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SUMMARY

RNAI has become an important tool to silence gene expression in a variety of
organisms, in particular when classical genetic methods are missing.
However, application of this method in functional studies has raised new
challenges in the design RNAI reagents in order to minimize false positive and
false negative results. Since the performance of reagents can be rarely
validated on a genome-wide scale, improved computational methods are
required that consider experimentally derived design parameters. Here, we
describe computational methods for the design of RNAi reagents for
invertebrate model organisms and human disease vectors, such as
Anopheles. We describe procedures how to design short and long double-
stranded RNAs for single genes, and evaluate their predicted specificity and
efficiency. Using a bioinformatics pipeline we also describe how to design a
genome-wide RNAI library for Anopheles gambiae.

Keywords: Genomics, RNAIi, invertebrates, double-stranded RNA,
Drosophila, Anopheles, high-throughput screening
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INTRODUCTION

RNA interference (RNAIi) screens have become an important tool for the
identification and characterization of gene function on a large-scale. They
complement classic mutagenesis screens by providing a means to target
almost every transcript in a sequenced and annotated genome (1, 2). RNAi is
a post-transcriptional gene silencing mechanism conserved from plants to
mammals and relies on the delivery of exogenous short double-stranded (ds)
RNAs that trigger the degradation of homologous mRNAs in cells (3, 4). As an
experimental tool, RNAI is now widely used to silence the expression of genes
in a broad spectrum of organisms (5).

RNAi was first observed in plants (6-8) and later mechanistically
dissected in the nematode Caenorhabditis elegans (4). The introduction of
dsRNAs into cells leads to their cleavage into short-interfering RNA (siRNA)
duplexes of 21-23 nucleotides length that contain 2-nucleotide 3’ overhangs
with 5" phosphate and 3’ hydroxyl termini (9). This process (referred to as
‘dicing’) is mediated by the RNase llI-like endonuclease Dicer (10-13). The
siRNAs are then incorporated into the RNA-induced silencing complex
(RISC), and siRNA duplexes are unwound by RISC’s helicase activity. The
crucial observation that each RISC complex contains only one of the two
strands of an siRNA duplex (14), and that only the antisense strand of an
siRNA can direct the cleavage of the sense mRNA target has provided
important insights into the biochemical mechanism of RNAi-mediated gene
silencing (15-20). Thus, it is hypothesized that the RISC preferentially accepts
the strand of the siRNA that has the less stable 5 end and that other
biophysical, thermodynamic and structural parameters as well as base
preferences at specific positions in the sense strand influence the efficiency of
incorporation. The siRNA incorporated into the RISC then binds to
complementary mRNA that is consequently cut by the RISC RNase H-like
nuclease activity at a defined position. Subsequently, the cleaved mRNA is
recognized by the cell as aberrant, leading to its degradation (9). This leads to
a depletion of the corresponding protein in the cell. The RNAi pathway is not
only triggered by exogenous dsRNAs, but also by sequences encoded in the
organism’s genome, including siRNAs, micro-RNAs (miRNA), and piwi-
interacting RNAs. These play important roles in many fundamental biological
and disease processes (21).

In Drosophila, RNAi can be triggered by 100-700 bp long dsRNAs
expressed as hairpins in a time- and tissue-specific manner in vivo using the
UAS-Gal4 system (22) or added to the culture medium of Drosophila cells in
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vitro (23). The uptake of long dsRNAs in Drosophila cells in vitro is achieved
by receptor-mediated endocytosis (24, 25). In addition, a genome-wide
resource to silence transcripts during Drosophila oogenesis using short-
hairpin RNAs (shRNAs) with the UAS-Gal4 system is being built (26). RNAI-
mediated silencing in mammalian cells is mediated through 21-23 nt long
siRNAs (27) mimicking Dicer-cleaved products to circumvent an interferon
response triggered by long dsRNAs (28). Such short dsRNAs can be
generated by different methods. Vectors transcribing short-hairpin RNAs
(shRNAs) (29-31) or synthetic siRNAs (27) as well as endoribonuclease-
prepared siRNAs (esiRNAs) (32) are commonly used.

The availability of genome-wide RNA. libraries for cell-based assays (5,
33) and whole organisms (34) has opened new avenues to query genomes
for a broad spectrum of loss-of-function phenotypes. The number of
sequenced invertebrate genomes is steadily rising, enabling reverse genetic
approaches using RNAi in many novel model systems, including e.g. the
medically relevant vector Anopheles gambiae and species used to study
evolutionarily aspects of development such as Tribolium castaneum,
Acyrthosiphon pisum and Schmidtea mediterranea. RNAi libraries will
facilitate the functional characterization of genes in these species, either
through studying smaller subsets of candidates or on a genomic scale.

The design of RNAI reagents is key for obtaining reliable phenotypic
data in large-scale RNAIi experiments. Several recent studies demonstrated
that the degradation of non-intended transcripts (so-called ‘off-target effects’)
(35, 36) and knock-down efficiency depend on the sequence of the RNAI
reagent and have to be carefully monitored (15, 17-20, 37, 38). Based on
experimental studies, rules for the design of RNAi reagents have been
devised to improve knock-down efficiency and simultaneously minimize
unspecific effects.

Here, we provide protocols for the design of RNAIi reagents for
invertebrate model organisms. We describe a general workflow how to identify
suitable target regions that minimize the potential for off-target effects,
increase the silencing capacity and allow an efficient synthesis of the
reagents. We show how all these steps can be performed automatically, using
computational tools that were developed in our group (39, 40). Specifically,
we provide case studies for the design of long dsRNAs, siRNAs and shRNAs.
Finally, we outline how a genome-wide RNAI resource for a human disease
vector genome can be generated.
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Materials and Methods

E-RNAI

E-RNAi is a web service available at http://www.e-rnai.org/. It currently
enables the design and evaluation of RNAI reagents for 13 organisms, which
can be extended upon the request.

NEXT-RNA.I

NEXT-RNAI is a software package implemented in Perl and available for
download at http://www.nextrnai.org/. It requires the installation of Bowtie (41)
and Primer3 (42). To utilize all options of NEXT-RNAI, the BLAST (43), BLAT
(44), RNAfold (45) and mdust (see Appendix 3) programs are also required. A
platform-independent virtual machine (running on VirtualBox) with NEXT-
RNAI and all dependencies pre-installed is also available. On a Linux server
(two Intel Xeon Quad-Core CPU with 2.00GHz, 16GB RAM) running Ubuntu
9.10 server edition, the design of a genome-wide RNAI library for the
Anopheles genome took about four hours.

General workflow for the design of RNAi reagents

Selection of suitable RNAI target sequences

1. Obtaining sequences from databases: Potential target sequences (exon,
transcript or gene sequences) for RNAi can be downloaded from different
genome databases, such as NCBI RefSeq (46) and ENSEMBL (47), or
from model-organism databases, such as FlyBase for Drosophila (48),
BeetleBase for Tribolium castaneum (49), Wormbase for Caenorhabditis
elegans (50) and many others. Table 1 lists invertebrate model organisms
amenable to RNAI.

