plification. Since this minimizes the
risk of cDNA loss from organic extrac-
tion or silica column purification, our
protocol will be particularly suitable
for low-input samples.

By using a thermostable Cas9,
Quake and colleagues recently dem-
onstrated that DASH could be per-
formed simultaneously with cDNA
library amplification (Schmidt et al.
2019). However, the thermostable

Cas9 variant used in the study requires a complex, 6 nt-
long PAM, which dramatically reduces the number of pos-
sible sgRNA sites within the rRNA sequence space. Using
our Python script with this hexameric PAM, at most 115
sgRNAs (as compared to 797 sgRNAs for SpCas9) could
be designed for Salmonella rRNA. This is about the differ-
ence between our initial (Fig. 3) and the final (Fig. 4) sgRNA
pools, which translates in a threefold difference in rRNA
read removal. Therefore, although the classical Cas9
from Streptococcus pyogenes requires cleavage and
PCR amplification to occur subsequently (not in parallel),

B
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FIGURE 6. DASH-mediated removal of Bacteroides thetaiotaomicron rRNA. (A) rRNA deple-
tion efficiency from aB. thetaiotaomicron cDNA library. DASHwas combinedwith the different
library preparation kits and using the indicated ratios of Cas9 and sgRNA over cDNA frag-
ments. The indicated RNA amounts correspond to the reverse transcription input. (B) RNA
class distribution of reads in control and DASH (3500:35,000 excess of Cas9:sgRNA) samples.
(C ) Correlation of transcript abundances in the control and DASH libraries shown in panel B.
Red dots (n=15) represent rRNA transcripts, blue ones (n=2474) the genetic features with
at least 15 reads in the control library and 150 reads in the DASH sample, and gray dots (n=
2658) the features below this cutoff. The regression line and correlation coefficient were com-
puted for the blue dots only. (D) Sequence read coverage of a representative rRNA locus and
BT_3550 (encoding a putative long-chain fatty acid-CoA ligase) and the gibS and BTnc201
regulatory RNA genes (bottom) in the control and DASH library of panels B and C.
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it has an advantage over thermostable Cas9 with respect
to rRNA read depletion in short-read libraries.

sgRNA design tool

As part of this work, we developed a Python script for de-
signing sgRNAs targeting the rRNAs of a selected species
with known reference genome (including annotations for
ribosomal genes) that outputs the sequences of the DNA
oligonucleotides needed as templates to in vitro-tran-
scribe the customized sgRNA pool. Importantly, however,
our software can also be fed with manually entered coordi-
nates of rRNA genes, which will be important for organ-
isms that lack a complete transcriptome annotation, such
as many relevant microbiota members and important envi-
ronmental bacteria.

Based on the assumption that maximizing sgRNA densi-
ty improves depletion efficiencies, our pipeline predicts all
possible sgRNAs and filters out only those sequences with
extreme GC content (<30% or >80%) or predicted off-tar-
get effects. However, our algorithm does not remove
guides with lowpredicted on-target activities, as we postu-
late that—as long as free Cas9 molecules are not the rate-
limiting factor—individual sgRNAs with low on-target ac-
tivity would not negatively impact ribosomal depletion ef-
ficiency by the entire pool. In this respect, our software
differs from the many CRISPR design tools that have
been developed for genome editing (Liu et al. 2020) and
search for the “best” sgRNA per each target gene/locus.

Perspective

Further optimization of the DASH approach could include
testing alternative Cas nucleases (Gonatopoulos-
Pournatzis et al. 2020; Wessels et al. 2020), for example,
high-fidelity Cas versions and enzymes with altered PAM
preference or elevated thermostability (Schmidt et al.
2019). Moreover, a better understanding of the minimal
sgRNA density for saturated depletion efficiency could
help to reduce both, the cost of the sgRNA template
pool and the amounts of Cas9 and sgRNA per reaction.
Among the tested intervals, we identified a Cas9:sgRNA
ratio of 1:10 as optimal; however, evaluating more refined,
intermediate ratios in the future could result in more effi-
cient target cleavage. Finally, it is likely that multiple
rounds of DASH on the same sample (Dynerman et al.
2020) lead to more efficient depletion.