2. Sequences suitable for RNAi synthesis: We recommend using exon
sequences as RNAi templates. Sequences containing exons interspersed
by small introns also work efficiently. Care needs to be taken for the
synthesis of long dsRNAs: if the reagent was designed based on a
transcript sequence composed of multiple exons, which are interspersed
by long introns in the gene sequences, it should also be amplified from
cDNA (not from genomic DNA), since the PCR might fail due to the
increased amplicon length. If the reagent was designed based on an exon
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sequence, it does not make a difference whether cDNA or genomic DNA is
used as a template.

Targeting multiple transcripts of the same gene: If the target gene encodes
for multiple predicted isoforms, it is recommended to select sequences of
exons common to all annotated isoforms, except knocking down a specific
isoform is desired.

Minimal information about a genome required for RNAi: Novel sequencing
technologies allow the rapid assembly of genomes and transcriptomes for
emerging model organisms (51, 52). If the organism is amenable to RNAI,
this is often the first method of choice for functional studies. How to use
such assemblies for the design of RNAI reagents is discussed in details
below.

Assessing the predicted RNAI specificity

RNAI reagents have been shown to exert so-called ‘off-target’ effects, which
means they can target additional transcripts besides the desired one.
Sequences that are prone to such effects should be excluded from the
template sequence, including regions of low complexity, perfect or partial
matches to unintended targets and seed region targets:

1.

Regions of low complexity: Tandem trinucleotide repeats of the type
CAJACGT] (CAN) are associated with promiscuous off-target effects (84)
and longer stretches of such sequences (e.g. more than five contiguous
CAN repeats) should be excluded from target regions. Additionally, simple
nucleotide repeats and other poly-triplet sequences should also be
avoided (see below). Regions of low complexity are particularly critical
during the design of long dsRNAs, which are usually longer than 100 bp
making them more prone to contain such sequences.

Perfect homologies to non-intended transcripts: siRNAs may cause
unspecific gene silencing via short stretches of perfect homology with non-
intended mRNAs (84-86). To identify such homologies the siRNAs are
aligned to the transcriptome of the organism using alignment programs
such as BLAST (87) or Bowtie (41) (see Appendix 4). For the design of a
long dsRNA all possible siRNAs that can be generated need to be aligned.
Usually, the long dsRNA is cut into all possible 19-bp long siRNAs (with an
offset of 1 base, so that e.g. a 300 bp-long sequence produces 282
siRNAs) to mimic the function of Dicer. A siRNA is predicted to be specific,
if it only aligns to transcripts of the intended target gene.

Partial homologies to non-intended transcripts: siRNAs can also recognize
targets through partial sequence homologies (88, 89). BLAST searches
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allowing partial alignments mapping the RNAi reagent to the transcriptome
can identify such homologies (see Appendix 5). Significant homologies of
a siRNA or a long dsRNA to unintended transcripts should be avoided.

4. miRNA-like seed matches in 3’-UTRs of unintended transcripts: siRNAs
can cause unspecific transcript silencing by a route similar to microRNA-
mediated silencing through sequence similarity in positions 2-9 (hexamer,
heptamer or octamer) of the siRNA guide strand to the 3’-untranslated
region (UTR) of non-intended transcripts (90, 91). The number of siRNA
seed matches (seed complement frequency) can be determined by
aligning the siRNA seed-sequence to a database of 3'-UTR sequences,
using e.g. Bowtie. The more targets a seed has, the more likely an off-
target silencing effect is (see Appendix 6). Thus, siRNA sequences with
low seed complement frequencies should be prioritized.

Assessing the predicted RNAI efficiency
Factors influencing the efficiency of RNAi reagents depend very much on the
RNAI species. Long dsRNAs, siRNAs and shRNAs are processed in different
ways by the cellular RNAi machinery (92). In Drosophila, long dsRNAs are
first cleaved into 21-23 bp long siRNAs by Dicer2, before they can form a
functional RISC. Exogenously applied siRNAs mimic these Dicer2 products
and are directly integrated into RISC. shRNA constructs are designed to enter
the miRNA biogenesis pathway, including a two-step processing by
Drosha/Pasha complexes and Dice 1 into mature shRNAs, before functional
RISCs can form.
Every enzymatic step during the processing of exogenous RNAI reagents
might influence the overall efficiency. Many studies have been performed in
human cell lines to find the best nucleotide composition for siRNAs. Since
siRNAs are not processed before they are integrated into RISC, most siRNA
properties identified might reflect the preferences of RISC. Several criteria can
be taken into account to determine the predicted efficiency of a siRNA:

1. Asymmetric thermodynamic properties: According to the asymmetry rule,
the strand (of the double stranded siRNA) with the less stably paired &’
end is incorporated into RISC and becomes the guide strand (17, 19, 93).
This should be the strand complementary to the target mRNA, which is
called the ‘antisense strand’. To increase integration of the antisense
strand into RISC, its 5 end should contain A and U bases (in positions 1-
5).

2. G/C content: It has been experimentally determined that the G/C content
of a functional siRNA should be between 30 and 52% (18, 94). An mRNA
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target site with a high G/C content can form stable secondary structures
that are not accessible by the siRNA (95).

3. Internal repeats: siRNAs containing internal repeats or palindromes may
form internal fold-back structures, which may exist in equilibrium with the
duplex form (96) and decrease the effective siRNA concentration and
silencing potential. Thus, a functional siRNA should not contain internal
repeats that cannot be resolved at temperatures lower or equal to 20°C
(18).

4. Base preferences: Different studies identified specific base preferences at
several positions required for the optimal efficiency of a siRNA (18, 20,
37). Referring to the sense strand, the following bases are preferred: G/C
at position 1, A at position 3, 6 and 19, U at position 10 and 13. The
following bases are disadvantaged: A/U at position 1, G at position 13,
G/C at position 19.

5. Structural properties of the target: mRNA target sites can take secondary
structures with different stabilities making one site more accessible to a
siRNA than another (97). Easy accessible target sites should be
prioritized.

Two main methods scoring the overall efficiency of a siRNA were developed
from these criteria, here referred to as the ‘Rational’ design by Reynolds et al.
(18) and the ‘Weighted’ design by Shah et al. (38) (see Appendix 7). One of
the main differences between both methods is that Reynolds et al. suggests
the absence of ‘internal repeats’ a significant feature, whereas Shah et al.
does not. Both methods do not consider the structural properties of the target
mMRNA, which can be calculated using the RNAXxs online tool (97).

Recent studies suggest further sequence features influencing RNAI efficiency
that could be considered during the reagent design. Argonaut (Ago) proteins
form the core of the RISC and possess the endonuclease activity required for
target-mRNA cleavage (98). siRNAs bind to a specific Ago family member,
Ago2, to mediate RNAI (99). But they can also interact with other Ago proteins
(Ago1, Ago3 and Ago4) that usually bind miRNAs. This binding can induce
miRNA-like silencing of transcripts by partial homology with their 3’-UTRs,
leading to unwanted off-target effects (86, 91, 100-102). It was recently
reported that this could be overcome by increasing the siRNA duplex stability,
which selectively blocks Ago1, -3 and -4 action and even increases silencing
efficiency via Ago2 (103). Duplex stability could be increased by selecting
target sites with higher G/C content or by using chemically modified
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nucleotides for the passenger strand, to increase thermodynamic stability.
However, increasing the G/C content could interfere with target site
accessibility. Two other recent studies found siRNA guide strands starting
with C preferentially binding to Drosophila Ago2, which also increases
silencing efficiency and circumvents off-target activities via the other Ago
family members (104, 105).

In the case of long dsRNAs it is not understood, which siRNAs are produced
by Dicer2. Although there are studies monitoring siRNAs generated from long
dsRNAs to study Dicer specificity and efficiency (106), no predictive algorithm
is available. However, long dsRNAs have the potential of generating multiple
siRNAs, increasing the likelihood that one or more of these can efficiently
silence the target transcript. Their efficiency could be predicted using the
criteria for sSiRNAs described above and summarized for the long dsRNA (e.g.
by counting the number of efficient SiRNAs per long dsRNA or by averaging
the efficiency of all siRNAs).

Commonly the same algorithms used to predict the efficiency of siRNAs are
used to predict the efficiency of shRNAs (26, 30, 31) and computational tools
have been available (107). Using an experimental approach in mammalian
cells, it has been shown recently that siRNA algorithms are poor predictors for
shRNA efficiency (108). This is most likely because of the multistep process
of shRNA biogenesis, which introduces additional structural constraints. For
shRNAs, the following efficiency criteria were identified (referring to a 22-bp
long sense sequence):

1. An overall high A/U content of 9-18 bases with at least 7 A/U bases
between positions 9 and 22.

2. The ratio of percent A/U bases from positions 9-22 and positions 1-8
should be higher 1 to ensure the thermodynamic asymmetry.

3. For antisense strand integration into RISC, there should be an A or U in
position 22 of the sense strand, and no U in position 3.

4. There should be either a U or A base at positions 10 or an A base at
position 9. At positions 2 and 3 C bases are preferred. This increases
Drosha cleavage efficiency.

5. There should be no G in position 3 to increase Drosha cleavage accuracy.

o

An A/U is preferred at position 13 for efficient target cleavage.
7. The sequence should not contain simple nucleotide repeats, such as
AAAAAA, UUUUU, CCCC or GGGG.
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In addition, the efficiency of sShRNA constructs largely depends on the design
of the vectors containing the shRNA sequences. These should enable an
efficient processing via the miRNA biogenesis pathway (30).

Primer design for long dsRNAs

The amplification of DNA templates for long dsRNAs by PCR from genomic or

cDNA sources is a required step during the synthesis of long dsRNAs. Once

suitable target sequences with optimal predicted specificity and efficiency
have been identified, optimized primers need to be designed.

1. We recommend to use the program Primer3 (42) with default parameters,
which is also available as online tool (see Appendix 8). The desired
‘amplicon size range’ (length of dsRNA, e.g. 100-700 bp) should be
adjusted, all other parameters might be used with default settings.

2. Primer3 also reports a primer penalty, which scores the overall quality of
the primer pair. According to our experience this penalty should be below
10 to enable an efficient PCR synthesis.

3. We have also found that the standardized primer design with Primer3
facilitates similar PCR synthesis efficiency and that the selection of smaller
windows for the ‘amplicon size range’ (resulting in designs of comparable
lengths) facilitates similar in vitro transcription reactions (see Appendix 9).

4. For in vitro transcription reactions suitable bacteriophage polymerase
promoter sequences, such as T7 (TAATACGACTCACTATAGGG) or SP6
(ATTTAGGTGACACTATAG), must be added to the 5’ end of both primers
(109).

Ranking of RNAi reagents

The quality of an RNAI target site is determined by the predicted specificity

and efficiency as described above. We recommend different strategies for

ranking long dsRNAs and siRNAs (for the same target gene) based on the
quality measures described.

1. Filtering and ranking of long dsRNAs: Filtering potential target sequences
for regions of low sequence complexity should be a first step during the
ranking of long dsRNAs. Further, all siRNAs (e.g. 19-bp sequences)
contained in a potential RNAI target site should be specific and not show
perfect homology to other, non-intended target transcripts. These specific
regions can then be used as templates for primer designs with Primer3.
Each primer pair will define a potential dsRNA targeting the desired gene.
As a last step, the number of predicted efficient sSiRNAs contained in these
dsRNAs should be calculated and the dsRNA with the highest number of

10
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efficient silencers should be prioritized. For some genes it might not be
possible to find longer sequence stretches containing only specific
siRNAs. In this case, dsRNAs should be first sorted for specificity
(prioritizing dsRNAs containing low numbers of unspecific sSiRNAs) before
sorting for efficiency occurs.

2. Filtering and ranking of siRNAs: siRNAs should not contain low-complexity
regions and should not show perfect homology to any other than the
intended target transcripts. The remaining sequences that pass these
filters should be further sorted in the following way: first, for predicted
efficiencies (prioritizing efficient silencers) and second for seed
complement frequencies (prioritizing siRNAs with small numbers of seed
matches to 3’-UTRs of non-intended transcripts).

Case studies

We developed computational tools that enable a straightforward design of
optimized long dsRNA-, siRNA- and shRNA-sequences factoring in the quality
measures discussed above (Figure 1). E-RNAIi (39) is an online tool which
facilitates the design of RNAI reagents for currently 13 different organisms.
NEXT-RNAI (40) is a stand-alone software that was specifically developed for
the design of large-scale RNAI libraries for any sequenced and annotated
organism. In the following sections we will provide detailed methods on
designing different types of RNAIi reagents using E-RNA.. In the last section,
we will show how to use NEXT-RNAI for designing novel genome-wide RNAI
resources.

Design of long dsRNAs

The design of a long dsRNA needs to take into account both the properties of

the target sequence, e,g. its sequence complexity, as well as the properties of

all potential siRNAs contained within the long dsRNA, such as their predicted

target specificity and efficiency. Because long dsRNAs are often generated by

in vitro transcription (IVT, see (109)), the design of suitable primer pairs to

amplify IVT templates through PCR from genomic DNA or cDNAs must be

implemented.

Here, we show how to use E-RNAi (http://www.e-rnai.org/) for the design of

long dsRNAs targeting the Drosophila gene flw (CG2096), which encodes a

serine/threonine phosphatase (110).

1. E-RNAI facilitates the selection of target sequences through several ways:
using a gene identifier, a gene sequence or by visual selection via the
generic genome browser (111). The option ‘ID or sequence input’ (on the

11
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start page) enables identifier and sequence inputs and provides examples
for all available organism. Sequences can be pasted in raw or FASTA
formats (see Appendix 10). Here, we searched via the identifier flw, which
is the official gene name. We selected ‘long dsRNA’ as reagent type and
‘D. melanogaster’ as organism.

. E-RNAI identifies the gene model for flw as well as all annotated isoforms

(FBtrO071446, FBtr0071447) and exons (flw:1-7). From here, target
sequences can be selected. We want to target both flw isoforms via the
exons flw:1 and flw:3-6 (flw:7 equals flw:6 and is not selected) as well as
the FBtr0071446-specific isoform flw:2 (Figure 2a).