MATERIALS AND METHODS

RNA isolation

Bacterial RNA was isolated from an in vitro culture of S. enterica
serovar Typhimurium strain SL1344 (Stocker et al. 1983) grown
in Lennox broth (LB) medium to an optical density at 600 nm

(OD600) of 2.0 or from a culture of B. thetaiotaomicron VPI-5482
grown in TYG medium to an OD600 of 0.5. To this end, cells
were harvested and total RNA extracted using the TRIzol reagent
(Invitrogen) according to the manufacturer’s recommendations.
To remove contaminating genomic DNA, samples were further
treated with 0.25 U of DNase I (Fermentas) per 1 µg of RNA for
45 min at 37°C, followed by phenol–chloroform extraction and
ethanol precipitation of the RNA transcripts. RNA quality was
checked on an Agilent 2100 Bioanalyzer (Agilent Technologies).

sgRNA design and synthesis

Target sequences within Salmonella rRNA genes were identified
and selected with two versions of a custom Python script. In the
first version (Figs. 2–4), all rRNA copies were aligned with
MUSCLE (Edgar 2004) and the consensus sequence of each
gene was generated so that all positions identical in at least six
(16S, 23S) or seven (5S) rRNA copies were maintained. All 20-nt
potential gRNA targets were identified by searching both strands
for the presence of the “NGG” PAM and then filtered to remove
those sites with an extreme GC content (i.e., GC<35% or >70%)
or strong predicted secondary structures (MFE<−5, as computed
with RNAfold [Lorenz et al. 2011]). Within the remaining pool,
gRNAs were then selected to be ∼50 nt distant from each other,
starting from the one closest to the 5′ end of the rRNA sequence.
The resulting 113 sequences were purchased from IDT as a
unique oligo pool, each with the following structure (5′ to 3′):
T7 promoter (TTCTAATACGACTCACTATA) +gRNA sequence+
scaffold (GTTTTAGAGCTAGAAATAGC). Since activity of the T7
promoter is enhanced when two G’s are present at the transcrip-
tion start site, one or twoG’s were added immediately after the T7
promoter in oligos derived from gRNAs starting with a single or
no G, respectively.

The second version of the Python script (Figs. 4, 5) designed all
possible gRNA target sequences, independent of the conserva-
tion and structuredness of each region. The only filtering criteria
were GC content between 30%–80% and a low predicted off-tar-
get probability, defined as the absence of sequences in the
Salmonella chromosome or plasmids that aligned to the gRNA
with up to three mismatches (identified with Bowtie [Langmead
et al. 2009]), followed by a valid PAM. The resulting 979 sequenc-
es were purchased from IDT as an “oPools Oligo Pool”with a sim-
ilar structure than above, except that the scaffold was GTTTTA
GAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCA
ACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT and was fol-
lowed by a sequence for fill-in reactions (ACGATGTCGCAG
AGTATGCC). The primer used for filling-in was 5′-GGCA
TACTCTGCGACATCGT-3′. Design of the B. thetaiotaomicron
pool was done as above, resulting in 651 sequences. The script
is freely available on https://github.com/gprezza/DASH_
rRNA_depletion.

dsDNA templates for in vitro transcription were generated in a
fill-in reaction performed with the KAPA HiFi HotStart ReadyMix
(KAPA Biosystems). The first pool reaction was primed with 5′-AA
AAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACT
AGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC-3′ and con-
sisted of denaturation at 95°C for 3 min, annealing, and extension
from 95°C to 30°C at 0.1°C/sec with 10 sec pause every 10°C and
a final extension at 72°C for 1 min. The second pool was filled-in
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with the 5′-GGCATACTCTGCGACATCGT-3′ primer and dena-
turation at 95°C for 3min, annealing at 60°C for 20 sec, and exten-
sion at 72°C for 1 min.

sgRNA pools were in vitro-transcribed from 300 ng of column-
purified dsDNA template with the MEGAshortscript T7
Transcription Kit (Thermo Fisher Scientific) and then purified
with the Monarch RNA Cleanup Kit (NEB). SpCas9 protein was
purchased from NEB (M0386M).