. Now E-RNAI allows adjusting several design options (Figure 2c). The

default settings E-RNAI uses result from our experience in designing long

dsRNAs for Drosophila and should be a good starting point for other

invertebrates, too.

Settings (1)-(VII) (Figure 2c) are important to assess the quality of the input

sequences. E-RNAI will use these setting as filters:

I.  The siRNA length for specificity prediction is set to 19 bp by default.
E-RNAi will align all 19-bp siRNAs derived from the selected exon
sequences (with an offset of 1 bp) to the Drosophila transcriptome to
assess their specificity using Bowtie.

II.  The analysis for regions of low sequence complexity and sequences
with more than 5 contiguous CAN repeats are enabled by default.
Sequences of low complexity are identified using the mdust program
(see Appendix 3).

[ll.  The siRNA seed-match analysis is disabled by default, but allows the
user to upload a FASTA file containing 3’-UTR sequences, to adjust
the seed length (6, 7 or 8 bases starting at position 2 in the antisense
strand) and to define the seed-match cutoff (default 500), which is the
maximum allowed number of siRNA seed matches to non-intended
3-UTRs. The seed complement frequency is then determined for
every siRNA calculated from option (I). by aligning the siRNA seeds
to uploaded 3’-UTRs using Bowtie. We usually do not use this filter
during the design of long dsRNAs, because it will yield hundreds or
thousands of predicted 3'-UTR seed matches. It is not predictable,
which effect they have on the protein expression of their target.

IV. The efficiency is predicted for all siRNAs calculated from option (I)
and can be calculated using the ‘Weighted’ or ‘Rational’ methods
(see above). The minimum required efficiency score per siRNA can
be adjusted between 0 and 100 to filter for efficient silencers.

12
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VI.

VII.

According to the ‘Weighted’ method a score 263 defines an efficient
siRNA, for the ‘Rational’ method the score should be 266.7 (see
Appendix 7). We selected the ‘Weighted’” method and a score of 70
(default is 20). However, it is very unlikely to find a region longer than
100 bp, which only contains efficient siRNAs. To maximize the
efficiency, E-RNAi will sort designs according to the number of
efficient siRNAs they contain, which is also reported in the output
(Figure 3a).

The maximum allowed overlap of the long dsRNA with introns (by
default 25% of its length in bp) is only important in case genomic
sequences containing exons and introns are queried (see point 5
below). It is not important for our example, where exons are selected
as target sites.

Settings (1)-(1V) define ‘favorable’ target regions within the queried flw
exons. Depending on the stringency applied, these regions might get
too short for targeting with a long dsRNA. If ‘relaxation of filters’ is
enabled, E-RNAI can use an iterative approach to generate longer
target regions. It will identify the nearest ‘favorable’ neighbors and
include the region in between until the target region is long enough.
Consequently, the resulting long dsRNAs might contain unwanted
features (e.g. off-target effects). If this option is disabled, the design
will fail for these queries.

E-RNAi allows the calculation of optimized long dsRNAs against
predicted genes that are not in current annotations (disabled by
default). Since flw is an annotated gene, this setting is not required
here.

Settings (VIII) and (IX) allow further evaluation of long dsRNAs after the

design process is finished. Thus, it will not influence their ranking:

VIII. The location of long dsRNAs on the genome will be determined by

IX.

sequence alignments using BLAT (44) (enabled by default).

The homology of the long dsRNA to sequences in the transcriptome
can be determined using BLAST (enabled by default). This setting is
different from the specificity prediction in option (), as it will align the
complete sequence to identify partial homologies with non-intended
transcripts. The sensitivity can be adjusted by defining the E-value
cutoff for the BLAST search (see Appendix 5), which is set to
0.00001 by default.

13
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The

primer design options define the quality of primer pairs and the

desired length of the long dsRNAs. E-RNAi will design primers for all
optimal target regions identified from settings (1)-(VII):

X.

According to our experience, long dsRNAs as small as 60 bp and as
large as 800 bp can be synthesized efficiently and also trigger
sufficient knock downs. If multiple long dsRNAs are designed we
recommend using the same primer size settings (e.g. the defaults)
and a small amplicon size-range (e.g. 200-225 bp). This facilitates
comparable PCR and IVT yields as well as transfection efficiencies,
when long dsRNAs are transfected during the RNAIi experiment (see
Appendix 9). The primer pair penalty is a measure for the overall
quality of the primer pair. Pairs with higher penalty are predicted to
perform less efficient during the PCR. According to our experience,
penalties up to 10 still allow sufficient PCR vyields. The number of
primer designs per specific region (default 50) defines the number of
primer pairs suggested by Primer3 for each optimal target region.
Increasing this value will yield more long dsRNAs covering the target
region, also increasing the likelihood to identify better designs, since
E-RNAI will finally find the best prediction by sorting them according
to their overall quality.

Settings (XI) and (XIl) define additional output options:

XI.

XIl.

XII.

T7 or SP6 promoters (required for IVT reactions) or any individual
tag can be added to the 5’-end of both primers (by default no tag is
added).

The number of designs reported per query can be adjusted (default
1). If multiple designs are requested, these do not necessarily target
independent regions of the query sequence. Independent designs
can be calculated using option (XIII). Further, generic feature files
(GFF) and annotation feature files (AFF) for the designed long
dsRNA might be requested. These are tab-delimited files that can
be used to visualize the location of the long dsRNAs in a genome
browser, which is e.g. provided by FlyBase (and other model
organism databases).

Long dsRNAs targeting the flw exons designed during this run can
be forced to be independent of previously designed reagents
targeting flw. This requires the upload of FASTA sequences for the
available designs. E-RNAi will exclude the regions targeted by
these reagents. For this case study no sequences are uploaded.

14
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4. E-RNAI designs long dsRNAs targeting the flw exons according to the

settings made. A comprehensive report for designs will be generated,
which can also be downloaded and locally viewed in any web browser.
However, the only design without predicted homologies to non-intended
targets is the design targeting exon flw:2, which is specific for transcript
FBtr0071446. The main output for this design is shown and described in
Figure 3a. Besides the HTML report a tab-delimited file (compatible with
any spreadsheet program) containing the same information is also
available for download. Sequences are also downloadable as FASTA
format. No long dsRNA targeting flw:5 could be calculated, since this exon
was too short for the settings made. Long dsRNAs targeting exons flw:1,
flw:4 and flw:6 have unwanted 19-bp homologies to non-intended
transcripts (Figure 3b), including other members of the PP1 family of
phosphatases (Pp71-87B and Pp1a-96A) and ankyrin repeat-containing
proteins (Ank2). The design for exon flw:3 has no such perfect 19-bp
homologies to unintended transcripts, but shares a significant sequence
homology with more than 80% sequence identity over stretches of at least
77 bp with all three members of the PP1 family of phosphatases (Pp1-878B,
Pp1a-96A, Pp1-13C) (Figure 3b). This can lead to unspecific knock downs
of these phosphatases via partial homology. How an optimal long dsRNA
targeting both isoforms of flw can be designed by refining the E-RNAI
settings is explained next.

. The exons flw:3-6 are either to short for a long dsRNA or contain short

region of homology to non-intended transcripts. On way to target those is
to decrease the desired length of the long dsRNA by setting the minimum
to 80 bp (for the amplicon size-range in the primer settings), and follow
again steps 1-4 described above. However, we sometimes observe
decreased synthesis efficiencies for very small amplicons. Since the flw
exons flw:3-6 are interspersed only by three very small introns, it is
possible to include these for the design. Using the GBrowse option of E-
RNAIi we selected a sequence spanning exons flw:4-6 including the introns
in between (Figure 2b). To enable targeting introns, option (V) was
modified to allow up to 50% intron content; all other settings were used as
described in step 3. This enables E-RNAI to design a specific long dsRNA
of suitable size (203 bp) spanning exons flw:4 and flw:5 (Figure 3c). In E-
RNAI, introns are subjected to the same quality evaluations as exons, to
prevent off-target effects.
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Design of siRNAs

Long dsRNAs are the preferred reagents used for RNAI in invertebrate model
organisms, because they can be synthesized quite easily (and cheaply) in the
lab (109) and show high knock-down efficiencies. However, as the synthesis
of siRNAs becomes more cost effective they offer a good alternative for long
dsRNA and under certain experimental conditions they even perform more
efficient (112). Using siRNAs enables targeting of very short sequences,
which might be valuable for transcript-specific knock downs or when very
short exons need to be covered. Since siRNA experiments usually use just a
single or a pool of three to four siRNAs, the strength of the knock down is
prone to non-efficient sequences and the phenotype can be easily affected by
targeting of non-intended transcripts. Here, we use E-RNAI to design siRNAs
targeting a specific isoform of the Drosophila gene wis/evi (CG6210), which
encodes a transmembrane protein required for Wnt secretion (113).

1. Using FlyBase (48), we downloaded the sequence for wls exon 2
(wls:2, 96 bp long), an exon specific to the transcript FBtr0076218,
which is one of the two annotated transcripts of w/s. The sequence was
pasted in FASTA format in the sequence box using the ‘ID or sequence
input option’, ‘siRNA’ was selected as reagent type and ‘D.
melanogaster’ as organism.

2. E-RNAi aligns the input sequence to the Drosophila genome using
BLAT and displays the mapping in GBrowse (Figure 4a).

3. Now E-RNAI allows adjusting the design options (see Figure 2c for
long dsRNA designs). All settings described for the design of long
dsRNAs in section 3.2.1 also apply for the design of siRNAs (except for
the options regarding primer design and tagging), but have different
default settings. Importantly, the minimum efficiency in option (1V) is set
to a score of 70 using the ‘Weighted’ method. siRNAs with this score
are predicted to be efficient silencers. Further, the default E-value
cutoff for evaluating the homology of designed siRNAs in option (1V) is
0.1, following the smaller size of siRNAs. One option, that was not
used during the design of long dsRNAs is the siRNA seed match
analysis, which is more important during the design of siRNAs:

[I. We downloaded a pre-build file containing 18,807 annotated 3’-
UTRs from FlyBase. This file was uploaded to E-RNAi as
FASTA database to identify siRNA seed matches. The seed
match cutoff was set to 500 for aligning octamers (positions 2-9
in siRNA antisense strand). It has been shown that siRNAs with
low seed complement frequencies induce fewer off-target
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phenotypes than siRNAs with more abundant 3-UTR
complements (90) (see Appendix 6).

VII.  We requested four siRNAs to be designed. They will be
independent and could be used in a pool for an experiment.

4. E-RNAI designs four siRNAs targeting exon 2 of wils. The output is
structured in a similar way as for long dsRNAs and exemplified for one
siRNA in Figure 4b. All four siRNAs are specific for there intended
target, have an efficiency score of at least 75 and three out of four
siRNAs have seed complement frequencies of less than 300.

5. E-RNAi reports the ‘raw’ siRNA sense sequence. For RNA synthesis,
‘Ts’ would need to be changed to ‘Us’ and 2-nucleotide overhangs
(usually ‘TT’) would need to be added to the 3’-end of both, the sense
and antisense strands. Companies further developed chemical
modifications that are supposed to increase the efficiency of the
antisense strand or to avoid off-target effects arising from the sense
strand.

Design of shRNAs

Recently, a novel transgenic RNAi resource based on shRNAs has been
generated for Drosophila (26) using a design method optimized for siRNAs
(107) to predict efficient sequences. In this study, the shRNAs tested did not
only proof to be very effective at silencing gene expression, but they also
could be used to knock down transcripts in the female germline, where
resources based on long dsRNAs do not function. shRNA libraries have a
longer history in mammalian systems, because compared to siRNAs they can
be delivered into any cell type using lentiviral transfection and greatly facilitate
pooled screening approaches (30, 31). However, recent studies found that
shRNAs have sequence requirements different from siRNAs making siRNA
efficiency rules poor predictors for shRNA efficiency (108, 114, 115).

E-RNA. in its current version does not implement an shRNA-specific efficiency
predictor. The sequence preferences derived from a current study (108) are
described above and could be used for identifying efficient sequences.
Sequences that pass the efficiency filter could then be evaluated for their
specificity using the ‘Evaluation’ option of E-RNAI. This requires just pasting
the sequences in FASTA format, selecting ‘siRNA’ as reagent type and the
desired organisms. Similarly to the design of RNAI reagents, E-RNAI offers
different options for sequence evaluations. However, default settings will work
fine. Only the length of the siRNA/shRNA for specificity evaluation needs to
be adjusted properly (19 bp by default).
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Depending on the application, shRNAs are usually cloned into specific
vectors. Consequently, any restriction sites required for cloning must be
excluded from the shRNA sequence.

Design of independent RNAi reagents

In order to validate phenotypes from RNAi experiments, validation
experiments using independent RNAIi reagents are recommended (35). E-
RNAI provides different ways to design independent RNAI reagents:

1. The sequence of a previously designed reagent can be submitted as
FASTA file in the process of designing a new reagent (see section
3.2.1, option (XIIl)). E-RNAi will exclude this sequence during the
design.

2. E-RNAi can be queried with multiple sequences for one run, so e.g.
multiple exons of the same transcript can be queried and the resulting
designs will be independent. Similarly, after querying E-RNAi with a
sequence identifier, all annotated exon sequences for this gene are
shown. Multiple sequences can be selected resulting in independent
designs. For the design of independent siRNAs, selecting more than
one design for output in design option (VII) will be sufficient to obtain
independent reagents.

3. The possibility to submit sequences from GBrowse to E-RNAI allows a
precise selection of potential target sequences (see Figure 2b).
Multiple, independent sequences can be submitted this way resulting in
independent designs.

Design of genome-wide RNAI libraries

We developed the software package NEXT-RNAI that allows the design and
evaluation of genome-wide RNAI libraries using the workflow shown in Figure
1 (40). NEXT-RNAI is a standalone Perl program and depends on several
additional programs (see Materials). Here, we describe how NEXT-RNAIi can
be used to design a novel library of long dsRNAs for the mosquito A.
gambiae, which is widely studied to analyze the mechanism of innate
immunity as a vector for Plasmodium falciparum. RNAIi by long dsRNAs has
been demonstrated in vitro and in vivo and leads to efficient depletion of
mRNAs (69).