cDNA library generation, Cas9 cleavage, library
amplification, and Illumina sequencing

Bacterial total RNAwas fragmented at 94°C for 2.75min using the
NEBNext Magnesium RNA Fragmentation Module (NEB), de-
phosphorylated at the 3′ end, phosphorylated at the 5′ end and
decapped using 10 U T4-PNK±40 nmol ATP and 5 U RppH, re-
spectively (NEB). After each step, RNA was purified with the
Zymo RNAClean & Concentrator kit (Gu et al. 2016). cDNA librar-
ies were generated with the NEBNext Multiplex Small RNA
Library Prep Kit (NEB) and preamplified with two cycles of PCR.
Following purification with the Oligo Clean & Concentrator kit
(Zymo Research), DASH treatment was performed similar to Gu
et al. (2016). Specifically, the purified cDNA library was incubated
with theCas9-sgRNA complex for 2 h at 37°C at the indicatedmo-
lar ratios. Where mentioned, Cas9 and the sgRNA pool were pre-
incubated at 37°C for 15 min before addition to the cDNA. After
the digest, Cas9 was removed from the reaction by column puri-
fication with the Oligo Clean & Concentrator kit (Zymo Research)
or treatment with 0.8 U (∼20 µg) proteinase K (NEB) for 15 min at
37°C, followed by heat-inactivation (15min at 95°C). The resulting
DASHed samples were PCR amplified for 12–24 cycles to select
for nonribosomal, undigested cDNAs and purified with MagSi-
NGSprep Plus beads (Steinbrenner Laborsysteme).

Alternatively, cDNA libraries were generated from bacterial to-
tal RNAusing the Takara SMARTer Stranded Total RNA-Seq Kit v2
with 4 min RNA fragmentation at 94°C and five cycles of PCR for
cDNA library preamplification. After column purification, DASH
was performed as described above. The resulting DASHed sam-
ples were column purified, PCR amplified with Takara’s
SeqAmp DNA Polymerase for 18 cycles and further purified
with AMPure XP beads (Beckman Coulter).

Sequencing of libraries, spikedwith 5% PhiX control library, was
performed in single-end mode on the Illumina NextSeq 500 plat-
form with theMid Output Kit v2.5 (75 cycles). A summary of all se-
quenced samples and the respective reaction conditions is
reported in Supplemental Table S3.

Demultiplexed FASTQ files were generated with bcl2fastq2
v2.20.0.422 (Illumina). The sequencing data is currently being up-
loaded at NCBI Gene Expression Omnibus (http://www.ncbi.nlm
.nih.gov/geo) under the accession number GSE147155.

Data analysis

Reads were trimmed for NEBNext or Illumina TruSeq (Takara kit)
adapter sequences using Cutadapt version 2.5 with default pa-
rameters and the –nextseq-trim=20 switch to handle two color se-
quencing chemistry. Reads that were trimmed to length 0 were
discarded.

Processed reads were mapped to the Salmonella
(NC_016810.1, NC_017718.1, NC_017719.1, NC_017720.1) or
Bacteroides (NC_004663.1, NC_004703.1) reference sequences.
We modified the NC_016810.1 Salmonella chromosome annota-
tion to include an updated sRNA annotation (Hör et al. 2020). The
B. thetaiotaomicron sRNA annotation stems from D Ryan, L
Jenniches, S Reichardt, et al. (in prep.). Mapping was performed
with READemption version 0.4.3 (Förstner et al. 2014) with the ar-
gument –a 80 (NEB samples) or –a 80 –R (Takara samples) and
with segemehl 0.2.0 (Hoffmann et al. 2009). Gene quantification
was done with the READemption subcommand gene_quanti
with arguments –a –o 10. Coverage plots were generated with
the subcommand coverage and visualized with IGV (Robinson
et al. 2011). Read length distribution was analyzed with
SAMtools (Li et al. 2009). rRNA depletion efficiency was defined
as

100−DASH rRNA reads % ∗ 100
no DASH rRNA reads %

.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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