1. Obtaining sequence and sequence-feature files: VectorBase is the
model organism database for invertebrate vectors of human
pathogens, including A. gambiae (68). NEXT-RNAI requires a defined
set of input files with fixed formats. Those can either be downloaded
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directly from VectorBase or generated via its database management

system BioMart (116), a tool that is becoming available for an
increasing number of model organism databases to facilitate sequence

and feature downloads. The following files are required:

File containing target sequences: we recommend using exon
sequences as target sites. This facilitates amplification of
templates for long dsRNAs from genomic DNA and cDNA. If
whole transcripts are used as target sites, cDNA libraries are
required for the initial amplification step. Exons sequences in
FASTA format can be downloaded via the BioMart
implementation of VectorBase. We identified ~56,000 exon
sequences with an average length of 418 bp, offering suitable
target sites. To obtain even more potential target sequences, we
splitted all exons longer than 560 bp into two halves, resulting in
~76,600 sequences.

Off-target transcript database: In order to assess the specificity
of target sequences, NEXT-RNAi requires a database
containing all annotated transcripts. This file (in FASTA format)
can be directly downloaded from VectorBase. It contains
~15,000 transcript sequences. NEXT-RNAi uses Bowtie for
aligning siRNAs to the transcriptome. Bowtie requires building of
an index from the transcriptome FASTA file. This can be done
using the bowtie_build script included in the Bowtie software.
The Bowtie webpage also offers many pre-build indices, which
can be downloaded and directly used.

In order to evaluate the designed reagents for partial
homologies to unintended transcripts a BLAST index needs to
be build from the transcriptome FASTA file using the formatdb
script included in the BLAST program.

Linking transcripts and genes: NEXT-RNAi needs to know,
which annotated transcripts belong to the same gene in order to
discriminate between on- and off-target effects. This requires a
simple tab-delimited file with two columns: the column ‘Target’
contains the transcript identifier and the column ‘TargetGroup’
contains the corresponding gene identifier (for Anopheles e.g.
the transcript ‘AGAP004677-RB’ belongs to the gene
AGAP004677). This file can be generated using BioMart,
querying for ‘Ensembl Transcript ID’ and ‘Ensembl Gene ID’.
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Only the header names need to be changes to ‘Target’ and
‘TargetGroup’ respectively.

These are the minimal input requirements for NEXT-RNAI. In order to
align reagents to the genome, a FASTA file containing the Anopheles
chromosomes would be required (and build into a Bowtie index), which
is also available from VectorBase. Additional sequence features could
also be analyzed, e.g. for whether the sequences contain annotated
SNPs or conserved miRNAs seeds. Examples, how to prepare such
files are available from the NEXT-RNAI wiki (see Appendix 11).

. Adjusting the design options: The user can modify basically every step

during the design of RNAI reagents implemented in NEXT-RNAI.

Although most of these can be used with default values, we

recommend adjusting the following options:

l. The desired minimum and maximum length of the long dsRNA
(we recommend to use a rather small window, e.g. 200-225 bp).

Il. Enable the analysis for low-complexity regions (simple
nucleotide repeats and 26x CAN repeats).

[I. The siRNA length for the off-target analysis (we recommend 19
bp).

V. Definition of the efficiency algorithm (‘Weighted’ or ‘Rational’)
used for assessing the siRNA efficiency and the efficiency
cutoff. For long dsRNAs, we recommend to set the cutoff to 0.
This will not set any restrictions to the efficiency of individual
siRNAs, but NEXT-RNAI will finally sort all potential designs
according to their average efficiency.

V. Enable the redesign option, which allows NEXT-RNAI to relax
specificity and efficiency parameters.

VI. Enable the analysis for homology to non-intended transcripts.

VII.  Adjust the number of long dsRNAs to be designed per input
sequence (in this case per exon). We recommend just designing
one sequence per exon.

VIII.  Provide the location of the file linking transcripts and genes.

These options can be set using an options file (with a OPTION=VALUE
structure) and provided NEXT-RNAIi during its start. Alternatively,
NEXT-RNAIi offers and interactive starting mode, which helps to
defined these settings. Further options and examples are explained in
the NEXT-RNAI wiki (see Appendix 11).
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3. Starting the design: NEXT-RNAI is a Perl script that can be started e.g.

from command-line. It requires some additional information for the
startup, including (i) the location of the sequence input-file and (ii) the
information, whether these sequences are templates for a de novo
design or the evaluation of RNAIi reagents, (iii) the type of reagents to
be designed, (iv) the location of the Bowtie index of the transcriptome,
(v) the location of the options file, and (vi) an identifier for the design
process (e.g. ‘agambiae’). Help about how to start NEXT-RNAIi and all
available options can be obtained starting NEXT-RNAI with ‘-h’.

. The output: NEXT-RNAI produces a comprehensive HTML output

providing links to detailed reports for every long dsRNA designed (see
e.g. Figure 3 and Appendix 12). Further, a tab-delimited file
(compatible with every spreadsheet software) containing the same
information for all designs is provided.

. Working with the output: Overall, NEXT-RNAI designed 48,128 long

dsRNAs covering 12,286 of the 13,319 annotated genes (92%). About
89% of the targeted genes are covered by a long dsRNA with no
predicted off-target effects and 86% are even covered by at least two
independent reagents. We recommend identifying the best two
independent designs per gene by sorting the long dsRNAs for their
target gene, followed by sorting steps for specificity and efficiency. In
addition, reagents that target other, non-intended genes (either via 19-
bp homologies or significant overall homology) or that contain low-
complexity regions should be filtered out. These steps could be easily
accomplished using spreadsheet software. Next, to reach a nearly
complete coverage, genes that were not covered so far or are just
covered by a long dsRNA with predicted off-target effects as well as
genes that are only covered by one long dsRNA could be repeated in a
second run. For this run we recommend to decrease the minimum
amplicon length allowed (e.g. to 80 bp). This will allow NEXT-RNAI to
target smaller regions. Further, for genes were a second, independent
design is desired, the first designs should be provided to NEXT-RNA..
These sequences will be excluded for targeting by a second reagent.
After this run, a library with nearly complete genome coverage by two
independent designs per gene will be achieved.

. Synthesizing the library: The long dsRNAs designed for the Anopheles

genome could be synthesized by amplification of DNA templates from
genomic DNA or cDNA using PCRs, followed by in vitro transcription of
the DNA using e.g. T7 polymerase. Primers designed by NEXT-RNAI
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all have similar properties (e.g. melting temperatures and GC content)
facilitating efficient synthesis in high-throughput formats, such as 96-
well plates. To this end, we recommend using a two-step PCR
approach for DNA amplification, which requires tagging of primers with
re-amplifiable tags (109).
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Appendix

1.

If genes have multiple annotated isoforms, regions common to all of
them are very likely to be real. We identify such regions by comparing
the absolute chromosomal locations of all exons (and UTRs) of all
transcripts of a certain gene. Parts of the exons that exist in all
isoforms are considered potential target sites. Common regions that
are too short for the design of a long dsRNA (e.g. <120 bp) can also be
extended on both ends (e.g. by 70 bp). Very long common regions
(e.g. >700 bp) can be split into two halves to provide more independent
target sites. Targeting specific isoforms of a gene requires the
identification of exons or UTRs that are unique for this transcript.

. The optimal design of RNAI reagents requires annotations for the

genome and the transcriptome, including the information about which
transcripts belong to the same gene. Gene functions can then be
annotated by BLAST searches to other, well-annotated organisms,
preferentially related species. This allows the identification of target
genes with desired functions. Then, based on the transcript sequences,
RNAI reagents can be designed. However, in the case of long dsRNAs,
which requires synthesis by PCRs, DNA templates would need to be
amplified from cDNA (not from genomic DNA), since regions in the
transcripts might be interspersed by large introns. If assemblies of the
genome (contigs or even chromosomes) are available this could be
tested by aligning the long dsRNAs using BLAT.

We analyze sequences for low-complexity regions using the so-called
‘mdust’ filter. This filter is available as BioPerl Module (at
http://www.bioperl.org/wiki/Mdust) and as standalone C script (at
http://compbio.dfci.harvard.edu/tgi/software/ or via our NEXT-RNAI
packed archives at http://www.nextrnai.org/). We use the software with
default settings.

For aligning many siRNA sequences to the transcriptome or genome
we recommend to use Bowtie (http://bowtie-bio.sourceforge.net/),
which was developed for aligning short sequences from next-
generation sequencing data. We use it with the options ‘-f' (reading
from FASTA files, see Appendix 10), ‘-v 0’ (allowing no mismatches).
BLAST could also be used, however, Bowtie is significantly faster for
aligning short sequences.

To determine the overall homology of an RNAI reagent to all annotated
transcripts we use BLAST to align the sequence to the transcriptome.
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This will uncover partial homologies to non-intended transcripts. Except
excluding low-complexity sequences (-F F’) and setting an E-value
cutoff (long dsRNAs: 0.00001, siRNAs: 0.1) we use default BLAST
parameters. The low E-value cutoffs we use avoid reporting of non-
significant homologies. However, other tools such as WU-BLAST (now
AB-BLAST) might be even more sensitive for alignments of very short
sequences considering mismatches.

. We only consider seed complement frequencies during the design of

siRNAs, since analyzing the seed matches for all sSiRNAs contained in
a long dsRNA will be very time consuming and result in an immense
amount of potential off-target effects. But even for single siRNAs the
predictive value of the seed complement frequency is rather weak.
Anderson et al. (90) found a correlation of low seed complement
frequencies (<350) with a small number of off-target effects and
medium seed complement frequencies (~2500) with a high number of
off-target effects. However, for high seed complement frequencies
(>3800) the number of off-target effects decreased again. Further,
even if seed complement frequencies are low, it is not clear, which of
the targeted transcripts are really silenced.

. The 'Rational' prediction includes eight criteria to score the efficiency of

a siRNA (sense strand): (i) G/C content (+1 if between 30% and 52%),
(i) A/U bases at positions 15-19 (+1 each), (iii)) absence of internal
repeats (+1 if melting temperature of potential internal hairpin < 20°C),
(iv) A base at position 19 (+1), (v) A base at position 3 (+1), (vi) U base
at position 10 (+1), (vii) G/C base at position 19 (-1) and (viii) G base at
position 13 (-1). This scoring provides a score range from -2 to 10. In
the studies done by Reynolds et al. (18) siRNAs with scores =6 were
found to be efficient silencers. We normalized this score to obtain a
range between 0 and 100 using the following formula:

FinalScore = ((Score of siRNA - minimal possible score) / (maximal
possible score - minimal possible score)) * 100

For a siRNAs considered an efficient silencer its score must be higher
66.67.

The ‘'weighted' prediction includes twelve criteria to predict the
efficiency of a siRNA (sense strand): (i) A/U base at position 1 (-1.4),
(i) G/C base at position 1 (+1.11), (iii) A base at position 6 (+0.7), (iv) U
base at position 10 (+0.25), (v) G base at position 13 (-1.66), (vi) U
base at position 13 (+0.31), (vii-x) A/U bases at position 16-19 (+0.74,
+1.2, +1.44, +0.87), (xi) G/C base at position 19 (-1.02) and (xii) G/C
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content (+0.42 if between 30% and 55%). This scoring provides a
score range from -4.08 and 7.04. We applied the same normalization to
obtain a score range between 0 and 100 as described for the ‘Rational’
score. Shah et al. (38) found in their study that the average score of the
most potent siRNAs was 63.

The Primer3 online tool is available at http://frodo.wi.mit.edu/primer3/.
We currently design long dsRNAs in the size range of 200 and 225 bp
if possible (and decrease the minimum allowed size otherwise). We
found that this results in more similar PCR and IVT yields. In case
transfection reagents (e.g. lipid-based transfection) are used for RNAI
delivery into the cells, this also facilitates similar transfection
efficiencies.

10.The FASTA format is a general sequence format composed of a

11.

header starting with '>' followed by the sequence identifier. The next
line contains the sequence. More detailed information is available at
http://en.wikipedia.org/wiki/FASTA_ format. ‘Raw’ sequence means that
the sequence is provided without any identifier.

Detailed descriptions how to use the E-RNAi online service
(http://www.e-rnai.org) are available via the wiki at http://b110-
wiki.dkfz.de/signaling/wiki/display/ernai/. The NEXT-RNAi software,
installation packages and instructions for Linux and Mac operation
systems and further documentations are accessible via
http://www.nextrnai.org/.

12. A detailed description for the preparation of files required for designing

a genome-wide library of long dsRNAs for Anopheles and instructions
how to run NEXT-RNAI with these files is available at http://b110-
wiki.dkfz.de/signaling/wiki/display/nextrnai/Anopheles+gambiae.

25



Nature Precedings : hdl:10101/npre.2011.6665.1 : Posted 4 Dec 2011

Figure legends

Figure 1. Computational workflow of RNAi design.

Target sequence files and sequence databases are provided in FASTA
format. The target sequences are fist filtered for six (default) or more
contiguous CAN repeats and for other regions of low complexity (e.g., simple
nucleotide repeats) using mdust (see Appendix 3). Sequences are then
‘diced’ to generate all possible siRNA sequences with a default length of 19
bp and an offset of 1 bp. Subsequently, each siRNA is aligned to a user-
defined ‘off-target’ database (e.g., the whole transcriptome) to determine its
specificity using Bowtie. The specificity is set to 1 if the siRNA targets a single
gene or to 0 otherwise. In the next step, the predicted efficiency of each 19 bp
siRNA is computed using either the ‘Rational’ method according to Reynolds
et al. (18) or the ‘weighted’ method according to Shah et al. (38), assigning
each siRNA an efficiency score between 0 and 100. Optionally, the seed
complement frequency for each siRNA can be computed for any FASTA file
provided (e.g., a file containing 3’-UTR sequences). siRNAs that did not pass
the low-complexity filters, show perfect homology to multiple target genes or
do not meet the user-defined cutoffs for efficiency or seed complement
frequency are excluded from the queried target sequences. Remaining
sequences are used as templates for primer design with Primer3 for long
dsRNAs or are directly subjected to the final ranking for the design of siRNAs.
Designs are ranked by (i) their predicted specificity and (ii) their predicted
efficiency and, in the case of siRNA designs, (iii) their calculated seed
complement frequency (preferring a low number of seed matches).
Sequences can also be evaluated for additional features, such as homology
to non-intended transcripts, or SNP- and UTR-contents. Final designs can be
visualized using GBrowse. All results are presented in a comprehensive
HTML report and are also exported to text files.

Figure 2. Sequence selection and design options.

(a) After querying E-RNAI with gene identifiers, gene sequences, transcript
sequences or exon sequences can be selected for design. (b) Individual
sequences can be selected as design templates visually from GBrowse
(upper panel). After sequence submission to E-RNAI, the type of reagent
(long dsRNA or siRNA) can be selected (lower panel). (c) Options available
for the design of long dsRNAs include settings for the prediction of specificity,
efficiency and low-complexity regions (left panel) as well as primer design
settings (upper right panel). In addition different output options, such as the
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number of designs per query sequence and different report formats, can be
adjusted. The sequence of a previous design can also be uploaded in FASTA
format to exclude it from a new (independent) design (lower right panel).
Details for certain options are provided in the text.

Figure 3. Report for the design of a long dsRNA against the gene flw.

(a) Optimal design for exon flw:2: ‘dsRNA information’ summarizes the
properties of the primers required to amplify the reagent from genomic or
cDNA sources and also shows the full sequence of the construct, its length
and location in the genome. The primers shown here were also tagged with
the T7 promoter sequence (lower letters) in 5’. ‘Target information’ lists all
‘intended’ and ‘other’ target genes found as well as all transcripts belonging to
them (including the number of siRNA ‘hits’ to each transcript). ‘Reagent
quality’ summarizes the analyzed quality parameters and shows the number
of specific (‘on-target’) siRNAs contained within the dsRNA, the number of
‘off-target’ and ‘no-target’ siRNAs as well as the number of ‘efficient siRNAs’,
the average siRNA efficiency and low-complexity information. In addition, all
targets with significant ‘sequence homology’ to the long dsRNA are listed.
GBrowse visualizes the location of the designed reagent in the gene model.
(b) Suboptimal designs for exons flw:1, -3, -4, -6: for these designs only parts
of the reports are shown. Designs for exons flw:1, -4 and -6 all have predicted
19-bp homologies to unintended transcripts (red boxes), which can be read
from the ‘Target information’ and ‘Reagent quality’ boxes. The design for flw:3
shows significant overall homology to unintended transcripts (red box), which
can be read from the ‘Additional quality evaluation’ box. (c) Optimal design for
the region spanning flw exons 3-6: the design spans the intron between exon
4 and 5 (74 19-bp siRNAs have ‘No target’) and has no predicted off-target
effects.

Figure 4. Report for the design of siRNAs against the gene wis.

(a) Selection of wis exon 2 as target site, which is specific for the transcript
FBtr0076218. (b) Optimal siRNA design for the wis exon: ‘siRNA information’
shows the 19-bp long siRNA sequence, its position in the input sequence as
well as its position in the genome. ‘Target information’ lists all ‘intended’ and
‘other’ target genes found. This siRNA is specific for wis and targets the
transcript FBtr0076218, but not FBtr0076219. ‘Reagent quality’ summarizes
the analyzed quality parameters and shows that this siRNA is specific (‘on-
target’), has 150 seed matches (‘SCF’, seed complement frequency) in
annotated 3’-UTRs, an efficiency score of ~82 and contains no low-complexity
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sequences (‘LowComplexRegions’ or ‘CAN’ repeats). Further, there is no
‘sequence homology’ to unintended genes. The genome browser image
visualizes its location.
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Table 1 Invertebrate model organisms amenable to RNAi

Organisms Database Webpage Database reference RNAI reference
Acyrthosiphon pisum AphidBase http://www.aphidbase.com/aphidbase/ (53) (54, 55)
Apis melliferal”! BeeBase http://hymenopteragenome.org/beebase/ (56) (57, 58)
Aplysia californica® ucsc http://genome.ucsc.edu/cgi-bin/hgGateway ?org=Sea+hare - (59)
Bombyx mori SilkDB http://silkworm.genomics.org.cn/ (60) (61)
Brugia malayi Brugia Genome Project  http://ghedinlab.csb.pitt.edu/GhedinLab/Brugia%20malayi - (62)
Caenorhabditis elegans!® WormBase http://lwww.wormbase.org/ (50) (4, 63)
Ciona intestinalis®! JGI Genome Portal http://genome.jgi-psf.org/Cioin2/ - (64)
Ciona savignyi” Ciona savignyi Database http://www.broadinstitute.org/annotation/ciona/ - (64)
Drosophila melanogaster® FlyBase http://flybase.org/ (48) (69)
Hydra magnipapillata Hydrazome http://hydrazome.metazome.net - (66, 67)
Invertebrate vectors of human pathogens!”! VectorBase http://www.vectorbase.org/ (68) (69)
Manduca sexta Manduca Base http://agripestbase.org/manduca/ - (70)
Nasonia vitripennis NasoniaBase http://hymenopteragenome.org/nasonia/ (56) (71)
Nematostella vectensis StellaBase http://nematostella.bu.edu/stellabase/ (72) (73)
Parhyale hawaiensis JGI Genome Portal http://genome.jgi-psf.org/parha/ - (74)
Schistosoma mansoni SchistoDB http://schistodb.net/schistodb20/ (75) (76)
Schmidtea mediterranea SmedGD http://smedgd.neuro.utah.edu/ (77) (78, 79)
Six ant species'® Ant Genomes Portal http://hymenopteragenome.org/ant_genomes/ (56) (80)
Strongylocentrotus purpuratus SpBase http://www.spbase.org/ (81) (82)
Tribolium castaneum BeetleBase http://beetlebase.org/ (49) (83)

[1] also including Bombus terrestris and Bombus impatiens

[2] Also available at BROAD http://www.broadinstitute.org/science/projects/mammals-models/vertebrates-invertebrates/aplysia/aplysia-genome-sequencing-project
[3] also including Caenorhabditis briggsae

[4] Also available via ENSEMBL

[5] Also available via ENSEMBL and http://mendel.stanford.edu/sidowlab/ciona.html

[6] also including 11 other Drosophila species (ananassae, erecta, grimshawi, mojavensis, persimilis, pseudoobscura, sechellia, simulans, virilis, willistoni, yakuba)
[7] Anopheles gambiae, Aedes aegypti, Ixodes scapularis, Culex quinquefasciatus, Pediculus humanus, Rhodnius prolixus, Glossina morsitans

[8] Atta cephalotes, Camponotus floridanus, Harpegnathos saltator, Linepithema humile, Pogonomyrmex barbatus, Solenopsis invicta
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